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Do you know where electricity comes from? To be able to
\ say yes to that question, you must understand a bit about
! the physics of matter. What value does a brief study of
" the nature of matter have for the student of electrical
theory? The understanding that comes from that
study lays the foundation for understanding elec-
Fd - ./ trical theory. Only when you know the theory can
) y you truly have confidence in the practical aspects of
your electrical work.

. £\ Don’t discount the role of physics in electrical theory and
\Q'J application. Many of the electrical innovations of the 20th Century—
things such as radar—originated with physicists, not electrical engineers.

When people have a hard time understanding and applying the National Electrical Code (NEC),
the root cause is often a lack of knowledge of the basic physics behind electricity. When you
know the physics, then you can understand the rules, codes, and laws that arise from it.

1.1 Matter
Bverything on earth that has weight and occupies

Space is called matter, which is made up of atoms

of elements. When the atoms of elements combine,

they produce compounds. The smallest particle of
A€ompound is called a molecule. Figure 1-1

1.2 Atomic Theory

€ types of subatomic parti-
ns, and neutrons. The central

Inc. « www.NECcode.com »
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part of the atom is called the nucleus and it con-
tains protons (positive charge) and neutrons (no

charge). Electrons (negative charge) orbit around
the nucleus. Figure 1-2

Electrons—Electrons are much smaller than pro-
tons and they are 1,840 times lighter. Because of
their light weight and mobility (ease of separation
from the atom), electrons actively participate in

the transfer, or flow, of electrical energy.
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Molecule
Molecule: When two atoms of the element Hydrogen

combine with one atom of the element Oxygen they
become one molecule of the compound Water.

HY H) .o
Two atoms of the One a-tdm of the
element Hydrogen | element Oxygen

. Awater molecule is
Water ! \ the smaliest part of

Molecule the compound Water,
(H20) X, P~
l H lf -y el H ) COPYRIGHT 2003
/ e \ / Mike Holt Enterprises, Inc.
Figure 1-1
The Atom
The nucleus of an atom contains r pEee §
protons and neutrons. e :
S I }
Nt
Protons have | e PN
a positive = & N&,
electrical charge. %&’
Neutrons do not have |, ~~"*--o- - f*e

an electrical charge. |

(]
Mk Hoh Enerrine. Electrons have a negative charge
and they orbit the nucleus.

Figure 1-2

Electrons have a negative electrical charge that is
visualized as lines of force coming straight into
the electron from all sides. Figure 1-3

Protons—Protons are the same size as neutrons
and have nearly the same mass (1,840 times as
heavy as an electron), therefore they don’t actively
participate in the flow of electrical energy. Protons
have a positive electrical charge with lines of force
going straight out in all directions. Figure 1-3

Neutrons—Neutrons have a neutral electrical
charge, no lines of force, and do not take an active
role in the flow or transfer of electrical energy.
Figure 1-3

Basic Electrical Theory
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Lines of Force

<R Protons: Lines of
dgn i) force push out.
N 1 P o " Tt L

Neutrons: Do not have |

I N) "any lines of force. Electrons: Lines

of force pull in.

oA o ek 200 N Arrows indicate an electrostatic
field and the direction of force.

Figure 1-3
1.3 Law of Electrical Charges

Subatomic particles that attract or repel other sub-
atomic particles follow the Law of Electrical
Charges. The Law of Electrical Charges states that
“subatomic particles with like charges repel each
other and particles with unlike charges attract
each other.” Therefore, electrons repel electrons
and protons repel protons, but electrons and pro-
tons are attracted to each other. Figure 1-4

[ / / 7 Law of Electrical Charges
NI Electrons:

Like negative
charges repel.

Protons:
Like positive
charges repel.

Unlike charges
attract.

Arrows indicate an electrostatic W el |
field and the direction of force.

Figure 1-4

AUTHOR’S COMMENT: This attracting and repelling
force on subatomic particles (charged materials)
is sometimes called the electrostatic field.
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1.4 Law of Atomic Charges

Most of the time, the electrical charge of an atom is
balanced or neutral; there are an equal number of
positive and negative charges within the atom (the
number of electrons equal the number of protons).
Under this condition, the atom has no electrical

charge. Figure 1-5A

Law of Atomic Charges e 9
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Neutral i ® +2
© Electrical Charge "\ "% &
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This atom contains an equal
number of electrons and protons.

o Negative -3 @ +2
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This atom contains more protons than electrons.

Figure 1-5

Negative Atomic Charge

However, if an atom contains more electrons than
protons, then the atom has a negative atomic
charge. This would occur if an atom picked up an
additional electron or two and stored them in its
electron cloud. Figure 1-5B

Positive Atomic Charge

If an atom contains more protons than electrons,
then the atom will have a positive atomic charge.
This would be the case if an atom lost an electron
or two from its electron cloud. Charged atoms
are called ions and they are either positively or
negatively charged. Figure 1-5C

_Ike Holt Enterprises,
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1.5 Charged Material (Static Charge)

If two conductive materials in contact with each
other are separated, most of the electrons will
return to the original surface before the separation
is complete.

When unlike insulated materials are in intimate
contact, electrons from one material move across
the interface to the surface of the other, but the
protons remain on the first surface. When the
bodies are quickly separated, both will display a
charge because one material will have an excess
of electrons (negative charge) while the other will
have fewer electrons (positive charge). Static
charge is due to an excess of, or a deficiency of,
electrons between objects that have been separated.
Figure 1-6

Static Charge

Static Charge_ -_Generated
when unlike materials in
contact are quickly separated.
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Figure 1-6

The human body in a low-humidity area may
accumulate a dangerous static charge of several
thousand volts by contact of shoes with floor

coverings or by working closely to machinery that
generates static electricity.

AUTHOR’S COMMENT: An object can become
positively or negatively charged depending on
whether it loses or gains electrons.

Basic Electrical Theory
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Static Voltage

The voltage developed is related to the amount of
charge deposited on a body and to the capacitance
of this body with respect to its surroundings. This
voltage can continue to grow on an insulating
body under the ‘nfluence of continuous charge
generation. If leakage of charge from the surface
of the insulating body is not rapid enough, 2
sparking voltage can be reached and a high-
yoltage static discharge can occufr.

DANGER: The high-voltage static discharge

introduces:

e Danger in an area where flammable or
explosive liquids, gases, dusts, or fibers
are present. Figure 17

e Danger that a person subjected to a static

shock may fall or accidentally come into
contact with a piece of moving equipment.

e People with heart rhythmic sensitivity may
suffer dysfunctional heart rhythm thus
causing great discomfort or even injury.

o Damage lo sensitive electronic equip-
ment.

o Loss of electronically stored data.

High-Volitage Static Discharge
Hazardous Area - Gasoline Dispensers

= E —

I

A high-voltage static discharge in an occupancy
where flammable liguids or gases are present
can cause an explosion or fire.

]
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Figure 1-7
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Reducing Static Charge

Providing a path to the earth can often reduce the
clectrostatic charge between objects. In addition,
cotton clothing, ion generators, and humidifiers, as
well as antistatic furniture, walls, and flooring are
used to reduce this charge. For more information
on solving problems associated with static elec-
tricity, see IEEE 1 42— Recommended Practice for
Grounding of Industrial and Commercial Power
Systems, NFPA 77-2000-—Recommended Practice
on Static Electricity, and API RP 2003-1998—
Protection Against Ignitions Arising Out of Static
Lightning and Stray Currents.

1.6 Neutralizing a Charge

Because of the Law of Electrical Charges [1.3], the
build up of electrons on a negatively charged object
can discharge when it comes close enough to a pos-
itively charged or uncharged object. The discharge
is sometimes seen as an arc, and the distance that
the spark can jump is determined in part by the
voltage and dielectric between the bodies. The tem-
perature of the arc is dependent on the amperage.

Figure 1-8 shows how electrons picked up by a
person walking across a carpet in a low humidity
environment can arc to the positively charged sur-
face of the metal doorknob.

+
Neutralizing '
a Charge
staic |t
Discharge
R
COPYRIGHT 043 .
Mike Holl Enterprises, Inc —

~ The build 'up of electrons can be "discharged”
when a negatively charged object comes close
to a positively charged object.

Figure 1-8
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1.7 Lightning

Lightning is the discharging of high-voltage cells
(usually negatively charged) within clouds to each
other, to the earth, and sometimes to space. These
charged cells in clouds normally attract charges of
opposite polarity on high objects located on the
earth. When the cell charge reaches a critical level
(when the insulation between cloud and earth
breaks down), it develops a “stepped leader” ionized
path resulting in a high-current discharge (stroke),
which temporarily neutralizes the positive and nega-
tive charges between the objects. Figure 1-9

Neutralizing Charge

Lightning

'y
= L + + + + 4 |

/ Lightning is an *arc* electrical discharge) |

(el )
that temporarily 'neu(triallzes the positive
g +and negative charges between objects. _
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Figure 1-9
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AUTHOR’S COMMENT: “High-voltage cells” are
simply areas within clouds that have built-up
charges through friction associated with air move-
ment. “Stepped” paths are just ionized paths that
zigzag toward the earth.

CAUTION: The lightning stroke frequently
terminates to a point of some elevation, such
as a tree, a building, a transmission line, or
similar raised structures, like a human boay.
Contrary to popular belief, lightning strikes
both metallic and nonmetallic objects with the
same frequency.

The temperature at the terminal of the stroke, or at
any high-resistance point in the path over which
fhe_current flows en route to ground, is likely to
1gnite combustible materials. Figure 1-10

M[l__;e Holt Enterprises,
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b [ Caution: The termination of |
| £ o = | alightning stroke is likely to ||
'-',LF‘—, b ignite combustible materials. ||
L1 1,
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Figure 1-10

DANGER: Over 100 deaths, 250 injuries, and
billions of dollars in property damage are
caused each year in the United States
because of lightning. A single bolt of lightning
can have a voltage as high as thirty million
volts and over twenty thousand amperes
(20,0004).

1.8 Lightning Protection

To protect property such as building structures
from a lightning discharge, air terminals (connected
together and to the earth by larger conductors)
should be placed on top of the structure so that
lightning can be harmlessly directed from the
structure into the earth. Figure 1-11

L e
r|'| s ?‘ngh‘tnln
._1»-'€:_. S

—

- To protect the building structure from

lightning discharge, air terminals on I
| top of the structure are used to direct 1l l
[ lightning to the earth by a copper wire. :

SRR AN A A T A T B TR et ikins L e oA

Figure 1-11
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CAUTION: Lightning protection is intended to B
protect the building structure itself; it is not .
intended to protect electrical equipment on or
inside the building structure. If protection of
electrical equipment from lightning is impor-
tant then surge-protection devices must be
installed on the electrical system in accor-
dance with the National Electrical Code. See
Article 280 for Surge Arrester requirements
and Article 285 for the rule on transient
voltage protection. For more information, visit ; 1 ,
http://www.leviton.com/pdfs/spdrefman.pdf. (e = '|

Figure 1-12 o] P s e s

Caution: Lightning protection is intended to protect the
building or structure. It is not intended to protect the |
electrical equipment on or inside the building structure. l

Figure 1-12

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com
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Unit 1 Summary

1.1 Matter

When the atoms of elements combine, they produce
compounds. The smallest particle of a compound is
called a molecule.

1.2 Atomic Theory

An atom contains three types of subatomic particles:
electrons, protons, and neutrons. Electrons are
much smaller than protons and they actively par-
ticipate in the transfer, or flow, of electrical energy.

1.3 Law of Electrical Charges

The Law of Electrical Charges states that “sub-
atomic particles with like charges repel each
other and particles with unlike charges attract
each other.” Therefore, electrons repel electrons
and electrons and protons are attracted to each
other.

1.4 Law of Atomic Charges

Most of the time, the electrical charge of an atom
is balanced or neutral. Under this condition, the
atom has no electrical charge. If an atom contains
more electrons than protons, then the atom has a
negative atomic charge.

1.5 Charged Material (Static Charge)

Static charge is due to an excess of, or a deficiency
of, electrons between objects that have been sepa-
rated. An object can become positively or nega-
tively charged depending on whether it loses or
gains electrons.

MiKe Holt Enterprises, Inc. » www.NECcode.com  1.838.NEC.Code

Static Voltage

The voltage developed is related to the amount of
charge deposited on a body and to the capacitance
of this body with respect to its surroundings. If
leakage of charge from the surface of the insulating
body is not rapid enough, a sparking voltage can be
reached, and a high-voltage static discharge can
occur.

Reducing Static Charge

Providing a path to the earth can often reduce the
electrostatic charge between objects. In addition,
cotton clothing, ion generators, and humidifiers,
as well as antistatic furniture, walls, and flooring
are used to reduce this charge.

1.6 Neutralizing a Charge

Because of the Law of Electrical Charges [1.3],
the build up of electrons on a negatively charged
object can discharge when it comes close enough
to a positively charged or uncharged object.

1.7 Lightning

Lightning is the discharging of high-voltage cells
within clouds to each other, to the earth, and
sometimes to space. When the cell charge reaches
a critical level, it develops a “stepped leader” ion-
ized path resulting in a high-current discharge,
which temporarily neutralizes the positive and
negative charges between the objects.

CAUTION: Contrary to popular belief, lightning
strikes both metallic and nonmetallic objects
with the same frequency.

DANGER: Over 100 deaths, 250 injuries, and
billions of dollars in property damage are
caused each year in the United States
because of lightning.

Basic Electrical Theory | H
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1.8 Lightning Protection CAUTION: Lightning protection is intended to
To protect property, air terminals comnected protect the building structure itself. If protec-
P property, tion of electrical equipment from lightning is
together and to the earth by larger conductors . ) i
Important, then surge-protection devices must :
should be placed on top of the structure so that . . . |
lightning can be harmlessly directed from the be msra”.Ed on the _e/ectr/ca/ s.y stem in accor- '
dance with the National Electrical Code. y

structure into the earth.

Unit 1 Conclusion

Understanding a bit about the physics of matter is essential
i to understanding the principles behind electrical theory.
¢ The movement of the electrons in the atoms that make up

the matter of our universe is what gives us electricity.

. Understanding this movement allows us to harness

) electricity and even protect ourselves from undesir-
" able electricity such as lightning.

al

&), A strong knowledge of electrical theory has important
practical implications. For example, every now and then
someone comes out with a product that allegedly makes standard lightning

“““““ ’ protection or grounding systems no longer necessary. With your knowledge of
electrical theory, you won’t be fooled by these claims. However, developing that
knowledge begins with a solid foundation in the physics of matter. Test your foundation with the

following questions.

~

Words to Live By: The grass may look greener on the other side, but it still needs to be mowed,

u

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com 1.888'_.NEC.G:9‘d0 |
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Unit 1 Practice Questions

1.1 Matter
1. Everything on earth that has weight and occupies space is called , which is/are made up of
! atoms of elements.
Il (a) matter (b) elements (c) energy (d) compounds
|.I
i 2. When the atoms of elements combine, they produce . The smallest particle of a(n) is
t called a molecule.
(a) matter (b) element(s) (c) energy (d) compound(s)
1.2 Atomic Theory
3. Atoms contain three types of subatomic particles: electrons, protons, and neutrons. The orbit
around the nucleus.
(a) electrons (b) protons (c) neutrons (d) nucleus

4. Because of their light weight, actively participate in the transfer of energy.

(a) electrons (b) protons (c) neutrons (d) nuclei
5. do not participate in the flow of energy and they have a positive electrical charge with lines of
5 force going straight out in all directions.
(a) Electrons (b) Protons (c) Neutrons (d) Nuclei
1.3 Law of Electrical Charges
6. The Law of Electrical Charges states that subatomic particles with like charges repel each other.
(a) True (b) False

7. The Law of Electrical Charges states that subatomic particles with unlike charges repel each other.
(a) True (b) False

1.4 Law of Atemic Charges
8. If an atom contains more electrons than protons, the atom has a negative atomic charge.

(a) True (b) False

Mike Holt Enterprises, Inc. » www.NECcode.com « 1.888.NEC.Code Basic Electrical Theory ﬂ
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1.5 Charged Material (Static Charge)

9. If two conductive materials in contact with each other are separated, most of the electrons will return
to the original surface before the separation is complete.

(a) True (b) False

10. When insulated materials are in contact with each other, electrons move to the surface of each other,
but the protons remain on the original surface.

(a) True (b) False

11. When insulated bodies are quickly separated, both will display an electrostatic charge because one
surface will have an excess of electrons while the other surface has fewer electrons.

(2) True (b) False

12. Electrostatic charge is due to an excess of, or a deficiency of, electrons between objects that have been
separated.

(a) True (b) False

13. The human body in a low-humidity area may accumulate a dangerous electrostatic charge of several
thousand volts.

(a) True (b) False

14. Providing a path to the earth often helps reduce electrostatic charge.

(a) True (b) False
1.6 Neutralizing a Charge
15. The discharge of electrons from a negatively charged object is sometimes seen as an arc, and the arc
distance is a function of the between the bodies.
(a) static voltage (b) dielectric between the bodies
(c)aandb (dyaorb
1.7 Lightning

16. Lightning is the discharging of high-voltage cells within clouds to each other, to the earth, and some-
times to space.

(a) True (b) False

17. The high-current discharge from the negatively charged cloud to a positively charged object
permanently neutralizes the cloud.

(a) True (b) False

|
M Basic Electrical Theory Mike Holt Enterprises, Inc. * www.NECcode.com » 1.888.NEC.@dE
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18. Lightning frequently terminates to a point of elevation and it strikes nonmetallic as well as metallic
objects with the same frequency.

(a) True (b) False

19. The termination of the lightning stroke is unlikely to ignite combustible materials.

(a) True (b) False

20. Over 100 deaths, 250 injuries, and billions of dollars in property damage are caused each year in the
U.S. because of lightning.

(a) True (b) False

1.8 Lightning Protection

21. Lightning protection is intended to protect the building structure itself, as well as the electrical equip-
ment on or inside the building structure.

(a) True (b) False

22. If protection of electrical equipment from lightning is desired, then a listed surge-protection device
must be installed on the electrical system in accordance with the NEC.

(a) True (b) False

ET Holt Enterprises, Inc. » www.NECcode.com ¢ 1.888.NEC.Cade Basic Electrical Theory




Now that we have covered some basic facts
B about the physics of matter, we need to
PEtlaan apply them more directly to electricity. That
: " means looking at electron theory. How electrons

move and what makes them move will help you
understand why we have insulators, conductors,
_and semiconductors. It will also help you under-
v stand why the rules for a copper connector
assembly differ from those of an aluminum con-
nector assembly, and why some circuits have
gold contacts and others do not.

2.1 Electron Orbits Electron Orbits
The speed of the electron in orbit around the

Electrons revolve at high speeds in an orbit around ’ T T Tl T N T e

an atom’s nucleus. The high-speed orbits of the atom, but the attraction between the proton
electrons tend to throw the electron out of orbit el ey keep? the slectron Ip Orb\'t' _______ _ ‘
due to centrifugal force. However, according to ) o '

the Law of Electrical Charges [1.3], the attraction

betwe iti
| en the positive charge of the protons and the The path of the | 5
egative charge of the electrons keeps the elec- electron around
trons from breaking out of their orbit. Figure 2-1 e e ...
Figure 2—1
.'_?:_'Hdlt Enterprises, Inc. » www.NECcode.com » 1.888.NEC.Code Basic Electrical Theory
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2.2 Valence Electrons

Electrons orbit in one of seven possible shells
around the nucleus of an atom. The outermost shell
(orbit) is called the valence shell and electrons in
this shell are called valence electrons. The max-
imum number of electrons in the valence shell is
eight. Figure 2-2

Valence Electrons and Valence Shell

Copper Atom

“Valence Electron

 Valence Shell

COPYRIGHT 2003
Mike Helt Enterpifses, Inc
Electrons in orbits close to the nucleus are
more difficult to free than electrons in orbits
that are farther away from the nucleus.

Figure 2-2

2.3 Freeing Electrons from an Afom

Because the strength of the electrostatic field
(attractive force between the proton and electron)
falls off with the square of distance from their
sources, the attractive force of the protons is
greater on electrons that are closest to the nucleus.

Electrons in the orbits farthest away from the
nucleus, like the valence electrons, have less
energy and this is one of the reasons they are more
readily separated from their atomic structure. If
sufficient energy is applied to break an electron
out of the valence shell, it will no longer be bound
to the atom. The electron will either move (or
flow) toward a positive charge, or away from a
negative charge.

1

When energy is applied to the valence electrons of
an atom, the energy is distributed evenly among
all the valence electrons. Thus, if there are fewer
valence electrons for a given amount of energy,
each valence electron receives more of the avail-
able energy. Figure 2-3

Mike Ho

Basic Electrical Theory
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Freeing Electrons From an Atom P
‘09 %0
Copper Atom el "a\\
! 7,
YNy
Energy 1@‘?‘?{@,@_@'
A copper atom only has one 1@ g @]
valence electron. It receives e o ‘o
all of the applied energy. N ©-0
1 Applied energy is distributed equally' e
between the valence electrons.
- 'G-"" -
Aluminum Atom s, L @ N
NGO 4 sl
i i L. aighd
15 €4 6@% )

An aluminum atom has three
valence electrons. Each
receives 1/3 of the applied energy.

Z. A A G e £l
; ] ©
v e ..-/

~ -© l/l-_.

Conductive atoms have no more
than three valence electrons.

COPYRIGHT 2003
Mike Holl Enterprises, Inc,

Figure 2-3

AUTHOR’S COMMENT: The movement of elec-
trons from their atoms is the basis of current flow
(electricity), which will be explained in Unit 5.

2.4 Conductors

Conductive materials are made of elements that
have one, two, or three valence electrons. Elements
that have one Vvalence electron, such as silver,
copper, and gold, make the best electrical conduc-
tors. Copper is a better conductor than aluminum
because the single copper valence electron
receives all of the energy while each of the three -
aluminum electrons only receive one-third of the
energy. Figure 2-3

Aluminum is not as good a conductor as copper;
but its light weight and low cost offer advantages
for its use in certain applications, such as in bus
bars and high-voltage transmission lines (utility
power lines).

AUTHOR’S COMMENT: To prevent corrosion from
forming on low-voltage electronic circuitry con-
nectors, gold plating is often placed on copper
cable terminals.

it Enterprises, Inc. « www.NECcode.cont ¢ 1 .888.NEC.C0d*
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2.5 Insulators

An atom is completely stable when its outer valence
shell is completely filled with eight electrons.
Insulators are atoms that have six to eight valence
electrons. The valence electrons in insulator atoms
are very difficult to free. Atoms that have seven
valence electrons actively try to become stable
(eight valence electrons), and they make the best
electrical insulators. Figure 2-4

Insulators
An atom with six to eight valence

electrons is an insulator because
it's difficult to free any electron.

’I 3 = 1 E{‘
Energy @ @ ‘l.i.. ) © :

b

(> S NN

e
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Atoms with seven valence electrons
actively try to become stable and they
make the best electrical insulators.

Figure 2-4

2.6 Semiconductors

Semiconductor atoms contain four or five valence
electrons. Semiconducting materials used in elec-
tronic components such as diodes and transistors
can act like conductors or insulators, depending
on circumstances that can be precisely controlled.

2.7 Atomic Bonding

Atoms strive for chemical stability, which is the
condition where the valence shell is completely
filled (eight valence electrons). This is often
accomplished by atomic bonding (combining
atoms together). An example of atomic bonding is
the formation of the compound water (H,0),
Where two hydrogen atoms (one valence electron
¢ach) bond with one oxygen atom (six valence
electrons). The atomic bonding of hydrogen and
OX}_’gen results in the stable compound (water),
Which hags eight valence electrons.

Inc. » www.NECcode.com = 7.888.NEC.Code

AUTHOR’S COMMENT: Water (H,0) is an insulator
because it has eight valence electrons. However,
minerals, salts and other impurities in the water
can make this compound a little conductive.

2.8 Compounds

Compounds (the results of atomic bonding of two
or more atoms) can change the electrical charac-
teristics of the individual atoms. For example,
two atoms of copper (one valence electron each)
combined with one atom of oxygen (six valence
electrons) will result in the compound copper-
oxide (Cu,0). The copper-oxide compound has a
stable valence shell of eight electrons, which
makes it an insulator. Figure 2-5

Compounds - Atomic Bonding
Molecule of the Compound Copper Oxide (Cusy0)

N - N,
'/ \\\ E) 9‘ /: .\
: (-H ® (+) @ +) !
% COPPER % OXYGEN % COPPER
S Atom . € Atom | Sr Atom

= L A‘ e- i COPYRIGHT 2003 -;ﬂi;s-H(:IK‘Enterprises, Inc.

| Only the valence shell orbits are shown for simplicity. '

While copper is a good conductor, and oxygen is
an okay insulator, the combination of both makes a
very stable molecule that contains eight electrons,
which is an insulator.

Figure 2-5

Fresh stripped copper wire will be bright and
shiny, but after some time, the oxygen element
bonds with the copper element and it creates the
compound copper-oxide on the surface of the
copper conductor.

CAUTION: Copper—The insulation compound
“copper-oxide” is very soft and the standard
pressure of a pressure connector can break it,
In industrial areas where there are large quan-
tities of sulfur gas (or hydrogen sulfide),
copper turns black and the oxide coating is
not conductive.

Basic Electrical Theory
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Unit 2—Electron Theory

Aluminum—The insulating compound
“aluminum-oxide” is very difficult to break and
it often results in the overheating of aluminum
conductors at their terminals. The application
of an antioxidant on aluminum is desirable
because of its rapid oxidation (much faster
than copper). The manufacturer of the antiox-
idant product suggests that the surface of the
aluminum conductor be scratched once the
product has been applied. This method works
to prevent the newly revealed surfaces from
becoming instantly oxidized.

Basic Electrical Theory

Mike Holt Enterprises,

AUTHOR'’S COMMENT: According to NECA/AA 104-
2000 Recommended Practice for Installing
Aluminum Building Wire and Cables, Section 3.2,
aluminum conductor terminations should use a
listed anti-oxide joint compound to retard oxida-
tion at the termination. The joint compound is
applied after the exposed conductor has been wire
brushed.

AUTHOR'’S COMMENT: Gold plating on copper ter-
minals is used in high reliability connections in
electronic circuits because it does not oxidize and
it ensures a reliable connection over time.
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2.1 Electron Orbits

Electrons revolve at high speeds in an orbit around
an atom’s nucleus. However, according to the Law
of Electrical Charges, the attraction between the
positive charge of the protons and the negative
charge of the electrons keeps the electrons from
breaking out of their orbit.

2.2 Valence Electrons

The outermost shell (orbit) is called the valence
shell and electrons in this shell are called valence
electrons. The maximum number of electrons in
the valence shell is eight.

2.3 Freeing Electrons from an Atom

The attractive force of the protons is greater on
electrons that are closest to the nucleus. Electrons
in the orbits farthest away from the nucleus have
less energy and they are more readily separated
from their atomic structure.

When energy is applied to the valénce electrons
of an atom, the energy is distributed evenly among
all the valence electrons. Thus, if there are fewer
valence electrons for a given amount of energy,
each valence electron receives more of the avail-
able energy.

The movement of electrons from their atoms is the
basis of current flow and is also known as “elec-
tricity,”

2.4 Conductors

Elements that have one valence electron, such as
silver, copper, and gold, make the best electrical
anductors. Copper is a better conductor than alu-
Minum because the single copper valence electron
feceives all of the energy, while each of the three

aluminum electrons only receive one-third of the
€nergy,

It Enterprises,

Unit 2 Summary
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To prevent corrosion from forming on low-voltage
electronic circuitry connectors, gold or silver
plating is often placed on copper cable terminals.

2.5 Insulators

An atom is completely stable when its outer
valence shell is completely filled with eight elec-
trons. Insulators are atoms that have six to eight
valence electrons. Atoms that have seven valence
electrons actively try to become stable (eight
valence electrons), and they make the best elec-
trical insulators.

2.6 Semiconductors

Semiconductor atoms contain four or five valence
electrons and can act like conductors or insulators,
depending on circumstances that can be precisely
controlled.

2.7 Atomic Bonding

Atoms strive for chemical stability, which is the
condition where the valence shell is completely
filled with eight valence electrons. The atomic
bonding of hydrogen and oxygen results in the
stable compound water (H,0), which has eight
valence electrons.

H,0 is an insulator because it has eight valence
electrons. However, minerals, salts and other
impurities in the water can make this compound a
little conductive.

2.8 Compounds

Compounds, the atomic bonding of two or more
atoms, can change the electrical characteristics of
the individual atoms. For example, two atoms of
copper (one valence electron each) combined with
one atom of oxygen (six valence electrons) will
result in the compound copper-oxide (Cu,0).

Basic Electrical Theory
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Copper—The insulation compound ‘“copper- Aluminum—The insulating compound “aluminum-
oxide” is very soft and it can be broken by the oxide” is very difficult to break and it often results
standard pressure of a pressure connector, but in in the overheating of terminals. The application of

areas where sulfur gas (or hydrogen sulfide) is an antioxidant on aluminum is desirable because
present, copper turns black and the oxide coating of its rapid oxidation. I
is not conductive. Gold and silver plating on copper terminals is

used because it does not oxidize and it ensures a
reliable connection over time.

Unit 2 Conclusion

Now you know how electrons move and
what makes them move. You understand
why we have insulators, conductors, and
semiconductors. You also know certain things
about the most important materials used in the
practical application of electricity.

“7 Other useful knowledge you’ve gained here
skt . pg‘l are such things as the reason the rules for a

e)'"“‘?““ copper connector assembly differ from those of
an aluminum connector assembly, and why some

circuits have gold contacts while others do not.

Words to Live By: /f at first you don’t succeed, try reading the instructions.

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcaede.com e 1.888.NE(:.(:_Q‘de
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Unit 2 Practice Questions

2.1 Electron Orbits

t 1. The attraction between the positive charge of the protons and the negative charge of the electrons
l keeps the electrons from breaking out of their orbit.

(a) True (b) False

2.2 Valence Electrons

2. The outermost shell is called the valence shell and electrons in this shell are called valence electrons.
The maximum number of electrons in the valence shell is

(@1 (b)3 ()6 @38

2.3 Freeing Electrons from an Atom

3. Because the attractive force of the protons is greater on electrons that are closest to the nucleus,
electrons in the orbits farthest away from the nucleus are more readily separated from their atomic
structure.

(a) True (b) False

4. When energy is applied to the valence electrons, the energy is distributed evenly among all the valence
electrons.

(a) True (b) False

2.4 Conductors

5. Conductive materials have one, two, or three valence electrons. Elements with one valence electron,
such as silver, copper, and gold, make the best electrical conductors.

(a) True (b) False
6. To prevent corrosion from forming on low-voltage electronic circuitry connectors, plating is

often placed on copper cable terminals.

(a) silver (b) gold (c) aluminum (d) none of these

Basic Electrical Theory
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2.5 Insulators
7. Insulators have four to five valence electrons. Atoms that have seven valence electrons make the best
electrical insulators.

(a) True (b) False

2.6 Semiconductors

8. Semiconductors contain more than six valence electrons.
(a) True (b) False

2.7 Atomic Bonding

9. Atoms strive for chemical stability, which is the condition where the valence shell is completely filled.
This is often accomplished by combining atoms together to produce a compound atom.

(a) True (b) False

2.8 Compounds

10. Compounds can change the clectrical characteristics of an individual atom. For example, the insulating ‘
aluminum-oxide compound is very difficult to break and it often results in the overheating of aluminum |

conductors at their terminals.

(a) True (b) False

Mike Holt Enterprises, Inc. © www.NECcode.com © 1.888.NEC.



The study of magnetism provides the background necessary to
understand electromagnetism, which is the key to electricity.
Practically every piece of electrical apparatus uses mag-

netism for some part of its operation.

3.1 The Natural Magnet

Thousands of years ago the ancient Greeks and
Chinese discovered that certain rare stones, called
loadestones, were naturally magnetized. These
stones could attract small pieces of iron in a magical
Way, and were found to always point in the same
direction when allowed to swing freely suspended
by a piece of string. The name “magnet” comes
from Magnesia, a district in Thessaly, Greece.

3.2 Magnetic Polarities

The north end of a magnet can be determined by
hangmg a magnet by a string and allowing it to

Mi K8 Holt Enterprises,

Inc. « wvww.NECcode.com « 1.888.MEC.Code

swing freely. The magnet will align itself with the
earth’s magnetic field. The end of the magnet that
points to the north is called the north-seeking pole,
and the opposite end of the magnet is the south-
seeking pole.

3.3 Magnetic Compass

It is believed that about 2,000 years ago, the Greek
people discovered that a suspended piece of lode-
stone would align itself to the earth’s magnetic
field, thus acting as a compass. The compass was
not generally used until about 1200 A.D., when it
was discovered that it was an excellent naviga-

tional tool.

Basic Electrical Theory.
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A compass is made with a tiny magnet that is
freely pivoted so it can easily keep itself aligned
to the earth’s magnetic North Pole, which is in the
area of Baffin’s Bay in the Arctic. Regardless of
how the compass is turned, the magnetic needle
points to the earth’s magnetic North Pole.
Figure 3-1.

Magnetic Field from Spinning Object
Geographic North Pole

North
Magnetic Pole

| Magnetic
| Field
\ ‘.__.\ /
COPYRIGHT 2003 \ ,
i M\\, South

] Magnetic Pole
Geographic South Pole -/ - W= 0

A spinning object, such as the earth, produces a
magnetic field with a north and south polarity. The
compass points to earth's magnetic north pole.

Figure 3-1

AUTHOR’S COMMENT: It is interesting to note that
the magnetic North Pole is some distance from the
axis of rotation of the earth (the top of the globe).

CAUTION: If a compass is brought near a
magnet, the north-seeking pole of the compass
needle will be attracted to the south-seeking
pole of the adjacent magnet.

3.4 Magnetic Molecule

It is not definitely known just what magnetism
is, but many theories have been advanced. The
generally accepted theory is that magnetic mate-
rials are made up of a very large number of small
magnets (spinning molecules). If molecules in
metal are arranged so that their magnetic poles are
pointing in the same direction, their magnetic
fields will add together and the metal is then con-
sidered magnetized. Figure 3—-2

Basic Electrical Theory
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Magnetized ferrous (iron-based) metal

Figure 3-2

The reason most metals are not magnetic is because
their atoms tend to pair off in orbits with opposite
spins so that their magnetic fields cancel each other.

3.5 Magnetic Properties

Only ferrous (iron-based) metals, such as iron and
steel, have magnetic properties. Nonmagnetic
metals, such as copper and aluminum are nonfer-
rous, meaning they do not contain any iron, there-
fore they cannot be magnetized.

3.6 How to Magnetize Iron

Based on the generally accepted theory of mag:
netism, if a magnetizing force is applied to the end
of an iron bar, the magnetic field of many of the
ferrous molecule electrons will align with each
other and the bar will demonstrate magnetic prop=
erties. Magnetizing force can also be applied by
stroking magnetizable material with a magnet OF
by applying an electrical current.

3.7 Permanent and Temporary Magnets

All magnets, other than lodestones which oce
naturally, are artificial magnets.

When a magnetized material keeps its magneti
field for a long time, it is a permanent magnet: ’
it loses its magnetism quickly, it is a tempofdf
magnet. Hard iron or steel is used to make perfiis
nent magnets. Soft iron is used for tempordf
magnets.

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NED.
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The most common artificial magnet is the perma-
nent magnet, which is made by placing tempered
steel within a strong magnetic coil. The bar and
horseshoe magnets are good examples of per-
manent magnets, which are generally used for
electric measuring instruments.

3.8 Demagnetizing Magnets

To demagnetize a magnet, the magnetic fields of
the ferrous material must be disarranged so that
the molecules return to their original random posi-
tions. If a permanent magnet is struck with a
hammer, it will lose some of its magnetism; each
subsequent blow helps the molecules return to
their original random positions.

CAUTION: Because permanent magnets are
often used in electronic equipment such as
testers, be careful when handling this type of
equipment. Don’t drop it.

Another method of demagnetizing a magnet is to
apply heat to excite the molecules out of align-
ment. The concept is that when heat is applied, the
molecules in the magnetic field will be made to
move rapidly and they will return to their original
random positions.

Finally, placing a permanent magnet in a reversing
magpetic field will demagnetize the magnet.

3.9 Magnetic Lines of Force

The magnetic field of a magnet is visualized as
lines of force that radiate from the magnetic North
Pole to the South Pole. Magnetic lines of force
Cannot cross each other and the closer the lines and
the greater the number of force lines, the stronger
the magnetic field they represent. These force lines
are called flux lines and are measured in number
of lines of force per unit area. Figure 3-3

AUTHOR’S COMMENT: The magnetic lines of
force become wider apart the farther they are from
the magnet.

MikeHoig
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Magnetic Lines of Force
(Flux Lines)
J The lines of force around a

-, magnet are called "flux" lines.

{\

W _.
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’ The lines of force around a magnet never cross.

They also get weaker and farther apart with distance
from the magnet.

Figure 3-3
3.10 Magnetic Mafterials

Materials that are good conductors of magnetic
force, such as iron and steel, are called magnetic
materials. Materials that are poor conductors of
magnetism are called nonmagnetic materials.

Examples of nonmagnetic materials are copper,
zinc, glass, and paper. If a piece of iron is placed
in a magnetic field, more lines of force will pass
through the iron than through the air. Iron is several
hundred times better as a conductor of magnetism
than air is.

3.11 Law of Atiraction and Repulsion

The Law of Attraction and Repulsion of magnets
states that like poles repel and unlike poles attract
each other. Figure 3—4

Law of Attraction and Repulsion of Magnets

[ Like polv.:._s

£ L
/ b,

repel | I Unlike poles attract ‘

w’/)\% -

Entrprines, Inc.

As with positive and negative electrical charges, the
unlike polarities of magnets attract and like polarities repel.

Figure 3-4
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3.12 Retentivily

Magnetic materials differ greatly in the amount of
magnetism they will retain; stated differently, they
differ in their retentivity. Soft iron makes a
stronger magnet than hard steel, but the instant that
the magnetizing force is removed, the soft iron will
lose practically all of its magnetism. Hard steel will
retain a relatively large amount of its magnetism,
but it does not have the magnetic strength of soft
iron. Soft iron is used for temporary magnets and
hard steel is always used for permanent magnets.

Basic Electrical Theory
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3.13 Permeability

Permeability is the term used to describe the rela-
tive ease with which a material can be magnetized
(orientation of the molecular structure to that of a
magnet). Soft iron is easy to magnetize (high per-
meability), whereas hard steel is hard to magnetize
(low permeability).
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3.5 Magnetic Properties

Introduction

The study of magnetism is the foundation of under-
standing electricity. A large number of electrical
apparatuses use magnetism for their operation.

3.1 The Natural Magnet

Lodestone is a naturally occurring rock that has
magnetic properties.

3.2 Magnetic Polarities

The north end of a magnet can be determined by
hanging the magnet by a string and allowing it to
swing freely. The magnet will align itself with the
garth’s magnetic field. The end of the magnet that
points to the north is called the north-seeking pole
and the opposite end is the south-seeking pole.

3.3 Magnetic Compass

A compass is made with a tiny magnet that is
freely pivoted so that it will easily align to the
earth’s magnetic North Pole. Regardless of how
the compass is turned, the magnetic needle will
point to the magnetic North Pole.

If a compass needle is brought near a magnet, the
compass is affected. This shows that there is a
field surrounding the magnet in which magnetism
is present. This is called the magnetic field.

3.4 Magnetic Molecule

The generally accepted theory is that magnetic
materials are made up of a very large number of
small magnets. If molecules in an iron-based
metal are arranged so that they are pointing in the
same direction, their magnetic fields add together
aqcl the metal is then magnetized. The greater the
alignment, the greater the magnetic field.

Mik@ Holt Enterprises, Inc. » www.NECcode.com
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Steel and iron-based (ferrous) metals have mag-
netic properties.

3.6 How to Magnelize Iron

If a magnetizing force is applied to the magnetic
field of each molecule, forcing it into alignment
with the other molecules, we will find evidence of
magnetism. This force can be applied by magnetic
stroking or by the magnetic field associated with
electric current.

3.7 Permanent and Temporary Magnets

All magnets, other than lodestones, are artificial
magnets. The most common artificial magnet is the
permanent magnet, which is a piece of hard steel
that has been magnetized and retains its magnetism
indefinitely.

If a magnet loses its magnetism quickly, it is
called a temporary magnet. Soft iron is used for
temporary magnets.

3.8 Demagnetizing Magnets

To demagnetize a magnet, the magnetic field must
be disarranged so that the molecules return to their
original orientations. This can be done by a hard
blow, with heat, or by the use of an alternating-
current field.

3.9 Magnetic Lines of Force

The magnetic field of a magnet is visualized as

lines of force, called flux lines, which extend out
into space from the magnetic North Pole to the
South Pole. Magnetic lines of force do not cross,
and actually spread wider apart the farther they are
from the magnet. The closer the lines and the
greater the number of force lines, the stronger the

magnetic field.

Basic Electrical Theory
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3.10 Magnetic Materials soft iron makes a stronger magnet than a bar of
hard steel, but the instant the magnetizing force is

removed, the soft iron loses practically all of its
magnetism while the hard steel retains a relatively

) large amount. Soft iron is used for temporary
3.11 Law of Atiraction and Repulsion magnets and hard steel is used for permanent

The Law of Attraction and Repulsion of magnets magnets.
states that like poles repel each other and unlike

Ferrous (iron) materials are several hundred times
better conductors of magnetism than air is.

poles attract. 3.13 Permeability {
. Permeability is the term used to describe the relative
3.12 Retentivity ease with which a material can be magnetized.

Soft iron is easy to magnetize (high permeability),
whereas steel is harder to magnetize (low perme-
ability).

Magnetic materials differ greatly in the amount of
magnetism they will retain (retentivity). A bar of

Unit 3 Conclusion

Your knowledge of magnetism provides you with the back-
ground for the study of electromagnetism—a key knowledge
\ area for people who work with electricity. You’ve learned
which materials make good magnets and which don’t. You
also know the difference between permanent magnets and
temporary magnets, and you know about magnetic fields.
Such knowledge is essential for learning motor and gener-
ator theory, and for understanding the reasons for
Chapter 3 wiring methods in the National Electrical Code.

Words to Live By: Your friends are like the buttons on an elevator. They will either take you up or they
will take you down.

Basic Electrical Theory Mike Holt Enterprises, Inc. » www,NECcode.com 1.888."!-:__!3.09“"
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Unit 3 Practice Questions

3.1 The Natural Magnet

1. When loadestone were suspended by a piece of string, they always pointed in the same direction.
(a) True (b) False

3.2 Magnetic Polarities

2. The north end of a magnet can be determined by hanging a magnet by a string and allowing it to
swing freely.

(a) True (b) False

3.3 Magnetic Compass

3. The end of the magnet that points to the north is called the south-seeking pole, and the opposite end
of the magnet is the north-seeking pole.

(a) True (b) False

4. The north end of the compass needle is actually the south pole of the compass needle seeking the
earth’s magnetic north pole.

(a) True (b) False

3.4 Magnetic Molecule

5. The reason most metals are not magnetic is because their atoms tend to pair off in orbits with opposite
spins so that their magnetic fields cancel each other.

(a) True (b) False

3.5 Magnetic Properties
~ 6. Nonmagnetic metals are ferrous, meaning they do not contain any iron, and cannot be magnetized.

(a) True (b) False

iilt Enterprises, Inc. » www.NECcode.com e 1.888.NEC.Code Basic Electrical Theory u
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3.6 How to Magnetize Iron

7. If a magnetizing force is applied to the end of an iron bar, the magnetic field of many of the ferrous
molecule electrons will align with each other and the bar will demonstrate magnetic properties.

(a) True (b) False

3.7 Permanent and Temporary Magnets

8. When a magnetized material keeps its magnetic field for a long time, it is a permanent magnet. Hard
iron or steel is used for permanent magnets.

(a) True (b) False

9. If a metal loses its magnetism quickly, it is a temporary magnet. Soft iron is used for temporary
magnets.

(a) True (b) False

3.8 Demagnetizing Magnets

10.If a permanent magnet is struck with a hammer, it will lose some of its magnetism; each subsequent
blow helps the molecules return to their original random positions.

(a) True (b) False

3.9 Magnetic Lines of Force

11. Magnetic lines of force can cross each other and they are called flux lines.

(a) True (b) False

3.10 Magnetic Materials

12. The law of attraction and repulsion of magnets states that like poles attract and unlike poles opposé
each other.

(a) True (b) False

3.12 Retentivity

13. Soft iron can be used to make a stronger ma;gnet than hard steel, but the instant the magnetizing foré¢
is removed, the soft iron loses all of its magnetism.

(a) True (b) False

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com * 1.888.N ,_‘G-CU""
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14. Hard steel will retain a relatively large amount of its magnetism, but it does not have the magnetic
strength of soft iron.

(a) True (b) False

3.13 Permeability
15. Permeability describes the relative ease with which a material can be magnetized.

,  (a) True (b) False

16. Soft iron has high permeability, whereas hard steel is hard to magnetize, which means it has low
permeability.

(a) True (b) False

WikeHoIt Enterprises, Inc. » www.NECcode.com » 1.888.NEC.Code Basic Electrical Theory




A solid understanding of electron theory will help you master
such widely misunderstood topics as grounding, ampacity, and
electrical safety.

4.1 Electrical Current Flow (Electricity)

Electrical current flow is one of the many types
of energy that we use daily in our lives. For the
purpose of this book, we will call the movement
of electrons for the purpose of transferring energy
10 perform useful functions “Electricity.”

Blectrical current is the unseen movement of elec-
tl’ﬂns that flow from the power source through the
electrical circuit of the appliance or equipment and
I' then return to the power source. The complete path
the electrons take is called an electrical circuit.

Figure 41

Electrical Current Flow
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Figure 4-1
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Electric current is produced by forcing billions
upon billions of electrons to move through an
electrical circuit. A power source accomplishes
this by applying a negative charge at one end of
the circuit (repels electrons from the source), and
a positive charge to the other end (attracts the
electrons to the source). Figure 4—1

For current to flow from the power source through
the load (appliance/equipment) and then back to
the power source, the current flow path must be
conductive. Since copper is a very good conductor
(only one valence electron), it is the most common
wire used for this purpose.

4.2 Electricity

To force electrons to move (create a current
flow), some form of energy must be applied to
the electrons to cause them to leave their atom,;
this energy can be supplied by chemical activity,
magnetism, light, heat, or pressure.

Chemical Activity (Electrochemistry)

When chemicals combine in a controlled manner,
they can provide the energy needed to move elec-
trons out of the atom’s orbit. This is the principle
of the electrical battery and fuel cell.

When electricity is created by chemical activity,
the electron flow will be in one given direction.
This is called direct current (dc).

Battery—A battery is a power source where

voltaic cells are combined in a series arrangement,

positive terminal to negative terminal, so that the

voltage of one cell will be added to the voltage of
the other cells. Voltaic cells are chambers in which

two dissimilar solid conductors (called electrodes)

are immersed in a conducting liquid/paste (elec-

trolyte). The combination of electrodes and elec-

trolytes support chemical reactions to generate the
energy for current flow.

By changing the quantities and types of materials
used in a cell, the manufacturer can increase,
change, or control the current producing capacity
and other operating characteristics of the battery
for a specific application. Figure 4-2
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Batteries
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[ (one cell battery)
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This battery has several voltaic cells combined in a
I series arrangement, with the positive terminal to the -
negative terminal, so that the voltage of one cell will
be added to the voltage of the other cells. ‘;

A battery is a self-contained power source.
Figure 4-2

AUTHOR’S COMMENT: Technically, a battery is
comprised of two or more voltaic cells, but ,
everyone calls a single cell a battery. l

Fuel Cells—Fuel cells use an advanced electro-
chemical process to convert a gaseous fuel, such
as natural gas or propane, into electrical energy.
Fuel cells are virtually pollution free, very quiet
when compared to other means of electric power
generation, and can operate at high efficiency
levels using relatively inexpensive alternative
fuels such as natural gas and LP gas.

Magnetism (Magnetoelectricity)

The vast majority of the electrical energy utilized

today is created in power plants that rotate a
magnetic field through a conductor. Moving a
magnetic field through a conductor provides the
cnergy needed to cause the valence electrons in
the conductor to flow in a given direction. Moving
the magnetic field in the opposite direction rela-
tive to the conductor will cause the current to flow
in the opposite direction. This is the principle of
alternating current (ac). Figure 4-3
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Mag}net moves dowh:
As the conductor passes
through the magnetic

—
Magnet moves up:

As the conductor passes
through the magnetic field

in the opposite direction,
electrons are made to move
| in the opposite direction.

field of the magnet,
electrons are made to
| move in gnegirection.

The meter indicates the direction of electron flow.
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Figure 4-3

AUTHOR’S COMMENT: It is not the force of a mag-
netic field through a conductor that produces elec-
tricity, it is the relative motion of the magnetic field
to the electrons within the conductor. The moving
magnetic field literally pulls or pushes the valence
electrons through the circuit. If there is no move-
ment of the magnetic field relative to the electrons
within the conductor, there is no electron flow, no
matter how strong the magnetic field.

Electromagnetic Field—Interestingly, current
flow (movement of electrons) creates its own
electromagnetic field at right angles to the current
flow of the electrons. This is the principle of
induction, which is the foundation of the electric
motor and transformer.

Light (Photoelectricity)

Photoclectricity works on the principle that light
(photons) striking a semiconducting plate causes
the plate to release electrons to another semicon-
ducting plate. Early photovoltaic systems were able
to produce only minor quantities of electrical
power from photoelectricity which limited their use
t_O low-power applications, such as a photo eye for
lighting, and to other light sensing and measuring
applications, as in a camera light meter.

Wi_th the advent of the transistor and accompa-
fying semiconductor technology, the efficiency of
Photovoltaic power has increased dramatically. Now
that solar power and high-capacity batteries have
tome along, people can live in remote areas without

HOIE Enterprises, Inc. « www.NECcode.com ¢ 1.888.NEC.Code

paying large fees to have the utility company run
power to their homes. Today there are many
homes that are virtually self-sufficient with solar
power. Figure 4-4

Solar Photovoltaic Systems

‘Solar Panels| Photovoltaic panels
{1 il | Lirgtle il | convert sunlight into
| | L l i {all I |. electricity.
Charge | ~ , Todc
| Control | 7 B Loads
i i . 1! dcLoad
| Disconnect L~ 1 Panel
i Inverter \—L"‘r A » Toac
, ; P (e Loads
- I{ | acload
Copyright 2003 (o Panel

Mike Holl Enlerprises, Inc.

Figure 4-4

AUTHOR’S COMMENT: Some conditions limiting
solar power are hours of direct sun exposure and
electric power demand.

With government funding and with improvements
in photovoltaic cells and batteries, the initial cost
of these systems is being dramatically reduced
each year. Other examples of the use of photoelec-
tricity are:

Billboard Signs—The billboard industry uses
photoelectricity to illuminate remote signs for a
few hours a day; for example, during the early
evening hours while there is still heavy traffic with
many prospective viewers.

Interstate Call Boxes—Many of our interstate
highways have roadside assistance aid devices,
such as battery-powered phone systems where solar
cells are used to recharge the systems’ batteries.

_ Navigational Markers/Buoys—Navigational markers

and buoys often have a solar panel connected with
storage batteries. These markers and buoys aid
navigation through waterways and inlets (going
from the ocean into port or vice-versa), or
marking entrances to marinas.

Basic Electrical Theory:
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Photo Cells—These devices “sense and react” to
specific light levels to open or close switch con-
tacts in order to turn equipment (often lights) on
at night and off at daylight. These photoelectric
devices produce very small amounts of power in a
closed, self-contained circuit.

Roadside Signs—Solar power is becoming more
common to light highway directional, caution, and
safety signs, thereby eliminating dependence upon
local electrical utility systems, and the installation
of other local power generation equipment such as
diesel generators.

School Warning Signs—Many Departments of
Transportation (DOTS) are using these systems to
power small traffic signal lights for school zone
warning lights.

Telecommunications—When telecommunications
equipment and systems are needed in remote or
economically expensive areas, such as mountain-
tops, solar electrical power generation systems
have proven to be economical and reliable.

Weather Stations—Remote weather gathering
stations for stream flow, rain and snowfall data are
often powered by solar cells.

AUTHOR’S COMMENT: Visit this URL:
http://www.solarexpert.com/Photovoltaics.html
for more information.

Thermo Energy (Thermoelectricity)

When the temperature decreases, the molecules
move or bounce off each other relatively slowly.
At the temperature of absolute zero (-459°F), the
movement of atoms stops. As a material is heated,
the molecules move and/or bounce off each other
more rapidly.

The thermoelectric effect is the process where
heat is applied to dissimilar metals that are joined
together to produce about 5/; 45 t0 3%/} 499 Of @ VOIL.

A common application of thermoelectricity is the
thermocouple, which is based upon the findings of
Thomas Johann Seebeck (1821) who showed that

Basic Electrical Theory
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a small electric current will flow in a circuit com-
posed of two alloys joined together at one end
when their junctions are kept at different tempera-
tures. At room temperatures, the current flow pro-
duced by the thermocouple is very low, but as the
temperature increases the output voltage increases
linearly relative to absolute zero (-459°F)

A thermocouple can be used to generate the energy
needed to provide sufficient circuit voltage to con-
trol the gas shut-off valve for gas appliances. It
operates on the principle that when the thermo-
couple is in the flame of the pilot, it generates suf-
ficient energy to keep the gas shut-off valve relay
energized. If the pilot goes out, the thermocouple
cools down resulting in a reduction of the output ‘
voltage to the point that the control relay is de-
energized, resulting in the shutting off of the gas
supply to the appliance. Figure 4-5

Thermoelectricity

11
Thermoelectricity is the
production of current flow
when heat is applied where
dissimilar metals are joined.

i

| Thermoelectric Gas Valve |

COPYRIGHT 2003 Mike Holt Enterprises, Inc.
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Pressure (Piezoelectricity)

Some crystalline materials produce a small ele¢
trical voltage when bending or twisting pressure 5
applied to them. The piezoelectric effect is conis
monly used in sensing elements such as straifl
gauges and vibration pickup sensors. The amoufit
and frequency of the voltage can be calibrated 0
the pressure, force, strain or vibration levels whel
used as a sensor. Modern audio equipment tends 1@
avoid piezoelectric devices because they are easily
destroyed by high temperature or overvoltage.
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However, piezoelectric devices are commonly
used in ultrasonic alarms, as well as in certain
radar and sonar systems. Another example of
piezoelectricity would be the little red button on
the gas grill. By physically applying pressure to
the button, high-voltage electrical energy will
travel over a wire and through a ceramic spark
plug located near the gas burner, which ignites the
gas fuel. Figure 4-6

Piezoelectricity

Pressure
Spark Device |

Current flow can be
created by bending
or twisting pressure
on crystals.

COPYRIGHT 2003
Mike Holl Enlerprises, Inc.

Figure 4-6
4.3 Useful Purposes of Electricity

Electricity, the transfer of energy via the move-
ment of electrons, can be used for electrochem-
istry, electromagnetism, heating, and illumination.

Electrochemistry

Electrical current can be used to alter the effects
of chemical bonding so as to separate or
encourage the formation of new compounds. This
is the basis of electroplating and electrolysis. Both
electroplating and electrolysis are forms of corro-
sion, one being controlled and the other not.

Electroplating—Flectroplating is a commercial-
industrial process intended to make some improve-
ment to the plated surface. Electroplating is
building up layers of metal on one surface and
removing the same metal from another by the
Qhemjcal action of an electrical current in a solu-
tion. This process is commonly used for coating
Ielatively inexpensive jewelry with gold, silver, or
Copper. Another application is the gold plating of
contact surfaces of copper terminals for computer
cables to prevent the forming of an oxide com-
Pound on the terminals.

Inc. « www.NECcode.com « 1.888.NEG.Code
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AUTHOR’S COMMENT: Gold plating is added to
electronic circuitry connectors to prevent corro-
sion from forming because gold will not chemi-
cally bond with other elements to produce an insu-
lating oxide. When an electrical connector carries
low current (less than 1/100 of an ampere) at low
voltages (less than 12V dc), there is not enough
energy to break through a corrosion oxide film that
often forms on the surface of the copper terminals.
This results in an undesirable open or intermittent
connection for electronic equipment circuits.

Electrolysis—Electrolysis is a decomposition
action where metal from one surface is removed
to another surface because of a chemical action
caused by electrical current. Electrolysis is a very
expensive problem for boats and ships when they
are at shore because rudders, shafts and propellers
can disintegrate due to stray electrical current.

Electromagnetism

Alternating current is used to produce an alter-
nating electromagnetic field that is necessary for
the operation of a transformer. In addition, elec-
tromagnetic fields, from both ac and dc circuits,
are necessary for the operation of electric motors
and electric relays. Figure 47

Electromagnetism

e — — | SS— N
’ Electricity is used to produce electromagnetist

P
| Transformerl

COPYRIGHT 2003
Mike Holl
Enferprises, Inc.

Figure 4-7
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Heat (Resistance)

Electrical current flowing through a high-resist-
ance heating element will produce heat (as well
as a glow) as the electrons flow through the cir-
cuit. This is the principle for most electrical
resistance-heating appliances such as toasters,
ranges, ovens, water heaters, clothes dryers, flat
irons, etc. Figure 4-8

Resistance Heat

00 & 00 | Typical Heating Element

| A power supply is applied to
each end of the element and
the current produces heat.

COPYRIGHT 2003
Mika Holt Enterprises, Inc

Resistance heating elements are often made out of
nichrome wire which is enclosed in an insulating material.

Figure 4-8

AUTHOR’S COMMENT: Heat can also be produced
by inductive heating (electromagnetism), but that
is beyond the scope of this book.

lllumination (Lighting)

Electrical current flow can be used to produce
light through the principles of incandescent, elec-
troluminescent, phosphorescent and fluorescent
lighting.

Incandescent Lighting—Illumination can be
produced when a high-resistance tungsten metal
filament is heated (due to the current flowing
through the element) in a vacuum glass lamp
(bulb). Figure 4-9

Electroluminescent Lighting—Light can be pro-
duced when an electrical arc flows through a
charged gas lamp.

Examples would include neon lighting, as well as
sodium, mercury vapor and metal-halide lighting.
Figure 4-10
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Incandescent Lighting
>
:-E Wy Z c—;’
[ o i |;L e /
S it. 5

>~ % = ~{_~ | The base of the lamp
R ([ is a screw shell,

' Fixture |

Filament: Usually made |
out of tungsten steel
which gets very hot

and glows brightly

when current is applied. !

Wires support |
filament and . ‘
supply power. B

Vacuum Tungsten Steel: An alloy |

Lamp with high resistance.
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Figure 4-9

Electroluminescent Lighting
(Electric Discharge Lighting)

Copyright 2003 Mike Holt Enterprises, Inc

Electroluminescent lighting is the production of light from
an electrical arc in charged gas. Examples include neon,
high and low-pressure sodium, and mercury vapor.

Figure 4-10

Phosphorescent Illumination—Illumination can
be produced when a source of energy strikes phos-
phorous materials.

Examples of phosphorescence include televisions
and computer monitors. Figure 4—11

Fluorescent Lighting—Illumination results from
the combination of electroluminescence and phos-
phorescence when electrical current flows through
a charged gas or vapor. This causes emission of
invisible, ultraviolet radiation, which strikes a
phosphorescent coating. Figure 4—12
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Phosphorescent lllumination

Phosphorescent illumination results from a source
of energy striking materials known as phosphors.

COPYRIGHT 2003 Mike Holl Entarprises, Inc

Figure 4-11

Fluorescent Lighting

:h ' S \

| Phosphorescent Coating

| Fluorescent Fixture e SEma%, v

e St

Light is produced when ultraviolet radiation
(current flowing through a charged gas) strikes
a phosphorescent coating.

Figure 4-12

4.4 Danger of Electricity

If an electrical system is not properly designed
and wired, people can be subjected to electrical
shock, or death, by electrocution or fire.

Understanding Electrical Shock Hazard

If an electrical system is not properly wired to
remove dangerous voltage from a ground fault,
persons can be subjected to electrical shock,
Wwhich can result in injury or death. The National
Safety Council estimates that approximately 300
people in the United States die each year because
Ofoan electrical shock from 120V and 277V cir-
cuits. People become injured and death occurs
When voltage pushes electrons through the human
body, particularly through the heart. An electrical

101t Enterprises, Inc. « www.NEGcode.com o 1.888.NEC.Code

shock from as little as 30V alternating current for
as little as one second can disrupt the heart’s elec-
trical circuitry, causing it to go into ventricular
fibrillation. Ventricular fibrillation prevents the
blood from circulating through the brain, resulting
in death in a matter of minutes. Figure 4-13

Electrical Shock | Ground fault
The body becomes part 'y nfgt:g;ftz_ il

of an electrical path.

m

120V/1,000Q2 = 120 mA
| _ Copyrighl 2003 MI;(a Holt Enlerprises, ln:c :

| Path(s) back to source

Figure 4-13

AUTHOR’S COMMENT: According to the American
Heart Association, ventricular fibrillation (VF) is a
life-threatening condition in which the heart no
longer beats but “quivers” or fibrillates very rap-
idly — 350 times per minute or more. To avoid
sudden cardiac death, the person must be treated
with a defibrillator immediately. Cardiopulmonary
resuscitation (CPR) provides some extra time, but
defibrillation is essential for surviving ventricular
fibrillation.

What Determines the Severity of Electrical
Shock?

The severity of an electrical shock is dependent on
the current flowing through the body, which is

impacted by the electromotive force (E), meas-

ured in volts, and the contact resistance (R), meas-
ured in ohms (£2). Current can be determined by
the formula I = E/R.

The typical resistances of individual elements of

human circuits include:

Basic Electrical Theory




Dry Wet
Foot Immersed in Water 100€2
Hand Immersed in Water 300Q2
Hand Around 1.5 in. Pipe 1,000Q2 5002
Hand Holding Pliers 8,0000) 1,000Q)
Finger-Thumb Grasp 30,000 8,000€

Finger Touch 100,000€2 12,000£)

The effects of 60 Hz alternating current on an
average human includes: Figure 4-14

Electric Shock Values on Humans

Perception Let-Go
0.7 mAto 1.1 mA

Electrical Sensation
0.3 mAto 0.4 mA

Maximum Let-Go Level Fibrillation Levél

10 mA (female) 50 mA for 0.2 seconds (female)
16 mA (male) 75 maA for 0.5 seconds (male)

COPYRIGHT 2003 Mike Holt Enterprisas, Inc.

Figure 4-14

« Electrical Sensation. Tingle sensation OCCUIS at
about 0.3 mA for an adult female and 0.4 mA for
an adult male.

« Perception Let-Go. Current over 0.7—1.1 mA is
very uncomfortable to both sexes.

« Maximum Let-Go Level. The maximum let-go
threshold level for a female is approximately 10
mA and for a male it is about 16 mA.

The “let-go threshold” is the current Jevel where
we lose control of our muscles and the elec-
tricity causes muscles to contract until the cur-
rent is removed.

« Fibrillation Level—50 mA for 0.2 seconds
(female) and 75 mA for 0.5 seconds (male).

Mike Holt Enterprises,
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According to TEEE Std. 80, IEEE Guide for Safety
in AC Substations, the maximum safe shock dura-
tion can be determined by the formula:

Seconds = 0.116/(E/R), where “R” (the resistance
of a person) is assumed to be 1,000€).

Example:

For a 120V circuit, the maximum shock
duration = 0.116/(120V/ 1,000Q)) =
1 second.

For a 277V circuit, the maximum shock
duration = 0.116/(277V/ 1,000Q0) =
0.43 seconds.

Clearing a Ground Fault

To protect against electric shock from dangerous
voltages on metal parts of electrical equipment, &
ground fault must quickly be removed by opening
the circuit’s overcurrent protection device. The
time it takes for an overcurrent protection device
to open is inversely proportional to the magnitude
of the fault current. Thus, the higher the ground-
fault current value, the less time it will take for the
protection device to open and clear the fault. For
example, a 20A circuit with an overload of 40A
(two times the rating) would trip a breaker in 25to
150 seconds. At 100A (five times the rating) the
breaker would trip in 5 to 20 seconds. Figure 4-15

Time-Current Curve - 20A Inverse-Time Breaker
| T 1—@%&5 ' :
Seconds oy (1 Y Unlatching wed Lower lmpedance =
for Circuit T Time Higher Currents |
Breaker |.... 1-----in—'7;_%’-_—-- |
S Maximum

to O
o Open ‘: Unlatching

I = 40A

2510 150 (+— S ti i
Seconds imes rating
b & ' I = 100A
51020 |4 € 4ejeet’ 5 times rating
Seconds + - |
BRI I  Higher Currents = |
40A+ 100A Faster Trip |
Current in AMPEreS | copvRicHT 2003 Mike HoltEntoprises, 1o .
Figure 4-15
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To remove dangerous touch voltage on metal parts
from a ground fault, the fault-current path must
have sufficiently low impedance to allow the fault
current to quickly rise to facilitate the opening of
the branch-circuit overcurrent protection device.

Example:

Approximately how much ground-fault current
can flow in a 100A circuit which consists of:

» Ungrounded Conductors—200 ft of 3
AWG at 0.050)

« Equipment Grounding (bonding)
Conductor—200 ft of 8 AWG at 0.156()

(a) 100A (b) 200A
(c) 600A (d) 800A
» Answer: (c) 600A
Fault Current = %
E = 120V
Z =0.05Q + 0.1560) = 0.206()
120V

Fault Current = m = 583A

Fire

Each year, fires from electrical faults result in
billions of dollars of property damage, not to men-
tion the loss of many lives. A fire can be generated
by electrical energy when current from an elec-
trical fault (often an arc fault) ignites adjacent
combustible materials. Figure 4—16

Fire Generated by Electrical Fault

— lr Loose fitting (high resistance)

Fault current generates heat, which can
spread to surrounding combustible material.

|

[

COPYRIGHT 2003 Mike Holl Enterprises, Inc

Figure 4-16
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Electrical Arc Blast

In addition to electrical shock, a sudden move-
ment from an energized object has caused many
people to move conductive metal objects into
energized parts, resulting in a phase-to-phase or
ground fault. The fault can cause a severe arc
blast, which can approach 30,000°F. This vaporizes
metal parts and produces an explosive pressure
wave of molten metals which can kill or severely
injure those in close proximity.

An electrical arc blast can also occur when elec-
trical equipment malfunctions. NFPA 70E
(Standard for Electrical Safety Requirements for
Employee Workplaces, 2000 edition) dictates the
requirements for employees whose work requires
them to enter into the “flash boundary”—the dis-
tance that determines whether 2nd degree burns to
the skin will occur. Figure 4-17

Electrical Arc Blast

A T L e DI e U
BN e
Sudden movement away from an energized
object because of electric shock could cause
a person to move a conductive metal object
into energized parts resulting in an arc blast@,-
s B ESE | | e

T SN0 S - :

P e e et S SO SN S

Figure 4-17

AUTHOR’S COMMENT: For more information
about electrical shock, electrocution, and arc blast
see Bussmann Safety Basics book and video,
which are available at www.bussmann.com.

Basic Electrical Theory
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4.5 National Electrical Code

To ensure the minimum practical safeguarding of
persons and property from the use of electricity,
all wiring must be installed in accordance with the
National Electrical Code (NEC). The NEC is a
safety standard that contains rules necessary for a
safe electrical installation. Installing electrical
systems in accordance with the NEC, and pro-
viding proper maintenance for the electrical
system, should result in an installation that is
essentially free from an electrical hazard [90.1].
Figure 4-18

The National Electrical Code (NEC)

To ensure the minimum
practical safeguarding

of persons and property
from the use of electricity,

all wiring must be installed
in accordance with the NEC.

NEC

NERLONAL FLECTRICA) CEAL
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Figure 4-18

Mike H

Basic Electrical Theory

Hazards from the use of electricity often occur
when the electrical system was not installed in
accordance with the NEC and/or the initial wiring
did not provide for the future increased use of
electricity. Figure 4-19

National Electrical Code
Practical Safety Standard

Hazards can occur when
the system is not NEC
compliant or the initial wiring
does not provide for future
expansion use.

COPYRIGHT 2003
Mike Hoh Enterprises, Inc

Figure 4-19

AUTHOR’S COMMENT: The NEC is a document
and it is not written so that it can be used as an
instruction manual. Learning to use and under-
stand the NEC takes years of study, but many of
the rules are based on the principles of electrical
theory.

olt Enterprises, Inc. ¢ www.NECcode.com ¢ 1.888.NEC.Code
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4.1 Electrical Gurrent Flow (Electricity)

Electrical current flow is used daily in our lives.
We call the movement of electrons for the purpose
of transferring energy to perform useful functions
“Electricity.”

Electrical current is the movement of electrons
from the power source through the electrical cir-
cuit and then back to the power source. Forcing
electrons to move through an electrical circuit by
a power source that applies a negative charge at
one end of the circuit and a positive charge to the
other end produces electric current.

For current to flow from the power source through
the load and then back to the power source, the
path must be conductive. Since copper is a very
good conductor, it is the most common wire used
for this purpose.

4.2 Electricity

To force electrons to move, energy must be
applied to the electrons to cause them to leave
their atom.

Chemical Activity (Electrochemistry)

When chemicals combine in a controlled manner,
they can provide the energy needed to move elec-
trons out of the atom’s orbit. This is the principle
of the electrical battery and fuel cell.

Battery—A battery is a power source where
voltaic cells are combined{in a series arrangement,
positive terminal to negative terminal, so that the
voltage of one cell will be added to the voltage of
the other cells.

Fuel Cells—Fuel cells use an advanced electro-
chemical process to convert a gaseous fuel, such
as natural gas or propane, into electrical energy.

(Wike Holt Enterprises, Inc, » www.NECcode.com » 1.888.NEC.Code
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Magnetism (Magnetoelectricity)

The vast majority of the electrical energy utilized
today is created in power plants that rotate a mag-
netic field through a conductor.

It is not the force of a magnetic field moving
through a conductor that produces electricity, it is
the relative motion of the magnetic field to the
electrons within the conductor. The moving mag-
netic field literally pulls or pushes the valence
electrons through the circuit. If there is no move-
ment of the magnetic field relative to the electrons
within the conductor, there is no electron flow, no
matter how strong the magnetic field.

Light (Photoelectricity)

Photoelectricity works on the principle that light
(photons) striking a semiconducting plate causes
it to release electrons to another semi-conducting
plate. Conditions limiting solar power are hours of
direct sun exposure and electric power demand.

Thermo Energy (Thermoelectricity)

The thermoelectric effect is the process where
heat is applied to dissimilar metals that are joined
together to produce about 3/, oy to 3%, 49 Of a volt.

Pressure (Piezoelectricity)

Some crystalline materials produce a small elec-
trical voltage when bending or twisting pressure is
applied to them.

4.3 Useful Purposes of Electricity

Electricity, the transfer of energy via the move-
ment of electrons, can be used for the following
purposes:

Basic Electrical Theory
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« Tingle sensation occurs at about 0.3 mA for an
adult female and 0.4 mA for an adult male.

* Current over 0.7—1.1 mA is very uncomfortable
to both sexes.

» The maximum let-go threshold level for a female
is approximately 10 mA and for a male it is

Fire

A fire can be generated by electrical energy when
current from an electrical fault (often an arc fault)
ignites adjacent combustible materials.

Electrical Arc Blast

An electrical fault can cause a severe arc blast

about 16 mA.
(that can approach 30,000°F), which vaporizes

o Fibrillation Level—50 mA for 0.2 seconds
metal parts and produces a pressure wave of
(female) or 75 mA for 0.5 seconds (male). . . .
molten metals which can kill or severely injure

' those in close proximity.

Unit 4 Gonclusion

You now know what causes current flow, and you are familiar
with some ways of applying energy to atoms to make the
electrons move out of orbit. You are now aware of a large

\ variety of ways we use electricity.

These various uses, however, do come with the dan-
gers of shock, arc blast, and fire. Because of these

dangers, the National Electrical Code prescribes specific
requirements designed to protect people and property. The
NEC, however, is not a simple document—it cannot be,
because of the laws of physics that underlie it. But your

knowledge of current flow will help you understand and apply the NEC.

- -

Words to Live By: There is a name for people who are not excited about their work—unemployed.

Basic Electrical Theory
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Unit 4 Practice Questions

4.1 Electrical Current Flow (Electricity)

1. The movement of electrons to perform a useful function is called static electricity.
(a) True (b) False

2. For current to flow from the power source through the load and then back to the power source, the
current path must be conductive.
(a) True (b) False

4.2 Electricity

3. To force electrons to move, some form of energy must be applied to the electrons to cause them to
Jeave their atom; this energy can only be supplied by magnetism.
(a) True (b) False

4. When electricity is created by chemical activity, the electrons will flow in two directions, and this is
called alternating current.
(a) True (b) False

5. A battery is a power source where voltaic cells are combined in a series arrangement, positive ter-
minal to negative terminal, so that the voltage of one cell will be added to the voltage of the other
cells.
(a) True (b) False

6. Moving a magnetic field through a conductor provides the energy needed to cause the valence elec-
trons in the conductor to flow in a given direction.
(a) True (b) False

7. It is not the force of the magnetic field through a conductor that produces electricity; it is the relative
motion of the field to the electrons within the conductor that produces the movement of electrons.
(a) True (b) False

8. Photoelectricity is the principle that photons striking a semiconducting plate cause the plate to release

electrons to another semiconducting plate.
(a) True (b) False

Basic Electrical Theory Mike Holt Enterprises, Inc. » wwiw.NEGcode.com © 1.888.NEG.Co'de'
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9. At , the movement of molecules stops.
(a) 32°F (b) O°F (c) -459°F (d) none of these

10. The thermoelectric effect is the process where heat is applied to dissimilar metals joined together to
produce about ______

(a) 5 mV (b) 10 mV () 30 mV (d) all of these

11. A common application of thermoelectricity is the thermocouple.
(a) True (b) False

12. Some crystalline materials produce a small electrical voltage when bending or twisting pressure is
applied to them. This is called piezoelectricity.

(a) True (b) False

4.3 Useful Purposes of Electricity

13. Electrolysis is a commercial-industrial process intended to make some improvement to the plated sur-
face. ‘

(a) True (b) False

14. Electroplating is a process where metal from one surface is removed to another surface because of a
chemical action caused by electrical current.

(a) True (b) False

15. Electroluminescent lighting is the process of illumination where a high-resistance tungsten metal fil-
ament is heated due to the current flowing through the element in a vacuum glass lamp.

(a) True (b) False

16. Illumination can be produced when an electrical arc flows through a charged gas lamp.

(a) True (b) False

17. Fluorescent lighting is illumination that results from the combination of electroluminescence and
phosphorescence.

(a) True (b) False

4.4 Danger of Electricity

“ 18. The National Safety Council estimates that approximately
year because of an electric shock from 120V and 277V circuits.

(a) 100 (b) 200 (c) 300 (d) 400

MIKE Holt Enterprises, Inc. » www.NECcode.com » 1,388.NEC.Code
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19. People become injured and death occurs when voltage pushes electrons through the human body,
causing it to go into ventricular fibrillation.

(a) True (b) False

20. Ventricular fibrillation causes the blood to circulate so fast through the brain that death can occur in
a matter of minutes.

(a) True (b) False

21. The severity of an electric shock is dependent on the current flowing through the body, which is
impacted by circuit voltage and contact resistance.

(a) True (b) False

22. The time it takes for an overcurrent protection device to open is directly proportional to the magni-
tude of the fault current.

(a) True (b) False

23. A fire can be generated by electrical energy when from an arcing electrical fault ignites adjacent
combustible materials.
(a) voltage (b) current (c) power (d) resistance

24. An electrical arc blast can approach , which vaporizes metal parts and produces an explosive,

and deadly pressure wave.
(a) 10,000°F (b) 15,000°F (c) 25,000°F (d) 30,000°F

4.5 National Electrical Code

25. To ensure the minimum practical safeguarding of persons and property from the use of electricity, all
premises wiring must be installed in accordance with the National Electrical Code (NEC).

(a) True (b) False

Basic Electrical Theory Mike Holt Enterprises, Inc. ¢ www.NECcode.com » 1,888.NEC.Cod: :‘




Electromagnetism

Introduction

I e Electrons produce their own magnetic fields because of
~ = e o \ their orbital spin. When electrons move through a
(/o — wire under a force (voltage), the magnetic

//m =) fields of individual electrons add together.

The study of magnetic theory in Unit 3 gave

S you the basis for understanding electromag-

netism theory in this unit. The concepts here

will allow you to understand motors, generators,

and the rationale behind the rules in Chapter 3
of the National Electrical Code.

5.1 Electromagnetism in a Wire

In 1819, Hans Oersted discovered the relationship
between a compass and electrical current flowing
through a conductor. He discovered that when cur-

Left-Hand Rule of
Electromagnetlsm inaWire .

*@@ I

rent flowed through a conductor, an electromag- The left-hand rule states that fingers

netic field would develop around the conductor. - ﬁ?ﬁnet Eﬂﬁn‘igeocft't?fé ?ééhﬁaﬁf?strgﬁﬁt?ﬁgti'ﬁ Rﬁe'd
He also discovered that if the current in the con- .l direction of current flow.

ductor were reversed, the direction of the compass i {%, e G
needle (next to the wire) would also reverse. The L E—— > 3 _@ e, ..f’,_:..‘i-"
direction of the electromagnetic field around a ke ok Enarioe, e -’
conductor because of current flow is determined

by the left-hand rule as it relates to “electron Figure 5-1

theory,” or the right-hand rule as it relates to “con-
\{entional current flow theory,” as discussed in sec-
tion 7.3 of this book. Figure 5-1

Basic Electrical Theory
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Chapter 1—Electrical Fundamentals

5.2 Field Intensity

The electromagnetic field intensity (lines of flux)
increase with increased current flow, but they
weaken as they get further from the conductor.
Oersted demonstrated that as the current in the
conductor increased, the compass needle was
affected at a greater distance from the conductor.
Figure 5-2

Field intensity and Direction
) Direction of Field
->

@) Direction of Field
4.

Normal direction
of needle position

COPVRIGHT 2003
Enm e

The compass needle ahgns itself to the magnetlc lines
of force around a conductor. Notice that the compass
needle points in the opposite direction when the current
flows in the other direction. '

Figure 5-2
5.3 Field Interaction

If a conductor that carries current is placed next
to another conductor that carries current in the
opposite direction, their electromagnetic fields
oppose one another because the direction of the
flux lines are in opposite directions. Since the
magnetic flux lines cannot cross each other, the
electromagnetic field attempts to push the con-
ductors apart. Figure 5-3A

When conductors carrying current in the same
direction are brought together, their electromag-
netic fields aid one another. The flux lines jbin to
make a stronger electromagnetic field and the
magnetic fields attempt to pull the conductors
together. Figure 5-3B

Basic Electrical Theory
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Field Interaction

N[ opposite
77 I — _CL_JrrenE !=Iow

Opposite current flow in two conductors
close together causes the opposite flux
fields to repel away from each other.

1

Current Flow in
Same Dlrectlon

COPYRIGHT 2003
Mike Holl Enterprisss, Inc

The flux fields of two conductors that have current flowing
in the same direction combine to make a single, stronger
field. Adding additional conductors with the current flowing
in the same direction will strengthen the field more.

Figure 5-3
5.4 Field Interaction of Loops

If a conductor is twisted to form a loop, the electro-
magnetic fields around the conductor are oriented
in accordance with the left-hand rule, based on
electron current flow theory, so they all flow into
the loop on one side and out the other side. In the
center of the loop, the flux lines are compressed to
create a dense and strong electromagnetic field.
The electromagnetic field in the center of the loop
has a north-south polarity. Figure 5—4

Field Interaction of Conductor Loops -

( @ The flux lines inside
l] COPYRIGHT 2003

the loop are compressed

and a stronger field is

created within the loop.
Mike Holt Entarprises, Inc, g

'\l + am
When a loop is formed in the wire, aII the magnetlc ﬂux
lines enter one side of the loop and come out the other
side of the loop. This forms a north and south pole
within the loop.

Figure 5-4
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5.5 Electromagnetism in a Coil

If loops of a conductor are wound (coiled) in the
same direction, the electromagnetic fields will add
together. The more loops a conductor makes, the
greater the electromagnetic field. If the conductor
coil were compressed tightly, the electromagnetic
fields would produce an even stronger electro-
magnetic field. Figure 5-5

Electromagnetism in a Coil

COPYRIGHT 2003
Mike Holt Enterprises, Inc

The flux fields of each conductor coil combine
to form a strong flux field inside the coils.

Figure 5-5

5.6 Magnetic Core

The electromagnetic field of a coil can be made
stronger by placing a soft iron core inside the coil
windings. The iron core permits a higher concen-
tration of magnetic flux lines than does air. Soft
iron is used for the core because it has low reten-
tivity but high permeability. Figure 5-6

K Holt Enterprises, Inc. » www.NECcode.com » 1.888.NEC.Code

Magnetic Core

COPYRIGHT 2003
Hod Entiprises, i

A soft iron core increases the density of
the magnetic field inside the coils of wire.

Figure 5-6

5.7 Ampere and Turns

The strength of an electromagnetic field is
dependent on the magnitude of the current and the
number of turns in the electromagnet coil. A coil
with 100 turns carrying 1A will produce the same
electromagnetic field as a coil with 50 turns car-
rying 2A.

Electromagnetism is used in many electrical
applications such as motors, transformers, genera-
tors, doorbells, and telephones, as well as thou-
sands of other types of electrical equipment.

Basic Electrical Theory
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Introduction

When electrons are forced to move (current flow)
through a conductor, the magnetic fields of indi-
vidual electrons are said to add together.

5.1 Electromagnetism in a Wire

In 1819, Hans Oersted discovered that when
current flowed through a conductor, an electro-
magnetic field would develop around the wire. He
also discovered that if the current in the conductor
were reversed, the direction of the compass needle
(next to the wire) would also reverse.

The direction of the electromagnetic field is deter-
mined by the left-hand rule as it relates to “elec-
tron theory,” or the right-hand rule as it relates to
«“conventional current flow theory.”

5.2 Field Intensity

The field intensity (lines of flux) increase with
increased current flow, but they weaken as they
get further from the conductor.

5.3 Field Interaction

If a conductor that carries current is placed next to
another conductor that carries current in the oppo-
site direction, their electromagnetic fields oppose
one another because the direction of the flux lines
are in opposite directions. Since the magnetic flux
lines cannot cross each other, the electromagnetic
field attempts to push the conductors apart.

When conductors carrying current in the 'same
direction are brought together, their flux lines join
to make a stronger electromagnetic field and the
magnetic fields attempt to pull the conductors
together.

Basic Electrical Theory
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5.4 Field Interaction of Loops

Tf a conductor is twisted to form a loop, the electro-
magnetic fields around the conductor are oriented
in accordance with the left-hand rule (electron
current flow theory) so that the flux lines are com-
pressed to create a dense and strong electromagnetic
field.

5.5 Electromagnetism in a Coil

If loops of a conductor are wound (coiled) in the
same direction, the electromagnetic fields will add
together. The more loops, or the tighter the loops,
the greater the electromagnetic field.

5.6 Magnetic Core

The electromagnetic field of a coil can be made
stronger by placing a soft iron core inside the coil
windings because the iron core permits a higher
concentration of magnetic flux lines.

5.7 Ampere and Turns

The strength of an electromagnetic field is
dependent on the magnitude of the current and the
number of turns in the electromagnet coil.

Electromagnetism is used in many electrical appli-

cations such as motors, transformers, generators,
doorbells, and telephones, as well as thousands of
other types of electrical equipment.
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Unit 5 Conclusion

) You now understand the relationship between magnetic
e e fields, voltage, and current. You understand how par-

allel conductors affect each other, which

means the rules in Chapter 3 of the National

Electrical Code will seem like common

sense to you—rather than the mystifying
requirements that many people see those rules
as being.

/ g . i

i l\\%\\m v“"’ﬁ; 4 /) Further, you have the basis for understanding the

\\ M, e " uses of magnetism. These include motors, gener-
SO it o

e ators, measuring instruments, and relays—all of
which Unit 6 will address.

Words to Live By: Some people complain because there are thorns on roses, while others appreciate the

 Wik:

roses among the thorns.
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Unit 5 Practice Questions

Introduction

1. When electrons are forced to move through a conductor, the magnetic fields of individual electrons
subtract and an electromagnetic field will develop around the conductor.

(a) True (b) False

5. 1 Electromagnetism in a Wire

2. The direction of the electromagnetic field around a conductor because of current flow is determined
by the right-hand rule as it relates to electron theory.

(a) True (b) False

5.2 Field Intensity

3. The field intensity around a conductor carrying current decreases with increased current flow, and is
stronger the further the distance from the conductor.

(a) True (b) False

5.3 Field Interaction

4. If a conductor carrying current is next to another conductor carrying current in the opposite direction,
the electromagnetic field attempts to pull the conductors apart.

(a) True (b) False

5. When conductors carrying current in the same direction are brought together, the electromagnetic
fields attempt to push the conductors together.

(a) True (b) False

5.4 Field Interaction of Loops

6. If a conductor is twisted to form a loop, the electromagnetic fields around the conductor are com-
pressed to create a dense and strong electromagnetic field.

(a) True (b) False

|
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5.5 Electromagnetism in a Coil

7. If conductor loops are wound in the same direction, the conductor’s electromagnetic fields add
together.

(a) True (b) False

5.6 Magnetic Core

8. The electromagnetic field of a coil can be made stronger by placing a soft iron core inside the coil
windings.
(a) True (b) False

5.7 Ampere and Turns

9. The strength of an electromagnetic field is dependent on the magnitude of the current and the number
of turns in the electromagnet coil.

(a) True (b) False

Inc. e wanw.NECcode.com » 1.888.NEC.Code Basic Electrical Theory
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Uses of
Electromagnetism

Introduction

mechanical relays.

Anyone who does electrical work eventually works with motors, generators, or electro-

We find motors in heating, ventilating and air-conditioning systems (HVAC), appliances, and
industrial processes. Generators are becoming increasingly

N Z Everyone working with electricity should
y

common as more facilities install their own

onsite power sources for backup, peak load-
shaving, and/or emergency power. Relays
control everything from residential HVAC
systems to industrial processes and com-
mercial security systems.

— understand the basic functioning of these

6.1 Basic Eleciric Meters

'E_kctromechanical meters use a coil of wire
Aaround a soft iron core. This arrangement is
thmersed in a magnetic field that is provided by
-twg Permanent magnets. As current flows through
the coil, the magnetic field created around this coil
:I!PFﬁl'aCts with the permanent magnets along with
oneedle that is connected to the coil. This mech-
ANISM s referred to as a Galvanometer.

¢ "Enlerpriscs,

A

Inc. » www.NECcode.com » 1.888.NEC.Code

Some meters use a solenoid coil and a movable
core to measure voltage, current, and resistance. A
solenoid coil is a multiple-turn coil of wire that
produces a strong magnetic field inside the coil
when current flows through it.

Digital meters are commonly in use today. It is
beyond the scope of this course to describe how
they function. (Besides, they don’t have any cool
mechanical devices that you can look at and see

Basic Electrical Theory
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move around like the old meters so they’re not as
much fun to talk about). Digital meters are used to
measure ac voltage and current, dc voltage and
current, and resistance.

Voltmeter

Voltmeters are used to measure both dc and ac
voltage. An analog voltmeter has a resistor con-
nected in series with a coil that allows a very small
amount of current, produced by the voltage being
measured across the resistance, to flow through
the solenoid coil.

The purpose of the resistor in the meter is to limit
the current flow through the meter to a very small
amount. As current flows through the meter coil,
the electromagnetic field of the coil exerts force
on a soft iron bar that is in the center of the coil,
causing it to move against spring tension and, in
turn, causing the pointer attached to the bar to
move.

The greater the voltage, the greater the current
flow through the meter; the greater the magnetic
field produced, the farther the iron bar is drawn
into the coil and the greater the movement of the
pointer. In the case of the Galvanometer, the cur-
rent through the coil interacts with the permanent
magnetic field and causes the loop of wire to
pivot, thereby causing the meter needle to move
with it.

DC Voltmeter

Voltmeters are connected in parallel with the cir-
cuit and measure the difference of potential
between the two test leads, Figure 6-1. Place the
red lead on the spot where you expect to measure
positive dc voltage, and place the black lead on the
location that you expect to show a negative poten-
tial, relative to where the red lead is placed.

If it is unknown which is more positive or negative,
momentarily touch the leads to the circuit in the
locations to measure the dc voltage; if the meter
pegs to the left, simply reverse the leads so that
deflection is in the correct direction.

!c!
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Basic Voltmeter - Simplified

o | I Soft iron armature is
| Scals = l connected to meter painter.
‘Sﬁng_:} _j______ =
2 —— Coil (solenoid) draws
~ High in the armature when
Ohm ~ voltage is applied.
_R_esistor o

25 Test_léads are connected in
] parallel with (across) the load.

Capyright 2003
Mike Holt Enterprises, Ino

Schematic Detail
I Voltmeter Symbol
Test Leads

Circuit
Load Conductors
Voltage Source
of Circuit

Figure 6-1

AUTHOR’S COMMENT: “Pegging” the meter
means that the pointer on the meter is driven
against the stop, (moving opposite of the intended
direction). Pegging of the meter only occurs when
the leads are incorrectly placed on a dc current
with an electromechanical voltmeter.

DC Ammeter

DC ammeters are used to measure dc current (cur-
rent that flows in one direction only). DC amme-
ters can be either for direct connection to the cir-
cuit, or they can be of the clamp-on variety. In
meters that are built for direct connection, actual
circuit current (or a portion of the actual circuit -
current) is connected in series with the meter coil.

As the full current of the circuit flows through the
meter coil, the magnetic field causes the meter
needle to deflect. The greater the current flow
through the coil, the greater the magnetic field
produced by the coil, and the greater the deflec-
tion of the needle.

There are also dc clamp-on ammeters. Whereas a¢
clamp-on meters operate on the principle that &
fluctuating magnetic field will induce an alter-
nating current in a conductive loop that 18
immersed in the field, dc clamp-on meters use &
semiconductor effect called the “Hall Effect.” A

Mike Holt Enterprises, Inc. @ www.NECcode.com < 1.888.NEC.Code
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magnetic field will cause particle displacement
within the semiconductor that is detectable and
measurable.

Measuring currents larger than 10 milliamperes
(mA) with a directly connected meter often requires
the use of a resistor, called a shunt, in parallel with
the meter movement’s coil. The resistance of the
shunt is a known value, in relation to the internal
resistance of the meter, and so the current that
travels through the shunt is a known multiple of the
current that travels through the meter.

AUTHOR’S COMMENT: To shunt means to bypass.
A dc ammeter is sometimes called a shunt meter.

DC ammeters of the direct connection type must
be connected in series with the power source and
the load, Figure 6-2. If a dc ammeter is acciden-
tally connected in parallel with the load, the meter
will operate at the source voltage and the current
flowing through the meter will be extremely high.
This will blow the internal fuse protecting the
meter. However, if the meter does not have any
internal fuse protection (inexpensive meter), it
will likely destroy the meter.

Basic DC Ammeter - (Simplified)

Amps{lm ! | Softiron armature is

| Scale e | connected to meter pointer.
Fpy . =
| Spring = coil (solenoid) draws
| Fuse = in the armature when
) voltage is applied.

Cogryight 2003 Miuw Hoit Enterprises, Inc,

Schematic Detait

of Circuit |

’ Meter is series

connected with load. Circuit C@ductors

Figure 6-2

When dc ammeters are connected in series with
the circuit, dc current polarity (+ or —) must be
observed. If the meter is connected in reverse

Mike Holt Enterprises, Inc. » www.NECcode.com » 1.888.NEC,Code
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polarity, the meter coil will move in the opposite
direction, pegging the meter in the negative direc-
tion and possibly damaging its delicate move-
ment. Connect the red lead to the positive terminal
of the voltage source, and the black lead should be
connected to the negative terminal of the voltage
source.

CAUTION: To prevent damaging the meter
from excessive current, do not connect a dc
current meter of the direct connection type to
a circuit unless you know the approximate
maximum current flowing in the circuit. If you
are unsure of the maximum current flow of the
circuit, start with the highest possible ampere
setting.

Clamp-on AC Ammeter

Clamp-on ac ammeters are used to measure ac cur-
rents. A clamp-on ammeter has a coil that is
clamped around the conductor and detects the rising
and falling magnetic field being produced due to the
alternating-current flow through the conductor.
Clamp-on ac ammeters are used for measuring the
circuit current without breaking the circuit.

AUTHOR’S GOMMENT: The expanding and col-
lapsing magnetic field around the conductor
being tested induces a voltage in the sensing
coil, which causes current to flow through the
meter’s coil.

To operate a clamp-on ammeter, the sensing coil
of the meter is placed around the ac circuit con-
ductor that carries current. The expanding and col-
lapsing magnetic field around the conductor being
measured induces a force in the soft iron movable
core, causing electrons to flow in the meter circuit.

As current flows through the meter coil, the mag-

" netic field draws in the soft iron bar against

spring pressure. The greater the circuit current
flow through the coil, the greater the electromag-
netic field produced within the coil. This will
result in greater induced current in the meter cir-

cuit. Figure 6-3
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s s T

¥

Clamp-On Ammeter - Simplified

) _ScEt i_ror}_aFrﬁat_uré is L
1 connected to meter pointer.

[Seate |-
’ CO_TI (_sole_noid). draws
in the armature when
voltage is applied.

N égh;m;\tic B_ezaﬁ
A)

Clamp-On
Ammeter
Symbol

Voltage
Source &)
of Circuit

-

T
| Ammeter Clamps (Jaws) ]
PITEs ————— | Cirout Condi 0%

Copyright 2003 Mike Holt Enterprises, ine.

Figure 6-3
Ohmmeters

Ohmmeters are used to measure the resistance or
opposition to current flow of a circuit or compo-
nent. An ohmmeter has a moving coil and 2 dc
power supply (battery) and it is connected in
series with the resistor being measured.

As current flows through the coil of the ohmmeter,
the magnetic field around the coil draws in the soft
iron bar. The greater the current flow through the
circuit, the greater the magnetic field produced
inside the coil, and the farther the iron bar is
drawn into the coil, moving the pointer further.
Figure 6—4

Basic Ohmmeter (Continuity Tester)

I Soft iron armature is

|' Sc_aE !i.—?
A =1 connected to meter pointer.
S__‘__" e o —_——
.' pring; ——— Caill (solenoid) draws
TFuse in the armature when
- ! i | voltage is applied.
—series |} % :
Connected ‘A8 , Battery is tester power supply.
Test Lgac!gy“ —

8t b, Schematic Detail (=

B Ohmmeter 2)
Symbol
Test Leads
Circuit
] Conductors
il | Copyrigh;m; M;(s Holt Enlarpﬂsas;. Inc.

Circuit voltage source must be off or disconnected.
Figure 6-4
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Wheatstone Bridge

The Wheatstone Bridge meter is used for extremely
accurate resistance measurements. It consists of two
known-value precision resistors, a precision vari-
able resistor, a galvanometer (an ammeter that has
its pointer in the center with no current flow through
i), and an unknown resistor. When the bridge is
“palanced,” the galvanometer pointer is aimed
straight up, indicating no current flow. To determine
the value of the unknown resistor, the variable
resistor is adjusted until the bridge is balanced. The
unknown resistance is determined by the formula:

_ (SxP)
R=""q

where S is the variable resistor’s value, and P and
Q are the precision resistors of known value.

Megohmmeter

The Megohmmeter, Or Megger, is used to measure
very high-resistance values, such as those found
in cable insulation or between motor Or trans-
former windings. Meggers use a relatively high
voltage (500 to 1,000V) in order to determine the
resistance in megohms (one million ohms).

A battery can power a Megget, or it may be hand-
cranked to produce the desired voltage.

6.2 Electric Motor

The electric motor works on the principle of the
attracting and repelling forces of a magnetic field.
Motor action can take place when a free moving
conductor carrying current is perpendicular to,
and within, a stationary magnetic field. The elec-
tromagnetic field around the conductor, created by
the current flow through the conductor interacting
with the stationary magnetic field of a dc motor,
causes the free moving conductor to move.

Motor Components

The stationary magnetic field of a dc motor will
be either a permanent magnet or an electro-
magnet. This stationary component is called the
«stator.” The conductor that rotates between the
stationary magnetic field poles of the stator 18
called the “rotor” or “armature.”

prises, Inc- ° www.NECcode.com © 1.888.MEC.Code
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AUTHOR’S COMMENT: The turning or repelling
force between the stationary magnetic fields and
the rotating magnetic fields is called torque. The
amount of torque a motor can produce is dependent
on the strength of the stator field (which is deter-
mined by the current flow through the stator and
the number of turns in the stator winding), and the
physical construction of the motor.

Understanding Motor Motion

According to the laws of attraction and repulsion,
magnetic fields of similar polarity repel each other
when brought close together and magnetic fields
of opposite polarity attract each other. The
repelling force of similar magnetic polarities and
the attracting force of opposite polarities cause the
armature of the motor to rotate.

AUTHOR’S GOMMENT: The topic of Motors will be
covered in greater detail in Unit 20.

Figure 6-5A shows the stationary magnetic field
(stator).

Arrow indicates_direction
cicurrent on the conductor._

-k >

Understanding Motor Motion
Part 1

Conductor/ALfmature
_ (Mobile Magnetic Field)

Left-hand Rule: Direction of
the electromagnetic field in
relationship to the current flow.

' Stationary Magnetic
| Field (Windings)

GOPYRIGHT 2003 Mike Holt Enterprisss, Inc
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The arrow is indicating

| When the current flows in
the point where the two

Opposing magnetic fields
are most distorted. These
Opposing fields are pushing
against each other and
they are also trying to push
he conductor up.

the opposite direction, its
magnetic field is in the
opposite direction. The
opposing magnetic fields
distort in the opposite
direction. This pushes the
conductor down.

Figure 6-5
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Figure 6-5B shows theé magnetic field produced
around a current-carrying conductor (rotor/arma-
ture).

Figure 6-5C and Figure 6-5D show the movement
of the conductor (rotor/armature) due to the inter-
action of the conductor’s electromagnetic field
(rotor/armature) relative to the stationary mag-
netic field (stator).

Figure 6-6A shows the direction of the magnetic
field as it relates to the direction of the current flow
within a conductor that is looped (rotor/armature).

Understanding Motor Motion
Part 2

=
__J

I
':[ L/ ey |
{

When the armature is placed
inside the magnetic field of
the windings, the opposing
magnetic fields push one
side up, and the other side
down. This is the basic
concept of an armature
rotating (motor running).

B i
If the mobile conductor
(armature) is shaped
into a loop, each side
has magnetic fields
going in opposite
directions.

FEeBre_sénts a st;ti.on_ary 1 =
magnetic field. [

Represents the conductor -i--—_- TN
and the armature. N

Copyright 2003 Mike Holt Enterprises, Inc,

Figure 6-6

Figure 6-6B shows that if a looped conductor
(rotor/armature) is placed inside a stationary mag-
netic field (stator), the opposing magnetic fields
cause the conductor to rotate.

Figure 6-6C provides a perspective vision of the
rotating armature (conductor loop).

AUTHOR’S COMMENT: For a dc motor to function
properly so that the current flows in the same
direction through the magnetic field, a device
called a commutator is placed on the end of the
conductor loop. The polarity of the loop is main-
tained so that the magnetic fields oppose each

other to keep the rotor in motion.

Basic Electrical Theory
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AUTHOR’S COMMENT: The turning or repelling
force between the stationary magnetic fields and
the rotating magnetic fields is called torque. The
amount of torque a motor can produce is dependent
on the strength of the stator field (which is deter-
mined by the current flow through the stator and
the number of turns in the stator winding), and the
physical construction of the motor.

Understanding Motor Motion

According to the laws of attraction and repulsion,
magnetic fields of similar polarity repel each other
when brought close together and magnetic fields
of opposite polarity attract each other. The
repelling force of similar magnetic polarities and
the attracting force of opposite polarities cause the
armature of the motor to rotate.

AUTHOR’S COMMENT: The topic of Motors will be
covered in greater detail in Unit 20.

Figure 6-5A shows the stationary magnetic field
(stator).

Arro;v i_ndicates direction
of current on the conductor._

Understanding Motor Motion
Part 1

Cond uctor/Armature
(Mobile Magnetic Field)

Left-hand Rule: Direction of
the electromagnetic field in
relationship to the current flow.

: J‘ i !
‘ Stationary Magnetic | ¢
| Field (Windings)

COPYRIGHT 2003 Mike Holt Enterprises, Inc,

The arrow is indicating When the current flows in

ihe point where the two
Opposing magnetic fields
are most distorted. These

opposing fields are pushing

against each other and
they are also trying to push
the conductor up.

the opposite direction, its
magnetic field is in the
opposite direction. The
opposing magnetic fields
distort in the opposite
direction. This pushes the
conductor down.

Figure 6-5
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Figure 6-5B shows the magnetic field produced
around a current-carrying conductor (rotor/arma-
ture).

Figure 6-5C and Figure 6-5D show the movement
of the conductor (rotor/armature) due to the inter-
action of the conductor’s electromagnetic field
(rotor/armature) relative to the stationary mag-
netic field (stator).

Figure 6-6A shows the direction of the magnetic
field as it relates to the direction of the current flow
within a conductor that is looped (rotor/armature).

Understanding Motor Motion

L2
o ! .

| /

When the armature is placed
5 ll;]side tge mag}?etic field of
= the windings, the opposing
[‘_r ' magnetic fields push one
= side up, and the other side

If the mobile conductor | down. This is the basic
(armature) is shaped concept of an armature

into a loop, each side rotating {motor running).

has magnetic fields L e
going in opposite
directions.

- F_{epregents a stationary—l_T
magnetic field.

- R;presents the conductor L_—
and the armature. [
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Figure 6-6

Figure 6-6B shows that if a looped conductor
(rotor/armature) is placed inside a stationary mag-
netic field (stator), the opposing magnetic fields
cause the conductor to rotate.

Figure 6-6C provides a perspective vision of the
rotating armature (conductor loop).

AUTHOR’S COMMENT: For a dc motor to function
properly so that the current flows in the same
direction through the magnetic field, a device
called a commutator is placed on the end of the
conductor loop. The polarity of the loop is main-
tained so that the magnetic fields oppose each

other to keep the rotor in motion.

Basic Electrical Theory
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6.3 Electrical Generator

The operation of an electrical generator is 0ppo-
site that of a motor. That is to say that electrons
are forced to move when there is relative motion
between a conductor and a magnetic field. In a
generator, the rotor (armature) is forced to rotate
by a “prime mover,” (diesel or gasoline engine, a
steam turbine, or the wind) while it is being sub-
jected to the magnetic field of the stator. The
movement of the magnetic field through the con-
ductor (rotor) forces the electrons in the conductor
to move, thereby producing electrical potential or
voltage. Figure 67

AUTHOR’S COMMENT: The greater the magnetic
field in the generator, whether provided by field
coils or by permanent magnets, the greater the
power output of the generator.

DC Generator

A dc generator requires the magnetic field of the
stationary field (stator) to be produced from a per-
manent magnetic or electromagnetic field that is
always in the same direction. The dc output is

(B Basic Generator Principles

Moving the conductor back and forth inside the
magnetic field produces electricity on the wire.

Unit 6—Uses of Electromagnetism

taken from the rotating conductors of the rotor
through a commutator.

The current that flows through the stationary field
winding to produce the electromagnetic field is
called the excitation current. This current can be
supplied from a separate external dc voltage
source, in which case the generator is called a
separately excited generator; or it can originate
from the output of the rotor, in which case the
generator is called a self-excited generator.

AC Generator

The electromagnetic field of an ac generator is
usually supplied by a dc or rectified (changed
from ac to dc) power source.

AUTHOR’S COMMENT: In actual practice, the
magnetic field is placed on the revolving part of
the generator and the ac windings are stationary.
This is in order not to have high-voltage ac on the
collector rings. If the ac windings were allowed to
revolve in 3-phase generators, it would be neces-
sary to have three sets of collector rings.

Represents a stationary magnetic field.

- f | ﬂ.'ﬁ i
- |‘F'_?_J"" ! ]1:_1
W ’ E_:',' H
N N ¢ il
N | AR
d BSNY | |
\"\
\ S
= Commutator?
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and the armature.
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Figure 6—7
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AUTHOR'S COMMENT: The topic of generators
wilt e covered in greater detail in Units 16 and
21.

6.4 Electromagnetic Relay

Electromagnetic relays are used in industry for
many applications, including control circuits with
complicated sequences and interlocks, as well as
for interfacing between voltages (such as a 24V dc
circuit used to start and stop a 480V ac pump
motor).

An electromagnetic relay is simply a switch that
uses an electromagnetic field to open or close a set

of contacts. One part of the contact (switch) is

fixed and the other part is moved by the attraction
of the magnetic field. Figure 6-8

AUTHOR’S COMMENT: The moving element of the
contact is calied an armature.

Chapter 1—Electrical Fundamentals

Contacts

Contacts are either Normally Open (N.O.) or
Normally Closed (N.C.). “Normally Open” means
that the contacts are “open” (not touching each
other) when power is not applied to the coil, but
the contacts will close when the coil is energized,
Figure 6-9A. “Normally closed” means that the
contacts are closed when the coil is not energized,
but will “open” when the coil is energized, Figure
6-9B. A single relay may contain both normally
open and normally closed contacts. Figure 6-9C

AUTHOR’S GOMMENT: Contacts are sometimes
referred to with a “Form” designation as follows:

Form A—Normally Open

Form B—Normally Closed

Form C—Set of contacts that has one wiper
arm, a normally apen contact, and
a normally closed contact.

On some schematics and spec sheets, contacts are
sometimes referred to as simply “A” or “B” contacts.

Electromagnetic Relay - Not Energized

Schematic of
Left Pictorial

Normally open (N.O.)
relay switch (contacts)

f U

£

There is no power to
the relay coil because
the switch is open
(open path).

The magnetized core attracts
the pivot part of the switch and
completes the circuit.

Not Energized

! The light is off because the normally
| open relay contact switch is open.

Schematic of EE——— N
Left Pictorial

Dotted line represents ﬂé

the magnetic field ~|

r L 4= R
e " | €@ il G A
Lo~
Energized
Closing the switch allows power to the Energized ! X
relay coil and core. The soft iron core The light is on because the normally open relay contact
becomes a magnet. switch has been closed by the magnetic field of the iron core.
Figure 6-8
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Normally Open (N.O.) Contacts
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Figure 6-9
Holding Relay

A holding relay is used in many types of control
circuits, primarily for safety. A holding relay con-
tains at least two sets of contacts, one for the
power circuit and the other for the control circuit.

Figure 6-10 shows a holding relay with two nor-
mally open contacts and two momentary contact
pushbuttons. The auxiliary contact (the bottom,
normally open contact) shown in Figure 6-10A of
the relay is wired so that once the normally open
“start” pushbutton is pushed and released, the aux-
iliary contact is held closed. This provides a
“bypass” for current flow to keep the relay ener-
gized. Figure 6-10A shows the circuit in the
“normal” nonenergized condition.

Basic Electrical Theory
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Holding Relay Circuit Sequence
| NO.| © [ no

~

i  Motor
N\ Starting

v Motor
NOX Stoppmg

Pushlng “Stop”
de-energizes holding circuit,
holding contacts open.

\\ Running
H@ng circuit energ;;s
and maintains a complete

path to the coil.

Figure 6-10

Figure 6-10B shows that pressing the “start” push-
button energizes the coil. Figure 6-10C shows that
when the coil is energized, the top contact will
close, the motor will run, and the bottom contact
will also close to provide the voltage to keep the
relay energized.

Figure 6-10D shows that pressing the normally
closed “stop” pushbutton breaks the control cir-
cuit voltage and the relay will be de-energized,
resulting in the motor stopping.

AUTHOR’S COMMENT: One of the safety features
of the holding relay is that once the relay is de-
energized, the power to the equipment will be
removed. In addition, the circuit cannot be re-
energized unless the “start” button is pushed.
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Unit 6 Summary

6.1 Basic Electric Meters
Voltmeter

Voltmeters are used to measure both dc and ac
voltage. As current flows through the meter coil, the
electromagnetic field of the coil exerts force on a
soft iron bar that is in the center of the coil, causing
it to move against spring tension and, in turn,
causing the pointer attached to the bar to move.

The greater the voltage, the greater the current flow
through the meter; the greater the magnetic field
produced, the farther the iron bar is drawn into the
coil and the greater the movement of the pointer.

DC Voltmeter

Voltmeters are connected in parallel with the cir-
cuit and measure the difference of potential
between the two test leads. If it is unknown which
is more positive or negative, momentarily touch
the leads to the circuit in the locations to measure
the dc voltage; if the meter pegs to the left, simply
reverse the leads so that deflection is in the correct
direction.

DC Ammeter

DC ammeters are used to measure dc current. In
meters that are built for direct connection, actual
circuit current is connected in series with the
meter coil.

As the full current of the circuit flows through the
meter coil, the magnetic field causes the meter
needle to deflect. The greater the current flow
through the coil, the greater the magnetic field
produced by the coil, and the greater the deflec-
tion of the needle.

Measuring currents larger than 10mA with a
directly connected meter often requires the use of
aresistor, called a shunt, in parallel with the meter
movement’s coil. The resistance of the shunt is a
known value, in relation to the internal resistance

__ike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code

of the meter, and so the current that travels
through the shunt is a known multiple of the cur-
rent that travels through the meter.

If a dc ammeter is accidentally connected in parallel
with the load, the meter will operate at the source
voltage and the current flowing through the meter
will be extremely high. This will likely destroy the
meter if it is not internally protected against this
condition.

When dc ammeters are connected in series with
the circuit, dc current polarity (+ or —) must be
observed. If the meter is connected in reverse
polarity, the meter coil will move in the opposite
direction.

To prevent damaging the meter from excessive cur-
rent, start with the highest possible ampere setting.

Clamp-on AC Ammeter

Clamp-on ac ammeters are used to measure ac
currents. A clamp-on ammeter has a coil that is
clamped around the conductor and detects the
rising and falling magnetic field around the con-
ductor. The expanding and collapsing magnetic
field around the conductor being tested induces a
voltage in the sensing coil, which sends induced
current to the meter coil.

Ohmmeters

Ohmmeters are used to measure the resistance or
opposition to current flow of a circuit or compo-
nent. An ohmmeter has a moving coil and a dc
power supply (battery) and it is connected in
series with the resistor being measured.

As current flows through the coil of the ohmmeter,
the magnetic field around the coil draws in the soft
iron bar. The greater the current flow through the
circuit, the greater the magnetic field produced
inside the coil, and the farther the iron bar is
drawn into the coil, moving the pointer further.

Basic Electrical Theory




Chapter 1—Electrical Fundamentals

Wheatstone Bridge

The Wheatstone Bridge is used for extremely accu-
rate resistance measurements. It consists of two
known-value precision resistors, a precision vari-
able resistor, a galvanometer (an ammeter that has
its pointer in the center with no current flow through
it), and an unknown resistor. When the bridge is
“balanced,” the galvanometer pointer is aimed
straight up, indicating no current flow. To determine
the value of the unknown resistor, the variable
resistor is adjusted until the bridge is balanced.

Megohmmeter

The Megohmmeter, or Megger, is used to measure
very high-resistance values, such as those found
in cable insulation or between motor or trans-
former windings. Meggers use a relatively high
voltage (500 to 1,000V) in order to determine the
resistance in megohms (one million ohms).

6.2 Electric Motor

The electric motor works on the principle of the
attracting and repelling forces of a magnetic field.
The electromagnetic field around the conductor,
created by the current flow through the conductor
interacting with the stationary magnetic field of a
dc motor, causes the free moving conductor to
move.

Motor Components

The stationary magnetic field of a dc motor will
be either a permanent magnet or an electro-
magnet. This stationary component is called the
“Stator.” The conductor that rotates between the
stationary magnetic field poles of the stator is
called the “Rotor” or “Armature.”

Understanding Motor Motion

The repelling force of similar magnetic polarities,

and the attracting force of opposite polarities
cause the armature of the motor to rotate.

For a dc motor to function properly so that current
will flow in the same direction through the magnetic
field, a device called a commutator is placed on the
end of the conductor loop.

Basic Electrical Theory
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6.3 Electrical Generator

In a generator, the rotor is forced to rotate by a
“prime mover,” while it is being subjected to the
magnetic field of the stator. The movement of the
magnetic field through the conductor (rotor)
forces the electrons in the conductor to move,
thereby producing electrical potential or voltage.

DC Generator

A dc generator requires the magnetic field of the
stationary field (stator) to be produced from a per-
manent magnetic or electromagnetic field that is
always in the same direction. The dc output is
taken from the rotating conductors of the rotor
through a commutator.

The current that flows through the stationary field
winding to produce the electromagnetic field is
called the excitation current.

AC Generator

The electromagnetic field of an ac generator is
usually supplied by a dc or rectified (changed
from ac to dc) power source. In actual practice, the
magnetic field is placed on the revolving part of
the generator and the ac windings are stationary.

6.4 Electromagnetic Relay

An electromagnetic relay is simply a switch that
uses an electromagnetic field to open or close a set
of contacts. One part of the contact (switch) is
fixed and the other part is moved by the attraction
of the magnetic field.

Contacts

“Normally Open” means that the contacts are
“open” (not touching each other) when power is
not applied to the coil, but the contacts will close
when power is applied to the coil.

“Normally Closed” means that the contacts are
closed when the relay is not energized, but will
“open” when the relay is energized. A single relay
may contain both normally open and normally
closed contacts.
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Holding Relay One of the safety features of the holding relay is
that once the relay is de-energized, the power to
the equipment will be removed. In addition, the
circuit cannot be re-energized unless the “start”
button is pushed.

A holding relay is used primarily for safety. A
holding relay contains at least two sets of contacts,
one for the power circuit and the other for the con-
trol circuit.

Unit 6 Conclusion

You can now see that magnetism plays a big role in electrical work. The principles of mag-
netism allow us to measure voltage, current, and resistance. They allow us to do that with input

devices that don’t even directly contact the cir-
cuit under test.

These principles also allow us to generate
electricity in the first place. Using these

same principles in a motor, we can convert

electricity to motion, and we can control
the actions of electrical circuits with coil-
operated contacts, such as those in electro-
mechanical relays.

Words to Live By: The bridge you burn now may be the one you have to cross later.

Basic Electrical Theory
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Unit 6 Practice Questions

6.1 Basic Electric Meters

1. Voltmeters are connected in with the circuit and measure the difference of potential between
the two test leads.

(a) series (b) parallel (c) series-parallel (d) none of these
p

2. DC ammeters of the direct connection type must be connected in with the power source and
the load. If connected in reverse polarity, the coil will move in the opposite direction.

(a) series (b) parallel (c) series-parallel (d) none of these
p

3. A clamp-on ac ammeter has a coil that is clamped around the conductor and detects the rising and
falling field being produced due to the ac flow through the conductor.

(a) static (b) current (c) power (d) magnetic

4. Ohmmeters measure the or opposition to current flow of a circuit or component,

(a) voltage (b) current (c) power (d) resistance
. 5. The Wheatstone Bridge meter is used for extremely accurate measurements.
(a) voltage (b) current (c) power (d) resistance

6. The megger is used to measure very high- values, such as those found in cable insglation, or
motor and transformer windings. {

(a) voltage (b) current (c) power (d) resistance

6.2 Electric Motor

7. The electric motor works on the principle of the attracting and repelling forces of fields.
(a) voltage (b) current (c) power (d) magnetic

8. The stationary magnetic field of a dc motor, called a » will be a permanent magnet or an
electromagnet.

(a) winding (b) rotor (c) stator (d) none of these

Basic Electrical Theory Mike Holt Enterprises, Inc, www.NECcode.com » 1.888.NEC.Code




Unit 6—Uses of Electromagnetism Chapter 1—Electrical Fundamentals

9. The conductor that rotates between the stationary magnetic field poles of the stator is called the

(a) winding (b) rotor (c) armature (dborc

6.3 Electrical Generator

10. The of a generator is forced to rotate while it is being subjected to the magnetic field of the
stator.
(a) winding (b) rotor (c) stator (dborc

6.4 Electromagnetic Relay

11. An electromagnetic relay is a switch that uses an electromagnetic field to open or close its contacts.
One part of the contact is fixed and the other moves by the attraction of the electromagnetic field.

(@) True (b) False

12. “Normally Open” means that the contacts are open when power is applied to the coil, but will close
when the coil is energized.

(a) True (b) False

13. “Normally Closed” means the contacts are closed when the coil is energized, but will open when the
coil is energized.

(a) True (b) False

14. A holding relay is primarily used for worker convenience. A holding relay contains at least two sets
of contacts, one for the power circuit and the other for the control circuit.

(a) True : (b) False
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Chapter 1 Final Exam

Unit 1—Matter

1.2 Atomic Theory
1. Because of their light weight, actively participate in the transfer of energy.
(a) electrons (b) protons (¢) neutrons (d) nuclei

1.5 Charged Material (Static Charge)

9. Electrostatic charge is due to an €xcess of, or a deficiency of, electrons between objects that have been
separated.

(a) True (b) False

3. Providing a path to the earth often helps reduce electrostatic charge.

(a) True (b) False

1.6 Neutralizing a Charge

4. The discharge of electrons from a negatively charged object is sometimes seen as an arc, and the arc
distance is a function of the between the bodies.
(a) static voltage (b) dielectric (c)aand b (daorb

1.7 Lightning

5. Lightning frequently terminates to a point of elevation and it strikes nonmetallic as well as metallic
objects with the same frequency.

(a) True (b) False

6. The termination of the lighting stroke is unlikely to ignite combustible materials.

(a) True (b) False

1.8 Lightning Protection

7. Lightning protection is intended to protect the building structure itself, as well as the electrical equip-
ment on or inside the building structure.

(a) True (b) False
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Unit 2—Electron Theory

2.4 Conductors

8. Conductive materials have one, two, or three valence electrons. Elements with one valence electron,
such as silver, copper, and gold, make the best electrical conductors.

(a) True (b) False

2.8 Compounds

9. Compounds can change the electrical characteristics of an individual atom. For example, the insu-
lating aluminum-oxide compound is very difficult to break and it often results in the overheating of
aluminum conductors at their terminals.

(a) True (b) False

Unit 3—Magnetism

3.3 Magnetic Compass

10. The north end of the compass needle is actually the south pole of the compass needle seeking the
earth’s magnetic north pole.

(a) True (b) False

3.5 Magnetic Properties

11. Nonmagnetic metals are ferrous, meaning they do not contain any iron, and cannot be magnetized.

(a) True (b) False

12. Soft iron is used for temporary magnets.
(a) True (b) False

3.8 Demagnetizing Magnets

13. If a permanent magnet is struck with a hammer, it will lose some of its magnetism; each subsequent
blow helps the molecules return to their original random positions.

(a) True (b) False

3.9 Magnetic Lines of Force
14. Magnetic lines of force can cross each other and they are called flux lines.

(a) True (b) False

Basic Electrical Theory
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3.10 Magnetic Materials

15. The law of attraction and repulsion of magnets states that like poles attract and unlike poles oppose
each other.

(a) True (b) False

3.12 Retentivity

16. Soft iron can be used to make a stronger magnet than hard steel, but the instant the magnetizing force
is removed, the soft iron loses all of its magnetism.

(a) True (b) False

Unit 4—Electricity

4.1 Electrical Current Flow (Electricity)

17. The movement of electrons to perform a useful function is called static electricity.

(a) True (b) False

4.2 Electricity

18. Tt is not the force of the magnetic field through a conductor that produces electricity; it is the relative
motion of the field to the electrons within the conductor that produces the movement of electrons.

(a) True (b) False

4.3 Useful Purposes of Electricity

19. Electroplating is a process where metal from one surface is removed to another surface because of a
chemical action caused by electrical current.

(a) True ” (b) False

4.4 Danger of Electricity

20. People become injured and death occurs ‘when voltage pushes electrons through the human body,
causing it to go into ventricular fibrillation.

(a) True (b) False

21. The severity of an electric shock is dependent on the current flowing through the body, which is
impacted by circuit voltage and contact resistance.

(a) True (b) False

I
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22. An electrical arc blast can approach » Which vaporizes metal parts and produces an explosive,
and deadly pressure wave.

[ (a) 10,000°F (b) 15,000°F (c) 25,000°F (d) 30,000°F

4.5 Héﬂonal Electrical Code

23. To ensure the minimum' practical safeguarding of persons and property from the use of electricity, all
premises wiring must be installed in accordance with the National Electrical Code (NEC).

(a) True (b) False

Unit 5—Electromagnetism

5.1 Electromagnetism in a Wire

24. The direction of the electromagnetic field around a conductor because of current flow is determined
by the right-hand rule as it relates to electron theory.

(a) True (b) False

5.3 Field Interaction

25. If a conductor carrying current is next to another conductor carrying current in the opposite direction,
the electromagnetic field attempts to pull the conductors apart. '

(a) True (b) False

Unit 6—Uses of Electromagnetism

6.1 Basic Electric Meters

26. Voltmeters are connected in with the circuit and measure the difference of potential between
the two test leads.

(a) series (b) parallel (c) series-parallel (d) none of these

27. A clamp-on ac ammeter has a coil that is clamped around the conductor and detects the rising and
falling field being produced due to the ac flow through the conductor.

(a) static (b) current (c) power (d) magnetic

28. Ohmmeters measure the or opposition to current flow of a circuit or component.

(a) voltage (b) current (c) power (d) resistance
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29. The megger is used to measure very high- values, such as those found in cable insulation, or
motor and transformer windings.
(a) voltage (b) current (c) power (d) resistance

6.2 Electric Motor

/30. The electric motor works on the principle of the attracting and repelling forces of fields.

(a) voltage (b) current (c) power (d) magnetic

31. The stationary magnetic field of a dc motor, called a , will be a perﬁianent magnet or an
electromagnet.
(a) winding (b) rotor (c) stator (d) none of these

32. The conductor that rotates between the stationary magnetic field poles of the stator is called the

(2) winding (b) rotor (c) armature (dborc

6.3 Electrical Generator

33. The of a generator is forced to rotate while it is being subjected to the magnetic field of the
stator.
(a) winding (b) rotor (c) stator (dborc

6.4 Electromagnetic Relay

34. An electromagnetic relay is a switch that uses an electromagnetic field to open or close its contacts.
One part of the contact is fixed and the other moves by the attraction of the electromagnetic field.

(a) True (b) False

35. A holding relay is primarily used for worker convenience.

(a) True (b) False
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Introduction

\

to solve real electrical problems.

Once you know the basic terminology of electrical cit-
cuits, you can understand how they work. For

If you know the answers to the questions just posed,
you will have no problem understanding how to work
with Ohm’s Law or the basic power equation. That means you’ll be able to use electrical theory

example, can you define volt, ampere, or
ohm? What does impedance do in a circuit,
and how does it relate to the voltage or the
current?

7.1 The Electrical Circuit

The movement of electrons for the production of
work can be compared to the movement of water.
A pump driven by any independent force (water,
wind, etc.) circulates the water in the closed-loop
system. The water rotates the turbine and the tur-
bine can be used to produce work. Figure 7~1

Electrical current is the movement of electrons
that flow from the power source through the elec-
trical circuit of the appliance or equipment and
then return to the power source. The complete
path the electrons take is called an electrical cir-
cuit. Figure 7-2
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Electric Circuit

electrons (current) leaving and returning
to the power source. |

Figure 7-2

Electric current is produced by forcing electrons

to move through an electrical circuit. For current
to flow from the power source through the load
and then back to the power source, the current

flow path must be conductive.

The amount of electrical work (watts) that can be

performed by the moving electrons, and the quan-
tity of electrons that are forced to move (amperes),

is dependent on the circuit pressure (voltage) and

the circuit’s opposition to the flow of electrons
(resistance). Figure 7-3

All Circuits Contain"E-R -1 -P"
"P" - Power
(Consumption)

\

J "E" - Vo_ltage, i
.Iff_—._-,/-:.__]v_ Pressure I___/\A__.

ol !

All circuits have: '
« (E) Voltage, Electromotive Force (EMF), (V)
cppmz |« (R) Resistance (ohms), (2)
swssee | o (1) Current, Intensity, Amperes (amps), (A)
« (P) Power, Work, (watts), (W)

Figure 7-3

Unit 7—The Electrical Circuit

7.2 Electron Current Flow Theory

According to the “electron current flow theory,”
electrons flow away from the negative terminal of
the source (where there is an excess of electrons),
through the circuit and load, toward the positive
terminal of the source (where there is a deficiency
of electrons). Figure 7-4

Electron (Current) Flow

f l Current Flow | %-"”“\

o
L Copyright 2003
\ J Enlms::." inc.

L— The circuit electrons travel from - to +.
Electrons travel from + to - within the power supply.

Figure 74

7.3 Conventional Current Flow Theory

Hundreds of years ago, it was thought that elec-
trons traveled from positive to negative, but today
we know that electrons travel from negative to
positive. Even though we know that the conven-
tional current flow theory was wrong, many text-
books, references and electrical semantics still
continue to use this theory.

- 7.4 Voltage (Pressure)

The water pump is used to produce the pressure
necessary to move the water. The greater the force
used to rotate the impeller blades of the water
pump, the greater the output water pressure. The
greater the output water pressure, the greater the
work that can be performed by the circulating
water.

In electrical terms, the water pump would be
equivalent to the electrical generator. The gener-
ator’s rotating magnetic field through the con-
ductor forces the electrons in the conductor to
move, thereby producing electrical pressure.

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com ¢ 1.888.NEc.codej-'
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The electrical pressure (output voltage) created by
the rotating magnetic field in a generator is
dependent upon the intensity of the magnetic field
and the speed at which the field rotates. For
example, a generator turning at 1,800 rpm to pro-
duce 30 Hz will produce 60 Hz at 3,600 rpm. The
voltage produced at 60 Hz will be greater than the
voltage at 30 Hz, assuming the iron in the stator
has not reached its saturation point.

Electrical pressure is called “Electromotive
Force” (EMF), “Potential,” and “Voltage,” and it
is measured by the unit called the “Volt,” named
in honor of Alessandro Volta who invented the
first electric battery. The circuit pressure is often
abbreviated by the letters “E” for electromotive
force or “V” for voltage.

7.5 Resistance

The piping that contains the water would be con-
sidered the conductor of a circuit. If a person took
a water hose that had water flowing through it and
squeezed or kinked the hose, it would make the
flow of water more difficult, and less water would
flow.

Similarly, adding resistance to an electrical circuit
makes it more difficult for the electrons in the cir-
cuit to flow, resulting in fewer electrons com-
pleting the circuit. Resistance can be thought of as
“restricting” the flow of electrons in the circuit.
Every component of an electrical circuit (load and
conductors) contains resistance, including the
power supply (batteries, generators, and trans-
formers).

Resistance is abbreviated by the letter “R,” and is
measured by the unit called “Ohm” in honor of the
German physicist Georg Simon Ohm (1787-
1854), who formulated the relationship between
current, electromotive force, and resistance,
known as “Ohm’s Law.”

Conductor Resistance

Smaller conductors have greater resistance and
larger conductors have low resistance. For

Mike Holt Enterprises, Inc. » www.NEGcode.com » 1.888.NEC.Code

example, according to the NEC, the resistance of
an 18 AWG conductor is 82 per 1,000 ft and the
resistance of a 12 AWG conductor, with a cross-
sectional area four times larger, is 2). Figure 7-5

Conductor Resistance - Size

18 AWG Stranded:
Area is 1,620 cm
Diameter is 0.015 in.

12 AWG Stranded:
Area is 6,530 cm
Diameter is 0.030 in.
R =is 8 ohms R =is 2 chms
per 1,000 ft per 1,000 ft

12 AWG has 4 times the cross-sectional area and
2 times the diameter of 18 AWG. The resistance of
12 AWG is 4 times less than 18 AWG.,

Copyrighl 2003 Mike Holt Enlerprisss, Inc

Figure 7-5

AUTHOR’S COMMENT: Unless identified
otherwise, all conductors are considered copper.

The resistance also varies with the conductor
material. For example, an aluminum conductor
has a greater resistance to the flow of electrons
than an equivalent size copper conductor.
Figure 7-6

Conductor Resistance - Material

-

I oS Sgut
"%ﬁ = ﬁ@@‘?
1/0 AWG Copper: 1/0 AWG Aluminum:
R =0.122 ohm R =0.201 ochm
per 1,000 ft, per 1,000 ft,

rated 150A at 75°C rated 120A at 75°C
Aluminum has more resistance than copper. This means
that a copper conductor has a greater current-carrying
capacity (because resistance is lower) than an aluminum
conductor of the same size.

Copyright 2003 Mike Holt Entarprises, Inc

Figure 7-6
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« The resistance of 1/0 AWG copper is 0.122() per
1,000 ft.

o The resistance of 1/0 AWG aluminum is 0.201€)
per 1,000 ft.

AUTHOR’S COMMENT: A 1/0 AWG copper con-
ductor has a greater current-carrying capacity,
150A at 75°C, because its resistance is lower as
compared to a 1/0 AWG aluminum conductor,
which is only rated 120A.

7.6 Electric Gurrent

Water flowing through the closed piping system
can be measured in gallons per minute, abbrevi-
ated as “GPM.” In electrical systems, the volume
of electrons that move through a conductor
(amperes) is called the intensity of the current
flow and it is measured in amperes. The intensity
of the circuit is abbreviated by the letters “I” or
“A.” in honor of Andre-Marie Ampere.

Basic Electrical Theory

Unit 7—The Electrical Gircuit

7.7 Power

Power is defined as the rate of work and it can be
measured by the unit called the “Watt,” which is
abbreviated by the letter “W,” in honor of James
Watt.

AUTHOR’S COMMENT: The letter “P” is also used
as the abbreviation for “Power” in electrical for-
mulas.

Direct current (dc) power is determined by multi-
plying the voltage times the amperes, P = I x E.
For ac power, consideration must be given to
inductive reactance (the relationship between the
voltage sine wave and the current sine wave). This
means that ac power is not equal to E x I. But this
will be discussed later in this textbook.

7.8 Electrical Formulas

Now that we have a basic understanding of the
components that make up the electrical circuit, we
can start applying this information when per-
forming electrical calculations contained in Unit
9. But before we do that, we need to review basic
math principles in Unit 8.

Mike Holt Enterprises, Inc. « www,NECcode.com ¢ 1.888.NEc.cod




7.1 The Electrical Circuit

Electrical current is the movement of electrons that
flow from the power source through the electrical
circuit of the appliance or equipment and then
return to the power source. path the
electrons take is called an e t.

Electric current is produced by forcing electrons
to move through an electrical circuit. A power

rent flow path must be conductive.

7.2 Current Flow Theory

According to the “electron current flow theory,”
current always flows from the negative terminal of
the source (where there is an excess of electrons),
through the circuit and load, to the positive ter-
minal of the source (where there is a deficiency of
electrons).

7.3 Conventional Current Flow Theory

continue to use this theory.

7.4 Voltage (Pressure)

The generator’s rotating field
the conductor forces the el the ¢
to move, thereby producing electrical pressure.

Electrical pressure is called “Electromotive Force
(EMF),” “Potential” or “Voltage,” and it is meas-
ured by the unit called the “Volt,” named in honor
of Alessandro Volta who invented the first electric
battery.

7.5 Resistance

Adding resistance to an electrical circuit makes it
more difficult for the electrons in the circuit to
flow back to the power supply, resulting in fewer
electrons completing the circuit. The opposition
can be thought of as “restricting” the flow of elec-
trons in the circuit. Every component of an elec-
trical circuit contains resistance, including the
power supply.

Resistance is abbreviated by the letter “R,” and is
measured by the unit called “Ohm” in honor of the
German physicist Georg Simon Ohm (1787-
1854), who formulated the relationship between
current, electromotive force, and resistance,
known as Ohm’s law.

Conductor Resistance

Smaller conductors have greater resistance and
larger conductors have low resistance. The resist-
ance also varies with the conductor material. For
example, an aluminum conductor has a greater
resistance to the flow of electrons than an equiva-
lent size copper conductor,
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7.7 Power

Power 18 defined as the rate of work and it can be

measured by the unit called the “Watt,” which 18
the lefter “W.” in honor of James

Wwatt. The letter «p” is also used as the abbrevia-
tion for “power” in electrical formulas.

7.6 Electric Current

In electrical systems. the volume of electrons that
move through 2 conductor is called the intensity
of the current flow and it is measured in amperes. abbreviated DY
The intensity of the circuit is abbreviated by the
letters “I7 or “A” in honor of Andre-Marie

Ampere.

You've now looked at the fundamcntal characteristics

___...-[ of electrical circuits—impedance, yoltage, and cur-
\ rent—and how they relate to each other. You
) ) understand what a volt actually is, you can

define other terminology, and you know the

( .ok
B
! : J basic symbols for electrical quantities.

e

re. Staying down does.

Words to Live By: Falling down doesn’t make you @ failu

Mike Holt Enterprises,
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Unit 7 Practice Questions

7.1 The Electrical Circuit

1. The work that can be performed by the moving electrons is dependent on the circuit pressure and the
circuit’s opposition to the flow of electrons.

(@) True (b) False

7.2 Electron Current Flow Theory

2. According to the electron current flow theory, electrons flow away from the negative terminal of the
source, through the circuit and load, toward the positive terminal of the source.

(a) True (b) False

7.3 Conventional Current Flow Theory
3. According to the conventional current flow theory, electrons travel from positive to negative.

(a) True (b) False

7.4 Voliage (Pressure)
4. Electrical pressure is called , and it is measured in volts.

(a) EMF (b) potential (c)aorb (d) none of these
7.5 Resistance

5. Every component of an electrical circuit contains resistance, except the power supply.

(a) True (b) False

6. Smaller conductors have greater resistance and larger conductors have lower resistance.

(a) True (b) False

7. Aluminum has a lower resistance to the flow of electrons than does copper.

(a) True (b) False

Mike Holt Enterprises, Inc. » www.NECcode.com o 1 .888.NEC.Code Basic Electrical Theory
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7.6 Electric Current

8. In electrical systems, the vo

(a) resistance (b) power

7.7 Power
9,

(a) Resistance (b) Power

10. DC power 1

(a) True (b) False

11. Power is not equal to Ex 1 for ac circ
(b) False

(a) True

Basic Electrical Theory

lume of electrons

is defined as the rate of work mea

s determined by multiplying the electromotive forc

Unit 7—The Electrical Circuit

that move through a conductor is called the circuit

(c) pressure (d) intensity

sured by the unit called the watt.

(c) Pressure (d) Intensity

e by the circuit intensity.

uits, because consideration must be given to inductive reactance.
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Introduction

w—2in.

= Numbers can take different forms:
Whole numbers: 1, 20, 300, 4,000, 5,000

Decimals: 0.8, 1.25, 0.75, 1.15

Fractions: 1/,, 1/4, 5/, 4/5

Percentages: 80%, 125%, 250%, 500%

You’ll need to be able to convert these numbers from one
| ™ form to another and back again, because all of these number
™ forms are part of electrical work and electrical calculations.

J ' 2in. You’ll also need to be able to do some basic algebra. Many
people have a fear of algebra, but as you work through the

material here you will see there is nothing to fear but fear itself.

8.1 Whole Numbers

Whole numbers are exactly what the term implies.
These are numbers that do not contain any frac-
tions, decimals, or a percentage.

8.2 Decimal

The decimal method is used to display numbers
other than whole numbers, fractions or percent-
ages; such as, 0.80, 1.25, 1.732, etc.

Mike Holt Enterprises, Inc. « www.RECcode.com « 1.888.NEC.Code

8.3 Fractions

A fraction represents part of a whole number. If
you use a calculator for adding, dividing, sub-
tracting, or multiplying, you need to convert the
fraction to a decimal or whole number. To change
a fraction to a decimal or whole number, divide
the numerator (top number) by the denominator
(bottom number).

Basic Electrical Theory
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Examples:

/s = one divided by six = 0.166
s = two divided by five = 0.40
3¢ = three divided by six = 0.50
3/, = five divided by four = 1.25
7/, = seven divided by two=3.5

8.4 Percentages

Useof a percentage is another method used to dis-
play a value. One hundred percent (100%) means
all of the value; fifty percent (50%) means one-
half of a value, and twenty-five percent (25%)
means one-fourth of a value,

For convenience in multiplying or dividing by a
percentage, convert the percentage value to a
whole number or decimal, and then use this value
for the calculation. When changing a percent
value to a decimal or whole number, move the
decimal point two places to the left. Figure 8-1-

Converting Percentages to Decimals

Percentage Drop "%" Decimal

32.5% 8;"@ 0.325

Move the decimal point two places to the Jeft.

Copyright 2003 Mlke Hoht Enterprises, Inc

Figure 8-1
Example
Pgrcentage Number
32.5% 0.325
80% 0.80
125% 1.25
250% 2.50
85 Multiplier

When a number needs to be changed by multi-
plying it by a bercentage, we can call this number
a multiplier. The first step is to convert the per-

centage to a decimal, then multiply the original
number by the decimal value.,

Example A

An overcurrent protection device (breaker or fuse)
must be sized no less than 125 percent of the con-
tinuous load. If the load were 80A, the overcur-
rent protection device would have to be sized no
smaller than . Figure 8-2

(a) 80A (b) 100A .
(c) 125A (d) none of the_se

* Answer: (b) 100A
Step 1 Convert 125 percent to a decimal: 1.25
Step 2 Multiply the value 80 by 1.25 = 100A

A Using a Multiplier

Efi b 1 Conductors must be sized no less than
J 1 125 percent of the continuous load.

| D —
3

’ S I ==
’ Convert 125% to decimal = _ i |
= 1.25 multiplier
| : = 80A
. Multiply 80A x 1.25 = A ,
il o | ot
: i —~ - — _-'-._..___-..: '.i‘...'
e W
Figure 8-2

Example B

The maximum continuous Joad on an overcurrent
protection device is limited to 80 percent of the
device rating. If the protective device is rated 50A,
what is the maximum continuous load permitted
on the protective device? Figure 8-3

(a) 80A (b) 125A
(c) 50A (d) none of these

* Answer: (d) none of these
Step 1 Convert 80 percent to a decimal: 0.80
Step 2 Multiply the value 50A by 0.80 = 40A

* 1.888.NEC.Code
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Using a Multiplier

wem_| Circuit supplies a 40A |
]  continuous load. |

Continuous loads are limited
to 80% of the overcurrent
device rating.

Convert 80% to decimal =
0.80 multiplier

50A device x 0.8 =
40A continuous load

= -'-I{ 50A Overcurrent Device |

COPYRIGHT 2003 Mike Holl Enterprises, Inc.

Figure 8-3

8.6 Percent Increase

The following steps accomplish increasing a
number by a specific percentage:

Step 1 Convert the percent to a decimal value.

Step 2 Add one to the decimal value to create the
multiplier.

Step 3 Multiply the original number by the multi-
plier (Step 2).

Example A
Increase the whole number 45 by 35 percent.
Step 1 Convert 35 percent to decimal form: 0.35

Step 2 Add one to the decimal value:
1+035=1.35

Step 3 Multiply 45 by the multiplier 1.35:
45 x 1.35 =60.75

Example B

If the feeder demand load for a range is 8 kW and
it is required to be increased by 15 percent, the

total demand load will be . Figure 8-4
(a) 8 kW (b) 15 kW
(c) 6.8 kW (d) 9.2 kW

* Answer: (d) 9.2 kW

Step 1 Convert to decimal form:
15 percent = 0.15

Step 2 Add one to the decimal:
1+0.15=1.15

‘Mike Holt Enterprises, Inc. » www.NECcode.com » 1.888.NEC.Code

Step 3 Multiply 8 by the multiplier 1.15:
8kW x 1.15=9.2kW

Using a Multiplier
Increasing by a Percentage

To increase 8 kW
by 15 percent;

Convert 15 percent

{1

@D DOD W
: to decimal = 0.15 I
1 Add a 1 = 1.15 multiplier T
' 8kWx1.15=

9.2 kW feeder demand =3

‘ COPYRIGHT 2003 Mie Holt Enlerprises, Ins.
Figure 8—4

8.7 Reciprocals

The reciprocal of a number is obtained when a
number is converted into a fraction with the
number one as the numerator (top number). The
reciprocal of a number can be determined by fol-
lowing these steps:

Step 1 Convert the number to a decimal value.

Step 2 Divide the value into the number one.

Example A
What is the reciprocal of 80 percent?

(a) 0.8 (b) 100%
(c) 125% (d) none of these

* Answer: (c) 125%

Step 1 Convert the 80 percent into a decimal
(move the decimal two places to the left):
80 percent = 0.8

Step 2 Divide 0.8 into the number one:

= = 1.25 or 125 percent

0.8

Example B
What is the reciprocal of 125 percent?

(a) 0.8 (b) 100%
(c) 125% (d) none of these

* Answer: (a) 0.8

Basic Electrical Theory
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Step 1 Convert the 125 percent into a decimal:
125 percent = 1.25

Step 2 Divide 1.25 into the number one:

125 = 0.8 or 80 percent

8.8 Squaring a Number

Squaring a number is accomplished by multi-
plying the number by itself.

102=10x 10 =100
232=23x23=529

Example A

What is the power consumed in watts by a 12
AWG conductor that is 200 ft long, and has a total
resistance of 0.4}, if the current (I) in the circuit
conductors is 16A?

Formula: Power = I2 X R
(Answers are rounded to the nearest 50).

(a) 50 (b) 150
(c) 100 (d) none of these

* Answer: (c) 100

P=I2xR

I=16A

R =0.40

P=16A2x 040

P =16A x 16A x 0.4Q)
P=1024W

Example B

What is the area in square inches (sq in.) of a 1 in.

raceway whose diameter is 1.049 in.?

Formula: Area = 7 x 2

T=3.14

r = radius (is equal to 0.5 of the diameter).
(a) 1 (b) 0.86
(c) 0.34 (d 0.5

* Answer: (b) 0.86

Area=mw7xr2
Area =3.14 x (0.5 x 1.049)2
Area = 3.14 x 0.52452

Basic Electrical Theory

Area = 3.14 x (0.5245 x 0.5245)
Area =3.14 x 0.2751
Area = 0.86 sq in.

Example C

What is the sq in. area of an 8 in. pizza? Figure 8-5A
(a) 50 (b) 75
(c) 25 (d) none of these

* Answer: (a) 50

Area = wx 12

Area =3.14 x (0.5 x 8)2
Area =3.14 x 42
Area=3.14x4x4
Area=3.14x 16

Area = 50 sq in.

Squaring

~—8in. Pizza —{ «~—— 16 in. Pizza

50 sq in. 200 sqin.

If you double the diameter of a circle,
the area increases by a factor of four.

GOPYRIGHT 2003 Mike Holt Enlarprises, Inc.

Figure 8-5
Example D
What is the 5q in. area of a 16 in. pizza? Figure 8-5B
(a) 100 (b) 200
(c) 150 (d) none of these

* Answer: (b) 200

Area = 7 x 12
Area=3.14 x (0.5 x 16)2
Area=3.14 x 82
Area=314x8x 8
Area=3.14x 64

Area = 200 sq in.

Mike Holt Enterprises, Inc. « www.NECcode.com o 1.888.NEC.Code
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AUTHOR’S COMMENT: As you see in examples C
and D, if you double the diameter of the circle, the
area contained in the circle is increased by a factor
of four! By the way, a large pizza is always cheaper
per sq in. than a small pizza.

8.9 Square Root

Deriving the square root (\V/n) of a number is the
opposite of squaring a number.

The square root of 36 is a number that, when mul-
tiplied by itself, gives the product 36. The V36 is
equal to six (6), because six, multiplied by itself
(62) equals the number 36.

Because it’s difficult to do this manually, we’ll
just use the square root key of the calculator.

Example

V3 Depending on your calculator’s instructions,
enter the number 3 in the calculator, then press the
square root key = 1.732

V'1,000: enter the number 1,000, then press the
square root key = 31.62

If your calculator does not have a square root key,
don’t worry about it. For all practical purposes of
this textbook, the only number you need to know
the square root of is the /3, which equals approx-
imately 1.732.

To multiply, divide, add, or subtract a number by
a square root value, determine the decimal value,
then perform the math function.

Example A
36,000W |
(208VX\/§jlsequalto .
(a) 120A (b) 208A
(c) 360A (d) 100A

* Answer: (d) 100A

Step 1 Determine the decimal value for the

V3 =1732
Step 2 Divide 36,000W by (208V X 1.732) =
100A

Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code

Example B
The phase voltage, 20%,, is equal to
(a) 120V (b) 208V
(c) 360V (d) none of these

* Answer: (a) 120V

Step 1 Determine the decimal value for the
V3=1732

Step 2 Divide 208V by 1.732 = 120V

8.10 Volume

The volume of an enclosure is expressed in cubic
inches (cu in.), which is determined by multi-
plying the length, by the width, by the depth of the
enclosure.,

Example

What is the volume of a conduit body that has the
dimensions 2 x 2 x 6 in.? Figure 8—6

(a) 20 cu in. (b) 24 cu in.
(c) 30 cuin. (d) none of these

* Answer: (b) 24 cu in.
2x2x6=24cuin.

= Volume
- LB Type Condulet

——1

Body of condulet is: |

- « 6 in. high, -
« 2 in. wide, and

el «2in. deep

Cuin.=2in.x2in. x 6 in.
Volume =24 cu in.

| il / 5 Copyright 2003 Mike Holl Enterprises, Inc
- 2in. =" 2in.

Figure 8-6

8.11 Kilo

The letter “k” in the electrical trade is used for the
abbreviation of the metric prefix “kilo,” which
represents a value of 1,000.

Basic Electrical Theory
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Example A
What is the wattage of an 8 kW rated range?

(a) 8W (b) 8,000W
(c) 4,000W (d) none of these

* Answer: (b) 8,000W

Wattage equals kW x 1,000. In this case:
8 kW x 1,000 = 8,000W

Example B
A 300W load would have a kW rating.
Figure 87
(a) 300 kW (b) 3,000 kW
(c) 30 kW (d) 0.3 kW
* Answer: (d) 0.3 kW
B Watts
~ 1.000
300W
kW= 1000 =03kW

AUTHOR’S COMMENT: The use of the letter “k” is
not limited to “kW.” It is often used for KVA (1,000
volt-amps), and kemil (1,000 circular mils).

Kilo (1,000) - Converting Watts to kW

/1,000 =J

/ : 3
L 4 W Load

(@]
wo
==

300W Load

o

Copyright 2003
Mike Hall Enlerprises, Inc.

Watts can be converted to kW
by dividing the watts by 1,000.

Figure 8-7
8.12 Rounding Off

There is no specific rule for rounding off, but
rounding to two or three “significant figures”
should be sufficient for most electrical calcula-

Basic Electrical Theory

tions. Numbers below five are rounded down,
while numbers five and above are rounded up.

Example

0.1245—fourth number is five or above =
0.125 rounded up

1.674—fourth number is below five =
1.67 rounded down

21.99—fourth number is five or above =
22 rounded up

367.2—fourth number is below five =
367 rounded down
Rounding Answers for Multiple Choice Questions

You should round your answers in the same
manner as the multiple choice selections given in
the question.

Example

The sum* of 12, 17, 28, and 40 is equal to .
(a) 70 (b) 80
(c) 90 (d) 100

* Answer: (d) 100

The sum of these values equals 97, but this is not
listed as one of the choices. The multiple choice
selections in this case are rounded off to the
closest “tens.”

*A sum is the result of adding numbers.

8.13 Parentheses

Whenever numbers are in parentheses, complete
the mathematical function within the parentheses
before proceeding with the rest of the problem.

What is the current of a 36,000W, 208V, 3@ load?
Figure 8-8

Watts
Formula: Ampere (I) = m
(a) S0A (b) 100A
(c) 150A (d) none of these

* Answer: (b) 100A

Mike Helt Enterprises, Inc. » www.NECcode.com « 1.838.NEC.Code
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Step 1 Perform the operation inside the paren-
theses first—determine the product of:
208V X 1.732 = 360

Step 2 Divide 36,000W by 360 = 100A

Math in Parentheses

g g

% {// {f“j‘{l 5

=) ==
h 36,000W Load |
E\;ﬂ l 3-Phase |

= P I=_36000W | = 36000W =100A
(E xv3) (208V x 1.732) 360

COPYRIGHT 2003
Mike Holt Enterprises, Inc.

Whenever numbers are in parentheses, we must complete
the mathematical function within the parentheses before
proceeding with the rest of the problem.

Figure 8-8

8.14 Testing Your Answer for Reasonableness

When working with any mathematical calcula-
tion, don’t just blindly do a calculation. When you
perform the mathematical calculation, you need to
know if the answer is greater than or less than the
values given in the problem. Always do a “reality
check” to be certain that your answer is not non-
sense. Even the best of us make mistakes at times,
so always examine your answer to make sure it
makes sense!

Example

The input of a transformer is 300W; the trans-"

former efficiency is 90 percent. Since output is
always less than input because of efficiency, what
is the transformer output? Figure 8-9

(a) 300W (b) 270W
(c) 333W (d) 500W

* Answer: (b) 270W

Mike Holt Enterprises, Inc. » www.NECcode.com e 1.888.NEC.Code

Since the output has to be less than the input
(300W); you would not have to perform any math-
ematical calculation; the only multiple choice
selection that is less than 300W is (b) 270W.

Testing Your Answer for Reasonableness

Inpﬁt
300 Watts

90% Efficient

Copyright 2003
Mike Holl Enterprises, Inc.

If you know the output must be less than the input where
efficiency is involved, you will know the answer must be
less than 300. The only multiple choice selection less
than 300 is (b) 270. No calculation is necessary.

Figure 8-9

Example A
The math to get the answer was:
300W x 0.9 = 270W.

To check your answer:
270W

0.9 =300W
Example B
If the math was;
36,000W
— — 1 A
360 00

To check your answer:
100A x 360 = 36,000W

AUTHOR’S COMMENT: One of the nice things
about mathematical equations is that you can usu-
ally test to see if your answer is correct. To do this
test, substitute the answer you arrived at back into
the equation you are working with, and verify that
it is indeed an equality. This method of checking
your math will become easier once you know
more of the formulas and how they relate to each

other.
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8.1 Whole Numbers

Numbers that do not contain any fractions, deci-
mals, or a percentage.

8.2 Decimal

A method used to display numbers other than
whole numbers.

8.3 Fractions

A fraction represents part of a whole number. To
change a fraction to a decimal or whole number;
divide the numerator (top number) by the denom-
inator (bottom number).

8.4 Percenfages

Percentage is another method used to display a
value. To change a percent value to a decimal or
whole number, move the decimal point two places
to the left.

8.5 Multiplier

When a number needs to be changed by multi-
plying it by a percentage, the first step is to con-
vert the percentage to a decimal, then multiply the
original number by the decimal.

8.6 Percent Increase

Increasing a number by a specific percentage is
accomplished by converting the percent to a dec-
imal value, adding one to the decimal value to
create the multiplier, and then multiplying the
original number by the multiplier.

Basic Electrical Theory

Unit 8 Summary

8.7 Reciprocals

The reciprocal of a number is obtained by con-
verting the number to a decimal or whole number,
then dividing this value into the number one.

8.8 Squaring a Number

Squaring a number is accomplished by multi-
plying the number by itself.

8.9 Square Root

Deriving the square root of a number is the oppo-
site of squaring a number. Because it is difficult to
do this manually, we’ll just use the square root key
of the calculator.

8.10 Volume

The volume of an enclosure is expressed in cubic
inches (cu in.), which is determined by multi-
plying the length, by the width, by the depth of the
enclosure.

8.11 Kilo

The letter “k” in the electrical trade is used for the
abbreviation of the metric prefix “kilo,” which
represents a value of 1,000.

8.12 Rounding Off

There is no specific rule for rounding off, but
rounding to two or three “significant figures™
should be sufficient for most electrical calcula-
tions. Numbers below five are rounded down,
while numbers five and above are rounded up.

Mike Holt Enterprises, Inc. » www.NECcode.com « 1.888.NEC.Code
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Rounding Answers for Multiple Choice Questions

You should round your answer in the same
manner as the answers given in the question.

8.13 Parentheses

Whenever numbers are in parentheses, complete
the mathematical function within the parentheses
before proceeding with the rest of the problem.

8.14 Testing Your Answer for
Reasonableness

When you perform the mathematical calculation,
you need to know if the answer is greater than or
less than the values given in the problem. Always
do a “reality check” to be certain that your answer
is not nonsense. Even the best of us make mis-
takes at times, so always examine your answer to
make sure it makes sense!

Unit 8 Conclusion

You’ve now worked through converting numbers from

one form to another. If you had a fear of algebra when

you started, that fear should be gone by now. As you
work through the practice questions, you’ll see you have
mastered the mathematical concepts and are ready to put
them to use in electrical formulas. Always remember to
check your answer when you are done—then you’ll know
you have a right answer every time.

Words to Live By: The measure of a man’s character is not what he gets from his ancestors, but what he

leaves his descendants.

\Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code
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Unit 8 Practice Questions

8.3 Fractions
1. The decimal equivalent for the fraction “1,” is
(a) 0.5 (b)5 (c)2 (d) 0.2

2. The decimal equivalent for the fraction 187 1s
(a) 4.5 (b)3.5 (c) 2.5 (d) 0.2

8.4 Percentages

3. To change a percent value to a decimal or whole number, move the decimal point two places to the

(a) right (b) left (c) depends (d) none of these

4. The decimal equivalent for “75 percent” is
(a) 0.075 (b) 0.75 (©)7.5 @75

5. The decimal equivalent for “225 percent” is
(a) 225 (b) 22.5 (c)2.25 (d) 0.225

6. The decimal equivalent for “300 percent” is

(a) 0.03 (b) 0.3 ©3 (d) 30.0
8.5 Multiplier
7. The method of increasing a number by another number is called the method.
(a) percentage (b) decimal (c) fraction (d) multiplier

-8, An overcurrent protection device (breaker or fuse) must be sized no less than 125 percent of the con-
tinuous load. If the load were 16A, the overcurrent protection device would have to be sized at no less
than

(a) 20A (b) 23A (c) 17A (d) 30A

* 1.888.NEC.Code
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9. The maximum continuous load on an overcurrent protection device is limited to 80 percent of the
device rating. If the overcurrent device is rated 100A, the maximum continuous load is

(a) 72A (b) 80A (c) 90A (d) 125A
8.6 Percent Increase
10. The feeder demand load for an 8 kW load, increased by 20 percent is .
 (a) 8 kW (b) 9.6 kW (c) 6.4 kW (d) 10 kW
8.7 Reciprocals
11. What is the reciprocal of 1.25?
(a) 0.8 (b) 1.10 (c) 1.25 (d 1.5

12. A continuous load requires an overcurrent protection device sized no smaller than 125 percent of the
load. What is the maximum continuous load permitted on a 100A overcurrent protection device?

(a) 100A _(b) 125A (c) 80A (d) none of these
8.8 Squaring a Number
13. Squaring a number is accomplished by multiplying the number by itself.
" (a) True (b) False

\
/14/ What is the power consumed in watts by a 12 AWG conductor that is 100 ft long and has a resistance

4 (R) of 0.20), when the current (I) in the circuit is 16A? Formula: Power = ZxR.

(@) 75 (b) 50 (c) 100 (d) 200

/

15. What is the area in sq in. of a 2 in. raceway? Formula: Area = 77 x 12, 77 = 3.14, r = radius, which
equals 1/, of the diameter

(a) 1 sq. in. (b) 2 sq. in. (c) 3 sq. in. (d) 4 sq. in.

16. The numeric equivalent of 42 is
(a) 2 (b) 8 (c) 16 (d) 32

17. The numeric equivalent of 122 is

(a) 3.46 (b) 24 (c) 144 (d) 1728
8.9 Square Root
18. Deriving the square root of a number is almost the same as squaring a number.

(a) True (b) False

» 1.888.NEC.Code Basic Electrical Theory
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19. What is square root of 1,000 (V'1,000)?
(a3 (b) 32 (c) 100 (d) 500

20. The square root of 3 (V/3) is .

(a) 1.732 (b) 9 (c) 729 (d)1.5

8.10 Volume

-21. The volume of an enclosure is expressed in , and it is calculated by multiplying the length, by
the width, by the depth of the enclosure.
(a) cubic inches (b) weight (c) inch-pounds (d) none of these

22 What is the volume (in inches) of a4 x 4 x 1.5 in. box?

(a) 20 sq. in. (b) 24 sq. in. (c) 30 sq. in. (d) 33 sq. in.
8.11 Kilo
23. What is the kW of a 75W load?

(a) 75 kW (b) 7.5 kW (c) 0.75 kW (d) 0.075 kW
8.12 Rounding Off
24. The sum of 2, 7, 8 and 9 is equal to .

(a) 20 (b) 25 (c) 30 (d) 35
8.13 Parentheses

25. What is the maximum distance that two 14 AWG conductors can be run if they carry 16A and the
maximum allowable voltage drop is 10V?

(CM x VD)
= (2 XKx]

(4,160 cm x 10V)
(2x 1290 x 16A)

(a) 50 ft (b) 75 ft (c) 100 ft (d) 150 ft

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code
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26. What is the current in amperes of an 18kW, 208V, 3@ load?

P 18000VA
Formula: I="ExV3)  (208vx 1.732)

(a) 25A (b) 50A (c) 100A (d) 150A

8.14 Testing Your Answer for Reasonableness

27. The output power of a transformer is 100W and the transformer efficiency is 90 percent. What is the
transformer input if the output is lower than the input?

(a) 90W (b) 110W (c) 100W (d) 125W

Inc.  vrww.NECcode.com « 1,888.NEC.Code Basic Electrical Theory
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Electrical
Formulas

Introduction

Now that you’ve mastered the math and under-
stand some basics about electrical circuits, you
are ready to take your knowledge of electrical
formulas to the next level. One of the things we
are going to do here is strengthen your proficiency
with Ohm’s Law. Many false notions about the
application of NEC Article 250 and NEC Chapter

I 3 wiring methods arise when people can use

—~., Ohm’s Law only when solving practice problems
PIE Circle ;P ) on paper but lack a real understanding of how it
= ik E works and how to apply it. You will have that

w understanding, and you will not be subject to

those false notions—or the unsafe conditions

they lead to. But, we won’t stop with Ohm’s

Law. You are also going to have a high level of proficiency with the power equation. One of the

tools for handling the power equation—and Ohm’s Law—with ease is the power wheel. You
will be able to use that to solve all kinds of problems.

9.1 Electrical Circuit AUTHOR’S COMMENT: According to the “electron
current flow theory,” current always flows from
the negative terminal of the source, through the
circuit and load, to the positive terminal of the
source.

An electrical circuit consists of the power source,
the conductors, and the load. A switch can be
placed in series with the circuit conductors to
control the operation of the load (on or off).
Fi{_IUI'B 9-1
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Electrical Circuit

]

[ Switch | ']
e
l} Power Supply | | Cond_uctors ’ 1[4-":1‘ 0

|
1 Copyrighl 2003 Mike Holt Enlerprises, inc. 78

There must be a complete path from the power
source through the load, and back to the power
source in order for elecirons to flow.

Figure 9-1

9.2 Power Source

Electrical pressure necessary to move the elec-
trons out of their valence shell can be produced by
chemical, magnetic, photovoltaic, and other
means. The two categories of power sources are
direct current (dc) and alternating current (ac).

Direct Current

The polarity and the output voltage from a dc
power source never change direction. One ter-
minal will be negative and the other will be posi-
tive, relative to each other. Direct-current power is
often produced by batteries, dc generators, and
electronic power supplies. Figure 9-2

: Direct Current
o8 Constant dc

l_ @ > +

—  Current flows 0 . : .

T3 in one direction. ¥ - Voltage and Current
R i % dc load Waveform

Rectifier maintains
positive and negative

AT CEREAT.

. ! Pulsating ! Filtered | i

¢ ac Supply : dc : P TS R
Figure 9-2
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Direct current is used for electroplating, street
trolley and railway systems, or where a smooth
and wide range of speed control is required for a
motor-driven application. Direct current is also
used for control circuits and electronic instru-
ments.

Alternating Current

Alternating-current power sources produce a
voltage that changes polarity and magnitude.
Alternating current is produced by an ac power
source such as an ac generator. The major advan-
tage of ac over dc is the ease at which voltage can
be changed through the use of a transformer.
Figure 9-3

Alternating Current

| Current and
| Voltage

Copyright 2003 Mike Holl Entarprizes, inc.

Figure 9-3

AUTHOR'S COMMENT: Alternating current
accounts for more than 90 percent of all electric
power used throughout the world,

9.3 Conductance

Conductance or conductivity is the property of a
metal that permits current to flow. The best con-
ductors in order of their conductivity are: silver,
copper, gold, and aluminum. Many people think
that gold is the best conductor, but that is not the
case. Figure 9-4
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Conductance of Conductor Material at 750C

Silver Copperi_ _Gold  Aluminum
i 105%. |
; (100%;
[ [ 1 72% 6%
| é’ | e
Sl

_Conductance félationships df other
conductors compared to copper conductors.

@ Resistance of Conductor Material at 750C

22 Silver { Copper Gold Aluminum
Mikeﬁ:l?yEﬂr?l::’;éi,::s. lnc‘ ‘| . -212 1
78 r
Q | 5 | 3
3 § s | S
0 _ iy — “" J g L o

Resistance in ohms for 1,000 C|rcular mils, 1 000 ft Iong.
Figure 9-4

9.4 Circuit Resistance

The total resistance of a circuit includes the resist-
ance of the power supply, the circuit wiring, and
the load. Appliances such as heaters and toasters
use high-resistance conductors to produce the heat
needed for the application. Because the resistance
of the power source and conductor is so much
smaller than that of the load, they are generally
ignored in circuit calculations. Figure 9-5

Circuit Resistance

\Q 100 ft Loar?
/ 192 chms
. Fower /| 12awWG \
H i ~—— ] 0.2 ohms '
{ S | Low ’ -Fi:\’
_f’i = q_R_esEs,tance 100 ft £
‘ \  12AWG /]
./ 0.2 ohms ————t
High
Copyright 2003 Mike Hall Enterprises, Inc. I ReSiStanﬁe

The resistance of the circuit conductors and the
power source are usually very low and are often
ignored when calculating resistance in a circuit.

Figure 9-5
9.5 Ohmv’s Law

Ohm’s Law is used to demonstrate the relation-
ship between the dc circuit’s current intensity (I),
its electromotive force (E), and the resistance (R).
It is expressed by the formula, I = E/R.

Mike Holt Enterprises, Inc, « www.NECcode.com » 1,888.NEC.Cotle

The German physicist Georg Simon Ohm (1787-
1854) stated that current is directly proportional
to voltage, and inversely proportional to resist-
ance. Figure 9-6

Ohm's Law
Current is Directly Proportional to Voltage.

O 1-ER

240V
Woltage E ——— = 24A

[ (R)=10Q e e e -

12A | ‘
1120V/10Q= 12A | [240V/10Q = 24A |

Copyrighl 2003 Mike Holt Enlerprises, Inc.

Current is [nversely Proportional to Resistance.

Ccurre M

® 1=eRr 300
' 10Q —— 3 )
X
Resislaﬂce ) - (2%) . (
+(E)=120V ————— b = — o e e -~ o >
o ) | 120V/20Q = 6A |
rent ] 4A
- o 17 -
[120v/10Q = 124 | (113)

Figure 9-6

Direct proportion means that changing one factor
results in a direct change to another factor in the
same direction and by the same magnitude.
Figure 9-6A

If the voltage increases 25 percent, the current will
increase 25 percent—in direct proportion (for a
given resistance). If the voltage decreases 25 pet-
cent, the current will decrease 25 percent—in
direct proportion (for a given resistance).

Inverse proportion means that increasing one
factor will result in a decrease in another factor by
the same magnitude, or a decrease in one factor
will result in an increase of the same magnitude in
another factor. Figure 9-6B

If the resistance increases by 25 percent, the cur-
rent will decrease by 25 percent—in inyerse pro-
portion (for a given voltage), or if the resistance
decreases by 25 percent, the current will increase
by 25 percent—in inverse proportion (for a given
voltage).
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9.6 Ohm’s Law and Alternating Current

Direct Current

In a dc circuit, the only opposition to current flow
is the physical resistance of the material that the
‘current flows through. This opposition is meas-
ured in ohms and is called resistance.

Alternating Current

In an ac circuit, there are three factors that oppose
current flow: the resistance of the material, the
inductive reactance of the circuit, and the capaci-
tive reactance of the circuit,

AUTHOR’S COMMENT: For now, we will assume
that the effects of inductance and capacitance on
the circuit are insignificant and they will be
ignored.

9.7 Ohm’s Law Formula Circle

Ohm’s Law, the relationship between current,
voltage, and resistance expressed in the formula,
I=E/R, can be transposed to E=Ix R or R =F/.
In order to use these formulas, two of the values
must be known.

AUTHOR'’S COMMENT: Place your thumb on the
unknown value in Figure 9-7, and the two
remaining variables will “show” you the correct
formula.

Ohm's Law ;i :
Formula Circle E

E=IxR “_I R _]
Voltage /
E -
SR I=ER———]
Current |Resistance ‘I\ [R
- |
R=EN b——ne
IR
Copyright 2003 Mike Hofl Enterprises, Inc i
Figure 9-7
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Current Example

120V supplies a lamp that has a resistance of
192(). What is the current flow in the circuit?
Figure 9-8

(a) 0.6A
(c)2.5A

* Answer: (a) 0.6A
Step 1 What is the question? What is “1?”

Step 2 What do you know?
E =120V, R = 1920

Step 3 The formula is I = E/R

120V
192 ohms

(b) 0.5A
(d) 1.3A

Step 4 The answer is [ = = 0.625A

Determining the Current of a Circuit

"Known"

1 92 ohms
“Known”

Determine the current of a 120V, 192 ohm circuit,

Formula: | = E/R
Knowns: E = 120V, R =192 ohms
l=E I = 120v I =0.625A
R 192 Ohms Copyright 2003 Mike Holt Enlerprises, inc.
Figure 9-8

Voitage Drop Example

What is the voltage drop over two 12 AWG con-
ductors (resistance of 0.2€) for 100 ft) supplying a
16A load located 50 ft from the power supply?
Figure 9-9

(a) 16V
(c) 1.6V

* Answer: (d) 3.2V
Step 1 What is the question? What is “E?”
Step 2 What do you know about the conductors?

I'=16A, R = 0.2Q. The NEC lists the ac
resistance of 1,000 ft of 12 AWG as 20Q).
The resistance of 100 ft is equal to 0.2Q).
Figure 9-10

(b) 32V
(d3.2v
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Determining Voltage Drop With Ohm's Law E
50 ft 12 AWG

‘./'}\ R=0.10ohm

16 ~~R=0.1 ohm

50 ft 12 AWG v
Determine the conductor voltage drop on the 120V circuit.

Formula: Eyp=1xR ke o et Ine

To determine the voltage drop of conductors,
use the resistance of conductors.

Known: | = 16A(given), R of each conductor = 0.1 ohm

Evp = IxR
Evp = 16Ax 0.1 ohm = 1.6V
Evp = 1.6V per conductor

Voltage drop of both conductors =
16A x 0.2 ohms =3.2V

Note: Load operates at 120V - 3.2 VD = 116.8V
Figure 9-9

Conductor Resistance
iy —— Resistance is 2 ohms per 1000 #t ]

| P--.—.
\ ms for 100 s

' Resistance is 0.20 S

Each 12 AWG is 50 ft x 2 wires = 100 ft in circuit

To determine the resistance of 100 ft of 12 AWG

NEC Chapter 9, Table 9, 1,000 ft of 12 AWG = 2 ohms.
2 ohms/1,000 ft = 0.002 ohms per ft

0.002 ohms per ft x 100 ft = 0.2 ohms for 100 #t

Figure 9-10

Step 3 The formulais E=Ix R
Step 4 The answer is E = 16A x 0.20)
Step 5 The answer is E = 3.2V

Resistance Example

What is the resistance of the circuit conductors
when the conductor voltage drop is 3V and the
current flowing in the circuit is 100A? Figure 9-11

(a) 0.03Q (b) 2Q)
(c) 30Q2 (d) 300Q

* Answer: (a) 0.03()
Step 1 What is the question? What is “R?”

Step 2 What do you know about the conductors?
E = 3V dropped, I = 100A

Mike Holt Enterprises, Inc. » www.NECcode.com » 1.838.NEC.Code

E
Step 3 The formulais R = T

3V
Step 4 The answeris R = 100A

Step 5 The answer is R = 0.03Q)

Determining Resistance of Conductors
m—r E
‘1R

1 FEEE

AV | R=7?
Volts J {\mps
-

i 15
Determine the resistance of the conductors.
Formula: R=E/l |
Known: Eyp = 1.5 VD per conductor, |=100A
R=E R=15VD R = 0.015 ohms per conductor
N 100A
R =0.015 ohm x 2 conductors = 0.03 ohm, both conductors

OR... R = 3VD = 0.03 ohms for both conductors

100A Copyright 2003 Mike Holt Ertarprises, Inc.

Figure 9-11

AA
Yy

9.8 PIE Formula Circle

The PIE formula circle demonstrates the relation-
ship between power, current, and voltage, and it is
expressed in the formula P = I x E. This formula
can be transposed to I = P/E or E = P/I. In order to
use these formulas, two of the values must be
known.

AUTHOR’S COMMENT: Place your thumb on the
unknown value in Figure 9-12 and the two
remaining variables will “show” you the correct
formula.

Power Loss Example

What is the power loss in watts for two conduc-
tors that carry 12A and have a voltage drop of
3.6V? Figure 9-13

(a) 4.3W
(c) 432W

* Answer: (b) 43.2W

(b) 43.2W
(d) none of these

Basic Electrical Theory
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Power - "PIE" Formula Circle

P=IXE ——
I)E

P P
= I=PIE — —
Current | Voltage P E .
"B B
PIE Circle E=pp & P |
C a0y I—"<E
Figure 9-12

Determining Conductor Power Loss

T~ P
- 5
[ 1.8] Represents conductor I|E
Volts from source to load.
Y | P=7
Volts / Ames
ﬁ/\;_ =

Determine the power loss on the conductors.

Formula: P=1xE M e

Known: | = 12A
Known: E of conductors = 1.8 VD per conductor

P=IxEyp P=12Ax 1.8VD

P = 21.6W per conductor
Power is additive:
21.6W x 2 conductors = 43.2W jost

OR.. P=12Ax(1.8VD +18 VD) =
P=12Ax 3.6 VD = 43.2W [ost

Figure 9-13

Step 1 What is the question? What is “P?”

Step 2 What do you know?
I=12A,E=3.6 VD

Step 3 The formulais P = T x E
Step 4 The answeris P = 12A x 3.6V
Step 5 The answer is 43.2W

Current Example

What is the current flow in amperes through a 7.5
kW heat strip rated 230V when connected to a
230V power supply? Figure 9-14

-

Basic Electrical Theory
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(a) 25A
(c) 39A

* Answer: (b) 33A
Step 1 What is the question? What is “1r

Step 2 What do you know?
P =7,500W, E = 230V

(b) 33A
(d) none of these

Step 3 The formula is I = %

) 7,500W
I=—2—"—=326A
Step 4 The answer is 230V
Step 5 The answer is 32.6A
Circuit Current Flow ?\.
_ 1 E
) =
T e L& |
| Piegori

L~
Determine the current of the circuit.
Formula: 1= P/E
Known: P=7.5kW x 1,000 = 7,500W
Known: E =230V

|l = _P = 7,500w | = 32.6A
E 230V Copight 2003 Mike Hol Entorprives, Inc,
Figure 9-14
9.9 Formula Wheel

The formula wheel is a combination of the Ohm’s
Law and the PIE formula wheels. The formulas in
the formula wheel can be used for dc circuits or ac
circuits with unity power factor. Figure 9-15

AUTHOR’S COMMENT: Unity power factor is
explained in Unit 17. For the purpose of this Unit,
we will assume a unity power factor for all ac cir-
cuits.

9.10 Using the Formula Wheel

The formula wheel is divided into four sections
with three formulas in each section. Figure 9-16

When working the formula wheel, the key to get-
ting the correct answer is to follow these steps:

Inc. » www.NECcode.com e 1.888.NEC.Code
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.~ NXTE ES{/
The Formula Wheelis . . | ,_\R P4
a combination of the SR VAR, 9%

Ohm's Law and PIE Circles.

Copyright 2003 Mike Holt Enlerprises, Inc

Figure 9-15

Ré%, Using the
U Formula Wheel

The Formula Wheel has four
main sections covering:

- "P" for Power (watts)

* “R" for Resistance (ohms)

+"I" for Current (intensity, amps)
+"E" for Energy (volts, emf)

Figure 9-16

Copyright 2003 Mike Holt Entarprises, Inc.

Step 1 Know what the question is asking for: I, E,
R, or P,

Step 2 Determine the knowns: LE R, orP

Step 3 Determine which section of the formula
wheel applies: I, E, R, or P.

Step 4 Select the formula from that section, based
on what you know.

Step 5 Work out the calculation.

Example

The total resistance of two 12 AWG conductors,
75 ft long is 0.3(), and the current through the cir-

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.883.NEC.Code
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cuit is 16A. What is the power loss of the conduc-
tors? Figure 9-17

(a) 20W
(c) 150W

* Answer: (b) 75W

Step 1 What is the question? What is the power
loss of the conductors? “P”’

(b) 75W
(d) 300W

Step 2 What do you know about the conductors?
I=16A,R =030

Step 3 What is the formula? P= 2 x R

Step 4 Calculate the answer:
P=16A2x0.30 = 76.8W

Step 5 The answer is 76.8W

0.15

Ohms

75 ftof 12AWG ¥ .
Determine the power loss on both conductors.

Formula 10: P=12xR
Known: | = 16A
Known: R of one conductor = *0.15 ohms
*0.15 ohms determined by NEC Ch 9, Tbl 9 (per ft method)

P=|2XR orP:lsz

P = (16A x 16A) x 0.15 ohms P = (16Ax 16A) x 0.3 ohms

P =256A x 0.15 ohms P =256Ax 0.3 ohms

P= 38.4W on one conductor | p = 76.8W on both conductors
P = 38.4W x 2 conductors =

P =76.8W on both conductors
Figure 9-17

Capyright 2003 Mike Holt Enterprisas, Inc

9.11 Power Losses of Conduciors

Power in a circuit can be either “useful” or
“wasted.” Most of the power used by loads such
as fluorescent lighting, motors, or stove elements
is consumed in useful work. However, the heating
of conductors, transformers and motor windings
is wasted work. Wasted work is still energy used;
therefore it must be paid for, so we call these
power losses.

Basic Electrical Theory
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Example

What is the conductor power loss in watts for a 10
AWG conductor that has a voltage drop of 7.2V
and carries a current flow of 24A? Figure 9-18

(a) 17W (b) 173W
(c) 350W (d) none of these

* Answer: (b) 173W

Step 1 What is the problem asking you to find?
What is wasted? “P.”

Step 2 What do you know about the conductors?
I=24A
E=72VD

Step 3 The formulaisP=1x E

Step 4 Calculate the answer-
P=24A x72VD

Step 5 The answer is 172.8W

Conductor Power Loss

_\/\_

2401 conductors
el  havea 3%

/\/ voltage drop.

Determine the power loss on both conductors.

Formula 11: P=Eypx|
Known: | = 24A, Eyp =240V x 3% = 7.2 VD

P=EypxlI
Copyrigh 2003
P=7.2VD x 24A = 172.8W Mike Holl Enterprises, Inc
Figure 9-18
9.12 Cost of Power

Since we pay our electric bills on the basis of
power consumed in watts, we should understand
how to determine the cost of power.

Example

What does it cost per year (at 8.6 cents per kWh)
for the power loss of two 10 AWG circuit conduc-
tors that have a total resistance of 0.3() with a cur-
rent flow of 24A? Figure 9-19

*

Basic Electrical Theory
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(a) $1.30
(c) $130

* Answer: (¢) $130

Step 1 Determine the power consumed:

(b) $13.00
(d) $1,300

P=12xR
P=24A2x%x0.3Q
P=172.8W
Step 2 Convert answer in Step 1 to kW:
1728W
P=T 000w
P=0.1728 kW

Step 3 Determine cost per hour:

(0.086 dollars per kWh) x 0.172.8 kW =
0.01486 dollars per hr

Step 4 Determine dollars per day:

0.01486 dollars per hr x (24 hrs per day)
= 0.3567 dollars per day

Step 5 Determine dollars per year.

0.3567 dollars per day x (365 days per
year) = $130.20 per year

Cost of Conductor Power Loss y\
= \/\ A :Efl"ﬁ - .“;.
‘ ( + L R. . Ir- )
Qhms \ /)
vy P=? |
0.15 jif=
Ohms Amps
\
V'—70

Determine the cost of power loss on both conductors.

Cost at 8.6 cents per kW hour
172.8W/1,000 = 0.1728 kW

Formula10: P=12x R

Known: [ = 24A
Known: R = 0.3 ohms 8.6 cents/1,000 = $0.086
P=12xR $0.086 x 0.1728 kW =

$0.01486 per hour
$0.01486 x 24 hr =

$0.3567 per day
0.3567 x 365 days =

$130.20 per year

Figure 9-19

P = (24A x 24A) x 0.3 ohms
P =576Ax 0.3 ohms
P=172.8W

Copyright 2003 Mike Hott Enlerprises, Inc

AUTHOR’S COMMENT: That's a lot of money just
to heat up two 10 AWG conductors for one circuit.
imagine how much it costs to heat up the conduc-
tors for an entire building!
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Unit 39—Electrical Formulas

9.13 Power Changes with the Square of the
Voltage

The voltage applied to the resistor dramatically
affects the power consumed by a resistor. This is
because power is determined by the square of the
voltage. This means that if the voltage is doubled,
the power will increase four times. If the voltage
is decreased 50 percent, the power will decrease
to 25 percent of its original value. Figure 920

Power Changes with the
Square of the Volitage

Power increases by
the square of the voltage.

P=EZR

' R =50 ohms for all 3 examples.

Copyright 2003 Mike Holt Enterprises, Inc.

1,152
watts

2x volts
4x watts

Note: This applies to
resistive loads only.

289 240V
120V watts

120V2/50 ohms ~ 240VZ/50 ohms  480V2/50 ohms
P = 289W P=1,152W P = 4,608W
Figure 9-20
Power Example at 230V

What is the power consumed by a 9.6 kW heat
strip rated 230V connected to a 230V circuit?
Figure 9-21

(a) 7.85 kW
(c) 11.57 kW

* Answer: (b) 9.6 kW

Step 1 What is the problem asking you to find?
Power consumed by the resistance.

Step 2 What do you know about the heat strip?

(b) 9.6 kW
(d) none of these

You were given P = 9.6 kW in the state-
ment of the problem.

__ Power Consumed by Load
- at 230V e T

k]

/ heat strip
rated 9.6 kW
|__at, 230V

(5.51 ohms)
Determine the power consumed by the load at 230V,
Formula 12; P=E2ZR

Knowns: E =230V, R =5.51 ohms

P =E2R
P = (230V x 230V)/5.51 ohms = 9,600W

5.51 ohm resistor consumes 9.6 kW at 230V.

Figure 9-21

Copyright 2003
Mike Holl Enterprigas, Inc

Power Example at 208V

What is the power consumed by a 9.6 kW heat
strip rated 230V connected to a 208V circuit?
Figure 9-22

(a) 7.85 kW
(c) 11.57 kW

* Answer: (a) 7.85 kW

Step 1 What is the problem asking you to find?
Power consumed by the resistance.

(b) 9.6 kW
(d) none of these

Step 2 What do you know about the heat strip?
E =208V, R =5.510)

Step 3 The formula to determine power is:

P =E2?R
Step 4 The answer is:
208V2
P= 5510

P =7,851W or 7.85 kW

AUTHOR’S COMMENT: It is important to realize
that the resistance of the heater unit does not
change—it is a property of the material that the
current flows through and is not dependent on the
voltage applied.

Mike Holt Enterprises, Inc. « www.NECcode.com

Thus, for a small change in voltage, there is a con-
siderable change in power consumption by this
heater.

1.888.NEC.Code Basic Electrical Theory
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Power Consumed by Load (a) 7.85 kW (b) 9.6 kW
: at 208V (c) 1045 kW (d) 11.57 kW
\ o~ Ll ‘ * Answer: (c) 10.45 kW
/ heat strip Step 1 What is the problem asking you to find?
rated 9.6 kW Power consumed by the resistance.
Copyright 2003 “H-__a.Lzsov .
o e (5.51 ohms) Step 2 What do you know about the resistance?
Determine the power consumed by the load at 208V, E =240V, R =5.51Q*
Formula 12: P=E2R Step 3 The formula to determine power is:
Knowns: E =208V, R = 5.51 ohms E2
P=E2R P= R
P = (208V x 208V)/5.51 ohms = 7,852W
5.51 ohm resistor consumes 7.85 kW at 208V, Step 4 The answer is:
Figure 9-22 P= _240V2
- 5510
AUTHOR’S GOMMENT: The current flow for this P = 10,454W
heat strip is 1 = P/E P=1045kW
=S I AUTHOR’S COMMENT: The current flow for this
E =208V heat strip is, | = P/E.
I= 7,851W
I=38A E =240V
I= 10,454W
Power Example at 240V 240v

What is the power consumed by a 9.6 kW heat I1=44A

strip rated 230V connected to a 240V circuit?

Figure 9-23 As you can see, when the voltage changes, the

power changes by the square of the change in the
voltage, but the current changes in direct proportion.

iy i *The resistance of the heat strip is determined by
3 : the formula R = E/P

E = Nameplate voltage rating of the
resistance, 230V

(5.51 ohms) P = Nameplate power rating of the
resistance, 9,600W

Determine the power consumed by the load at 240V. B2 230V2
) ; \4
Formula 12: P = E2/R R = ? =W
Knowns: E =230V, R = 5.51 ohms ’ W
P=EZR —
P = (240V x 240V)/5.51 ohms = 10,454W R =5.51Q
5.51 ohm resistor consumes 10.45 kW at 240V,

Figure 9-23

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com 1.888.NEC.Code
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Chapter 2—Basijc Electricity

9.1 Electrical Gircuit

An electrical circuit consists of the power source,
the conductors, and the load.

AUTHOR’S COMMENT: According to the “electron
current flow theory,” current always flows from
the negative terminal of the source, through the
circuit and load, to the positive terminal of the
source.

9.2 Power Source
Direct Current

The polarity and the output voltage from a dc
power source never change direction. One ter-
minal will be negative and the other will be posi-
tive, relative to each other. Direct-current power is
often produced by batteries, dc generators, and
electronic power supplies.

Alternating Current

Alternating-current power sources produce
voltage that changes polarity and magnitude.
Alternating current is produced by an ac power
source such as an ac generator. The major advan-
tage of ac over dc is the ease at which voltage can
be changed through the use of a transformer.

9.3 Conductance

Conductance or conductivity is the property of a
metal that permits current to flow. The best con-
ductors in order of their conductivity are: silver,
copper, gold, and aluminum.

9.4 Circuit Resistance

The total resistance of a circuit includes the resist-
ance of the power supply, the circuit wiring, and the
load. Because the resistance of the power source and
conductor is so much smaller than that of the load,
they are generally ignored in circuit calculations.

Unit 9 Summary

Mike Holt Enterprises, Inc. » www.NECcode.com « 1,888,NEC,Code

9.5 Ohm’s Law

Ohm’s Law is used to demonstrate the relation-
ship between the circuit’s current intensity (), its
Electromotive Force (E), and the circuit
Resistance (R) in a dc circuit. It is expressed by
the formula, I = E/R.

9.6 Ohm’s Law and Alternating Current

Direct Current

In a dc circuit, the only opposition to current flow
is the physical resistance of the material that the
current flows through.

Alternating Current

In an ac circuit, there are three factors that oppose
current flow: the resistance of the material, the
inductive reactance of the circuit, and the capaci-
tive reactance of the circuit.

9.7 Ohm’s Law Formula Circle

Ohm’s Law, the relationship between current,
voltage, and resistance expressed in the formula,
I=E/R, can be transposedto E=I1x R or R = E/I.

9.8 PIE Formula Circle

The PIE formula circle demonstrates the relation-
ship between power, current, and voltage, and it is
expressed in the formula P = I x E. This formula
can be transposed to I = P/E or E = P/L.

9.9 Formula Wheel

The formula wheel is a combination of the Ohm’s
Law and the PIE formula wheels. The formulas in
the wheel apply to dc circuits or to ac circuits with
unity power factor.

Basic Electrical Theory
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9.10 Using the Formula Wheel and motor windings is wasted work. Wasted work

The formula wheel is divided into four sections is still energy used, therefore it must be paid for.

with three formulas in each section. When
working the formula wheel, the key to getting the 9.12 Cost of Power

correct answer is to follow these steps: Since we pay our electric bills on the basis of
Step 1 Know what the question is asking for: I, E, power consumed in watts, we should understand
R, orP. how to determine the cost of power.

Step 2 Determine the known: I, E, R, or P. )
Step 3 Determine which section of the formula gn;gaggwer Changes with the Square of the

wheel applies: I, E, R, or P.
The voltage applied to the resistor dramatically

affects the power consumed by a resistor. If the
voltage is doubled, the power will increase four

Step 4 Select the formula from that section, based
on what you know.

Step 5 Work out the calculation. times. If the voltage is decreased 50 percent, the
power will decrease to 25 percent of its original
9.11 Power Losses of Conductors value.

Power in a circuit can be either “useful” or Thus, for a small change in voltage, there is a con-
“wasted.” The heating of conductors, transformers siderable change in power consumption.

Unit 9 Conclusion

You’ve gained skill in working with Ohm’s Law and
the power equation, and you can use the power wheel
to solve a wide variety of electrical problems. You
also know how to calculate voltage drop and power
loss, and you can relate the costs in real dollars.

As useful as these skills are, there is still more to

learn. But, your mastery of the basic electrical for-

— mulas means you are well-prepared. Work through

S the questions that follow, and go back over the

E=Pi ‘——(E ] instructional material if you have any difficulty.

I When you feel you know the material in Units 7,

8, and 9, you are ready to tackle series, parallel,
series-parallel, and multiwire circuits.

I |E

PIE Circle

Words to Live By: He who wants milk should not sit on a stool in the middle of the pasture expecting the
cow to back up to him.

|
m Basic Electrical Theory Mike Holt Enterprises, [nc. « www.NECcode.com e 1.888.NEC.Code
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Unit 9 Practice Questions

9.1 Electrical Circuit

1// ! An electrical circuit consists of the
A o (a) power source (b) conductors (c) load (d) all of these
9.2 Power Source

2. The polarity and the output voltage from a dc power source changes direction. One terminal will be
negative and the other will be positive.

(2) True (b) False

3. According to electron flow theory, electrons leave the terminal of the source, flow through the

conductors and load(s), and return to the terminal of the source.
(a) positive, negative (b) negative, positive
(c) negative, negative (d) positive, positive

4. Direct current is used for electroplating, street trolley and railway systems, or where a smooth and
wide range of speed control is required for a motor-driven application.

(a) True (b) False

5. The polarity and the output voltage from an ac power source never change direction.

(a) True (b) False
6. The major advantage of ac over dc is the ease of voltage regulation by the use of a transformer.

(a) True (b) False

9.3 Conductance
7. Conductance is the property that permits current to flow.
(a) True (b) False

8. The best conductors, in order of their conductivity, are: gold, silver, copper, and aluminum.

(a) True (b) False

Basic Electrical Theory
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9. Conductance or conductivity is the property of metal that permits current to flow. The best conduc-
tors in order of their conductivity are:

(a) gold, silver, copper, aluminum (b) gold, copper, silver, aluminum
(c) silver, gold, copper, aluminum (d) silver, copper, gold, aluminum

9.4 Circuit Resistance
10. The circuit resistance includes the resistance of the

(a) power source (b) conductors (c) load (d) all of these

11. Often the resistance of the power source and conductor are ignored in circuit calculations.

(a) True (b) False

9.5 Ohm’s Law

12. The Ohm’s Law formula, I = E/R, states that current is proportional to the voltage, and
proportional to the resistance.

(a) indirectly, inversely (b) inversely, directly  (c) inversely, indirectly (d) directly, inversely

13. Ohm’s Law demonstrates the relationship between circuit
(a) intensity (b) EMF (c) resistance (d) all of these

9.6 Ohm’s Law and Alternating Current

14.In a dc circuit, the only opposition to current flow is the physical resistance of the material. This
opposition is called reactance and it is measured in ohms.

(a) True (b) False

15. In an ac circuit, the factors that oppose current flow are

(a) resistance (b) inductive reactance (c) capacitive reactance (d) all of these

9.7 Ohm’s Law Formula Circle

16. What is the voltage drop of two 12 AWG conductors supplying a 16A load, located 100 ft from the
power supply? Formula:

Eyp = 16A x 0.4Q

(a) 6.4V (b) 12.8V (c) 1.6V | (@ 3.2v

Mike Holt Enterprises, Inc. o wwwr.NECcode.com « 1.888.NEC.Code
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17. What is the resistance of the circuit conductors when the conductor voltage drop is 7.2V and the cur-
rent flow is 50A?

(a) 0.14Q) (b) 0.30 (c) 302 (d) 140

9.8 PIE Formula Circle

18. What is the power loss in watts of a conductor that carries 24A and has a voltage drop of 7.2V?
(a) 175W (b) 350W (c) 700W (d) 2,400W

19. What is the approximate power consumed by a 10 kW heat strip rated 230V, when connected to a
208V circuit?

(a) 8 kW (b) 9 kW () 11 kW (d) 12 kW
9.9 Formula Wheel
20. The formulas in the power wheel apply to .

(a) dc (b) ac with unity power factor

(c) dc or ac circuits (d)aandb
9.10 Using the Formula Wheel

21. When working any formula, the key to getting the correct answer is following these four steps:
Step 1 Know what the question is asking you to find.
Step 2 Determine the knowns of the circuit or resistance.
Step 3 Select the formula. |
Step 4 Work out the formula calculation.
(a) True (b) False

9.11 Power Losses of Conductors

22. Power in a circuit can be either “useful” or “wasted.”” Wasted work is still energy used; therefore it
must be paid for, so we call this

(a) resistance (b) inductive reactance
(c) capacitive reactance (d) power losses

23. The total circuit resistance of two 12 AWG conductors (each 100 ft long) is 0.4Q). If the current of the
circuit is 16A, what is the power loss of the conductors in watts?

(a) 75W (b) 100W (c) 300W (d) 600W

* 1.888.NEC.Code Basic Electrical Theory
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24. What is the conductor power loss in watts for a 120V circuit that has a 3 percent voltage drop and car-
ries a current flow of 12A7

(a) 43W (b) 86W (c) 172W (d) 1,440W

9.12 Gost of Power

25. What does it cost per year (at 8 cents per kWh) for the power loss of a 12 AWG circuit conductor (100
ft long) that has a total resistance of 0.4} and current flow of 16A?

(2) $30 (b) $50 (c) $70 (d) $90

9.13 Power Changes with the Square of the Voltage

26. The voltage applied to the resistor dramatically affects the power consumed by a resistor, because
power is affected in direct proportion to the voltage.

(a) True (b) False

27. What is the power consumed by a 10 kW heat strip rated 230V connected to a 115V circuit?
(a) 2.5 kW (b) 5 kW () 7.5 kW (d) 15 kW

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NEGcode.com « 1.888.NEC.Code
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Unit 7—The Electrical Circuit

7.2 Eleciron Current Flow Theory

1. According to the electron current flow theory, electrons flow away from the negative terminal of the
source, through the circuit and load, toward the positive terminal of the source.

(@) True (b) False

7.3 Conventional Current Flow Theory
2. According to the conventional current flow theory, electrons travel from positive to negative.

(a) True (b) False

7.4 Voltage (Pressure)
3. Electrical pressure is called , and it is measured in volts.

(a) EMF (b) potential (c)aorb (d) none of these
7.6 Electric Current

4. In electrical systems, the volume of electrons that move through a conductor is called the circuit

(a) resistance (b) power (c) pressure (d) intensity

7.7 Power

5. DC power is determined by multiplying the electromotive force by the circuit intensity.

(a) True (b) False

6. Power is not equal to E x I for ac circuits, because consideration must be given to inductive reactance.

(a) True (b) False

Mike Holt Enterprises, Inc. » www.NECcode.com » 1,888.NEC.Code Basic Electrical Theory E
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8.5 Multiplier

7. An ovércurrent protection device (breaker or fuse) must be sized no less than 125 percent of the con-
tinuous load. If the load were 16A, the overcurrent protection device would have to be sized at no less
than

(a) 20A (b) 23A (c) 17A (d) 30A

8. The maximum continuous load on an overcurrent protection device is limited to 80 percent of the
device rating. If the overcurrent device is rated 100A, the maximum continuous load is

(a) 72A (b) 80A (c) 90A (d) 125A
8.6 Percent Increase
9. The feeder demand load for an 8 kW load, increased by 20 percent is .

(a) 8 kW (b) 9.6 kW (c) 6.4 kW (d) 10 kW
8.8 Squaring a Number

10. What is the power consumed in watts by a 12 AWG conductor that is 100 ft long and has a resistance
(R) of 0.20), when the current (I) in the circuit is 16A?

Formula: Power =12 X R.
(a) 75 (b) 50 (c) 100 (d) 200

11. What is the area in sq in. of a 2 in. raceway?
Formula: Area = 7 X 12, m = 3.14 , r = radius, which equals !/, of the diameter.

(@1 (b) 2 (©3 (d) 4
8.9 Square Root
12. The square root of three is .

(a) 1.732 ®9 (c) 729 (@15
8.12 Rounding Off
13. The sum of 2, 7, 8 and 9 is equal to .

(a) 20 (b) 25 (©) 30 (d) 35

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code
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8.13 Parentheses

14. What is the maximum distance that two 14 AWG conductors can be run if they carry 16A and the
maximum allowable voltage drop is 10V?

(CM x VD)
D="nxkx1

_ (4,160 CM x 10V)
(2x12.90x 16A)

(a) 50 (b) 75 (c)100 (d) 150

15. What is the current in amperes of an 18kW, 208V, 3@ 1oad?

B 18,000VA
ormula: I = (E x \/g) (208V x 1.732)

(a) 25 (b) 50 (c) 100 (d) 150

8.14 Testing Your Answer for Reasonableness

16. The output power of a transformer is 100W and the transformer efficiency is 90 percent. What is the
transformer input if the output is lower than the input?

(a) 90OW (b) 110W (c) 100W (d) 125W

Unit 9—Electrical Formulas

9.2 Power Source

17. Direct current is used for electroplating, street trolley and railway systems, or where a smooth and
wide range of speed control is required for a motor-driven application.

(a) True (b) False

18. The major advantage of ac over dc is the ease of voltage regulation by the use of a transformer.
(a) True (b) False

9.3 Conductance

19. The best conductors, in order of their conductivity, are: gold, silver, copper, and aluminum.

(a) True (b) False

Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code Basic Electrical Theory
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Chapter 2—Basic Electricity

9.5 Ohm’s Law

20. The Ohm’s Law formula, I = E/R, states that current is proportional to the voltage, and
proportional to the resistance.

(a) indirectly, inversely (b) inversely, directly ~ (c) inversely, indirectly (d) directly, inversely

21. Ohm’s Law demonstrates the relationship between circuit
(a) intensity (b) EMF (c) resistance (d) all of these

9.6 Ohm'’s Law and Alternating Current

22.In a dc circuit, the only opposition to current flow is the physical resistance of the material. This
opposition is called reactance and it is measured in ohms.

(a) True (b) False

23. In an ac circuit, the factors that oppose current flow are

(a) resistance (b) inductive reactance
(c) capacitive reactance (d) all of these

9.7 Ohm’s Law Formula Circle

24. What is the voltage drop of two 12 AWG conductors supplying a 16A load, located 100 ft from the
power supply? Formula:

EVD = I X R
(a) 64V (b) 12.8V (c) 1.6V (d) 3.2V

25. What is the resistance of the circuit conductors when the conductor voltage drop is 7.2V and the cur-
rent flow is 50A?

(a) 0.14Q (b) 0.302 (c) 30 (d) 140

9.8 PIE Formula Circle

26. What is the power loss in watts of a conductor that carries 24A and has a voltage drop of 7.2V?
(a) 175W (b) 350W (c) 700W (d) 2,400W

27. What is the approximate power consumed by a 10 kW heat strip rated 230V, when connected to a
208V circuit?

(a) 8 kW (b) 9 kW () 11 kW (d) 12 kW

|.! -
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9.9 Formula Wheel

28. The formulas in the power wheel apply to :
(a) de (b) ac with unity power factor
(¢) dc or ac circuits (d)aand b

9.11 Power Losses of Conductors

- . . . ) . .
@9. Power in a circuit can be either “useful” or “wasted.” Wasted work is still energy used; therefore it
must be paid for, so we call this

(a) resistance (b) inductive reactance
(c) capacitive reactance (d) power losses

30. The total circuit resistance of two 12 AWG conductors (each 100 ft long) is 0.4Q). If the current of the
circuit is 16A, what is the power loss of the conductors in watts?

(a) I5W (b) 100W (c) 300W (d) 600W

31. What is the conductor power loss in watts for a 120V circuit that has a 3 percent voltage drop and car-
ries a current flow of 12A7

(a) 43W (b) 86W () 172W (d) 1,440W

9.12 Cost of Power

32. What does it cost per year (at 8 cents per KkWh) for the power loss of a 12 AWG circuit conductor (100
ft long) that has a total resistance of 0.4€) and current flow of 16A?

(a) $30 (b) $50 (c) $70 (d) $90

9.13 Power Changes with the Square of the Voltage

33. The voltage applied to the resistor dramatically affects the power consumed by a resistor, because
power is affected in direct proportion to the voltage.

(a) True (b) False

34. What is the power consumed by a 10 kW heat strip rated 230V connected to a 115V circuit?
(a) 25 kW (b) 5 kW (c) 7.5 kW (d) 15 kW
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Introduction

' - ~ A series circuit is a circuit in which a specific
v %{") amount of current leaves the voltage source and
flows through every electrical device in a

single path before it returns to the voltage
source. Figure 10-1

<)

It is important to understand that in a series
circuit, current is identical through ALL cir-
cuit elements of the circuit.

Lighting

A series circuit is not useful for lighting because
if one lamp burns out, all the other lamps on the
circuit will go out. Figure 10-2

Series Circuit
P ‘@

Copyright 2003
Mike Hotl Enterprtsss, inc

@‘)m Ss &,
Any break in a series circuit interrupts ].R

Current is the same magnitude the current flow of the entire cwcwt i R

in every part of a series circuit, I & -
Figure 101 O ) f‘")

Practical Use - Lighting

Detail

10.1 Practical Uses of the Series Circuit )
In a series circuit, if any part of the circuit is open, = & & & & K
m =y . s - e
the current in the circuit will stop. Amps Mike ok Entasees, e

Figure 10-2
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Many strings of Christmas lights are made in
series circuits—if one bulb burns out, it requires
examining EVERY bulb in order to find the bad
one because the entire string stops burning when
this occurs! Most of the newer Christmas light
lamps used in series string lighting have a shorting
bar. When one lamp burns out, the lamp leads are
shorted together (shorting bar) and the rest of the
string stays lit.

AUTHOR’S COMMENT: If, however, there are ten
lamps in the string, and one burns out, the rest of
the lamps will operate at 10% higher voltage,
causing the other nine lamps to burn out even
quicker.

For most practical purposes, series circuits, also
called closed-loop systems, are not used for
building wiring; however, they are often used for
control and signal circuits.

Control Circuit

Closed-loop (series) circuits are often used for the
purpose of controlling (starting and stopping)
electrical equipment. Figure 10-3

2-Wire Control Circuit

L1 ) L2 _L3‘?
i Control 2_?_ } il
}' Device 3IT 7
I )

|

Closed-loop two-wire series
circuits are often used for
control and signal circuits.

O.Ls

COPYRIGHT 2003
Mike Holl Enterprises, Inc

Figure 10-3
Signaling Circuit !

Two-wire closed-loop (series) circuits are often
used to give a signal that something has occurred.
It could indicate that a door is open, a process is
operating, or there is fire or smoke. For example
the discontinuation of current flow when part of
the circuit is opened is important for the operation
of burglar alarm circuits. Figure 10—4

| Basic Electrical Theory

Signaling Circuit

Q Horn and i W
light are [ l ’i . _
OFF. N | 4 | Series
2 = 1 Circuit

T ﬁArEn;ed__! e~
ESr=VIEIN

N.C. Relay contact is being held

N.C.
Signal circuit is Relay
open by this closed-loop circuit.

armed and ready.

Horn and o
e lightare [ _R |
SLON ¢ 0O o

.J .
Signal circuit gets power
when relay closes.

INTRUSION opens circuit. Relay
loses power and closes contacts.

Horn and
light are
. _QFF =

ik
£l

= -

i = A1 o

fene | 1] g
- . || Enterprisas, inc
o & #

INTRUSION opens circuit,

but the signal system is open
S0 no alarm sounds.

Signal circuit is
not armed with
switch open.

Figure 10-4

Internal Equipment Wiring

The internal wiring of many types of equipment,
such as motor windings, will be connected in
series. For example, a 115/230V rated motor con-
nected to a 230V circuit must have the windings
connected in series so that each winding will
receive at least 115V. Figure 10-5

10.2 Understanding Series Calculations

It is important to understand the relationship
between current, voltage, resistance, and power in
series circuits. Figure 10-6

Resistance

Resistance opposes the flow of electrons. In a
series circuit, the total circuit resistance is equal to
the sum of all the series resistances. Resistance is
additive: Ry = R; + R, + Ry + R,. Figure 10-7

Mike Holt Enterprises,_ Inc, = www.NECcode.com = 1.888.NEC.Code
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Internal Equipment Wiring - Series

5 e |

A 115/230V dual-voltage

single-phase motor series -
connected for 230V. [

A delta 3-phase configured
motor can have series or
parallel connected windings.
This example shows series
connected in Detail.

Detail:

The 9 motor
leads (T1 - T9)
show series
connections of
windings

Copyright 2003
Mike Holt Enlerprises, Inc

,L_z/ 115V \
|

/

230V
Lo

— N

L
[ L

|
|

Figure 10-5
Series Circuits - Understanding I, E, R and P
R — - '
T 12AWG | }
02 Rg | Circuit Conductors| R3
) ?( Z Amps ‘ \\ !
120V | Ry / j.
Power | g - U— [ d
SUpPIy : Copyright 2003 Mike HoN Erterprizos, Inc. | oa _,I

R1 - Power Supply

R3 - Load Resistance

R2 - Conductor Resistance R4 - Conductor Resistance
Rrotal = Power Supply (R1) + Conductors (R2,4) + Load (R3)

Figure 10-6

Example
R, Power Supply
R, Conductor No. 1

R; Appliance
R, Conductor No. 2
Ry

Total Resistance

0.05() (ohms)
0.15Q
7.150)
0.15Q
7.500)

e et

Chapter 3—Basic Electrical Circuits

Series Circuits - Resistance is Additive
Conductor 1 ~

R4 %

0.05Q i _
Q"“ - R1 = Power Supply R2=0.15Q j
(’\,-'E ;l Ro & R4 = Conductors R3 = 7.15Q _é ’
120v | Re =Load fe=o1sa [

Suppiy e Appliance
Supply Conductor 2 (Load)

Determine the total resistance (R) of the circuit.

_ Comyrght iom
Mike Hit Enfrprises, Inc

Formula:RT = R{ +Ro+ R3 + R4...
R4 =0.05 ohms, Rz =0.15 ohms
R3 =7.15 ohms, R4 =0.15 ohms

Rt = 0.05 ohms + 0.15 ohms + 7.15 ohms + 0.15 ohms
Rt = 7.5 ohms

Figure 10-7
Voltage

The voltage, also called electromotive force
(EMF), provides the pressure necessary to move
electrons through the circuit. However, the power
supply, the conductors, and the appliance all have
resistance (although the power supply’s resistance
is usually ignored) that opposes the current flow.
The opposition (resistance) to current flow
(amperes) results in a voltage drop of the circuit
voltage, and can be calculated by the formula
Eyp=1xR.

Kirchoff’s Voltage Law

Kirchoff’s Voltage Law states that in a series cir-
cuit, the sum of the voltages (or “voltage drops™)
across all of the resistors in the series circuit is
equal to the applied voltage.

The voltage drop across each resistor can be deter-
mined by the formula Ey, = I x R. Figure 10-8

I = Current of circuit

R = Resistance of resistor

Power Supply 16A x 0.05Q = 0.8V
Conductor I 16Ax0.15Q0 = 2.4V
Appliance 16Ax 7150 = 1144V
Conductor2 16A x0.15Q = _ 24V

Total 16A x7.50Q0 = 120.0V

NEC,Co
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0.8V Power Supply

Series Circuits 2.4V Conductor 1

Voltage Drop is Additive

1144V Load
2.4V Conductor 2
Conductor 1-0.15 cuhrns: 120.0V
rd
114.4 l
= Volis Volts 3 [
nNZ ) '
. | % |
P wer Volts Amps | |
0 -
Supply i 16] Appliance
0.05 ohms o (Load)
Conductor 2 - 0.15 ohms 7.15 chms

Determine the voltage drop of each resistor.

Copyright 2003
Mike Holt Enterprises. Inc

Formula: Evp = xR

Known: | = 16A (given)

Known: Use given resistance for each component.
Power Supply Eyp=16Ax0.050hms = 0.8V

Conductor 1 Eyp = 16Ax0.150hms = 24V
Appliance Load Eyp = 16Ax 7.15 chms = 114.4V
Conductor2  Eyp = 16Ax 0.15 ohms = 2.4V
Total Voltage Drop =120.0v

Or.. EVD =lx RT, EVD =16Ax75 ohms = 120V
Figure 10-8

In addition, the voltage of the power supply is dis-
tributed or divided among the circuit resistances
according to the Law of Proportion. The Law of
Proportion means that the supply voltage is dis-
tributed among all the resistances, according to
the proportion of resistance each resistance has
relative to the total resistance. Figure 10-9

Voltage - Resistance Law of Proportion

Power Supply 0.67%
Conductors 4% total
Load (2% per conductor) Wi o Evn. e
95.33%
Resistance
Power Supply: 0.05Q/7.5Q = 0.0067 = 0.67%
Conductor 1:  0.15Q/7.5Q=0.02 = 2.00%
Conductor2:  0.15Q/7.5Q =002 = 2.00%
Load: 7.15Q/7.5Q = 0.953 =95.33%
Voltage
Power Supply: 120x 0.0067 = 0.8V
Conductor 1:  120x0.02 = 24V
Conductor2: 120x0.02 = 24v
Load: 120x 0.953 = 114.4v
Figure 10-9

Basic Electrical Theory
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Resistance Percentage Voltage

Power Source 0.05Q2 0.67% 0.8V
Conductor No. 1 0.15Q) 2.00% 24V
Appliance 7.15Q 9534% 114.4V
Conductor No. 2 0.15Q 2.00% 2.4V
Total 7.50Q) 100% 120.0v

Kirchoff’s Current Law

Kirchoff’s Current Law states that the sum of cur-
rents flowing into a junction equals the sum of
currents flowing away from the junction. Another
way to say it is, current flowing through each
resistor of the series circuit will be the same.
Figure 10-10

Series Circuit - Current Remains the Same
0.8 o~ Conductor 1 =0.15 ohms

Volts 7
» Amps 114.4
_"\,-- - Volts
i/
Valts
16
V=

120V Power

Supply Kbp-lian_cé
U ]
0.05 ohms Conductor 2 = 0.15 ohms 7.1“503%5

The same amount of current is
in every part of a series circuit.

Proof: Determine the current in each resistor.

Copyright 2003
Ma Holt Enterprises. Inc.

Formula: | = Evp/R

Power Supply: 0.8V/0.05 ohms = 16A
Conductor 1: 2.4V/0.15 ohms = 16A
Appliance Load: 114.4V/7.15 ohms = 16A
Conductor 2: 2.4V/0.15 ohms = 16A

Or... use total resistance, | = E7/Rt
E=120V,RT=0.05+0.15+7.15 + 0.15 = 7.5 ohms
I =120V/7.5 ohms = 16A

Figure 10-10

To calculate the current in a series circuit, you
need to know the power-supply voltage (Eg) and
the total circuit resistance (Ry). The current of the
circuit can be determined by the formula
It = Eg/Ry. In the following example, the current
of the circuit is equal to 120V/7.5€) = 16A. Since
this is a series circuit, every component of the cir-
cuit has 16A flowing through it.
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AUTHOR’S COMMENT: The current flowing
through each resistance can be calculated by | =
E/R, where E (voltage) represents the voltage drop
across the individual resistances, not the voltage
source!

0.8V
Power Source I= 0.050 = 16A
2.4V
Conductor No. 1 = 0150 = 16A
1144V

Appliance I="7750 =16A

A%
Conductor No. 2 I= 0150 = 16A

120.0V

Total Resistance 1= 750 " 16A

Power

The power consumed in a series circuit will equal
the sum of the power consumed by all of the resist-
ances in the series circuit. The Law of
Conservation of Energy states that the power
supply (battery, etc.) will only produce as much
power as that consumed by the circuit elements.
Power is a result of current flowing through a
resistance and is calculated by the formula
P=12x R.

Example

Power

Source P = 16A2x 0.05Q) = 12.8W
Conductor

No. 1 P = 16A2x0.15Q = 38.4W
Appliance P = 16A2x7.150 = 1,8304W
Conductor

No. 2 P = 16A2x0.15Q = 38.4W

Power can also be calculated according to the law
of proportion.

[ Wike Holt Enterprises,
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Resistance Percentage Power

Power Source 0.05Q2 0.67%  12.8W
Conductor No. 1 0.15Q 2.00%  384W
Appliance 7.150 95.34% 1,830.0W
Conductor No. 2 0.15Q 2.00%  38.4W

Total Resistance 7.50() 100% 1,920.0W

10.3 Series Circuit Calculations

When performing series circuit calculations, the
following steps should be helpful: Figure 10-11

Step 1 Determine the resistance of each resistive
element in the circuit. Often, the resistance
of each element is given in the problem. If
you know the nameplate voltage and
power (wattage) rating of the appliance or
equipment, you can determine its resist-
ance by the formula R = E2/P.

E = Nameplate voltage rating (squared)
P = Nameplate power rating

Step 2 Calculate the total resistance (Rp) of the
circuit, R =R; + R, + R; + R,

Step 3 The current of the circuit can be deter-
mined by the formula I = Eg/Ry.
Eg = Voltage Source

Ry = Total circuit resistance (Step 2)

Series Circuit Calculations

Step 1: Determine the resistance

of each resistor in the circuit.
~\f ‘ﬁ Conductor 1

R1 ]

(\?_-_059 R2=0.15Q

N3 ) R3 =7.15Q -%
120V ~ Copyright 2003 R4=0.15Q

Power Mike Holl Enlerprises, Inc. M) App"ance
Supply Conductor 2~ (Load)

’ Step 2: Calculate the total resistance of the circuit. I

N
Rt = 0.05+0.15 + 7.15 + 0.15 ohms = 7.5 chms

I Step 3: Determine the current of the circuit. |
| = Eg/R = 120V/7.5 ohms = 16A

Figure 10-11

Basic Elecirical Theory
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10.4 Power Calculations

If you know the current of the circuit and the resist-
ance of each resistor, the power of each resistor
can be determined by the formula P = I2 X R.
Figure 10-12

I2 = Current of circuit (squared) (Step 3)
R = Resistance of the resistor (Step 1)

The power of the circuit can be determined by
adding up the power of all of the resistors or by
the formula P = 12 X Ry,

I? = Current of the circuit (squared)

Ry = Resistance total of the circuit

Series Circuit - Power Calculations

~ Conductor 1 = 0.15 ochms

s =
e AN b
A 3 )
"z |
N £
Amps -

120V Power Mike ﬁ;‘:@fwgﬁ, Ine. =
Supply i
0.05 ohms

Appliance
- (load)
Conductor 2 = 0.15 ohms 7.15 ohms

Formula: P=12xR or I=12xRy

Power Supply: 16A2 x 0.05 ohms = 12.8W
Conductor 1: 16A2 x 0.15 ohms = 38.4W
Appliance Load: 16A2 x 7.15 ohms = 1,830.4W

Conductor 2: 16A2 x 0.15 ohms = 38.4W
Total Power of Circuit 1,920.0W

Or... use total resistance, P = I2x Rt
I=16A, RT=0.05+0.15+ 7.15 + 0.15 = 7.5 ohms
P =16A2 x 7.5 ohms = 1,920W

Figure 10-12

Basic Electrical Theory
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10.5 Variations

There are often many different ways to solve an
electrical circuit problem involving voltage, cur-
rent, resistance and power. It is also often possible
to verify or check one’s work by solving the
problem different ways.

10.6 Series Circuit Notes

Note 1: The total resistance of a series circuit is
equal to the sum of all of the resistances
of the circuit.

Note 2: Current is the same value through all of
the resistances.

Note 3: The sum of the voltage drops across all
resistances equals the voltage of the
source.

Note 4: The sum of the power consumed by all
resistors equals the total power consumed
by the circuit.

10.7 Series-Connected Power Supplies

When power supplies are connected in series, the
voltage of the power supply will be additive (pro-
vided the polarities are connected properly).
Figure 10~13 and Figure 10-14

Mike!Holt Enterprises, Inc. « www.NECcode.com » 1.888,NEC.Code
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Series-Connected Power SupPIY_ Voltage is _ : Series-Connected Power Supply
= & Additive. L AL
[ & &% | Delta/Delta Connected Transformer
— Volts § —— ¢————1, | Series connected Series connected
= = " primary windings | | secondary windings
. 7 [ N L3 \ k _ —
e .
IS . L3
X J 7 2, L2 L2 //
N — : — E L4 a80v_ L1 agov 480V
’ All four 1.5V one cell batteries are installed in senes.—J o H2  Hi[ [H1  H3| A3  H2z ///
1 . C ) B COPYRIGHT 2003
= . Y\ " ke Holl
lﬁ‘ © 2., ?2"%:-?‘ F B e e
L3 e ‘vé’ o 240V | 4 120V]120V} 240V
= ) NSAL SL3 3
N _ N £X0
f N / Voltage is ) . i
€ N i Additive. Three transformers connected in series form
—_— ™ the basis of the Delta/Delta transformer.
[One battery is instalied backwarcgl Mike Hop o e
Figure 10-14
Figure 10-13
ke Holt Enterprises, Inc.  www.NECcode,.com « 1,883,NEC.Code Basic EI_e_c__tri_cga_l Theory
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Introduction

A series circuit is a circuit in which a specific
amount of current leaves the voltage source and
flows through every electrical device in a single
path before it returns to the voltage source.
Current is identical through ALL circuit elements
of the circuit.

10.1 Practical Uses of the Series Circuit

In a series circuit, if any part of the circuit is open,
the current in the circuit will stop. For most prac-
tical purposes, series circuits (closed-loop sys-
tems) are not used for building wiring; however,
they are often used for control and signal circuits.

The internal wiring of many types of equipment,
such as motor windings, will be connected in
series.

10.2 Understanding Series Calculations

Resistance

In a series circuit, the total circuit resistance is
equal to the sum of all the series resistances.
Resistance is additive: R, = R; + R, + R; + R,.

Kirchoff’s Voltage Law

Kirchoff’s Voltage Law states that in a series cir-
cuit, the sum of the voltages (or “voltage drops”)
across all of the resistors in the series circuit is
equal to the applied voltage.

Kirchoff’s Current Law

Kirchoff’s Current Law states that the sum of cur-
rents flowing into a junction equals the sum of
currents flowing away from the junction. Another
way to say it is, current flowing through each
resistor of the series circuit will the same.

Basic Electrical Theory
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Power

The power consumed in a series circuit will equal
the sum of the power consumed by all of the
resistances in the series circuit.

10.3 Series Circuit calculatidns

When performing series circuit calculations, the
following steps should be helpful:

Step 1 Determine the resistance of each resistive
element in the circuit.

Step 2 Calculate the total resistance (Ryp) of the
CiI'CUit, RT = Rl + R2 + R3 + R4.

Step 3 The current of the circuit can be deter-
mined by the formula: I = E¢/Ry.

Eg = Voltage Source

Ry = Total circuit resistance

10.4 Power Calculations

If you know the current of the circuit and the resist-
ance of each resistor, the power of each resistor can
be determined by the formula P = I2 X R.

10.5 Variations

There are often many different ways to solve an
electrical circuit problem involving voltage, cur-
rent, resistance and power.

10.6 Series Circuit Notes

Note 1: The total resistance of a series circuit is
equal to the sum of all of the resistances
of the circuit,

Note 2: Current is the same value through all of
the resistances.
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Note 3: The sum of the voltage drops across all 10.7 Series-Connected Power Supplies
resistances equals the voltage of the

When power supplies are connected in series, the
source.

voltage of the power supply will be additive (pro-
Note 4: The sum of the power consumed by all vided the polarities are connected properly).
resistors equals the total power consumed
by the circuit.

Unit 10 Conclusion

\ You now understand series circuits. In addition
W w to knowing their uses and limitations, you know
how to do calculations involving them.

You’ve also learned Kirchoff’s Law—and
/\,' that means you won’t be fooled by the
- misinformation floating around the

industry about grounding versus bonding,

1\ 1 _ as covered in the Annex. Once you work

U U U through the following problems, you will be

ready to tackle parallel circuits.

Words to Live By: A man is rich according to what he is, not according to what he has.

Iike Holt Enterprises, Inc. « www.NECcode,com » 1.888.NEC.Code Basic Electrical Theory,
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Unit 10 Practice Questions

Introduction

1. A series circuit is a circuit in which a specific amount of current leaves the voltage source and flows
through every electrical device in a single path before it returns to the voltage source.

(a) True (b) False

10.1 Practical Uses of the Series Circuit

2. For most practical purposes, series circuits are used for circuits.

(a) signal (b) control (c)aandb (d) none of these

3. A 115/230V rated motor connected to a 230V circuit must have the windings connected in series so
that each winding will receive at least 230V,

(a) True (b) False

10.2 Understanding Series Calculations —~

4. Resistance opposes the flow of electrons. In a series circuit, the total circuit resistance is equal to the
sum of all the resistances in series.

(a) True (b) False

5. The opposition to current flow results in a voltage drop of the circuit voltage.
(a) True (b) False

6. Kirchoff’s Voltage Law states that in a series circuit, the sum of the voltage drops across all of the
resistors will equal the applied voltage.

(a) True (b) False

7. No matter how many resistances there are in a series circuit, the sum of the voltages across all of the
resistances will equal the voltage of the source according to the Law of Proportion.

(a) True (b) False

8. Kirchoff’s Current Law states that in a series circuit, the current is through the transformer, the

conductors, and the appliance.
(a) proportional (b) distributed (c) additive (d) the same

m Basic Electr_ic-al Theory Mike Holt Enterprises, Inc. e wivw.NECcode.cont » 1.388.NEC.Code
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9. The power consumed in a series circuit is equal to the power consumed by the largest resistance in the
series circuit.

(a) True (b) False

10.3 Series Circuit Calculations
10. To determine the resistance of each resistive element in the circuit, use the formula R = E2/P,

(a) True (b) False

11. To calculate the total resistance of the circuit: Rr=R;+R, +R; + ...

(a) True (b) False

12. The current of the circuit can be determined by the formula I = E¢/Ry.

(a) True (b) False

10.4 Power Calculations

13. If you know the current of the circuit and the resistance of each resistor, the power of each resistor
can be determined by the formula P = I2 X R.

(a) True (b) False

10.5 Variations

14. There can never be variations in the formulas used or the order in which they are used for series
circuits.
(a) True (b) False

10.7 Series-Connected Power Supplies

15. When power supplies are connected in series, the circuit voltage remains the same as when only one
power supply is connected to it, provided that all the polarities are connected properly.

(a) True (b) False

Inc. = wiww NECCode.com < 1,888.NEC.Code Basic Electrical Theory,




Parallel
Circuits

Introduction

s

“Parallel” is a term used to describe a method of connecting
- electrical components so that there are two or more paths
'\j on which current may flow. Figure 11-1

A parallel circuit is one with several different paths for the

electricity to travel. It’s like a river that has been divided up

into smaller streams and all the streams come back to form the river
1. once again.

A parallel circuit has extremely different characteristics
than a series circuit. For one, the total resistance of a par-
allel circuit is not equal to the sum of the resistors. The
total resistance in a parallel circuit is always less than any

Y of the branch resistances. Adding more parallel resistances

to the paths cause the total resistance in the circuit to decrease.

11.1 Practical Uses of the Parallel Circuits
For most purposes, parallel circuits are used for
building wiring.

Receptacle

When wiring receptacles on a circuit, they are
connected in parallel to each other. Figure 11-2
Lighting

Another example would be lights connected in
parallel to each other. Figure 11-3A

Rike Holt Enterprises, Inc. e\ NECCOdE com e 1,88B.MEC,Code

The major advantage of a parallel circuit is that if
any branch of the circuit is opened or turned off,
the power supply continues to provide voltage to
the remaining parts of the circuit. Figure 11-3B

Other Uses

Parallel circuits, also called open-loop systems,
are used for fire alarm pull stations and smoke
detectors. If any initiating device (pull station or
smoke detector) closes, the signal circuit is com-
plete and the alarm will sound. Figure 11-4

Basic Electrical Theory,
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Paralle! Circuit

~
’ e A A2
% @ i Branch 1|
Amps AO -
| Branch 2,

Figures "A" (top) and "B" (bottom) are the same
parallel circuit drawn in two different styles.

o
1
(10 e
Amps AO 1 :f
Az E
) . Branch 1|
i Ao | Branch 2\
—
L J mmu’.‘m

Figure 11-1

Practical Use - Receptacles in Parallel
All three parts of this daagram represent
three receptacles wired in parallel,

b

As Amps g @

............ 5 ._-.L.,-_---_--

Copyright 2003 Mike Holt Enterprises, Inc

Figure 11-2

_ Basic Electrical Theory
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Practical Use - Lights in Paralle|

N @

Copyright 2003
Mike Holt Enferpnses. inc

An advantage of parallel circuits is that if any
part of the circuit is opened, the remaining portion
of the circuit is still operable.

Figure 11-3

Practical Use of Parallel Connection

J. Alarm Sounding Circu% ' Alarm
T / Normalﬂ
1 = 6

' Pull Smoke | _Heat
CEr?tIaacts E Open- Station DeTector Detector
ff LOOp \:J ol I_‘ \]

I —- Circuit lo [ lo

Relay
Coil Parallel-Connected
N.O. Sensing Devices

é Alarm Sounding Circuit |7z Alarm
_l__ . 4; Activated

| No. /0
P II Smok Heat
ety (T e [
Close 1 Loop T It
L C|rcuut [I’ L
] .

L Relay energlzed by puII statlon wolTEE

Figure 11-4




Unit 1i—Parallel Circuits

Often electrical components within appliances,
such as water heaters and motors, have their com-
ponents connected in parallel. Figure 11-5

Practical Uses - Equipment "Parallel Connections"
Water

Dual-Voltage
115/230
1-Phase
Motor

fL=T17
[12=T28
13=T39

: Tie Together
| 455 C
Parallel Connected

. Dual-Voltage
Wik oo Eorasin, ne 3-Phase Motor

Conneclions

Figure 11-5

11.2 Understanding Parallel Calculations

It is important to understand the relationship
between voltage, current, power, and resistance of
a parallel circuit.

Voltage

In a pure parallel circuit (one with no resistors in
series with the parallel resistors), the voltage drop
across each resistance is equal to the voltage sup-
plied by the power source (ignoring any voltage
drop in the source and conductors). Figure 11-6

Voltage - Parallel Circuits
* The voltage drop of the conductors is ignored.

= o by L —_— = — i :
V indicates the The voltage drop across

voltage at the source. | each resistor is equal |
to the source voltage.

Copynghlt 2003 Mika Holl Enterprisas, Inc

Figure 11-6
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For the moment, we will ignore the voltage drop
and power loss effects of the conductor and power
supply as it is usually much, much smaller than
the drop across the resistive elements.

Kirchoff’s Current Law

In a parallel circuit, current from the power source
will branch in different directions and magnitudes.
The current in each branch is dependent on the
resistance of each branch. Kirchoff’s Current Law
states that the total current provided by the source
to a parallel circuit will be equal to the sum of the
currents of all of the branches.

The current in each branch can be calculated by
the formula I = E/R. Figure 11-7

E = Voltage of each branch.
R = Resistance of each branch (appliance).

The current of each branch is as follows:
I=ER

Coffee Pot (R,) P = 120V/16Q) = 7.50A
Skillet (R,) P = 120V/13Q = 9.17A
Blender (R;) P = 120V/36Q) = 3.33A

Total Current = 20.00A

A Parallel Circuits - Current is Additive

// /
/7 |
88 S/ ) SO /i

R2: Skillet |

| S — =
R1: Coffee Pot | R3: Blender |
Rated 900W | | Rated 1,100W | | Rated 400W |
at 120V. , at 120V. at 120V.
Determine the current of each branch.
Formula: | = E/R Copynght 2003 Mike Hol Enterprisas, Inc

E =120V in each branch, R of each resistor is given.

lof Ry = 120V/16 ohms = 7.50A
lof Ry = 120V/13 ohms = 9.17A
lof R3 = 120V/36 ohms = 3.33A
Total amperes = 20.00A
Figure 11-7

e

e o




AUTHOR’S COMMENT: The resistance and cur-

Resistance Calculations

rents have been rounded off. | O series —— Ri160

Power , e
: Resistance Total = Ri+Ry+ R3

When current flows through a resistor, power is v Ry =16 + 36 + 13 = 65 ohms l[R2
consumed. The power consumed by each branch l — 13Q
of the parallel circuit can be determined by the —l_:_y”—Rs 360
formulas: P = I2x R,P=Ex]I, or P = E2/R.
The total power consumed in a parallel circuit will ©® raraliel : - g
equal the sum of the branches’ powers. Figure 11-8 A\) ﬂ ng ( ng ( ?gg
Using the following formula P = I2 X R, determine i I : ! |
the power of each resistor: I l -

Coffee Pot P = 7.50A2x 160 = 900w | ‘ — NN

I Total resist i
Skillet P = 91742130 = LI00OW @&, | ;Ls( ' m : less ﬁiﬁ% ﬁaa'asuest
S resistor o onms.
Blender P = 333A2x 360 =_ 400w ' T A
Total Circuit Power = 2,400W Figure 11-9

There are three basic methods of calculating the
total resistance of a parallel circuit; the Equal
Resistance method, the Product-Over-Sum method,
and the Reciprocal method.

Paralle! Circuits - Power is Additive

Equal Resistance Method
; y /] [ When all of the resistances of the parallel circuit
e e e T—— | — e resi e to istance is
R1: Coffee Pot || R2; Skillet R3: Blender have s Sa.“?e. 0 Stance’. the total res ta. e. ;
Rated 900W || Rated 1,100W|| Rated 400w found by dividing the resistance of one resistive
_at120v. || ©at120v. || at120V, clement by the total number of resistors in parallel.
Determine the total power of the branch circuit.
Formula: P= |2 xR Copyright 2003 Mike Holt Enterprisas, inc. Example A
I = Current of each branch, R = resistance of each branch . ) .
Pof Ry = 7.50A2x 16 ohms = 900W The total resistance of three 10€) resistors in par-
PofRy = 9.17A2 x 13 ohms = 1,100W allel is . Figure 11-10
PofR3 = 3.33A2x 36 ohms = 400W
Total wattage = 2,400W (a) 100) (b) 200
(c) 30Q (d) none of these
Figure 11-8
g * Answer: (d) none of these
71.3 Circuit Resistance _ Resistance of One Resistor
Calculating total circuit resistance is different in T~ Number of Resistors
parallel and series circuits. In a series circuit,
resistance total is equal to the sum of resistances, 100}
Figure 11-9A. In a parallel circuit, the total circuit Ry = 3

resistance is always less than the smallest resist-

ance. Figure 11-9B Ry =3.330

Basic Electrical Theory Mike Holf Enterprises, Inc. e wwv.NEGcode.com 1.888.NEC.Code
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Calculating Parallel Resistance R
Equal Resistors in Paraliel

N
)
@ AR A s |
| Rr-= 10 ohms = 3.33 ohms
(,\’1 R1| R2 | R3 b 3 resistors
! I Copyright 2003 Mike Holt Enlerprisas, Inc
Figure 11-10
Example B

The total resistance of ten 10} resistors in parallel
is

(a) 10Q)
(c) 500

* Answer: (d) none of these

(b) 10002
(d) none of these

R = Resistance of One Resistor
! Number of Resistors

100)
Rr="10
RT = IQ

Product-Over-Sum Method

This method is used to calculate the resistance of
two resistances at a time:

R; x R, (product)

RT =
R; + R, (sum)

AUTHOR’S COMMENT: The term “product” means
the answer obtained when numbers are multi-
plied. The term “sum” means the answer obtained
by adding a group of numbers.

1/BBBMNEC Code

c_hap_t_er 3—Basic Electrica_l Circuits

Example

The resistance of a 900W coffee pot is 16£) and
the resistance of a 1,100W skillet is approxi-
mately 13(); the appliances are connected in par-
allel. What is the total resistance of the two appli-
ances? Figure 11-11,A and B

(a) 16()
(c) 290

* Answer: (d) 7.2Q)

The total resistance of a parallel circuit is always
less than the smallest resistance.

(R1 X Rz)
T (R, +Ry

(b) 13Q)
(d) 7.20

(16 x 13)
Rr="(16+13)

RT = 7.209

The “product-over-sum” method can be used to
determine the resistance total for more than two
resistors in a parallel circuit, but only two resis-
tors can be dealt with at a time. If more than two
resistances are in parallel, the “product-over-sum”
method must be applied several times, each time
considering the equivalent resistance of the last
two resistances looked at as a “new” resistance for
the equation.

Calculating Parallel Resistance
“Product-Over-Sum" Method

—
<)
> 0
b—\
1
[#3]
25
=

| @
@J_

1

(@
I\) -n“l‘i.,i 81] i
[ I

Figure 11-11

BasicElectrical{Theory) § m

R+ = 720 KE_G_?: E
7.20 + 360

Copyright 2003 Mike Hall Enterprisss, Inc
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Example

What is the total resistance of a 16£2, 130}, and
3642 resistor connected in parallel? Figure 11-12

(a) 430} (b) 65Q
(c) 62 (d) 260

* Answer: (c) 60)

The 16 and 13() resistors are treated as an “equiv-
alent” single resistor of 7.20) (previous example).
The resistance of the circuit would be calculated
as follows: Figure 11-12, B and C

Ri>x Ry

Tasa =N o
RI,ZX R3

72x 36
R =33x3%
RT = 6Q

Calculating Parallel Resistance
"Product-Over-Sum" Method

| @

P R R R

) 160 130 360 ]
[ 1

[@

A R3

(i\,\‘R _ 16Q x 130 _ 360

[_T 16Q+130

,\I/@ RiR2Rgl| g _720x36Q _
| ' 6Q ‘U 7.20Q + 36Q

I Copyright 2003 Mike Holt Enlerprises, Inc

Figure 11-12

AUTHOR’S COMMENT: The answer must be less
than the smallest resistor of the circuit (139)).

H

' Basic Electrical Theory,

Mike Holt Enterprises, Inc. « wiww.NECcode.cony e 1.888.NEC.Code
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Reciprocal Method

The advantage of the “reciprocal” method in
determining the total resistance of a parallel cir-
cuit is that this formula can be used for as many
resistances as the parallel circuit contains.

1
K= (g, + g, + g, )

Example

What is the resistance total of a 16€), 130}, and
36() resistor connected in parallel?

(a) 130 (b) 1602
() 36Q ) 60
* Answer: (d) 6Q)

1
Rr=(/,,0+ 1,0+ 1/3600)

1
R = (0.06250 +0.0769Q + 0.02780))

1
Rr=10.16720)

RT = 6\0'

11.4 Parallel Circuit Notes
A parallel circuit has the following characteristics:

Note 1: Resistance total is less than the smallest
resistance and you can find total resist-
ance in a parallel circuit with the fol-
lowing formula:

1
(fg,+ Vg, + g, ..

RT =

Note 2: The sum of the currents through each path
is equal to the total current that flows
from the source.

Note 3: Power total is equal to the sum of the
branches’ powers.




Unit 11—Paralle] Circuits

Note 4: Voltage is the same across each compo-
nent of the parallel circuit.

Note 5: A parallel circuit has two or more paths
for current to flow through.

11.5 Parallel-Connected Power Supplies

When power supplies are connected in parallel,
the voltage remains the same, but the current, or
in the case of batteries the amp-hour capacity, will
be increased. To place batteries in parallel to each
- other, connect them with the proper polarity,
which is (+) to (+) and (=) to (-). Figure 11-13A

AUTHOR’S COMMENT: When jumping a car bat-
tery, place the red cables on the positive (+)
terminals and the black cables on the negative (-)
terminals. Figure 11-13B

Batteries are often connected in parallel in radios,
toys and other appliances that operate on dc
power. Figure 11-13C

Chapter 3—Basic Electrical Circuits

Parallel Power
Supplies (Batteries)

dncy e wiwwNECCode.com » 1,888 NEC,Code.

Copyright 2003
Mike Holl Enterprisss, Inc

Figure 11-13
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Introduction

“Parallel” is a term used to describe a method of
connecting electrical components so that there are
two or more paths on which current flows. The
total resistance of a parallel circuit is always less
than any of the branch resistances. Adding more
parallel resistances to the paths cause the total
resistance in the circuit to decrease,

11.1 Practical Uses

For most purposes, parallel circuits are used for
building wiring. The major advantage of a parallel
circuit is that if any one branch of the circuit is
opened or turned off, the current will continue to
provide power on the remaining part of the circuit.

Parallel circuits (open-loop systems) are often
used for fire alarm pull stations and smoke detec-
tors. If any initiating device (pull station or smoke
detector) closes, the signal circuit is complete and
the alarm will sound.

11.2 Understanding Parallel Calculations

It is important to understand the relationship
between voltage, current, power, and resistance of
a parallel circuit.

Voltage

In a pure parallel circuit, the voltage drop across
each resistance is equal to the voltage supplied by
the power source.

Kirchoff’s Current Law

In a parallel circuit, current from the power source
will branch in different directions and magnitudes.
The current in each branch is dependent on the
resistance of each branch. Kirchoff’s Current Law
States that the total current provided by the source
to a parallel circuit will be equal to the sum of the
currents of all of the branches.

Basic Electrical Theory

Unit 11 Summary

Mike Holt Enterprises,

_ Uit {1 —Paralle] Circ:

Power

The total power consumed in a parallel circuit will
equal the sum of the branches’ powers.

11.3 Circuit Resistance

In a parallel circuit, the total circuit resistance is
always less than the smallest resistance. There are
three basic methods of calculating the total resist-
ance of a parallel circuit: the Equal Resistance
method, the Product-Over-Sum method, and the
Reciprocal method.

Equal Resistance Method

When all the resistances of the parallel circuit
have the same resistance, the total resistance is
found by dividing the resistance of one resistive
element by the total number of resistors in par-
allel.

Product-Over-Sum Method

The “product-over-sum” method can be used to
determine the resistance total for more than two
resistors in a parallel circuit, but only two resis-
tors can be dealt with at a time. If more than two
resistances are in parallel, the “product-over-sum”
method must be applied several times, each time
considering the equivalent resistance of the last
two resistances looked at as a “new” resistance for
the equation.

R, x R, (product)
R; +R, (sum)

RT =

Reciprocal Method

The advantage of the “reciprocal method” in
determining the total resistance of a parallel cir-
cuit is that this formula can be used for as many
resistances as the parallel circuit contains.

Inc, e www.NECcode.com e 1.888.NEC.Code
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1
Re= (g + v + Ug, )

11.4 Parallel Circuit Notes
A parallel circuit has the following characteristics:

Note 1: Resistance total is less than the smallest
resistance.

Note 2: The sum of the currents through each path
is equal to the total current that flows
from the source.

Note 3: Power total is equal to the sum of the
branches’ powers.

Chapter: 3—Basic Electrical Circuits

Note 4: Voltage is the same across each compo-
nent of the parallel circuit.

Note 5: A parallel circuit has two or more paths
for current to flow through.

11.5 Parallel-Connected Power Supplies

When power supplies are connected in parallel, the
voltage remains the same, but the current or amp-
hour capacity will be increased. To place batteries
in parallel to each other, connect them with the
proper polarity, which is (+) to (+) and (=) to (-).

Unit 11 Conclusion

You’ve now studied series circuits and parallel circuits.
While it’s important to understand both kinds of circuits,
their applications, and calculations involving them, you
need to take this knowledge to the next level. You need to
understand circuits that combine series and parallel. After
you work through the parallel circuit problems, we’ll look
at those combination circuits.

Words to Live By: Sometimes we are so busy adding up our troubles that we forget to count our

blessings.

Mike Holt Enterprises, Inc. « www.NECcode.com o

1,888.NEC.Code,
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Unit 11 Practice Questions

Introduction

1. A parallel circuit is a circuit where there are two or more paths on which current may flow.

(a) True (b) False

11.2 Understanding Parallel Calculations

2. In a parallel circuit, the voltage drop across each resistance is equal to the sum of the voltage drops
of each of the resistors in parallel.

(a) True (b) False

3. According to Kirchoff’s Current Law, the total current provided by the source to a parallel circuit will
equal the sum of the currents of all of the branches.

(2) True (b) False

4. The total power consumed in a parallel circuit equals the sum of the branches’ powers.

(a) True (b) False

11.3 Circuit Resisiance

5. In a parallel circuit, the total circuit resistance is always greater than the smallest resistance.

(a) True (b) False

6. The total resistance of a parallel circuit can be calculated by the method.

(a) equal resistance (b) product-over-sum  (c) reciprocal (d) any of these

7. According to the equal resistance method, when all the resistances of the parallel circuit have the
same resistance, divide the resistance of one element by the largest resistor in parallel.

(a) True (b) False

8. The product-over-sum method is used to calculate the resistance of resistance(s) at a time.

(a) one (b) two (c) three (d) four

Mike Holt Enterprises, Inc, o www . NECGcode.cont « 1.888.NEC.Code
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9. The advantage of the reciprocal method is that the formula can
parallel circuit contains.

(a) True (b) False

be used for as many resistances as the

11.5 Parallel-Connected Power Supplies

10. When power supplies are connected in
hour capacity will be increased.

(a) True (b) False

parallel, the voltage remains the same, but the current or amp-

IKEo|E Enterprises, Inc. « www,NECcode.cam o 1-888.NEC.Code
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Series-Parallel
Circuits

- T ———.

2 —e—
>

' prevails. Figure 12—1

A series-parallel circuit is a circuit that con-
tains some resistances in series and some in
parallel to each other. That portion of the
series-parallel circuit that contains resist-
ances in series must comply with the rules for
series circuits. That portion of the series-
parallel circuit that contains resistances in
parallel must comply with the rules for
parallel circuits. In all cases, however, it’s
good to remember that Ohm’s Law always

Series - Parallel Circuits
A - =

A

b v
}\._ §|
~ > Resistors | pd
) LA T E‘l Series [ T
-
) ) 2| Paaler |
' i | Resistors |

Copyright 2001 Mlke Hall Enlerprisas, inc.

Figure 12-1

flike Holt Enterprises, Inc. = wwn

= 1.838N

12.1 Review of Series and Parallel Circuits
To understand series-parallel circuits, we must
review the rules for series and parallel circuits.
Series Circuit Review, Figure 12-2

Note 1: The total resistance of the series circuit is
equal to the sum of all of the resistances

of the circuit,
Note 2: Current is constant.

Note 3: The sum of the voltage drop of all resist-
ances must equal the voltage of the source.

Note 4: The sum of the power consumed by all
resistances equals the total power of the

circuit.

EC.Code Basic Electrical Theory,
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Amps Series Circuit Review
Aq Ry
L % ] =
Vi Vv
Vo Volts 2
) Volts R
/ 2 2
Amps R V3
Az
o ‘/\Rs

Series Circuit:
* Resistance is additive, R1 + R2 + Ra...
» Current remains the same
¢ Voltage is additive

Voltage Source (Vg) = V1 + V2 + V3...
» Power is additive, Py + P2 + P3...

Copyright 2003
Mike Holl Entarprises, Inc

Figure 12-2

Parallel Circuit Review, Figure 12-3

Parallel Circuit Review

g NN
| Branch 1| | Branch 2 |

Parallel Circuit:
* Resistance is less than the smallest resistor.
¢ Current is additive.

* Power is additive.

* Voltage is constant.

* Multiple paths for current to flow.

Figure 12-3

Note 1: Resistance total is less than the smallest
resistance and you can find total resist-
ance in a parallel circuit with the fol-
lowing formula:

1
(g, + Vg, + Vg, )

RT=

Note 2: The sum of the currents through each path
is equal to the total current that flows
from the source.

Ilel Circuits

o I R LT e N R

Note 3: Power total is equal to the sum of the
branches’ powers.

Note 4: Voltage is the same across each compo-
nent of the parallel circuit.

Note 5: A parallel circuit has two or more paths
for current to flow through.

12.2 Working Series-Parallel Circuits

When working with series-parallel circuits, it is
best to redraw the circuit so you can see the series
components and the parallel branches. Each circuit
should be examined to determine the best plan of
attack—some turn out to be easier to analyze if
you tackle the parallel elements first and then com-
bine them with the series elements. Figure 12—4

Working Series-Parallel Circuits

Rq =0.05Q R3 = 0.05Q
| Rg=0.05Q g b |
A% ) 2 R Ry 2
' 16Q 13.09Q
Rg = 0.05Q Rs = 0.05Q

R1, R3, RS, and R6 are each 25 ft of 12 AWG, 0.05 ohms
NEC Chapter 9, Table 9 per ft resistance:
2 ohms/1,000 ft x 25 ft = 0.05 ohms per 25 ft.

Ry is a coffee pot rated 900W at 120V
R2 = E2/P = 120V2/900W = 16 ohms

Ry is a skillet rated 1,100W at 120V

R4 = E2/P = 120V2/1,100W = 13.09 ohms

Figure 12-4

Other circuits are best worked by combining
series elements first and then combining the result
with the parallel resistances. In Figure 12-4, the
series combination of R, Ry, and R, is the first
step.

Copyright 2003
Mike Hatt
Entesprisea, inc,

Step 1 Series: Determine the resistance total of
each series branch using the formula:

R; Conductor (25 ft of 12AWG) =  0.05Q
R, Skillet (1,100W) = 13.09Q
R Conductor (25 ft of 12 AWG) = _0.05Q

13.19Q

Basic Electrical Theory
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The circuit can now be redrawn showing the rela-
tionship between the two conductors and the two
parallel branches. Figure 12-5B

Step 2 Parallel: Determine the resistance total of
the two parallel branches. Figure 12-5B

AUTHOR’S COMMENT: The resistance total of the
two branches will be less than that of the smallest
branch (13.19Q). Since we are only trying to
determine the total resistance of two parallel
branches, the Product-Over-Sum method can
determine the resistance.

(Ra X Rags)

R Total = ——————
ota Ry +Ry45)
(160 x 13.190)
Total =
RTotal = ~1ea+ 13.19Q)
R Total = 7.23()

Calculating Series - Parallel Circuit Resistance

VA Series
R1 R3 Resistance
Total
‘AR R R-L_" Rz = 0.05Q
)R @ 2 4 | Ry = 13.000
Rs | [R5 =_0.05Q
3 13.19Q

Parallel

Resistance
R2  R34s Total

('V : ) Ro @ -]ES__________‘_IS_-'IQQ S R2.3.4.5 =

| [

R of Ry and Rg.q.5 = (169X 13.199Q) _ 2110 _, o0
Ot R2 andR3-4-5 (16Q+13.190) 20.190

Copyright 2003

Calculation continued, in next Figure. e et

Figure 12-5

|keHolt Enterprlses lnc « W, NEGcode com|

* 1.888.MEC.Code.
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AUTHOR’S COMMENT: When working series-par-
allel circuits, keep breaking the circuit down from
series to parallel to series to parallel, etc., until you
have only one resistance. Figure 12-6

Calculating Series - Parallel Circuit Resistance

‘ﬁ —_— — — -
Rq =0.05Q J Ro, Power Supply = 0.05Q
4 Ro = R2.3.4.5 21, 12 AWG = gggg
M 7.23Q 2-3-4-5 =T
- 0.05Q Rg, 12 AWG = 0.05Q
Re = 0.05Q Resistance Total = 7.38Q
vh— s — ——— — -
it R
A ~' RT=7.380
~N & £
Mike ﬁ:lrt‘yEﬁﬂm::':r?&s, Inc

Calculation continued from last Figure.

Figure 12-6

12.3 Voltage

Even though the current is different in the dif-
ferent resistors, remember that Ohm’s Law always
works. Every complicated problem is really just a
series of easy problems that are waiting to be
worked out. To calculate the voltage of each
resistor, simply consider each one on a case by
case basis and multiply its value by the current
flowing through it.

AUTHOR'S COMMENT: Determining the current
flowing through each resistor is very complicated
and beyond the scope of this textbook.

ltm
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Introduction

A series-parallel circuit is a circuit that contains
some resistances in series and some in parallel to
each other. That portion of the series-parallel cir-
cuit that contains resistances in series must
comply with the rules for series circuits. That por-
tion of the series-parallel circuit that contains
resistances in parallel must comply with the rules
for parallel circuits.

12.1 Review of Series and Parallel Circuits

Series Circuit Review

Note 1: The total resistance of the series circuit is
equal to the sum of all of the resistances
of the circuit.

Note 2: Current is constant.

Note 3: The sum of the voltage drop of all resist-
ances must equal the voltage of the
source.

Note 4: The sum of the power consumed by all
resistances equals the total power of the
circuit.

Parallel Circuit Review

Note 1: Resistance total is less than the smallest
resistance and you can find total resistance
in a parallel circuit with the following for-
mula:

1

RT=

(g, + Uy, + Vg, )

12 Summary

Note 2: The sum of the currents through each path
is equal to the total current that flows
from the source.

Note 3: Power total is equal to the sum of the
branches’ powers.

Note 4: Voltage is the same across each compo-
nent of the parallel circuit.

Note 5: A parallel circuit has two or more paths
for current to flow through.

12.2 Working Series-Parallel Circuits

When working with series-parallel circuits, it is
best to redraw the circuit so you can see the series
components and the parallel branches. When
working series-parallel circuits, keep breaking the
circuit down from series to parallel to series to
parallel, etc., until you have only one resistance.

12.3 Voltage

Even though the current is different in the dif-
ferent resistors, remember that Ohm’s Law always
works. Every complicated problem is really just a
series of easy problems that are waiting to be
worked out. To calculate the voltage of each
resistor, simply consider each one on a case by
case basis and multiply its value by the current
flowing through it.
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g Unit 12 Conclusion

-

You may recall from Unit 1 that when ele-
ments combine to form compounds, the
result is something that has the character-
istics of neither element. In a mixture, on
the other hand, the elements retain their

S
&

o = individual characteristics. As you can see,

N series-parallel circuits act like mixtures.
~ You can separate out the individual series
'\'\\? & and parallel circuits.

_‘.l.

Words to Live By: The trouble with the guy who talks too fast is that he often says something he hasn’t
thought of yet.

IXE Holt Enterprises, Inc. = www.NECcode.cont = 1,883 NEC.Code
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Unit 12 Practice Questions

Introduction

1. A is a circuit that contains some resistances in series and some resistances in parallel with each
other.
(a) parallel circuit (b) series circuit (c) series-parallel circuit (d) none of these

2. That portion of the series-parallel circuit that contains resistances in series must comply with the rules
for series circuits.

(a) True (b) False

3. That portion of the series-parallel circuit that contains resistances in parallel must comply with the
rules for parallel circuits.

(a) True (b) False

12.2 Working Series-Parallel Circuits

4. When working with series-parallel circuits, it is best to redraw the circuit so you can see the series
components and the parallel branches.

(a) True (b) False

Basic Electrical Theory Mike Holt Enterprises, Inc. » www.NECcode.com « 1.888.NEC.Code




Multiwire
Circuits

Introduction

1 B 0 Understanding series, parallel, and series-parallel circuits is the founda-
tion for understanding multiwire circuits. A multiwire circuit is a circuit
consisting of two or more ungrounded conductors (hot wires) that have a
“lls L voltage between them, and an equal

: ) ' ! ' voltage between each ungrounded con-
ductor and the grounded (neutral) con-
ductor. A typical 3-wire, 120/240V,
single-phase (1) circuit is an example.
Figure 13-1

. o 13.1 Neutral Conductor
Multiwire Branch Circuit

Conductor Voltage Refationships According to the IEEE Dictionary, a neutral con-
ductor is the conductor that has an equal potential
difference between it and the other output conduc-
tors of a 3- or 4-wire system. Therefore, a neutral
conductor would be the white/gray wire from a 3-
wire, 120/240V, single-phase (19), or a 4-wire,
120/208V, three-phase (3() system. Figure 13-2

Ef Grounded Conductor
L L

5 120V R AUTHOR’S COMMENT: Since a neutral conductor
A 240V | bt can only be from a 3- or 4-wire system, the white
2 120V - ’
e\u wire of a 2-wire, 120V, single-phase or 4-wire,
I T 120/240V, three-phase high-leg delta system is
Figure 13-1 not a neutral conductor—it’s a grounded con-
) ductor. Figure 13-3

.;1“!‘;1 e -
- _,'_" H“'t.l'_n_s_e_s,_', Inc, = www.NECcode.com « 1.888.NEC.Code Basic Electrical Theory. M




Neutral Conductor - IEEE Definition

A neutral conductor has an equal potential between
it and all ungrounded conductors of the system.

o Ilfn R T
480V 5&#—\— White . | This grounded
H2 xp 120V — conductor is a
Lh X2 Red  neutral conductor,
= L2 ' .
r— Black

& x2 120v This grounded

XW L2 qu_ ~ conductoris a
120V / | neutral conductor.

——="White

120v
X3 COPYRIGHT 2003
= & . L3 Blue Miks Hont Entorprses. Inc
Figure 13-2

Grounded Conductor - Not a Neutral Conductor

A 2-wire system or circuit cannot have a “neutral”
conductor because it is not a 3- or 4-wire system.

Grounded Conductor
(Not a Neutral)

Orange mflu zm-;'-.;m.fmc

L2

Not a “neutral” because there is not an equal potential
between it and the other ungrounded conductors.

Figure 13-3

13.2 Grounded Conductor

The grounded conductor, according to the NEC, is
a conductor that is intentionally grounded. In the
case of home wiring (3-wire, 120/240V, single-
phase), the grounded conductor is often called the
neutral conductor, and it will be either white or
gray in color in accordance with the National
Electrical Code.

AUTHOR’S COMMENT: For convenience, | will
refer to the neutral and the grounded conductor as
the grounded (neutral) conductor,

| Basic Ele_ctrical'-'rheory

Mike Holt Enterprises, Inc,

13.3 Current Flow on the Grounded
(Neutral) Conductor

To understand the current flow on the grounded
(neutral) conductor, review the following circuits.

2-Wire Circuit

The current flowing in the grounded (neutral) con-
ductor of a 2-wire circuit will be the same as the
current flowing in the ungrounded (hot) con-
ductor. Figure 13-4

2-Wire Circuit
Current on Grounded Conductor

The current flowing in the grounded (neutral)
conductor will be the same as the current in
the ungrounded (hot) conductor.

COPYRIGHT 2003 Mrke Holl Enterprises, inc

Figure 13-4

3-Wire, 120/240V, Single-Phase Circuit

The current flowing in the grounded (neutral) con-
ductor of a 3-wire, 120/240V, single-phase circuit
will equal the difference in current flowing in the
ungrounded conductors (Iy = I 0, — Iy 5,00). Figure
13-5

3-Wire 1-Phase Circuit
Current on Grounded Conductor

COPYRIGHT 2003 Mike Holt Entepnsas, Inc

The current flowing in the grounded (neutral)
conductor will be the difference between the
current flowing in Line 1 and Line 2.

Figure 13-5

s v NECCcode.com » 1 888.NEC.Code
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The current on the grounded (neutral) conductor
is equal to the difference in ungrounded conductor
current because at any instant the currents on the
two ungrounded conductors oppose each other.

Figure 13-6

Neutral Current on Multiwire Circuits

Correct Connéction l_\
20A-15A=5A __j'-l‘:qN = 5A

E i'_; L2
LT.EI o J20A319A

i
m:

A

COPYRIGHT 2003 Mike Holt Enterprises, Inc

Currents on the grounded (neutral) conductor cancel
because the current flowing through the grounded
(neutral) conductor at any instant from the two phase
conductors oppose each other.

Figure 13-6

CAUTION: If the ungrounded conductors of a
multiwire circuit are not terminated to dif-
ferent phases, the currents on the
ungrounded conductors will not cancel, but
will add on the grounded (neutral) conductor.
This can cause the neutral current to be in
excess of the grounded (neutral) conductor
rating. Figure 13-7

Caution - Connection of Ungrounded Conductors
of Multiwire Circuit

DANGER -
Improper Connection -
20A + 15A = 35A [

Ezji?%15A

L1
B b Rl -
'

L
- Ae

COPYRIGHT 2003 Mike Holt Enlerprises, Inc

If the ungrounded conductors of a multiwire circuit are
not terminated to different phases, the current on the
grounded (neutral) conductor will add instead of cancel,
which can overload the grounded (neutral) conductor.

Figure 13-7

AUTHOR’S COMMENT: This is one reason white
neutral conductors sometimes turn brown or
black.

. Ghapter. 3—Basic Electrical Circuits’

13.4 Balanced Systems

If the current in each ungrounded conductor of a
multiwire circuit is the same, the grounded (neu-
tral) conductor will carry OA. This applies to 3-
wire, 120/240V, single-phase and all three-phase
circuits, regardless of configuration or voltage.
Figure 13-8

Balanced Systems

120/208V or
A4 I sl 2 L1 277/480V
20A 7 20
T B
20A 2
i3 20A

If the current flow in each line of a multiwire circuit is
the same, the grounded (neutral) conductor will carry
zero amperes.

COPYRIGHT 2003 Mia Holt Enlarprises, inc.

Figure 13-8

13.5 Unbalanced Current

The current flowing on the grounded (neutral)
conductor of a multiwire circuit is called “unbal-
anced current.”

3-Wire, 120/240V, Single-Phase Circuit

The neutral conductor of a 3-wire, 120/240V,
single-phase circuit will only carry current when
the current on the ungrounded conductors is not
identical. The unbalanced current is equal to: I ;.
— I jpe0- Figure 13-9

Unbalanced 120/240V 3-Wire Circuit

~L2=15A

COPYRIGHT 2003 Mike Holt Enierprises, Inc

The grounded (neutral) conductor of a 3-wire
120/240V circuit will carry current only when the
ungrounded conductors do not have identical

current flow. The unbalanced current is the difference
between line 1 and line 2.

Figure 13-9
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3-Wire Circuit from a 4-wire, Three-Phase System

The grounded (neutral) conductor of a 3-wire,
120/208V or 277/480V, three-phase circuit from a
4-wire, three-phase system will always carry neu-
tral current. The current on the grounded (neutral)
conductor of a 3-wire circuit supplied from a 4-
wire, three-phase system is determined by the fol-
lowing formula:

IN=V(L1Z + 122 + L3%) — [(L1 xL2) + (L2xL3) + (L1x L3)]

Example

What is the neutral current for a 3-wire, 120/208V,
single-phase circuit, if each ungrounded conductor
carries 20A, and the circuit is supplied from a 4-
wire, 120/208V, 3@ system? Figure 13-10

(a) 80A (b) 100A
(c) 20A (d) 0A

» Answer: (c) 20A

IN=\/(_202+202+0) — 202+ 0+ 0)

Iy = V400
Iy = 20A

Unbalanced Current - 3-Wire Circuit on 4-Wire System

L1 Wye System - Unbalanged
i
L2 120
. A2 Amps

~

20
ol
0 Neutral
Conductor

Copyright 2003
Mike Holt Ertrprises, Inc

The_neutral of a 3-wire circuit from a 4-wire wye system
carries about the same current as the phase conductors.

In=y (L12 + 122 +1L32) - [(L1 x L2) + (L2 X L3) + (L1 x L3)]
In=v (202 + 202 + 02) - [(20 x 20) + (20 x 0) + (20 x O)]
in =/ (400 + 400 + 0) - (400 + 0 + 0)

In =/ 800 - 400 In =/ 400 IN= 20A
Figure 13-10

Basic Elecrical T

Unit 13—Multiwire Circuits,

4-Wire, Three-Phase Circuit

The neutral conductor of a 4-wire, 120/208V or
277/480V, three-phase system will have neutral cur-
rent when the ungrounded conductors are not iden-
tically loaded. The current on the grounded (neutral)
conductor of a 4-wire circuit supplied from a 4-wire
system is determined by the following formula:

IN=\/(L12 +L22+ L3% - [(L1xL2)+ (L2xL3) + (L1xL3)]

Example

What is the neutral current for a 4-wire, 120/208V,
3@ circuit, if Line 1 = 100A, Line 2 = 100A and
Line 3 = 50A? Figure 13-11
(a) 50A
(c) 125A

» Answer: (a) 50A

IN=\/([002 ¥ 100% + 50%) — (100 X 100 X 100 X 50 + 100 X 50)
Iy = V2500
Iy = 50A

(b) 100A
(d) OA

Neutral Current - 4-Wire Wye Circuit
Unbalanced Wye 4-Wire Circuit (Linear Loads)

L2

L1 A1 Ay
3 @ 5 100A 100A
50A 'N =50A
L1~ L2=
= 100A 100A
A3 Mike ﬁgnpygﬂm;. Inc. L3 = 50A

IN=JL12 + L22 + L3?) - [(L1 x L2) + (L2 x L3) + (L1 x L3)]

IN=./22,500-20,000 IN=./2500 IN=50A
Figure 13-11

13.6 Multiwire Branch Circuit

Multiwire branch circuits are more cost-effective
than 2-wire circuits in that they have fewer con-
ductors for a given number of circuits, whict
enables the use of a smaller raceway. In addition
multiwire branch circuits result in lower circui

voltage drop.

.NECCode.com)*1.888.NEC,
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Reduced Number of Conductors. Instead of
four conductors for two 2-wire circuits, three con-
ductors can be used with single-phase wiring, and
instead of six conductors for three 2-wire circuits,
four conductors can be used with three-phase
wiring.

Reduced Raceway Size. If the number of circuit
conductors is reduced, the size of the raceway can
often be reduced. Reducing the number of con-
ductors and installing a smaller raceway is very
cost-effective. The cost savings include the mate-
rial and labor, as well as overhead.

Reduced Circuit Voltage Drop. The voltage drop
of the circuit conductors is dependent upon the
magnitude of current and conductor resistance:
Eyp=1xR.

2-Wire Circuit Voltage Drop

A typical 2-wire circuit will have current flow
over both the ungrounded and grounded (neutral)
conductors. Therefore, the circuit voltage drop
includes the voltage drop of both conductors.

Example

What is the voltage drop of two 12 AWG conduc-
tors, each 75 ft long, supplying a 2-wire, 20A
load? Figure 13—-12

(a) 2V
(c) 3V

* Answer: (d) 6V
Eyp=IxR
I=20A

202 per 1,000 ft

= 1,000
R =0.30Q
Eyp = 20A x 0.30Q
Eyp =6V

(b) 4V
(d) 6V

X 75 ft x 2 wires

Ryt gty a7

i = LN S R S S

S NECCOE COm 2 BBBNEC/Cote )
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Wye System Voltage Drop

L1
114
Circuit R 4ol
. 1 120V &\ ‘-‘ 20A
N
A |
L2
[114]
[Eircuitm s ey
120V 20A
Volis
N
L3
Volts
Circuit oV o .
‘_3
Volis
N Mike Hoh Eetormsens, o,
A
Figure 13-12

Multiwire Gircuit Voltage Drop

A balanced 3-wire, single-phase or 4-wire, three-
phase multiwire branch circuit will have current
flow only on the ungrounded circuit conductors.
Therefore, the circuit voltage drop only includes
the voltage drop of one conductor.

Example

What is the circuit voltage drop over each line
conductor of a balanced 4-wire multiwire circuit?
Each conductor is 12 AWG, 75 ft long, supplying
a 20A load. Figure 13-13

(a) 2V
(c)3v

* Answer: (¢) 3V

The grounded (neutral) conductor in a balanced 4-
wire system effectively has OA of current flow
(the three return currents cancel each other out
because of their phase relationship). Thus, by
Ohm’s Law, the voltage drop over this conductor
is OV. The remaining phase conductor voltage
drop can be calculated as follows:

(b) 4V
d) 6V




R = 28 per 1,000 ft

x 75 ft x 1 wire

1,000
R =0.15Q
Eyp = 20A x 0.15Q
Eyp = 3V

Balanced Multiwire Circuit - Voltage Drop
Balanced 4-Wire 120/208V Multiwire Circuit

L1
L"‘} {’(L'z 12AWG each 751t 0, %ZOA
£% o

20A

§L3 COPYRIGHT 2003 Mike Holl Enterprises, Inc.

The grounded (neutral) conductor in a balanced 4-wire
system effectively has no current flow. Thus, the voltage
drop on the grounded (neutral) conductor is 0V. The
remaining phase conductor voltage drop can be
calculated as follows:

Evb = IR, | = 20A,
R = 2 ohms per 1,000 ft = 0.15 ohms for 75 ft
Evp = 20A x 0.15 ohms = 3 volts dropped

Figure 13-13

13.7 Dangers of Multiwire Circuits

As in life, there are no benefits without risk. Yes,
multiwire circuits offer fewer conductors, reduced
raceway size and voltage drop; however, improper
wiring or mishandling of multiwire circuits can
cause a fire hazard because of conductor over-
loading and/or the destruction of equipment con-
nected because of over, as well as under, operating
voltage.

Fire Hazard

Failure to terminate the ungrounded conductors to
separate phases could cause the grounded (neu-
tral) conductor to become overloaded from exces-
sive neutral current, and the insulation could be
damaged or destroyed. Conductor overheating is
known to decrease insulating material service life,
potentially resulting in a fire from arcing faults in

|
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hidden locations. We do not know just how long
conductor insulation will last, but heat does
decrease its life span. Figure 13-14

Fire Hazard

| |
Overioad on Neutra DANGER

Improper Connection
20A + 15A = 35A

, Correct Connection -
| 20A-15A=5A
o

|'f

i /L2

COPYRIGHT 2003 Mike Holt Enterprises, Inc,

Failure to terminate the ungrounded (hot) conductors
to different phases can cause the grounded (neutral)
conductor to be overloaded, which can cause a fire.

Figure 13-14

Destruction of Equipment as Well as Fire Hazard

The opening of the ungrounded or grounded (neu-
tral) conductor of a 2-wire circuit during the
replacement of a device does not cause a safety
hazard, so pigtailing of these conductors is not
required.

If the éontinuity of the grounded (neutral) con-
ductor of a multiwire circuit is interrupted (open),
there could be a fire and/or destruction of elec-
trical equipment resulting from overvoltage or
undervoltage.

Example:

A 3-wire, 120/240V circuit supplies a 1,200W,
120V hair dryer and a 600W, 120V television. If
the grounded (neutral) conductor is interrupted,
it will cause the 120V television to operate at
160V and consume 1,067W of power (instead of
600W) for only a few seconds before it burns up.
Figure 13-15




Step 1 Determine the resistance of each appli-

Unit 13—Multiwire Circuits

ance, R = E2/P.
Hair Dryer
120V2
R =1 200w
R =12Q)
Television
120V2
R=———-
600W
R =24Q)
Step 2 Determine the current of the circuit.
E
" R
1 240V
(1202 + 24€)
[=6.7A
Step 3 Determine the operating voltage for each

appliance, E =1 x R.

Hair Dryer Operates at = 6.7A x 120}
Hair Dryer Operates at = 80V

Television Operates at = 6.7A x 24}
Television Operates at = 160V

Danger of Open Neutral
on a Multiwire Circuit

—

[ Okay I A -
8 A ——— Parallel Circuit
o BT v Resistance of
24(15@ hair dryer = 12 ohms
H.D.q: V2
1203 &, Resistance of
- television = 24 ohms

|

| 129.:MV1 £
et '=

_f'_‘i g (. 240V

COPYRIGHT 2003 Mike Hoit Enlerprises, Inc.
\ -

H 1200W J Proper . Hai':"gryer
120V | Hair Dryer || /1 Connection sov
240V — = 240V
| ooow Open oy
120V
TV 160V
oA v ! Neutral 03 l ._'1_30

Series Circuit
Voltage drop of

hair dryer = 80V
Voltage drop of
television = 160V
Power consumed by
hair dryer = 533W
Power consumed by
television = 1,067W

L1
{2 [ = =

v
24Q
H.D

Open Neutral Series Circuit

Figure 13-15
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13.8 NEG Requirements

Because of the dangers associated with an open
grounded (neutral) conductor, the NEC specifies
that the continuity of the grounded (neutral) con-
ductor cannot be dependent upon any wiring
device. In other words, the grounded (neutral)
conductors of a multiwire circuit should be
spliced. together, and a wire brought out to the
device. This way, if the receptacle was removed, it
would not result in an open grounded (neutral)
conductor. Figure 13~16

Splicing Grounded (Neutral) Conductors
of Multiwire Circuit

Pigtail required
for neutral.

This portion of the circuit
is not a multiwire circuit.

Pigtails are not required
for any of the conductors.

COPYRIGHT 2003
Mike Holt Enterprisas, Inc.

Because of the dangers associated with an open
grounded (neutral) conductor, the NEC specifies that
the grounded (neutral) conductors of a multiwire
circuit be spliced together.

Figure 13-16




Introduction

Understanding series, parallel, and series-parallel
circuits is the foundation for understanding multi-
wire circuits,

A multiwire circuit is a circuit consisting of two
or more ungrounded conductors (hot wires) that
have a voltage between them, and an equal voltage
between each ungrounded conductor and the
grounded (neutral) conductor.

13.1 Neutral Conductor

According to the IEEE Dictionary, a neutral con-
ductor is the conductor that has an equal potential
difference between it and the other output conduc-
tors of a 3- or 4-wire system.

13.2 Grounded Conductor

The grounded (neutral) conductor, according to
the NEC, is a conductor that is intentionally
grounded to the earth. In the case of single-phase
home wiring (120/240V), the grounded conductor
is often called the neutral conductor.

13.3 Current Flow on the Grounded
(Neutral) Conductor

2-Wire Circuit

The current flowing on the grounded (neutral)
conductor will be the same as the current on the
ungrounded conductors.

3-Wire, 120/240V, Single-Phase Circuit

The current flowing on the grounded (neutral)
conductor will be the difference between the cur-
rent flowing on the ungrounded conductors. The
currents cancel because the currents flowing
through the grounded (neutral) conductor at any
instant from the ungrounded conductors oppose
each other.

Basic Electrical Theory

Unit 13 Summary
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CAUTION: If the ungrounded conductors of a
multiwire circuit are not terminated to dif-
ferent phases, the currents on the grounded
(neutral) conductor will not cancel, but will
add, which can cause an overload on the
grounded (neutral) conductor.

13.4 Balanced Systems

If the current flow in each line of a multiwire cir-
cuit is the same, the grounded (neutral) conductor
will carry OA.

13.5 Unbalanced Current

When current flows on the grounded (neutral)
conductor of a multiwire circuit, it is called the
unbalanced current.

3-Wire, 120/240V, Single-Phase Circuit

The neutral of a 3-wire, 120/240V circuit will
carry cuirent only when the ungrounded conduc-
tors do not have identical current flow. The unbal-
anced current is equal to: I, ~ Iiines.

3-Wire Circuit from a 4-wire, Three-Phase System

The neutral conductor of a 3-wire, 120/208V or
277/480V circuit from a 4-wire, three-phase
system will always carry neutral current.

4-Wire, Three-Phase Circuit

The neutral conductor of a 4-wire, 120/208V or
277/480V circuit will have current flow when the
load on the ungrounded conductors is not identical.

13.6 Multiwire Branch Circuit

Multiwire branch circuits are more cost-effective
than 2-wire circuits in that they have fewer con-
ductors for a given number of circuits, which
enables the use of a smaller raceway and lower
conductor voltage drop.
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13.7 Dangers of Multiwire Circuits

Fire Hazard

Failure to terminate the ungrounded conductors to
separate phases could cause the grounded (neu-
tral) conductor to become overloaded from exces-
sive neutral current, and the insulation could be
damaged or destroyed.

Destruction of Equipment as Well as Fire Hazard

The opening of the ungrounded or grounded (neu-
tral) conductor of a 2-wire circuit during the
replacement of a device does not cause a safety
hazard, so pigtailing of these conductors is not
required.

Chapter. 3-.—Basi_t_:, Electrical Circuits

If the continuity of the grounded (neutral) con-
ductor of a multiwire circuit is interrupted (open),
there could be a fire and/or destruction of elec-
trical equipment resulting from overvoltage or
undervoltage.

13.8 NEC Requirements

Because of the dangers associated with an open
grounded (neutral) conductor, the NEC specifies
that the grounded (neutral) conductors of a multi-
wire circuit be spliced together, and a wire
brought out to the device. This way, if the recep-
tacle was removed, it would not result in an open
grounded (neutral) conductor.

Unit 13 Conclusion

You are now able to apply electrical math to series circuits, parallel cir-
cuits, series-parallel circuits, and multiwire circuits. You understand the
uses and limitations of each kind of circuit.

You are aware of the issues involved in

using multiwire circuits. For example, you
know not to lift the neutral on an energized
circuit, and you know the difference
between balanced circuits and unbalanced
circuits.

Words to Live By: The best way to get the last word is to apologize.

N Trotrat

OILEnterprises, Inc; s wuiw NECcode.com = 1.888,NEC.Code)
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Introduction

1. A multiwire circuit has two or more ungrounded conductors having a potential difference between
them, and having an equal difference of potential between each ungrounded conductor and the
grounded (neutral) conductor.

(a) True (b) False

2. According to the IEEE Dictionary, a neutral conductor has the same equal potential between it and all
ungrounded conductors of a system.

(a) 2-wire (b) 3-wire (c) 4-wire (d)borc
13.1 Neutral Conductor
3. A 2-wire, 120V circuit contains a(n)
(a) neutral conductor (b) grounded (neutral) conductor
(c) ungrounded conductor (dbandc

4. A 3-wire, 120/240V circuit from a 3@ delta transformer contains a(n)

(a) neutral conductor (b) grounded (neutral) conductor
(c) ungrounded conductor (d)bandc
13.2 Grounded Conductor

5. The grounded conductor is a conductor that is intentionally grounded to the earth.
(a) True (b) False

13.3 Current Flow on the Grounded (Neutral) Conductor

6. The current on the grounded (neutral) conductor of a 2-wire circuit will be of the current on
the ungrounded conductor,
(a) 0% (b) 70% (c) 80% (d) 100%

7. A balanced 3-wire, 120/240V, 14 circuit is connected so that the ungrounded conductors are from
different transformer phases (Line 1 and Line 2). The current on the grounded (neutral) conductor
will be of the ungrounded conductor current.

(@) 0% (b) 70% (c) 80% (d) 100%




Unit 13—Multiwire Circuits . Chapter3=Basic Electrical Circuits )

8. The grounded (neutral) conductor of a 3-wire, 120/240V, 1@ circuit will only carry the unbalanced
current when the circuit is not balanced.

(a) True (b) False

9. 1If the ungrounded conductors of a multiwire circuit are not terminated to different phases, this can
~cause the neutral current to be in excess of the grounded (neutral) conductor rating.

(a) True (b) False

13.4 Balanced Systems

10. If the current in each ungrounded conductor of a multiwire circuit is the same, the grounded (neutral)
conductor will carry 0A.

(a) True (b) False

11. What is the neutral current for a 4-wire, 120/208V circuit, where L1 = 20A, L2 =20A, and L3 = 20A?
(a) OA (b) 10A (c) 20A (d) none of these

13.5 Unbalanced Current

12. The current flowing on the grounded (neutral) conductor of a multiwire circuit is called unbalanced
current.

(a) True (b) False

13. The neutral conductor of a 3-wire, 120/240V, 1@ circuit will only carry current when the current on
the ungrounded conductors is not identical.

(a) True (b) False

14. The neutral conductor of a 3-wire, 120/208V or 277/480V circuit supplied from a 4-wire, 30 system
will never carry neutral current.

(a) True (b) False

15. The neutral conductor of a 4-wire, 120/208V or 277/480V, 3@ system will have neutral current flow
when the ungrounded conductors are equally loaded.

(a) True (b) False

13.6 Multiwire Branch Circuit

16. Multiwire branch circuits have more conductors for a given number of circuits, which requires the use

of a larger raceway.
(a) True

(b) False
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17. A balanced multiwire branch circuit will have current flow only on the ungrounded conductors.

(a) True (b) False

18. What is the voltage drop of two 12 AWG conductors, each 100 ft in length, supplying a 2-wire, 16A
load? The resistance of 12 AWG conductors is 2() per 1,000 ft.

(a) 4.2V (b) 6.4V (c) 7.2V (d) 9.6V

19. What is the voltage drop of each conductor of a 4-wire multiwire circuit? Each conductor is 12 AWG,
100 ft in length, supplying a 16A load.

(a) 3.2V (b) 6.4V (c) 7.2V (d) 9.6V

13.7 Dangers of Multiwire Circuits

20. Improper wiring or mishandling of multiwire branch circuits can cause connected to the
circuit.

(2) overloading of the ungrounded conductors

(b) overloading of the grounded (neutral) conductors
(c) destruction of equipment because of overvoltage
(d)bandc

21. The opening of the ungrounded or grounded (neutral) conductor of a circuit during the replace-
ment of a device does not cause a safety hazard, so pigtailing of these conductors is not required.

(a) 2-wire (b) 3-wire (¢c) 4-wire (d) all of these

13.8 NEC Requirements

22. Because of the dangers associated with an open grounded (neutral) conductor, the continuity of the
conductor cannot be dependent upon the receptacle.

(a) ungrounded (b) grounded (c)aand b (d) none of these

| Basic Electrical Theory Mike Holt! Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code
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Chapter 3 Final Exam

Unit 10—Series Circuits

Introduction

1. A series circuit is a circuit in which a specific amount of current leaves the voltage source and flows
through every electrical device in a single path before it returns to the voltage source.

(a) True (b) False

10.1 Practical Uses of the Series Circuit

2. For practical purposes, series circuits are often used for

(a) signal (b) control (c)aandb (d) None of these

10.2 Understanding Series Calculations

3. Resistance opposes the flow of electrons. In a series circuit, the total circuit resistance is equal to the
sum of all the resistances in series.

(a) True (b) False

4. The opposition to current flow results in a voltage drop of the circuit voltage.

(a) True (b) False

5. Kirchoff’s Voltage Law states that in a series circuit, the sum of the voltage drops across all of the
resistors will equal the applied voltage.

(a) True (b) False

6. No matter how many resistances there are in a series circuit, the sum of the voltages across all of the
resistances will equal the voltage of the source according to the Law of Proportion.

(a) True (b) False

7. Kirchoff’s Current Law states that in a series circuit, the current is through the transformer, the
conductors, and the appliance.
(a) proportional (b) distributed (c) additive (d) the same

snc, ¢
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10.3 Series Circuit Calculations
8. To determine the resistance of each resistive element in the circuit, use the formula R = E2/P.
(a) True (b) False

9. The current of the circuit can be determined by the formula I = Eg/Ry
(a) True (b) False

10.7 Series-Connected Power Supplies

10. When power supplies are connected in series, the circuit voltage remains the same as when only one
power supply is connected to it, provided that all the polarities are connected properly.

(a) True (b) False

Unit 11—Parallel Circuits

11.2 Understanding Parallel Calculations

11. In a parallel circuit, the voltage drop across each resistance is equal to the sum of the voltage drops
of each of the resistors in parallel,

(a) True (b) False

12. According to Kirchoff’s Current Law, the total current provided by the source to a parallel circuit will
equal the sum of the currents of all of the branches.

(2) True (b) False

11.3 Circuit Resistance

13. In a parallel circuit, the total circuit resistance is always greater than the smallest resistance.
(a) True (b) False

14. The total resistance of a parallel circuit can be calculated by the method.

(a) equal resistance (b) product-over-sum (c) reciprocal (d) any of these

15. According to the equal resistance method, when all the resistances of the parallel circuit have the
same resistance, divide the resistance of one element by the largest resistor in parallel.

(a) True (b) False

Basic Electrical Theory, Mike Holt Enterprises, Inc, = www NECCode;com - 1:888,NEC.Code




Final [Exam ch_apte_r- 3—Basic Electrical Gircuils

16. The product-over-sum method is used to calculate the resistance of _____ resistance(s) at a time.

(a) one (b) two (c) three (d) four

17. The advantage of the reciprocal method is that the formula can be used for as many resistances as the
parallel circuit contains.

(a) True (b) False

11.5 Parallel-Connected Power Supplies

18. When power supplies are connected in parallel, the voltage remains the same, but the current or amp-
hour capacity will be increased.

(a) True (b) False

Unit 12—Series-Paraliel Circuits

Introduction

19. A is a circuit that contains some resistances in series and some resistances in parallel with each
other.
(a) parallel circuit (b) series circuit (c) series-parallel circuit (d) none of these

20. That portion of the series-parallel circuit that contains resistances in series must comply with the rules
for series circuits.

(a) True (b) False

21. That portion of the series-parallel circuit that contains resistances in parallel must comply with the
rules for parallel circuits.

(a) True (b) False

12.2 Working Series-Parallel Circuits

22. When working with series-parallel circuits, it is best to redraw the circuit so you can see the series
components and the parallel branches.

(a) True (b) False

\ BasiciElectrical Theory
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Unit 13—Muitiwire Circuits

Introduction

23. A multiwire circuit has two or more ungrounded conductors having a potential difference between
them, and having an equal difference of potential between each ungrounded conductor and the
grounded (neutral) conductor. -

(2) True (b) False

13.3 Current Flow on the Grounded (Neutral) Conductor

24 A balanced 3-wire, 120/240V, 1@ circuit is connected so that the ungrounded conductors are from
different transformer phases (Line 1 and Line 2). The current on the grounded (neutral) conductor
will be of the ungrounded conductor current.

(a) 0% (b) 70% (c) 80% (d) 100%

25. The grounded (neutral) conductor of a 3-wire, 120/240V, 1@ circuit will only carry the unbalanced
current when the circuit is not balanced.

(2) True (b) False

26. If the ungrounded conductors of a multiwire circuit are not terminated to different phases, this can
cause the neutral current to be in excess of the grounded (neutral) conductor rating.

(a) True (b) False

13.4 Balanced Systems

27. If the current in each ungrounded conductor of a multiwire circuit is the same, the grounded (neutral)
conductor will carry 0A.

(@) True (b) False

13.5 Unbalanced Current

28. The current flowing on the grounded (neutral) conductor of a multiwire circuit is called unbalanced
current.

(a) True (b) False

29. The neutral conductor of a 3-wire, 120/240V, 14 circuit will only carry current when the current on
the ungrounded conductors is not identical.

(a) True (b) False

Basic Electrical Theory Mike Holt Enter_prises, Ing, = www.NECcode.com e 1.888.NEC.Code,
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13.6 Multiwire Branch Circuit

30. Multiwire branch circuits have more conductors for a given number of circuits, which requires the use
of a larger raceway.

(a) True (b) False

31. A balanced multiwire branch circuit will have current flow only on the ungrounded conductors.

(a) True (b) False

32. What is the voltage drop of two 12 AWG conductors, each 100 ft in length, supplying a 2-wire, 16A
load? The resistance of 12 AWG conductors is 2() per 1,000 ft.

(a) 4.2V (b) 6.4V (c) 7.2V (d) 9.6V

13.7 Dangers of Multiwire Circuits

33. Improper wiring or mishandling of multiwire branch circuits can cause _____ connected to the
circuit.

(a) overloading of the ungrounded conductors

(b) overloading of the grounded (neutral) conductors
(c) destruction of equipment because of overvoltage
(d)bandc

13.8 NEC Requirements

\

734 Because of the dangers associated with an open grounded (neutral) conductor, the continuity of the

I

conductor cannot be dependent upon the receptacle.

(a) ungrounded (b) grounded (c)aand b (d) none of these

Mike Holt Enterprises, Inc, = www,NECcode.com » 1.888.NEC.Code.
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' Knowing how the electricity gets from the
. generating station to your service entrance
f gives you a better sense of “the big pic-

L2 |  |PRISEC| 2] 2,
TN [ o T 4

I ik | i L1 — L1"
-4 e—n ;- I

and critical load issues.

ture” in your electrical work. It also helps

you work effectively with utility people when resolving service entrance

For example, if you need to install a service-entrance transformer, what should the primary
voltage be? Will the total load of your facility require a different local step-down transformer?
Do load conditions require you to be on your own substation? The ability to answer questions
like that can be a major influence on the quality and reliability of the installation you provide.

Though service installations and critical load installations often have engineering oversight, the
electrician is the last line of defense to ensure the design matches the transmission system and

load requirements.

14.1 Current Flow

Electrons leaving a power supply are always trying
to return to the same power supply; they are not
trying to go into the earth. When alternating cur-
rent is applied to the primary of a transformer, it
induces a voltage in the secondary. This induced
secondary voltage causes electrons to leave one
end of the transformer’s secondary, travel over the
circuit’s conductors through the load, and return
over the remaining circuit’s conductors to the other
end of the transformer’s secondary. Figure 14—1
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14.2 Utility Neutral Current Path

The electric utility grounds the primary and sec-
ondary neutral conductor to the earth at multiple
locations to create a parallel path so as to reduce
the ac resistance (impedance) of the return neutral
current path.

Multipoint Neutral Ground

This multipoint grounded neutral is intended to
help reduce primary utility neutral voltage drop,
assist in clearing line-to-neutral/ground utility
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faults, and to reduce elevated line-to-neutral
voltage caused by line-to-neutral/ground faults.
Figure 14-2

Current Flow
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Electrons leaving a voltage source

must return to that voltage source.

Figure 14-1
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Parallel neutral current path for utility. !

The multipoint grounded neutral is intended to help
reduce primary utility neutral voltage drop, assist in
clearing line-to-neutral/ground utility faults, and to
reduce elevated line-to-neutral voltage caused by
line-to-neutral faults.

Figure 14-2

14.3 Utility Ground-Fault Current Path

Metal parts of the electric utility equipment (trans-
former and capacitor cases, guy wires, luminaires,
etc.) are bonded to the utility neutral (which is
grounded to the earth) to provide a low-impedance
(ac resistance) path to the power supply for the
purpose of clearing a line-to-case fault.

If the utility neutral conductor is inadvertently
opened, the earth itself should have low enough
impedance to permit sufficient fault current to
return to the source, thereby opening the utility’s
circuit protection device (blow the fuse) so that
the high-voltage fault can be cleared.
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For example, a 7,200V line is typically protecteq
by a 3A to 5A fuse (depending on wire size). The
earth, having a resistance of 250, would have ng
problem carrying sufficient fault current to blow a
SA fuse. (I = E/R, I = 7,200V/250), I1=288A),
Figure 14-3

Clear High-Voltage Ground Fault

— Typical Utility Transfon

5A Fuse LV ' i

; i W 7a00v] TR J
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X0 1 | Fuse Link__J &
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0 X2 | L2 Lightning
e | B - | Arrester (
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®. Resistance between (ac System Vol
|| & T electrode and earth
+« determines current.

I=ER

E =7,200V, R = 250
7,200V/25 = 288A
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Figure 14-3

14.4 Premises Neutral Current Path

To prevent fires and electric shock, the NEC spec-
ifies that neutral current must only flow in the

insulated  grounded (neutral)  conductor.
Figure 14-4
Premises Neutral Current Path
Service Transfer Switch | Switched to Generator
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Neutral current should only flow on the grounded (neutral)
conductor, not on metal parts of the electrical installation.

Figure 14-4
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Single Point Neutral Bond

Neutral current is not permitted to flow on metal
parts of the electrical installation; therefore, prem-
ises wiring utilizes the “single point neutral
ground system,” not the “multipoint neutral
ground system” of electric utilities.

14.5 Premises Ground-Fault Current Path

Metal parts of premises wiring are bonded to a
low-impedance path designed and intended to
carry fault current from the point of a line-to-case
fault on a wiring system to the grounded (neutral)
conductor at the electrical supply source. This
low-impedance fault-current path ensures that the
opening of the circuit protection device will
quickly clear the ground fault. Figure 14-5

Premises Ground-Fault Current Path

20A overcurrent protection device |~ Eround Fa_ult_}
opens to remove dangerous voltage |' \l" 5
K 5
‘-0-—-'_—r b - — _ ‘x!/ ,

!‘l\ =
120V 600] l20v

Amps ' Load

! Effective Ground Fault Current Path

Fault current returns ]
to power supply. |

- - g
1

Metal enclosure is
temporarily energized
until the fault clears.

COPYRIGHT 2003 Mike Holl Enterprigas, Inc

Metal parts of premises wiring are bonded to a
low-impedance path to quickly clear line-to-case
faults by opening the circuit protection device.

Figure 14-5

AUTHOR’S COMMENT: The only current that
should ever flow on the low-impedance fault path
is fault current. Neutral currents should never exist
on this path.

Earth as Ground-Fault Path for Systems 600V or
Less

Because of the earth’s high resistance to current
flow, it cannot be used for the purpose of clearing
a line-to-case ground fault. A separate, properly

sized bonding jumper is required for this purpose.
Figure 14-6
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Flgure 14-6

For example, a 120V fault to a ground rod having
a resistance of 25() will only draw 4.8A (I=E/Z,
I=120V/250, I = 4.8A), not enough to open a
15A protection device. Figure 14~6

14.6 Utility High-Volfage Transmission Lines

Electric power is typically generated and trans-
mitted across long transmission lines to the elec-
trical substation. Here the voltage is stepped down
and delivered over distribution lines to the cus-
tomer. These conductors have relatively low
resistance, but because of their length, the total
resistance can cause significant conductor voltage
drop and power losses.

14.7 Conductor Voitage Drop

Conductor voltage drop is directly proportional to
the length of the conductor because conductor
resistance is directly proportional to the conductor
length. For example, the ac resistance of 4/0 alu-
minum is 0.10€) per 1,000 feet or about 0.53() per
mile. If the conductor length is doubled, the resist-
ance will be doubled, and the voltage drop will
also double: Ey, = I x R. Figure 14-7
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Conductor Voltage Drop
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’_: Conductor voltage drop is
| directly proportional to the
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0 Miles

1 Mile 2 Miles

If the conductor length is doubled, the
resistance and voltage drop will also doubie.

Figure 14-7

3 Miles

Conductor Voltage Example

What is the voltage drop per mile on a 4/0 alu-
minum power line (0.53Q)) carrying 50A?

(a) 13 VD (b) 26 VD
()39VD (d) 53 VD
* Answer: (b) 26 VD

E=IxR -

I=50A

R -0.530

E = 50A x 0.530

E =26V per mile

AUTHOR’S COMMENT: 4/0 aluminum carrying
S50A will have a voltage drop of 26V per mile,
therefore the voltage drop over three miles will be
26V x 3 =78V.

14.8 Conductor Power Loss

Conductor power losses are directly proportional
to the length of the conductor and the square of
the current: P = I2x R, So if the length of the con-
ductors were doubled, the power loss would
double.

Conductor Power Loss Example A

What is the power loss per mile for a 4/0 alu-
minum power line carrying 50A?

(a) 500W (b) 1,000W
(c) 1,300W (d) 1,800W

* Answer: (c) 1,300W

E Susle Slasirdel fligyy Vi

P=12xR

P =50A2x 0.530

P =2,500x 0.530

P =1,325W per mile

Current

Because power is relative to the square of the cur-
rent (P =12 x R), if the current is decreased to one-
tenth of its original level, the power loss will be
100 times less. Then again, if the current is dou-
bled, the power loss will be increased by 400 per-
cent (22)! Figure 14-8

Conductor Power Loss

’_ Formula: P = I2 xR

L P =40,000W ‘ Q5

— P =1002x 1Q,
P = 10,000 |
, inc,
AP [ | J

1X 2X 3X

Because power is relative to the square of the current
(P = I2R), if the current were doubled, the power loss
would be increased by 400 percent (22).

Figure 14-8

Power Loss Example B

What is the power loss per mile for a 4/0 alu-
minum power line carrying 100A?

(a) 1,000W (b) 2,100W
(c) 4,200W (d) 5,300W
* Answer: (d) 5,300W

P=12x R

P =100A2 x 0.530)
P = 10,000 x 0.530),
P =5,300W

ALes sluli ZuidrunsEs; Jug, - N EC T O N M o ECCOT ]




Siipias i 2lastlod Sysiaws dud Auiysiuy |

UnlE Ja—riis Elusiden) Sysiam

AUTHOR’S GOMMENT: 4/0 aluminum carrying
50A will have a power loss of 1,325W per mile, but
this increases by a factor of four (to 5,300W per
mile) if the current is doubled.

14.9 Reducing Voltage Drop and Power Loss

The most effective way to reduce conductor
voltage drop and power loss is to lower the cur-
rent flowing through the conductors and this is
accomplished by increasing the circuit voltage.

138 kV Transmission Line

A transmission line operating at 138,000V, three-
phase can transmit one million watts of three-
phase power with a current of just over 4A!
P
s (Ex \/5)

1,000,00W
(138,000V x 1.732)

I=

_1,000,000W
~ 239016

I= 4.18A

Primary Distribution Line
(13,200V, three-phase)

1,000,000W
I="13,200v x 1.732)

[ - 1.000,000W
22,862

I= 43.74A

Secondary Distribution Line
{480V, three-phase)

1,000.000W
I="4s0vx 1.732)

[ - 1.000,000W
- 831

I=1,203A

14.10 Generating Plants

The electrical system begins at a generating plant
where it converts energy from fossil fuels (coal or
oil) or nuclear power to steam, which turns the
turbine of an electric generator. Typically, a steam
turbine is directly connected to an electrical gen-
erator, which produces 13.8 kV, three-phase
power. Figure 14-9

The Electrical System - Part 1

Step-Up Substation
(High-Voltage Transformers)
69 kV to 500+kV

=5

|
| | Generating Plant I‘ | eV v
|l

Bl E== EE) |

Figure 14-9

AUTHOR’S GOMMENT: Water or wind power can
also be used to turn the turbine of the generator.

14.11 Step-Up Substation at Generating Plant

As discussed earlier, the most economical way to
transfer electrical power over long distances is
with high voltage, because for a given power, the
current decreases in direct proportion to the
increase in voltage level. Thus, conductor voltage
drop and power losses (wasted energy) are lower
when transferring power over great distances.

A step-up substation is located at the generating
facilities for the purpose of transforming the 13.8
kV generator output to 69 kV, 500 kV or even
higher. Figure 14-9

AUTHOR’S GOMMENT: Some transmission volt-
ages are one million volts!
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14.12 Transmission Line

High-voltage transmission lines carry the 69 kV
or higher voltage from the generating plant step-
up substation to various step-down substations.
Figure 14-9 and Figure 14-10

The Electrical System
Part 2

High-Voltage
Transmission Lines

Distribution
Feeder

Substation
. | 34.5kV. or
| 7.2M4.4 kv

AUTHOR’S COMMENT: High-voltage transmission
lines are usually connected to transmission lines
from other generating plants. This system of con-
necting high-voltage transmission lines is known
as an interconnected system or an electrical
power grid.

14.13 Step-Down Substation

Step-down substations reduce the voltage from
the high-voltage transmission lines to 34.5 kV,
14.4 kV, or sometimes as low as 4,160V. This
reduced voltage is known as primary distribution
voltage. Figure 14-10

AUTHOR’S COMMENT: Primary distribution
voltage can also be 13.2 kV.

14.14 Primary Distribution Feeders

Distribution feeders transfer the primary distribu-
tion voltage to distribution transformers, which
are often mounted on poles or on the ground next
to the building being served. Figure 14-11
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The Electrical System - Part 3
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Figure 14-11
14.15 Distribution Transformer

Distribution transformers reduce the primary dis-
tribution voltage from 34.5 kV or 13.8 kV to sec-
ondary distribution voltage, such as 120/208V,
120/240V or 480V. Figure 14-11

14.16 Secondary Distribution Line

The customer’s power is transferred from the
utility’s distribution transformer to the customer
via the overhead service drop or underground
service lateral. Overhead service-drop conductors
are typically installed and maintained by the elec-
tric utility power company, whereas underground
service-lateral conductors are often installed and
maintained by the customer. Figure 14-12

Secondary Distribution Lines

. % =
1\?‘ g ‘.|| ) ,| 120/208V, 120/240V
!“ = or 480V Secondary
‘ Distribution Lines
| W -
Underground

il Service Lateral

| and maintained by the electric utility power company,
| whereas underground service lateral conductors are
often installed and maintained by the customer,

Figure 14-12

i
Overhead service drop conductors are typically installed ‘
I
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14.1 Current Flow

Electrons leaving a power supply are always
trying to return to the same power supply; they are
not trying to go into the earth.

14.2 Utility Neutral Current Path

The electric utility grounds the primary and sec-
ondary neutral conductor to the earth at multiple
locations to create a parallel path so as to reduce
the impedance of the return neutral current path.
This multipoint grounded neutral helps in
reducing primary utility neutral voltage drop, the
clearing of utility line-to-neutral faults, and in
reducing elevated line-to-neutral voltage caused
by line-to-ground faults.

14.3 Utility Ground-Fault Current Path

Metal parts of the electric utility equipment (trans-
former and capacitor cases, guy wires, luminaires,
etc.) are grounded to the earth and bonded to the
grounded (neutral) conductor to provide a low-
impedance parallel path for the purpose of
clearing a line-to-case ground fault. If the utility
grounded (neutral) conductor is inadvertently
opened, the earth itself should still have low
enough impedance to permit sufficient fault cur-
rent to flow to blow the fuse, thereby clearing the
high-voltage ground fault.

14.4 Premises Neutral Current Path

Neutral current should only flow on the grounded
(neutral) conductor, not on metal parts of the elec-
trical installation.

14.5 Premises Ground-Fault Current Path

Metal parts of premises wiring are bonded to a
low-impedance path designed and intended to
carry fault current from the point of a line-to-case

Unit 14 Summzry

fault on a wiring system to the grounded (neutral)
conductor at the electrical supply source.

This low-impedance fault-current path ensures
that the opening of the circuit protection device
will quickly clear the ground fault.

For systems operating at 600V or less, the earth
will not carry sufficient fault current to clear a
line-to-case ground fault.

14.6 Utility High-Voltage Transmission Lines

Electric power is typically generated and trans-
mitted across long transmission lines to the elec-
trical substation. Here the voltage is stepped down
and delivered over distribution lines to the cus-
tomer. These conductors have relatively low
resistance, but because of their length, the total
resistance can cause significant conductor voltage
drop and power losses.

14.7 Conductor Voltage Drop

The voltage drop over a conductor is directly pro-
portional to the length of the conductor because
conductor resistance is directly proportional to the
conductor length.

14.8 Conductor Power Loss

Conductor power losses are directly proportional
to the length of the conductor and the square of
the current: P =12 x R. So if the length of the con-
ductors were doubled, the power loss would
double.

Because power is relative to the square of the cur-
rent (P =12 x R), if the current is decreased to one-
tenth of its original level, the power loss will be
100 times less. Then again, if the current is dou-
bled, the power loss will be increased by 400 per-

cent (22)!
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14.9 Reducing Voltage Drop and Power Loss

The most effective way to reduce conductor
voltage drop and power loss is to lower the cur-
rent flowing through the conductors and this is
accomplished by increasing the circuit voltage.

14.10 Generating Plants

The electrical system begins at a generating plant
that converts energy from fossil fuels (coal or oil)
or nuclear power to steam, which turns the turbine
of an electric generator. Typically, a steam turbine
is directly connected to an electrical generator,
which produces 13.8 kV, three-phase power.

14.11 Step-Up Substation at Generating
Plant

The most economical way to transfer electrical
power over long distances is with high voltage,
because for a given power, the current decreases
in direct proportion to the increase in voltage
level. Thus, conductor voltage drop and power
losses (wasted energy) are lower when transfer-
ring power over great distances.

At the step-up substation, the 13.8 kV generated
voltage is transformed to 69 kV, 500 kV or even
higher.

14.12 Transmission Line

High-voltage transmission lines are used to carry
69 kV or higher voltage to the various step-down
substations.

Jugle Slasirlsa) iisury

14.13 Step-Down Substation

Step-down substations reduce the voltage from the
high-voltage transmission lines to 34.5 kV, 13.8
kV, or sometimes as low as 4,160V. This reduced
voltage is known as primary distribution voltage.

14.14 Primary Distribution Feeders

Various distribution feeders transfer the primary
distribution voltage from step-down substations to
distribution transformers, which are often
mounted on poles or on the ground next to the
building being served.

14.15 Distribution Transformer

Distribution transformers further reduce the pri-
mary distribution voltage from 34.5 kV or 13.8 kV
to 240V or 480V, three-phase for the average mod-
erate-sized commercial or small industrial cus-
tomer.

14.16 Secondary Distribution Line

The customer’s power is transferred from the
utility’s distribution transformer to the customer
via the overhead service drop or underground
service lateral. Overhead service-drop conductors
are typically installed and maintained by the elec-
tric utility power company, whereas underground
service-lateral conductors are often installed and
maintained by the customer.
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Unit 12 Conelusion

Now you know a bit about how utilities
produce and distribute electrical power.
You also know that when someone
refers to a “14 kV line,” that person is

referring to the 13.8 kV distribution
line. You’re also aware that 13.8 kV is Just one of many distribution voltages.

The typical electrician never works on equipment at these voltages. Electric utilities have their
own crews to install, troubleshoot, and maintain transmission equipment. However, some elec-
tricians work for electrical testing firms that do work with this equipment,

Words to Live By: The train of failure usually runs on the track of laziness,
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14.1 Current Flow

1. Electrons leaving a power supply are always trying to return to the same power supply; they are not
trying to go into the earth.

(a) True (b) False

2. When ac is applied to the secondary of a transformer, it induces voltage in the primary, which causes
electrons to travel through the primary circuit.

(a) True (b) False

14.2 Utility Neutral Gurrent Path

3. The electric utility grounds the primary and secondary neutral conductor to the earth at multiple loca-
tions for the purpose of reducing the of the return current path.

(a) ac resistance (b) dc resistance (c)aorb (d) none of these

4. The multipoint grounded neutral is intended to reduce the neutral voltage drop, assist in
clearing line-to-neutral faults, and reduce elevated voltage caused by line-to-ground faults.

(a) primary (b) secondary (c)aorb (d) none of these

14.3 Utility Ground-Fault Current Path

5. Metal parts of the electric utility equipment are bonded to the utility neutral to provide a path
to the power source to assist in clearing a line-to-case fault.

(a) high-resistive (b) low-impedance (¢) ground (d) none of these

6. The earth generally has low enough impedance to permit sufficient fault current to return to the
source, thereby opening the utility’s circuit protection device.

(a) True (b) False

14.4 Premises Neutral Current Path

7. To prevent fires and electric shock, the NEC specifies that neutral current can flow on metal parts of
the electrical system.

(a) True (b) False
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14.5 Premises Ground-Fault Current Path

8. Metal parts of premises wiring must be bonded to a low-impedance path designed so that the circuit
protection device will quickly open and clear a ground fault.

(a) True (b) False

9. Because of the earth’s high resistance to current flow, it cannot be used for the purpose of clearing a
line-to-case ground fault for wiring.

(a) utility (b) premises (cyaorb (d) none of these

14.6 Utility High-Voltage Transmission Lines

10. Electrical power is generated and transmitted across long transmission lines to the customer. These

conductors have a very low resistance, but because of their length, the conductor losses can be
significant.
(a) voltage drop (b) power (c) current (d)aand b
14.7 Conductor Voltage Drop
11. The voltage drop over a conductor is directly proportional to the of the conductor.
(a) area (b) circular mils (c) length (d) none of these
14.8 Conductor Power Loss

12. Conductor power losses are directly proportional to the length of the conductor and the square of the
current. If the current is doubled, the power loss will be increased by

(a) 100% (b) 200% (c) 300% (d) 400%

14.9 Reducing Voltage Drop and Power Loss

13. The most effective way to reduce conductor voltage drop and power loss is to lower the current
flowing through the conductors. This is accomplished by the transmission voltage.

(a) reducing (b) applying (c) increasing (d) none of these

14.10 Generating Plants
14. The electrical system usually begins at the generating plant that converts energy to , 30 power.
(a) 13.2kV (b) 13.8 kV (c) 69 kV (d) 138 kV
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14.11 Step-Up Substation at Generating Plant

15. A step-up substation located at the generating facilities transforms the 13.8 kV generator output to

(a) 13.2kV (b) 13.8 kV (c) 69 kV or higher (d) none of these

14.12 Transmission Line

16. High-voltage transmission lines are usually connected to transmission lines from other generating
plants. This is known as a(n)

(a) interconnected system (b) electrical power grid
(c) power system (daorb

14.13 Step-Down Substation

17. Step-down substations reduce the voltage from the high-voltage transmission lines to a primary dis-
tribution voltage of

(a)4-35kV (b) 50 — 60 kV (c) 69 — 100 kV (d) 169+ kV

14.14 Primary Distribution Feeders

18. Distribution feeders transfer the primary distribution voltage to distribution mounted on poles
or on the ground next to the building being served.

(a) capacitors (b) generators (c) transformers (d) all of these

14.15 Distribution Transformer

19. Distribution transformers reduce the primary distribution voltage to secondary distribution voltage,
such as

(a) 1207208V (b) 120/240V (c) 277/480V (d) any of these

14.16 Secondary Distribution Line

20. The customer’s power is transferred from the utility’s distribution transformer to the customer via the

(a) overhead service drop (b) underground service lateral
(c)aorb (d) none of these
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PART A—OVERCURRENT PROTECTION
DEVICES

15.1 Overcurrent Protection

The purpose of overcurrent protection is to protect
conductors and equipment against excessive or
dangerous temperatures due to current in excess
of the rated ampacity of equipment or conductors.
These conditions may result from overload, short
circuit, or ground fault. Figure 15—1

Overload

An overload is a condition where equipment or
conductors carry current in excess of their rated
ampacity. An example of an overload is plugging
two hair dryers, each rated 1,500W, into a circuit
wired with 12 AWG wire. Each dryer draws

Lz Ut EntEsuslsss, s, - wWWLES sy IS sun - )i,

How does a fuse differ from a circuit breaker? How do
you select a circuit breaker, and what actually makes it
work? In this unit, you will learn the answers to those
questions. You’ll learn about the interrupting rating
and the short-circuit rating—two very different, but
often
Perhaps most importantly, you’ll understand the role
of circuit overcurrent protection in clearing ground
faults and some critical facts about grounding.

confused—overcurrent protection terms.

Overcurrent

b e I e =
15ACBand | 20A Load on
(_Zo_nductor__l =

= o l 15A Circuit
@ it ;
€

2 Short ?*—_[ P-H:;%tﬂ:’has;;_a_glg_]

Tt ] Phase-to-N

1. Overload =i

eutral Fa_ult__[

! Phase-to- ki:
! Case Fault |

COPYRIGHT 2003
Mike Holl Enlerprises, Inc.

Overcurrent: Any current in excess of the rated current
of equipment or materials. Causes of overcurrent are
overloads, short circuits and ground faults.

Figure 15~1

MNEG.Eyds

22351y Blysideal thsury | m




Llaigr S—Elzpinlsa) Sysizins 2y Proise iy

Unlt 9 —#suissiou Usilsss |

12.5A, and 12 AWG wire is not permitted to be
protected by a protection device greater than 20A.

Ground Fault

A ground fault is the electrical connection between
any ungrounded conductors of the electrical
system and any noncurrent-carrying metal object.
During the period of a ground fault, dangerous
voltages and larger currents exist.

Short Circuit

A short circuit is the electrical connection between
any two conductors of the electrical system from
line-to-line or from line-to-neutral.

15.2 Clearing Faults

To protect against electric shock from dangerous
voltages on metal parts of electrical equipment,
and to prevent a fire from an overload, ground
fault or short circuit, the fault must quickly be
removed by the opening of the circuit’s overcur-
rent protection device.

Time—Current Curves

The opening time for an overcurrent protection
device is inversely proportional to the magnitude
of the current. The greater the current value, the
less time it takes for the protection device to open.

For example, a 20A circuit breaker with an over-
load of 40A (twice the device rating) would trip in
25 to 150 seconds. If the overload were five times
the rating of the breaker (100A) the breaker would
trip in 5 to 20 seconds. Figure 15-2

AUTHOR’S COMMENT: A circuit breaker can open
in three to five cycles if current is twenty times its
rating.

Remove Dangerous Touch Voltage

To remove dangerous touch voltage on metal parts
from a ground fault, the fault-current path must
have sufficiently low impedance to allow the fault
current to quickly rise to facilitate the opening of
the branch-circuit overcurrent protection device.

Time-Current Curve - 20A Inverse-Time Breaker

| [ Minimum | | =
Seconds ] Unlatching |- Lower Impedance =
for Circuit Tl Time Higher Currents
Breaker [....... __]:__;
to Open | L Maximum
{ : 1] Unlatching | = 40A
2510 150 |e—<—o. L Tim /Z—t = .
Seconds e p— Imes rating
S\ , Np—
5 to 20 ..,._+.{“_,‘/T’- 5 times rating
Seconds 4 <
¢ 1 $ RAE Higher Currents =
40A° 100A i Faster Trip
Current ln Amperes ' COPYRIGHT 2003 Mike Halt Enlerprises, Inc
Figure 152
Example

The approximate ground-fault current for the fol-
lowing willbe

* Ungrounded circuit conductors—200 ft of 3
AWG at 0.050)

* Equipment bonding conductor—200 ft of 8
AWG at 0.156(). Figure 15-3

(a) 100A (b) 200A
(c) 600A (d) 800A

* Answer: (c¢) 600A

Fault Current = E/Z

E =120V

Z* =0.05Q + 0.156) = 0.2060)
Fault Current = 120V/0.2060) = 583A
* See Section 14.4.

Removing Dangerous Touch Voltage
Clearing a Ground Fault

200 ft 3 AWG
0.05Q
i . J[‘-—nf 1'_'}
100A %‘#
Device ﬁ
200 ft 8 AWG
i ' 0.156Q Amps

- |

Fault-CurrentAmps = E = 120V = 583A
Z 0.206Q

100A overcurrent device quickly opens, clears the ground
fault and removes dangerous voltage from metal parts.

Figure 15-3

v

LG usis Zlusideul Sisusy dlLieg Jluld Ztdru s Es, g, 2 v IE850d .50 9 ) B, E 8 By y

Y




Wi Jg—Hruispijvy Daslngs

Siayiar 4—Zlssidval Sysisis und Protasiyy

15.3 Overcurrent Protection Device Types

The most common types of overcurrent protection
are fuses and circuit breakers.

AUTHOR’S COMMENT: Two additional protection
devices, the Ground-Fault Circuit Interrupter (GFC)
and the Arc-Fault Circuit Interrupter (AFCI) protect
against electric shock and fires.

15.4 Fuse

Construction

A typical fuse consists of an element electrically
connected to the end blades, called the ferrules.
The conductive element provides a path for cur-
rent through the fuse. The element is enclosed in a
tube and surrounded by a non-conductive filler
material. Figure 154

I Fuse - Construction
—, Ferrules — One-Time
b ‘ .

E | Cartridge Fuse

l‘—"”I

$s¥ ] Fuse

&7 | 1 Element

shs L

i J

H| ¥~ Nonconductive
Knife- filler material |

Blade Cartridge

COPYRIGHT 2001 Mike Holt Enlemprises. Inc

A typical fuse consists of an element electrically connected
to the ferrules. The conductive element provides a path
for current through the fuse. The element is enclosed in

a tube surrounded by a nonconductive filler material.

Figure 15-4

Overload Protection

When current flows through the element of a fuse,
it generates heat. During normal operation, the
filler material absorbs this heat. When a sustained
overload occurs, the heat melts a portion of the
element stopping the flow of current. Figure 15-5

Fuse - Short-Circuit and Ground-Fault Protection

Excessive heat |
melts the element
in multiple locations. |

the element
quickly stops |

current flow. |

COPYRIGHT 2003
Mike Holl Enterprises, inc

One-Time Cartridge Fuse

Short circuits and ground faults can be in the thousands
of amperes. Several element segments can melt at the
same lime removing the current, typically, in less than
half of a cycle.

Figure 15-5
Short-Circuit and Ground-Fault Protection

Short-circuit and ground-fault current can be in
the thousands of amperes. When a short circuit or
ground fault occurs, several element segments
melt at the same time removing the load from the
source very quickly. Typically, circuit breakers
and fuses are designed to open or clear short-cir-
cuit and ground-fault current in less than one
cycle. Figure 15-6

Fuse - Short-Circuit and Ground-Fault Protection

current flow.

—f
Exééssive heat I A | Gaps in
melts the element the element
in multiple locations. | quickly stops
=

COPYRIGHT 2003
Mike Hott Enterpnses, Inc
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One-Time Cartridge Fuse

Short circuits and ground faults can be in the thousands
of amperes. Several element segments can melt at the
same time removing the current, typically, in less than
half of a cycle.

Figure 15-6
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15.5 Circuit Breaker Trip Elements

Electromagnetic circuit breakers open on the prin-
ciple of thermo and electromagnetism. Figure 15~7

Circuit Breaker Trip Elements

Handle
Conductor
— (Circuit)
Terminal
.'(-~ Blowout
SER Vent
Bus S e wa @
; \ / ]
Terminal Latch Bimetal

Copyright 2003 Mike Holl Enterprises, Inc

Contacts

Electromagnetic circuit breakers open on
the principle of thermal and electromagnetism.

Figure 157

Thermal Trip Element

Thermal circuit breakers are dependent upon tem-
perature rise in the sensing element for actuation.
In normal operation, the thermal sensing element
(bimetal) will cause the circuit breaker to open
when a predetermined calibration temperature is
reached.

Magnetic Trip Element

The magnetic time-delay circuit breaker operates
on the solenoid principle where a movable core
held with a spring, in a tube, is moved by the mag-
netic field caused by a short circuit or ground
fault.

15.6 Gircuit Breaker Types

Inverse-Time

Inverse-time breakers operate on the principle that
as the current increases, the time it takes for the
devices to open decreases. This type of breaker
provides overcurrent protection (overload, short
circuit and ground fault).

Jusis Elasisival Tigury

Adjustable-Trip

Adjustable-trip breakers permit the thermo trip
setting to be adjusted. The adjustment is often
necessary to coordinate the operation of the cir-
cuit breakers with other overcurrent protection
devices.

AUTHOR’S COMMENT: Coordination means that
the devices with the lowest ratings, closest to the
fault, operate and isolate the fault and disruption,
if possible, so that the rest of the system can
remain energized and functional.

Instantaneous-Trip

Instantaneous-trip breakers operate on the prin-
ciple of electromagnetism only and are used for
very large motors; sometimes these devices are
called motor-circuit protectors (MCPs). This type
of protection device does not provide overload
protection. It only provides short-circuit and
ground-fault protection; overload protection must
be provided separately.

AUTHOR’S COMMENT: Instantaneous-trip circuit
breakers have no intentional time delay and are
sensitive to current inrush, and to vibration and
shock. Consequently, they should not be used
where these factors are known to exist.

15.7 Available Short-Circuit Current

Available short-circuit current (SCA) is the cur-
rent in amperes that is available at a given point in
the electrical system. This available short-circuit
current is first determined at the secondary termi-
nals of the utility transformer. Thereafter, the
available short-circuit current is calculated at the
terminals of the service equipment, branch-circuit
and branch-circuit load panelboard.

The available short-circuit current is different at
each point of the electrical system, it is highest at
the utility transformer and lowest at the branch-
circuit load.

The available short-circuit current is dependent on
the impedance of the circuit, which increases
downstream from the utility transformer. The
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greater the circuit impedance (utility transformer
and the additive impedances of the circuit conduc-
tors), the lower the available short-circuit current.
Figure 15-8

Available Short-Circuit Current

As the electrical system’s impedance
increases, short-circuit amperes decrease

1 SCA = 46,263 || SCA = 34,338/ SCA = 17,447 |SCA = 3,049

[
Transformer/ | Protection devices must =1
' | be rated for the available |- ﬂ g

fault current. — S|

short-circuit current rating (withstand) for the

’ Conductors and equipment (controllers) have |
available fault current.

COPYRIGHT 2003 Mike Holl Enlerprises, Inc,

Figure 15-8

Factors that impact the available short-circuit cur-
rent at the utility transformer include the system
voltage, the transformer kVA rating and its imped-
ance (as expressed in a percentage). Properties
that impact the impedance of the circuit include
the conductor material (copper versus aluminum),
the conductor size, and its length.

15.8 Interrupting Rating

Overcurrent protection devices such as circuit
breakers and fuses are intended to interrupt the
circuit, and they shall have an ampere interrupting
rating (AIR) sufficient for the available short-
circuit current. They shall have an interrupting
rating, such as 10K, 22K, 65K RMS sufficient for
the nominal circuit voltage and the short-circuit
current available at the line terminals of the equip-
ment. Figure 15-9

AUTHOR'S COMMENT: Amperes Interrupting
Rating (AIR) is also described as “Amperes
Interrupting Capacity” (AIC) by many in the industry,

Proper Ampere Interrupting Rating (AIR)

J OKAY f
| 22,000 AIC Rating |

1 Overcurrent protection devices must have

‘ an interrupting rating that is sufficient for the
J current that is available at the line terminals
of the equipment.

1 16,000A Fault Current '

COPYRIGHT 2003 Mike Holl Enlerprises, Inc

Figure 15-9

Unless marked otherwise, the ampere interrupting
rating for circuit breakers is 5,000A and 10,000A
for fuses. Figure 1510

Amperes Interrupting Current Ratings (AIC)

W

| 1040 VOoRs AL |

Fuses are rated
10,000 AIC unless
marked otherwise.

Circuit breakers are
rated 5,000 AIC unless
marked otherwise.

COPYRIGHT 2003 Mike Holl Enterprises, Inc.

Figure 15-10

DANGER: Extremely high values of current
flow (caused by short circuits or ground faults)
produce tremendously destructive thermal
and magnetic forces. If the circuit overcurrent
protection device is not rated to interrupt the
current at the available fault values at its listed
voltage rating, it could explode while
attempting to clear the fault. Naturally this can
cause serious injury or death, as well as prop-
erly damage. Figure 15-11
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——_ Improper Ampere Interrupting Rating (AIR)

10,000 AIR (AIC)

Danger: Overcurrent protection
device is not suitable for the
available fault current.

16,000A Fault Current |
COPYRIGHT 2003 Mike Holl Entarprises, inc.

Short circuits and ground faults produce extremely
high current flow that is tremendously destructive.
Overcurrent protection not properly rated for the
available short-circuit and ground-fault values of the
circuit could explode attempting to clear the fault.

Figure 15-11
15.9 Short-Circuit Current Rating

Electrical equipment shall have a short-circuit
current rating that permits the circuit overcurrent
protection device to clear a short circuit or ground
fault without extensive damage to the electrical
components of the circuit.

For example, a motor controller shall have a suffi-
cient short-circuit rating for the available fault-
current. If the fault exceeds the controller’s
5,000A short-circuit current rating, the controller
could explode, endangering persons and property.
To solve this problem, a current-limiting protec-
tion device (fast-clearing fuse) can be used to
reduce the let-through current to less than 5,000A.
Figure 15-12

15.10 Current-Limiting Protection

A current-limiting type fuse is a fuse designed for
operations relating to short circuits only. When a
fuse operates in its current-limiting range, it will
clear a bolted short circuit in less than half a cycle.
This type of fuse limits the instantaneous peak let-
through current to a value substantially less than that
obtainable in the same circuit if that fuse was
replaced with a solid conductor of equal impedance.

Busiv Elavirlsn) Tiigury

i Short-Circuit Current Rating

_— 10,000 AIC Interrupting Rating

u CAUTION: Equipment could explode
- endangering persons and property if
the available fault current exceeds the
equipment's short-circuit current rating.

il I Controller
| Short-Circuit Rating
: 7 5,000A
X

— Available Fault Current
J 7,500A

COPYRIGHT 2003 Mike Hol Enterprises, Inc.

Figure 15-12

If the available short-circuit current exceeds the
equipment/conductor short-circuit current rating,
then the thermal and magnetic forces can cause
the equipment circuit conductors, as well as
grounding conductors, to vaporize. The only solu-
tion to the problem of excessive available fault
current is to:

(1) Install equipment that has a higher short-cir-
cuit rating.

(2) Protect the components of the circuit by a cur-
rent-limiting protection device such as a fast-
clearing fuse, which can reduce the let-
through energy.

AUTHOR’S COMMENT: A breaker or a fuse does
limit current, but it m({y not be listed as a current-
limiting device. A{ thermal-magnetic circuit
breaker will typically clear fault current in less
than three to five cycles when subjected to a short
circuit or ground fault of twenty times its rating. A
standard fuse would clear the fault in less than
one cycle and a current-limiting fuse should clear
the same fault in less than one-quarter of one
cycle. Figure 15-13
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Current-Limiting Protection - Arc-Energy Reduction

Available f—:
Fault Current }““ﬁ
fiash

Reduced
Fault Current

« Normal Load
| Current Cycle

- Normal Load
| Current Cycle
™~ |

Start of Fault

Start of Fault

Noncurrent-Limiting
Device

Magnetic Force: varies with the square of the peak current.
Thermal Energy: varies with the square of the RMS current.

COPYRIGHT 2000 Mika Hoft Emernrises. ne,

Figure 1513

Current-Limiting
Device

PART B—GROUND-FAULT CIRCUIT
INTERRUPTERS

15.11 How a GFCI Works

A ground-fault circuit interrupter (GFCI) is
specifically designed to protect persons against
electric shock from an electrical system. A GFCI
protection device operates on the principle of
monitoring the imbalance of current between the
circuit’s ungrounded and grounded (neutral) con-
ductors. Figure 1514

GFC! Protection Devices

A GFClt is designed to protect persons against electric
shock. It operates on the principle of monitoring the
unbalanced current between the ungrounded and
grounded (neutral) conductor.

Figure 15-14

An interesting point about these devices is that
despite their name, they will operate on a circuit
with or without an equipment grounding con-
ductor. Figure 15-15
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Equipment Grounding Conductor Not

. Existing 2-wire NM cable

oA d)b ircuit
m_l m (no ground) branch circui
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GFCl protection device N 1

opens the circuit at 5 mA, i

bt A }

{l | No ground wire ' =
| PP —_— ——— ek

ks

| m | Ground
| <~ Fault

if : Case temporarily
| I energized until GFCI

Figure 15-15

During the normal operation of a typical 2-wire
circuit, the current returning to the power supply
will be equal to the current leaving the power
supply. If the difference between the current
leaving and returning through the current trans-
former of the GFCI protection device exceeds 5
mA (+ 1 mA), the solid-state circuitry opens the
switching contacts and de-energizes the circuit.

The abbreviation “mA” (used above) stands for
one thousandth of an ampere, so 5 mA is equal to
3/1 poom Of an ampere.

15.12 Neuiral-to-Gase Detection

Another function of a GFCI device is the detec-
tion of downstream neutral-to-case connections. A
second current transformer in the GFCI induces a
voltage on the circuit conductors. If there is a neu-
tral-to-case connection on the load side of the
GFCI protection device, the GFCI will sense the
imbalance of the current returning on the equip-
ment grounding conductor and prevent the GECI
device from being turned on. This feature can give
the appearance of a “defective” GFCI device
because it trips when the circuit is energized, even
with no loads on or connected. Figure 15-16
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Ground-Fault Circuit interrupter (GFCI)
Neutral-to-Case Detetection

=S58

iUood

A |
i I W

Grounded Neutral
Transformer

Currer;t Differentia '
Transformer

Improper neutral-to-case
connegction trips the GFCt device.
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‘ The grounded neutral transformer continuously i

18—

monitors for load side neutral-to-case connections.

Figure 15~16
15.13 Line-to-Neutral Shock Hazard

Severe electric shock or death can occur if a
person touches the ungrounded and grounded
(neutral) conductors at the same time, even if the
circuit is GFCI protected. This is because the cur-
rent transformer within the GECI protection
device does not sense an imbalarice between the
departing and returning current. Figure 15-17

WARNING: GFCI Does Not Protect
Against a Line-to-Neutral Fault

:",'.'...'T'_: e '@""1 ----- -

/i Solid State

i| Clrcultry

b

% b LY B BE
| s
srepmem=al ' Current Transformer | [ Lo
befpe et | Neutral |

Balanced Current
Circuit Remains On
T P = oo Mhke Hol Enterprisse, o,

Severe shock or death can occur if a person ‘
touches a line and neutral wire at the same time,
even if GFCI protected!

Figure 15-17

15.14 GFCI Fails—Circuit Remains
Energized

Typically, when a GFCI protection device fails,
the switching contacts remain closed and the
device will continue to provide power without
GFECI protection!

Jusls Zlasidsul Tiyury

According to the GFCI Field Test Survey Report,
dated January 2001 by the National Electrical
Manufacturers Association (NEMA), 11 percent
of the GFCI circuit breakers protecting recepta-
cles located indoors did not provide GFCI protec-
tion. In addition, 20 percent of the GFCI circuit
breakers protecting receptacles located outdoors,
did not provide GFCI protection. Yet the circuit
remained energized without GFCI protection!

AUTHOR'S COMMENT: Eight percent of GFC|
receptacles also failed to provide GFC protection,
yet the receptacle remained energized.

The failures of the GFCI sensing circuits were
many, but the greatest percentage related to
damage of the internal transient voltage surge pro-
tectors (metal-oxide varistors) that protect the
GFCI sensing circuit. This damage resulted from
voltage transients from lightning and other
sources. Figure 15-18

WARNING: Electronic Component Failure
Can Bypass GFCI Protection

i ‘ Ground-Fault Condition:_[

y i I Parts remain energized
. £ ‘ |__'_ -‘ i ‘a

‘I ‘I ~ealvs [+ 0V iy e 4 i £ LN 1)
3 S e e
=2 || cumont Transtormer $——— o

Valtai;e surgeé (such as_

|
iy Y ;
I! lightning strikes) can damage
| | electronic components.
L. COPYRIGHT 2003 Mike Holl Enterprises, Inc. i
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Typically when the GFCI protection fails, the device |
will continue to provide power without GEC| protection. |

Figure 15-18

At least one leading manufacturer markets a listed
15A, 125V GFCl receptacle that cannot be reset if
the GFCT circuit no longer provides ground-fault
protection. As an added safety improvement, this
particular GFCI receptacle has a built-in line load
reversal feature that prevents the GFCI from reset-
ting if the installer mistakenly reverses the load
and line connections.
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15.15 GFCI Test Button

One final thought on GFCI protection is that you
should press the test feature of the GFCI protec-
tion device to ensure that it turns the power off to
the connected load. Do not assume that a GFCI
protection device is operational unless you prop-
erly test it!

PART G—ARC-FAULT CIRCUIT
INTERRUPTER

15.16 Arcing Definition

Arcing is defined as a Iuminous discharge of elec-
tricity across an insulating medium. Electric arcs
operate at temperatures between 5,000 and
15,000°F and expel small particles of very hot
molten materials. Higher current arcs are more
likely to cause a fire because of the higher thermal
energy contained in the arc. Greater current will
melt more of the conductor metal and therefore
expel more hot molten particles. Figure 15-19

Arcing

\ COPYRIGHT 2003 Mike Hoit Enterprises, Inc.
Arcing is a luminous discharge of electricity across

an insulating medium. Electric arcs operate between
5,000 and 15,000°F and expel particles of very hot

molten materials. ;

Fig.t.lre 15-1¢
15.17 Series Versus Parallel Arc

In electrical circuits, unsafe arcing faults can
occur in one of two ways, as series arcing faults or
as parallel arcing faults. The most dangerous is the
parallel arcing fault,

Uitz 31Ul Enierusises, Ws, + Wi EEsuds.sui o ) s 025 By s

Series Arc

A series arc can occur when the conductor in
series with the load is unintentionally broken.
Examples might be a frayed conductor in a cord
that has pulled apart. A series arc-fault current is
load limited; the arc’s current cannot be greater
than the load current the conductor serves.
Typically, series arcs do not develop sufficient
thermal energy to create a fire.

Parallel Arc

Parallel arcing faults occur in one of two ways, as
a short circuit or as a ground fault.

Short-Circuit Parallel Are. A short-circuit arc
might occur if the wire’s insulation is damaged by
an excessively or incorrectly driven staple in non-
metallic sheath cable, or the insulation of the cord
is damaged by a conductive object such as a metal
table leg placed on the cord. The result is a
decrease in the dielectric strength of insulation
separating the conductors allowing a high-imped-
ance low current arcing fault to develop. This
arcing fault carbonizes the conductor’s insulation
further decreasing the dielectric of the insulation
separating the conductors. The result is an
increase in current, an exponential increase in
thermal energy heat, and the likelihood of a fire.

The current flow in a short-circuit type arc is lim-
ited by the system impedance and the impedance
of the arcing fault itself. Typically, at a receptacle,
fault current will be above 75A, but not likely
above 450A. This short-circuit arc is reported as
being more common in older homes where the
appliance cords and the building wiring have dete-
tiorated due to the negative effects of aging. This
type of arcing fault can be quickly cleared by an
AFCI circuit protective device.

AUTHOR’S COMMENT: The RMS current value for
parallel arc faults will likely be less than that of a
solid bolted-type fault; therefore, a typical 15A or
20A circuit protective device might not clear this
fault before a fire is ignited.
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Ground-Fault Parallel Arc. A ground-fault type
parallel arc fault can only occur when a ground
path is present. This type of arcing fault can be
quickly cleared by either a GFCI or AFCI circuit
protective device.

15.18 AFCI and the NEC

To help reduce the hazard of electrical fires from
a parallel arcing fault in the branch-circuit wiring,
the NEC requires a listed AFCI protection device
to be installed to protect the branch-circuit wiring
for dwelling unit bedrooms. Figure 15-20

AFCI Protection - Dwelling Bedroom Circuits

/ ) . Receptacle Outlets

\_—u/
- nghtlng Outlets | RL
Master - -1 Fan |
edroom ' Outlet |

Sw;tch Outlets |
. Smoke Detector Outlet !

outlets in bedrooms shall be AFCI protected. Hall

GOPYRIGHT 2003 Mike Holl Enterprises, Inc.

Figure 15-20

15.19 AFCI—How They Operate

An AFCI protection device provides protection
from an arcing fault by recognizing the character-
istics unique to an arcing fault and by functioning
to de-energize the circuit when a parallel arc fault
is detected.

AUTHOR’S COMMENT: This topic is beyond the
scope of this textbook.

PART D—GROUND-FAULT PROTECTION
OF EQUIPMENT

15.20 Ground-Fault Protection of Equipment
Definition

Ground-fault protection of equipment is a system
intended to provide protection of equipment from
damaging ground-fault currents by opening all
ungrounded conductors of the faulted circuit. This
protection is provided at current levels less than
those required to protect conductors frem damage
through the operation of a supply circuit overcur-
rent device. This type of protective device is not
intended to protect persons, only connected uti-
lization equipment.

AUTHOR’S COMMENT: GFPE is beyond the scope
of this textbook.
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PART A—OVERGURRENT PROTECTION
DEVICES

15.1 Overcurrent Protection

The purpose of overcurrent protection is to protect
conductors and equipment against excessive or
dangerous temperatures due to current in excess
of the rated ampacity of equipment or conductors.
These conditions may result from overload, short
circuit, or ground fault,

15.2 Clearing Faulis

To protect against electric shock from dangerous
voltages on metal parts of electrical equipment,
and to prevent a fire from an overload, ground
fault or short circuit, the fault must quickly be
removed by the opening of the circuit’s overcur-
rent protection device.

Remove Dangerous Touch Voltage

To remove dangerous touch voltage on metal parts
from a ground fault, the fault-current path must
have sufficiently low impedance to allow the fault
current to quickly rise to facilitate the opening of
the branch-circuit overcurrent protection device.

15.3 Overcurrent Protection Device Types

The most common types of overcurrent protection
are fuses and circuit breakers.

15.4 Fuse
Construction

A typical fuse consists of an element electrically
connected to the end blades, called the ferrules.
The conductive element provides a path for cur-
rent through the fuse. The element is enclosed in a
tube and surrounded by a non-conductive filler
material.
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Overload Protection

When a sustained overload occurs, the heat melts
a portion of the element, stopping the flow of cur-
rent.

Short-Circuit and Ground-Fault Protection

When a short circuit occurs, several element seg-
ments melt at the same time, removing the load
from the source very quickly.

15.5 Circuit Breaker Trip Elements

Electromagnetic circuit breakers open on the prin-
ciple of thermo and electromagnetism.

Thermal Trip Element

In normal operation, the thermal sensing element
(bimetal) will cause the circuit breaker to open
when a predetermined calibration temperature is
reached.

Magnetic Trip Element

The magnetic time-delay circuit breaker operates
on the solenoid principle where a movable core
held with a spring, in a tube, is moved by the mag-
netic field caused by a short circuit or ground
fault.

15.6 Circuit Breaker Types
Inverse-Time

Inverse-time breakers operate on the principle that
as the current increases, the time it takes for the
devices to open decreases.

Adjustable-Trip

Adjustable-trip breakers permit the magnetic trip
setting to be adjusted to coordinate the operation
of the circuit breakers with other overcurrent pro-

tection devices.
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Instantaneous-Trip

Instantaneous-trip breakers operate on the principle
of electromagnetism only and are used for very
large motors. Instantaneous-trip circuit breakers
have no intentional time delay and are sensitive to
current inrush, and to vibration and shock.

15.7 Available Short-Circuit Current

Available short-circuit current (SCA) is the cur-
rent in amperes that is available at a given point in
the electrical system. The available short-circuit
current is different at each point of the electrical
system. It is highest at the utility transformer and
lowest at the branch-circuit load.

Factors that impact the available short-circuit cur-
rent include the system voltage, transformer kVA
rating and its impedance, conductor material, con-
ductor size, and its length.

15.8 Interrupting Rating

Overcurrent protection devices such as circuit
breakers and fuses are intended to interrupt the
circuit, and they shall have an ampere interrupting
rating (AIR) sufficient for the available short-cir-
cuit current.

DANGER: If the circuit overcurrent protection
device is not rated to interrupt the current at
the available fault values at its listed voltage
rating, it could explode while attempting to
clear the fault. Naturally this can cause
serious injury or death, as well as property.
damage.

15.9 Shori-Circuit Current Rating

Electrical equipment shall have a short-circuit
current rating that permits the circuit overcurrent
protection device to clear a short circuit or ground
fault without extensive damage to the electrical
components of the circuit.

Busly 2lusida) tigury

15.10 Current Limiting Protection

When a fuse operates in its current limiting range,
it will clear a short circuit in less than half a cycle,
This type of fuse substantially limits the instanta-
neous peak let-through current.

If the available short-circuit current exceeds the
equipment/conductor short-circuit current rating,
then the thermal and magnetic forces can cause
the equipment circuit conductors, as well as
grounding conductors, to vaporize.

PART B—GROUND-FAULT CIRCUIT
INTERRUPTERS

15.11 How a GFCI Works

A GFCI protection device operates on the prin-
ciple of monitoring the imbalance of current
between the circuit’s ungrounded and grounded
(neutral) conductors. If the difference between the
current leaving and returning through the current
transformer of the GFCI protection device
exceeds 5 mA (% 1 mA), the solid-state circuitry
opens the switching contacts and de-energizes the
circuit.

15.12 Neutral-to-Case Detection

Another function of a GFCI device is the detection
of downstream neutral-to-case connections. This
feature can give the appearance of a “defective”
GFCI device because it trips when the circuit is
energized, even with no loads on or connected.

15.13 Line-to-Neutral Shock Hazard

Severe electric shock or death can occur if a
person touches the ungrounded and grounded
(neutral) conductors at the same time, even if the
circuit is GFCI protected.
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15.14 GFGI Fails—Circuif Remains
Energized

Typically, when a GFCI protection device fails,
the switching contacts remain closed and the
device will continue to provide power without
GFCI protection!

15.15 GFCI Test Buiton

Press the ‘test feature of the GFCI protection
device to ensure that it turns the power off to the
connected load. Do not assume that a GFCI pro-
tection device is operational unless you properly
test it!

PART G—ARC-FAULT CIRCUIT
INTERRUPTER

15.16 Arcing Definition

Arcing is defined as a luminous discharge of elec-
tricity across an insulating medium. Electric arcs
operate at temperatures between 5,000 and
15,000°F and expel small particles of very hot
molten materials.

15.17 Series Versus Parallel Arc

Series Arc

A series arc can occur when the conductor in
series with the load is unintentionally broken. A
series arc-fault current is load limited; the arc’s
current cannot be greater than the load current the
conductor serves.

Parallel Arc

Short-Circuit Parallel Arc. A short-circuit arc
might occur if the wire’s insulation is damaged by
an excessively or incorrectly driven staple in non-
metallic sheath cable. The current flow in a short-
circuit type arc is limited by the system imped-
ance and the impedance of the arcing fault itself.

Wlts Ul Bulzsusises, Jus. « WL IEEsyde sy o s 2 Byis

Ground-Fault Parallel Arc. A ground-fault type
parallel arc fault can only occur when a ground
path is present. This type of arcing fault can be
quickly cleared by either a GFCI or AFCI circuit
protective device.

15.18 AFCI and the NEC

To help reduce the hazard of electrical fires from
a parallel arcing fault in the branch-circuit wiring,
the NEC requires a listed AFCI protection device
to be installed to protect the branch-circuit wiring
for dwelling unit bedrooms.

15.19 AFCI—How They Operate

An AFCT protection device provides protection
from an arcing fault by recognizing the character-
istics unique to an arcing fault and by functioning
to de-energize the circuit when a parallel arc fault
is detected.

PART D—GROUND-FAULT PROTECTION
OF EQUIPMENT

15.20 Ground-Fault Protection of Equipment
Definition

Ground-fault protection of equipment is a system
intended to provide protection of equipment from
damaging ground-fault currents by opening all
ungrounded conductors of the faulted circuit.
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l' OI\ k b . 0 . . _
/_LE\,;__, PR Yog ve now gained an unders.tandmg of circuit protec
| =\ tion devices and some basics about selecting them.
ik < 1 You know the purpose of grounding in the proper

functioning of ground-fault protection devices. You
also know the hazards of energized parts and the
hazards that can arise from improper grounding
schemes, high-resistance ground paths, and ground
faults.

J INTERRUPTING  *
| RATING

| 10,000

| AMPS

WAX, RMS SYM. |
120/240 VOLTS AC ;

Words to Live By: When confronted with a Goliath-sized problem, which way do you respond: “He’s too
big to hit,” or like David, “He’s too big to miss”?
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Unit 15 Prastive Questions

PART A—OVERCURRENT PROTECTION DEVICES
-15.1 Overcurrent Protection

ﬂ,._lrl. The purpose of overcurrent protection is to protect the conductors and equipment against excessive or
dangerous temperatures because of overcurrent. Overcurrent is current in excess of the rated current
of equipment or conductors. It may result from a(n)

(a) overload (b) short circuit (c) ground fault (d) all of these
2. A(n) is the operation of equipment or conductors in excess of their rated ampacity.
(a) overload (b) short circuit (c) ground fault (d) all of these

3. A short circuit is the electrical connection between any two conductors of the electrical system

conductor.
(a) line-to-line (b) line-to-neutral (c) line-to-ground (d)aandb
15.2 Clearing Faulis
4. To protect against electric shock or to prevent a fire, a dangerous must quickly be removed by

opening the circuit’s overcurrent protection device.

(a) overload (b) short circuit (c) ground fault (d) all of these

5. The opening time for a protection device is inversely proportional to the magnitude of the current.
The greater the current value, the less time it takes for the protection device to open.

(a) True (b) False

6. Inverse-time breakers operate on the principle that as the current decreases, the time it takes for the
device to open decreases.

(a) True (b) False

7. 'To remove dangerous touch voltage on metal parts from a(n) , the fault-current path must have
low impedance to allow the fault current to quickly rise to facilitate the opening of the protection
device.

(a) overload (b) short circuit (c) ground fault (d) all of these
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15.4 Fuse

8. A fuse consists of an element electrically connected to the end blades, which is enclosed in a tube and
surrounded by a filler material.

(a) conductive (b) foam (c) light (d) nonconductive

9. As current flows through the element of a fuse, it generates heat. When a sustained overload occurs,
the heat melts , stopping the flow of current.

(a) several elements (b) all of the elements
(c) a portion of the element (d) none of these

10. When a short circuit or ground fault occurs, melt at the same time, removing the load from the
source very quickly.

(a) several elements (b) all of the elements
(c) a portion of the element (d) none of these

15.5 Circuit Breaker Trip Elements

11. The sensing element causes the circuit breaker to open when a predetermined calibration tem-
perature is reached.

(a) magnetic (b) electronic (c) thermo (d) none of these

12. The magnetic time-delay circuit breaker operates on the solenoid principle where a movable core,
held with a spring, is moved by the magnetic field of a(n)

(a) overload (b) short circuit (c) ground fault (dborc

15.6 Circuit Breaker Types

13. breakers operate on the principle that as the current increases, the time it takes for the device
to open decreases.

(a) Inverse-time (b) Adjustable-trip (¢) Instantaneous-trip (d) all of these

14. breakers permit the thermo trip setting to be adjusted to coordinate the circuit breaker’s oper-
ation with other protection devices.

(a) Inverse-time (b) Adjustable-trip (c) Instantaneous-trip  (d) all of these

15. breakers operate on the principle of electromagnetism only and are used for very large motors.

(a) Inverse-time (b) Adjustable-trip (c) Instantaneous-trip ~ (d) all of these

I
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15.7 Available Short-Circuit Current

16. Available short-circuit current is the current in amperes that is available at a given point in the elec-
trical system.

(a) True (b) False

17. The available short-circuit current is different at each point of the electrical system,; it is highest at the

(a) branch circuit (b) feeder (c) service (d) utility transformer

18. Factors that impact the available short-circuit current include transformer

(a) voltage (b) kVA rating (c) impedance (d) all of these

19. Factors that impact the available short-circuit current include circuit conductor

(a) material (b) size (c) length (d) all of these

15.8 Interrupting Rating

20. Circuit breakers and fuses are intended to interrupt the circuit, and they shall have an ampere inter-
rupting rating (AIR) sufficient for the available short-circuit current.

(a) True (b) False

21. Unless marked otherwise, circuit breakers have a 5,000 AIC rating and fuses have a 10,000 AIC
rating.
(a) True (b) False

22.1If the protection device is not rated to interrupt the current at the available fault values at its listed
voltage rating, it could explode while attempting to clear the fault.

(a) True (b) False

15.9 Shori-Circuit Current Rating

- 7.23. Equipment must have a(n) current rating that permits the protection device to clear a short cir-
( cuit or ground fault without extensive damage to the components of the circuit.

(a) overload (b) short circuit (c) ground fault (dborc
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15.10 Current Limiting Protection

24. A thermal-magnetic circuit breaker typically clears fault current in less than 3 to 5 cycles when sub-
jected to a(n) .

(a) ovérload (b) short circuit (c) ground fault (dborc

25. When equipment does not have a withstand rating sufficient for the available fault current, the equip-
ment can be protected by the use of

(a) one-time fuses (b) dual-element fuses
(c) instantaneous-type circuit breakers (d) current-limiting fuses

PART B—GROUND-FAULT CIRCUIT INTERRUPTERS

15.11 How a GFCI Works

26. A GFCI is designed to protect persons against electric shock. It operates on the principle of moni-
toring the imbalance of current between the circuit’s conductor.
(a) ungrounded (b) grounded (c) equipment (d)aandb

27.If the difference between the current leaving and returning through the current transformer of the
GFCI protection device exceeds , the solid-state circuitry de-energizes the circuit.
(a) 1 mA (b) 3 mA (c) 5mA ; (d) 10 mA

15.12 Neutral-to-Case Detection

28. A GFCI protection device contains an internal monitor that prevents the device from being turned on
if there is a neutral-to-case connection downstream of the device, but this only occurs if there is a load
on the circuit.

(a) True (b) False

15.13 Line-to-Neutral Shock Hazard

29. Severe electric shock or death can occur if a person touches the ungrounded and the grounded (neu-
tral) conductors at the same time, even if the circuit is GECI protected.

(a) True (b) False

!
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15.14 GFCI Fails—Circuit Remains Energized

30. Typically, when a GFCI protection device fails, the switching contacts remain closed and the device
will continue to provide power without GFCI protection.

(a) True (b) False

15.15 GFCI Test Buiton

31. According to a NEMA report, 11 percent of the GFCI breakers protecting indoor receptacles failed,
and protecting outdoor receptacles failed.
(a) 10% (b) 15% (c) 20% (d) 25%

PART C—ARC-FAULT CIRCUIT INTERRUPTER

~15.16 Arcing Definition
/ -32. Arcing is defined as a luminous discharge of electricity across an insulating medium. Electric arcs
operate at temperatures between and expel small particles of very hot molten materials.
(a) 1,000 and 5,000°F (b) 2,000 and 10,000°F
(c) 5,000 and 15,000°F (d) 10,000 and 25,000°F

15.17 Series Versus Parallel Arc

33. Unsafe arcing faults can occur in one of two ways, as series arcing faults or as parallel arcing faults.
The most dangerous is the parallel arcing fault.

(a) True (b) False

34. A series arc can occur when the conductor in series with the load is unintentionally broken. A series
arc-fault current is load limited.

(a) True (b) False

35. The current in a short-circuit type arc is limited by the system impedance and the impedance of the
arcing fault itself. Typically, at a receptacle, fault current will be above 75A, but not likely above

(a) 100A (b) 220A (c) 330A (d) 450A

36. A ground-fault type parallel arc can only occur when a ground path is present. This type of arcing
fault can be quickly cleared by a(n) circuit protective device.
(a) GFCI (b) AFCI (c)aorb (d) none of these

susls Elzsirlsal Tizury | ﬁ

datz Huli Eutaruslses, s, » e lEEsudzsu < i EE byl
Egh‘ -




-

Gismplus —Zlysidead Sysizms uud #rvissdyy YulE JG—rryiusilyy Ysylsys J

15.18 AFCI and the NEC

37. To help reduce the hazard of electrical fires from a parallel arcing fault, the NEC requires a listed
AFCI protection device to protect wiring in dwelling unit bedrooms.
(a) branch-circuit (b) feeder (c) service (d) all of these

15.19 AFCI—How They Operate

38. An AFCI protection device provides protection from an arcing fault by recognizing the characteristics

unique to a parallel arcing fault and by functioning to de-energize the circuit when an arc fault i
detected.

(a) True (b) False

PART D—GROUND-FAULT PROTECTION OF EQUIPMENT
15.20 Ground-Fault Protection of Equipment Definition

39. A ground-fault protection of equipment device is intended to provide protection of equipment from

damaging ground-fault currents by opening all ungrounded conductors of the faulted circuit. This
device will also protect persons.

(2) True (b) False

-
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14.1 Current Flow

1. Electrons leaving a power supply are always trying to return to the same power supply; they are not
trying to go into the earth.

(a) True (b) False

14.4 Premises Neutral Current Path

2. To prevent fires and electric shock, the NEC specifies that neutral current can flow on metal parts of
the electrical system.

(a) True (b) False

14.5 Premises Gmund-Fath Current Path

3. Metal parts of premises wiring must be bonded to a low-impedance path designed so that the circuit
protection device will quickly open and clear a ground fault.

(a) True (b) False

4. Because of the earth’s high resistance to current flow, it cannot be used for the purpose of clearing a

line-to-case ground fault for wiring. -
(a) utility (b) premises (c)aorb (d) none of these
14.7 Conductor Voltage Drop
5. The voltage drop over a conductor is directly proportional to the of the conductor.
(a) area (b) circular mils (c) length (d) none of these

14.8 Conductor Power Loss

6. Conductor power losses are directly proportional to the length of the conductor and the square of the
current. If the current is doubled, the power loss will be increased by

(a) 100% (b) 200% (c) 300% (d) 400%
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14.9 Reducing Voltage Drop and Power Loss

7. The most effective way to reduce conductor voltage drop and power loss is to lower the current
flowing through the conductors. This is accomplished by the transmission voltage.

(a) reducing (b) applying (c) increasing (d) none of these

PART A—OVERCURRENT PROTECTION DEVICES

) 15.7 Overcurrent Protection

—%\/ 8. The purpose of overcurrent protection is to protect the conductors and equipment against excessive or
/ dangerous temperatures because of overcurrent. Overcurrent is current in excess of the rated current
of equipment or conductors. It may result from a(n)

(a) overload (b) short circuit (c) ground fault (d) all of these
9. A(n) is the operation of equipment or conductors in excéss of their rated ampacity.

(a) overload (b) short circuit (c) ground fault (d) all of these
15.2 Clearing Faulis

10. To protect against electric shock or to prevent a fire, dangerous must quickly be removed by

opening the circuit’s overcurrent protection device.

(a) overload (b) short circuit (c) ground fault (d) all of these

11. The opening time for a protection device is inversely proportional to the magnitude of the current.
The greater the current value, the less time it takes for the protection device to open.

(a) True (b) False

12. Inverse-time breakers operate on the principle that as the current decreases, the time it takes for the
device to open decreases. '

(2) True (b) False

15.5 Circuit Breaker Trip Elements

\ 13. The sensing element causes the circuit breaker to open when a predetermined calibration tem-
perature is reached.

(a) magnetic (b) electronic (c) thermo (d) none of these
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-—=—14. The magnetic time-delay circuit breaker operates on the solenoid principle where a movable core,
held with a spring, is moved by the magnetic field of a(n) .

(a) overload (b) short circuit (c) ground fault (dborc

15.7 Available Short-Circuit Current

15. Available short-circuit current is the current in amperes that is available at a given point in the elec-
trical system.

(a) True (b) False

16. The available short-circuit current is different at each point of the electrical system; it is highest at the

(a) branch circuit (b) feeder (c) service (d) utility transformer

17. Factors that impact the available short-¢ircuit current include transformer

(a) voltage (b) kVA rating (c) impedance (d) all of these

18. Factors that impact the available short-circuit current include circuit conductor

(a) material (b) size (c) length (d) all of these

15.8 Interrupting Rating

19. Circuit breakers and fuses are intended to interrupt the circuit, and they shall have an ampere inter-
rupting rating (AIR) sufficient for the available short-circuit current.

(a) True (b) False

20. If the protection device is not rated to interrupt the current at the available fault values at its listed
voltage rating, it could explode while attempting to clear the fault.

(a) True (b) False

- 15.9 Short-Circuit Current Rating

7 21. Equipment must have a(n) current rating that permits the protection device to clear a short cir-
cuit or ground fault without extensive damage to the components of the circuit.

(a) overload (b) short circuit (c) ground fault (dborc
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PART B—GROUND-FAULT CIRCUIT INTERRUPTERS

15.11 How a GFCI Works

22. A GFCI is designed to protect persons against electric shock. It operates on the principle of moni-
toring the imbalance of current between the circuit’s conductor.
(a) ungrounded (b) grounded (c) equipment (d)aand b

23.If the difference between the current leaving and returning through the current transformer of the
GECI protection device exceeds , the solid-state circuitry de-energizes the circuit.

(a) 1 mA (b) 3mA (c) 5 mA (d) 10 mA

15.12 Neutral-to-Case Detection

24. A GFCI protection device contains an internal monitor that prevents the device from being turned on
if there is a neutral-to-case connection downstream of the device, but this only occurs if there is a load
on the circuit.

(a) True (b) False

15.13 Line-to-Neutral Shock Hazard

25. Severe electric shock or death can occur if a person touches the ungrounded and the grounded (neu-
tral) conductors at the same time, even if the circuit is GFCI protected.

(a) True (b) False

15.14 GFCI Fails—Gircuit Remains Energized

26. Typically, when a GFCI protection device fails, the switching contacts remain closed and the device
will continue to provide power without GFCI protection.

(a) True (b) False

PART G—ARC-FAULT CIRCUIT INTERRUPTER
15.16 Arcing Definition

27. Arcing is defined as a luminous discharge of electricity across an insulating medium. Electric arcs

operate at temperatures between and expel small particles of very hot molten materials.
(a) 1,000 and 5,000°F (b) 2,000 and 10,000°F
(c) 5,000 and 15,000°F (d) 10,000 and 25,000°F
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15.17 Series Versus Parallel Arc

28. Unsafe arcing faults can occur in one of two ways, as series arcing faults or as parallel arcing faults.
The most dangerous is the parallel arcing fault.

(a) True (b) False

29. A series arc can occur when the conductor in series with the load is unintentionally broken. A series
arc-fault current is load limited.

(a) True (b) False

30. The current in a short-circuit type arc is limited by the system impedance and the impedance of the
arcing fault itself. Typically, at a receptacle, fault current will be above 75A, but not likely above

(a) 100A (b) 220A (c) 330A (d) 450A

31. A ground-fault type parallel arc can only occur when a ground path is present. This type of arcing
fault can be quickly cleared by a(n) circuit protective device.
(a) GFCI (b) AFCI (c)aorb (d) none of these

15.18 AFCI and the NEC

32. To help reduce the hazard of electrical fires from a parallel arcing fault, the NEC requires a listed
AFCI protection device to protect wiring in dwelling unit bedrooms.
(a) branch-circuit (b) feeder (c) service (d) all of these

15.19 AFGI—How They Operate

33. An AFCI protection device provides protection from an arcing fault by recognizing the characteristics
unique to a parallel arcing fault and by functioning to de-energize the circuit when an arc fault is
detected.

(a) True (b) False

PART D—GROUND-FAULT PROTECTION OF EQUIPMENT

15.20 Ground-Fault Protection of Equipment Definition

34. A ground-fault protection of equipment device is intended to provide protection of equipment from
damaging ground-fault currents by opening all ungrounded conductors of the faulted circuit. This
device will also protect persons.

(a) True (b) False

)
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Alternating
Gurrent

Because ac current is inexpensive to transmit
compared to dc current, ac has become the
dominant form of electricity in our modern
infrastructure. In the early days of commer-
cially available electric power, dc was domi-
nant. But, economics won out. Applying ac
safely or effectively, however, requires an
understanding of certain concepts that border
on the complex. All of those concepts build
on what you have already learned.

16.1 Current Flow

In order for current to flow in a circuit, the power
supply must apply sufficient electromotive force
to cause the electrons to move. The movement of
the electrons themselves does not produce any
useful work; it’s the effects that the moving elec-
trons have on the loads they flow through that are
important. The effects of electron movement are
the same regardless of the direction of the current
flow. Figure 16-1

iMike Holt Enterprises, Inc. » www.NECcode.com » 1.388.NEC.Code

16.2 Why Alternating Current is Used

Alternating current is primarily used because it
can be transmitted inexpensively due to the ease
of transforming to high-transmission voltage and
then transforming this voltage back to low distri-
bution voltage. In addition, alternating current is
used when direct current is not suitable for the
application.

Direct-Current Use. There are other applications
however, particularly inside electronic equipment,
where only direct current can perform the desired
function. This is accomplished by rectifying ac to
dc to power these electronic loads. Figure 16-2

Basic Electrical Theory
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Unit 16—Alternating Curren

Current Flow
Alternating Current alternately flows in both directions.

Closed | -

Switch Switch
Alternating current (ac) rapidly changes polarity and
magnitude. The polarity constantly changes causing
the current to alternately flow in both directions.

: rﬂ . SRS Direct Current Flows
! ; 1 in One Direction
{ [ | Direct current (dc) flows from

| the negative terminal of the
[ power source to the positive

Closed | ; i
h — terminal of the power source.
Switch [ The polarity of the voltage
COPYRIGHT 2003 Mike Holl Enferprises. Inc always remains the same.
Figure 16-1

Rectifying AC to DC for Electronics
| Full Wave Rectifier |

-1 ac
Supply
Copyright 2003 Mike Holt Enterprises, Inc
Direct current from a full-wave rectifier (supplied by ac)

is very common inside electronic equipment where only
dc can perform the desired function.

Figure 16-2

* Filtered dc '

: Pulsating dc

16.3 How Alternating Current is Produced

In 1831, Michael Faraday discovered that elec-
tricity could be produced from a source other than
a battery. Faraday knew that electricity produced
magnetism, and he wondered why magnetism
couldn’t produce electricity. Faraday discovered
that when he moved a magnet inside a coil of
wire, he got a pulse of electricity. When he pulled
the magnet out, he got another pulse. He also got
the same reaction when he moved the coil toward
and away from the magnet.

Basic Electrical Theory
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Faraday’s experiments revealed that when a mag-
netic field moves through a coil of wire, the lines
of force of the magnetic field cause the electrons
in the wire to flow in a specific direction. When
the magnetic field moves in the opposite direction,
electrons in the wire flow in the opposite direc-
tion. Electrons will flow only when there is
motion of the conductors relative to the magnetic
field. Figure 16-3

Producing Alternating Current

. When the magnet is
~ | inserted into the coll,
! the electricity produced
on the wire aligns the
compass needle.

e " e

When the magnet is

removed from the coil,
| the electricity produced
on the wire aligns the
compass needle in the
opposite direction.

Copynght 2003 Mike Holt Enterprises, Inc

Figure 16-3

16.4 AC Generator

A simple ac generator consists of a loop of wire
rotating between the lines of force between the
opposite poles of a magnet. The halves of each
conductor loop travel through the magnetic lines
of force in opposite directions, causing the elec-
trons within the conductor to move in a given
direction. The magnitude of the voltage produced
is dependent upon the number of turns of wire, the
strength of the magnetic field, and the speed at
which the coil rotates. Figure 16-4

AUTHOR’S COMMENT: The rotating conductor
loop is called a rotor or armature. Slip or collector
rings and carbon brushes are used to connect the
output voltage from the generator to an external
circuit.
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The AC Generator

T

Motlve Force (e g. engine, turblne

A conductor loop rotating l
in 2 magnetic field is a
single-phase ac generator. {

Excitation voltage input Sy "Rings
from a separate dc source ~|Exciter L
produces a magnetic field. | AC Output
: to Load

Small single-phase ac generators have a
conductor loop rotating inside a magnetic field.
Note: Larger ac generators have a rotating
magnetic field inside stationary conductors.

Figure 16-4

Copyright 2003
Mike Holt Enterpnses, inc

In generators that produce large quantities of elec-
tricity, the conductor coils are stationary and the
magnetic field revolves within the coils. The mag-
netic field is produced by an electromagnet,
instead of a permanent magnet. Use of electro-
magnets permit the strength of the magnetic field,
and thus the lines of force, to be modified, thereby
controlling the output voltage. Figure 16-5

Single-Phase AC Generator

Station;ry Armature
Windings (conductor) |

7 AC Output Voltage

Copyright 2003
Mika Hoft Enterprisas, Inc

: ) DC Excitation Voltage Input

Most ac generators have a rotating magnetfc field inside
stationary armature windings. The voltage induced in the
armature windings add to produce the ac output voltage.

Note: All ac generators are separately excited. Batteries
or a small dc generator contained with the ac generator
are typically used.

Figure 16-5
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16.5 Waveform

A waveform image is used to display the level and
direction of current and voltage.

Direct-Current Waveform

A direct-current waveform displays the direction
(polarity) and magnitude of the current or voltage.
Figure 16-6A and Figure 16—6B

Direct-Current Waveforms
Basic Direct-CulIrrent Waveform

LA m1§+[
__ 2§
; =
| n . ‘
— ™ Reference Lines
Time
@ mr_g- Basic Pulsating Direct-Current Waveform
T =+
235
5a
%'00 1 A I ! o
sc
Full-Wave I,“’__‘—& Reference Lines
Rectifier Time
Copyright 2003 Mike Hoit Entarpisas. Inc
Figure 16—6

Alternating-Gurrent Waveform

The waveform for alternating-current circuits dis-
plays the level and direction of the current and
voltage for every instant of time for one full revo-
lution of the rotor. Figure 16—7

Altemating Current Waveform

Basic Alternating-
Current Waveform

+

)

Copyrigh 2003
Mika Holt

Entoipnses, ine Time

Magnitude
and Polarity
(=]

-—'& Reference

Lines

..__
1

Figure 16-7
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16.6 Sine Wave

Sinusoidal Waveform

The waveform for alternating-current circuits is
symmetrical with positive above and negative
below the zero reference level. For most alter-
nating-current circuits, the waveform is called a
sine wave.

Figure 16-8A shows the relationship of the wave-
form and the rotor.

Sine Waves
N .e.S

One Cycle

+ | ———l—
| - Nonsinusoidal
i Waveform
| 1
0 i = : 1
0° 90° 180° 360°
| Copyright 2003 Mike Hol Entarprises. Inc.
i | One Cycle
Figure 16-8

(1) The voltage starts at zero, when the rotor is not
cutting any magnetic lines of force.

" (2) As the rotor turns, the voltage increases from
zero to a maximum value in one direction.

(3) It then decreases until it reaches zero.

(4) At zero, the voltage reverses polarity and
increases until it reaches a maximum value at
this opposite polarity.

(5) It decreases until it reaches zero again.

, Nonsinusoidal Waveform

Figure 16-8B shows another ac waveform, but this
.# one is nonsinusoidal. A nonsinusoidal waveform
is created when nonlinear loads distort the sine
wave,

Basic Electrical Theory
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Examples of nonlinear loads include computer
power supplies and electronic ballasts for fluores-
cent lighting fixtures.

AUTHOR’S COMMENT: This topic is beyond the
scope of this textbook.

!

16.7 Nonsymmetrical Waveform

The combination of alternating-current and direct-
current waveforms results in a nonsymmetrical
waveform. Figure 16-9

Nonsymmetrical Waveforms
¢} | Symmetrical Direct-Current Waveform|

+

o i ' Nk Horizgntal‘
= Time . Axs

+ SymmetricaIAIternating-‘@

~—  Current Waveform

B Nonsymmetrical_(-C_ompIex)
] Waveform (Resulant)

©

1
L2\ Horizontal
Axis

mlie——Tme g Sl

Copyright 2003
Mike Holl
Enterprises, Inc

The ac and dc waveforms combine to make
| a complex (nonsymmetrical) waveform.

Figure 16-9

16.8 Frequency

The number of times the rotor turns in one second
is called the frequency. Frequency is expressed as
Hertz (Hz) or cycles per second, in honor of
Heinrich Hertz. Most electrical power generated
in the United States has a frequency of 60 Hz,
Figure 16—10, whereas many other parts of the
world use 50 Hz, and others use different power
frequencies ranging from a low of 25 Hz to a high
of 125 Hz.
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Frequency - 60 Hertz

o One Cycle = 1/60th of a Second

6 [

|
0

‘ —id-—-— Time = 1/60th Second —» Mlkuﬁgnamm:s.lm
| 3600 !

/ @' 60 Hertz (Hz) is 60 Cycles Per Second (cps)
MWW AWWWWAWWAWWAMAWAAAL

Time =1 Second ———+

Figure 16-10

High-frequency electrical power, of 415 Hz, is
often used for large computer systems and 400 Hz
is used for airplane lighting. High-frequency
power is often derived from motor-generator sets
or other converters that operate at 60 Hz.

16.9 Phase

Phase is a term used to indicate the time or degree
relationship between two waveforms, such as
voltage-to-current or voltage-to-voltage. When two
waveforms are in step with each other, they are said
to be in-phase. In a purely resistive ac circuit, the
current and voltage are in-phase. This means that,
at every instant, the current is exactly in step with
the applied voltage. They both reach their zero and
peak values at the same time. Figure 16-11

Current and Voltage "In-Phase"

Peak Voltage
Current Zero
Value
3 Il | |
Zero Zero
Value Value

Voltage and current reach their "peak"
and "zero" values at the same time.

Figure 16-11

Copynght 2003
Mike Holt Enterprises. Inc.
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16.10 Degrees

Phase differences are often expressed in degrees;
one full waveform is equal to 360 degrees. For
example, a three-phase generator has each of its
windings out-of-phase with each other by 120
degrees. Figure 16—12

Degrees of Different Phases

—

. 1200‘éfhase 2

120/208V
(or 277/480V) =,
3-Phase System L+
¥ 'Y
Phase 3

Phase 2 Phase 3

i<—1 200! +1200 | — 1200 —=

| 3600 ®  Copyright 2003 Mika Holt Enterprisas, Inc.

Figure 16-12

Phase 1

16.11 Lead or Lag

When describing the relationship between
voltage and current, the reference waveform is
always voltage—thus, a “lagging” waveform
means that the voltage lags behind the current; a
“leading” waveform means that the voltage leads
the current.

Leading

It is easy to get confused as to which waveform
leads and which one lags behind. The best way to
remember this is to look at which waveform fin-
ishes its cycle first. In Figure 16-13A, the voltage
waveform finishes its waveform cycle before the
current waveform (designated by E, in Figure
16-13), so the voltage waveform “leads” the cur-
rent waveform.

Lagging

In Figure 16-13B, the voltage waveform finishes
its waveform cycle after the current waveform
(designated by I, in Figure 16—-13), in this case the

voltage “lags” the current.

Basic Electrical Theory
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"Lead" or "Lag"

Q Induction

~

- -

Eo lo

Voltage "Leads" Current

Voltage
L
Current

lo Eo
Voltage "Lags" Current
Figure 16-13
16.12 Values of Alternating Current

There are many important values in alternating-
current waveforms. Some of the most important

include instantaneous, peak, and effective.
Figure 16-14

Values of Alternating-Current Waveform
| Peak Value = Effective (RMS) x 1.414 |
' | Effective (RMS) Value = Peak x 0.707 |

r~~ Effective (RMS) Value - ggg -2~
i Peak Value

Copyright 2003 Mike Holt Enlerprises, Inc.

Figure 16-14
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Instantaneous Value

The value at a moment of time. Depending upon the
instant selected, it can range anywhere from zero, to
peak, to negative peak value. Figure 16-14A1

Peak Value

The maximum value the current or voltage wave-
form reaches. Figure 16—14A2

For a pure Sine wave:

Effectivé Value
0.707

Peak Value = Effective Value x 1.414
Effective Value = Peak Value x 0.707

Peak Value =

Effective Value

Effective ac voltage or effective ac current is the
equivalent value of dc voltage or dc current that
would proﬂuce the same amount of heat in a
resistor. Figure 16—-14A3

For a pure sine wave:

Effective Value = RMS Value

RMS Value

Root-Mean-Square (RMS) describes the steps (in
reverse) necessary to determine the effective
voltage or current value. Figure 16—-14A3

Step 1 Square the instant waveform values; this
turns all of the negative portions into posi-
tive portions.

Step 2 Determine the Mean (average) of the
instant values of the waveform.

Step 3 Calculate the square root value of the
mean average in order to reverse the
numerical effects of having squared the
instant values (Step 1).

AUTHOR’S COMMENT: Actually it should be SMR,
not RMS!

Basic Electrical Theory
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16.1 Gurrent Flow

In order for current to flow, a circuit must be a
closed loop and the power supply must apply suf-
ficient pressure to cause the electrons to move.
The effects of electron movement are the same
regardless of the direction of the current flow.

16.2 Why Alternating Current is Used

Alternating current is primarily used because it
can be transmitted inexpensively due to the ease
of transforming to high-transmission voltages and
then transforming this voltage back to lower dis-
tribution voltages.

16.3 How Alternating Current is Produced

Faraday’s experiments revealed that when a mag-
netic field moves through a coil of wire, the lines
of force of the magnetic field cause the electrons
in the wire to flow in a specific direction. When
the magnetic field moves in the opposite direction,
electrons in the wire flow in the opposite direc-
tion. Electrons flow only when there is motion of
the conductors relative to the magnetic field.

16.4 AC Generator

A simple ac generator consists of a loop of wire
rotating between the lines of force between the
opposite poles of a magnet. The halves of each
conductor loop travel through the magnetic lines
of force in opposite directions, causing the elec-
trons within the conductor to move in a given
direction. The magnitude of the voltage produced
is dependent upon the number of turns of wire, the
strength of the magnetic field, and the speed at
which the coil rotates.

In generators that produce large quantities of elec-
tricity, the conductor coils are stationary and the
magnetic field revolves within the coils. Use of
electromagnets permits the strength of the mag-

Unit 16 Summary
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netic field, and thus the lines of force, to be mod-
ified, thereby controlling the output voltage.

16.5 Waveform

Direct-Current Waveform

A direct-current waveform displays the direction
(polarity) and magnitude of the current or voltage.
Alternating-Current Waveform

The waveform for alternating-current circuits dis-
plays the level and direction of the current and
voltage for every instant of time for one full revo-
lution of the rotor.

16.6 Sine Wave

Sinusoidal Waveform

The waveform for alternating-current circuits is
symmetrical with positive above and negative
below the zero reference level. For most alter-
nating-current circuits, the waveform is called a
sine wave.

Nonsinusoidal Waveform

A nonsinusoidal waveform is created by what are
called nonlinear loads being supplied by the cir-
cuit; these could distort the sine wave.

16.7 Nonsymmetrical Waveform

The combination of alternating current and direct-
current waveforms results in a nonsymmetrical
waveform.

16.8 Frequency

The number of times the rotor turns in one second
is called the frequency. Frequency is expressed as

Hertz (Hz) or cycles per second.

Basic Electrical Theory
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16.9 Phase

Phase is a term used to indicate the time or degree
relationship between two waveforms, such as
voltage-to-current or voltage-to-voltage. When
two waveforms are in step with each other, they
are said to be in-phase.

This means that, at every instant, the current is
exactly in step with the applied voltage. They both
reach their zero and peak values at the same time.

16.10 Degrees

Phase differences are often expressed in degrees;
one full waveform is equal to 360 degrees.
Generators that are out-of-phase, conceptually, by
120 degrees (one-third cycle), produce three-
phase power.

16.11 Lead or Lag

When describing the relationship between voltage
and current, the reference waveform is always
voltage—thus, a “lagging” waveform means that
the voltage lags behind the current; a “leading”
waveform means that the voltage leads the current.

16.12 Values of Alternating Current

Instantaneous Value

The value at a moment of time. Depending upon
the instant selected, it can range anywhere from
zero, to peak, to negative peak value.

Peak Value

The maximum value the current or voltage wave-
form reaches. For a pure Sine wave:
Effective Value

0.707

Peak Value = Effective Value x 1.414
Effective Value = Peak Value x 0.707

Peak Value =

Effective Value
For a pure sine wave:
Effective Value = RMS Value

RMS Value

Root-Mean-Square (RMS) describes the steps (in
reverse) necessary to determine the effective
voltage or current value.

Unit 16 Conclusion

Remember that three-phase alternating current
has three waveforms that, when conditions are perfect, have
sinusoidal shapes and are 120 degrees out-of-phase with each other.

You now have a solid understanding of the
basic concepts of alternating current. You
know where it comes from and why it’s used,
plus you understand the various properties
that characterize the current in a given circuit
or system. The concepts of frequency, phase,
and waveform are all critical to the field of
power quality.

Your knowledge of what lead and lag mean
will help you understand power factor.

Basic Electrical Theory

Mike Holt Enterprises, Inc. « www.NEGCcode.com « 1.888.NEC.Code

1




Unit 16—Alternating Current Chapter 5—Alternating Current

Unit 16 Practice Questions

16.1 Current Flow

1. The movement of electrons themselves does not produce any useful work; it’s the effects that the
moving electrons have on the loads they flow through that are important.

(a) True (b) False

16.2 Why Alternating Current is Used
2. Alternating current is primarily used because it can be transmitted inexpensively.

(a) True (b) False

16.3 How Alternating Current is Produced

3. Faraday discovered that the lines of force of the magnetic field cause the electrons in the wire to flow
in a specific direction. When the magnetic field moves in the opposite direction, electrons flow in the
opposite direction.

(a) True (b) False

16.4 AC Generator

4. A simple ac generator consists of a loop of wire rotating between the lines of force between the oppo-
site poles of a magnet.

(a) True (b) False

5. In ac generators that produce large quantities of electricity, the conductor coils are stationary and the
magnetic field revolves within the coils.

(@) True (b) False

6. Output voltage of a generator is dependent upon the

(a) number of turns of wire ) (b) strength of the magnetic field
(c) speed at which the coil rotates (d) all of these
16.5 Waveform

7. A waveform image is used to display the level and direction of current, but not voltage.

(a) True (b) False

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code Basic Electrical Theory | H




Chapter 5—Alternating Current Unit 16—Alternating c"rren

8. The waveform for ac circuits displays the level and direction of the current and voltage for every
instant of time for one full revolution of the rotor.

(a) True (b) False

16.6 Sine Wave

9. The wave is a waveform that is symmetrical with positive above and negative below the zero
reference level.

(a) nonsinusoidal (b) nonsymmetrical (c) sine (d) any of these
10. A nonsinusoidal waveform is created when —__loads distort the voltage and current sine wave.
(a) linear (b) resistive (c) inductive (d) nonlinear

16.7 Nonsymmetrical Waveform

11. The combination of alternating-current and direct-current waveforms results in a waveform.
(a) nonsinusoidal (b) nonsymmetrical (c) sine (d) any of these
16.8 Frequency

,\,:'{/12- The number of complete waveforms in one second is called the frequency. Frequency is expressed as
i or cycles per second.

(a) degrees (b) sine wave (c) phase (d) Hertz

16.9 Phase

13. Phase is a term used to indicate the time or degree relationship between two waveforms, such as
voltage-to-current or voltage-to-voltage. '

(a) True (b) False
14. In a purely resistive ac circuit, the current and voltage are . This means that they both reach
their zero and peak values at the same time.
(a) in-phase (b) out-of-phase (c)aorb (d) none of these
16.10 Degrees
15. Phase differences are expressed in degrees; one full waveform is equal to
(a) 90° (b) 120° (c) 180° (d) 360°

16. A 3@ generator has each of its windings out-of-phase with each other by X
(a) 90° (b) 120° (c) 180° (d) 360°

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code
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'17. Phase differences are expressed in

(a) sine waves (b) phases (c) Hertz (d) degrees

16.11 Lead or Lag

18. When describing the relationship between voltage and current, the reference waveform is always

(a) current (b) resistance (c) voltage (d) none of these

19. If the voltage waveform finishes before the current waveform, the voltage is said to the current
waveform.

(a) lead (b) 1a (¢) be in-phase with (d) none of these
g

20. When the current waveform finishes before the voltage waveform, the voltage the current
waveform.

(a) leads (b) lags (c) is in-phase with (d) none of these

16.12 Values of Alternating Current

| 21, is the value of the voltage or current at a moment of time.

(a) Peak (b) Root-mean-square (c) Effective (d) Instantaneous

22. The peak value is equal to the effective value .
(a) times 0.707 (b) times 1.41 (c) divided by 1.41 (d) none of these

|
|
II
| .
fd- ___,, .23, 1s the maximum value that ac current or voltage reaches, both for positive and negative
B/ polarity.

(a) Peak (b) Root-mean-square (¢) Instantaneous (d) none of these

24. The effective value is equal to the peak value
(a) times 0.707 (b) times 1.41 (c) divided by 1.41 (d) none of these

25, Effective voltage or current value is the ac voltage or current that produces the same amount of heat
in a resistor that would be produced by the same amount of dc voltage or current.

(a) True (b) False

126, describes the steps necessary to determine the effective voltage or current value.

(a) Peak (b) Root-mean-square (c) Instantaneous (d) none of these

Basic Electrical Theory
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Capacitance is the property of an electrical circuit
‘ ' that enables it to store electrical energy by means

of an electric field and to release that energy at a
later time. Capacitance exists whenever an insu-
lating material (dielectric) separates two conduc-
tors that have a difference of potential between
c them. Devices that intentionally introduce capaci-
tance into circuits are called capacitors and are
sometimes referred to as condensers. Figure 17-1

), Y

Capacitor in one direction, and then in the other. A capacitor
—I_l permits current to flow because of its ability to
/ '_l_ store energy and then discharge the energy as the
'—I % A ’ Capac i{g; ' ac current flows in the opposite direction.
Capacitor Symbol T (Condenser)
AUTHOR’S COMMENT: If a “full-wave rectifier”

Copyright 2003 Mika Holt Enterprises, Inc

converts the ac voltage to filtered dc voltage, the

A device that intentionally introduces capacitance into cgpamtor will - be continuously  charged.
an electrical circuit is called a capacitor, or sometimes Figure 17-2
it's called a condenser.

17.1 Charged Capacitor

Figure 17-1
When a capacitor has a potential difference

Capacitor Current Flow between the conductors (plates), the capacitor is

Current does not flow through a capacitor. In an
ac circuit, the electrons in the circuit move back
and forth to alternately charge the capacitor, first

Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.MEC.Code

charged. One plate has an excess of free electrons
and the other plate has a lack of them. The plate
with the excess electrons has an overall negative
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Full-Wave Rectifier
Current Flow - 15t Half of ac Sine Wave

dc load always has
1 the same polarity.

Wave R Load |
Recliﬁer’P L i et

Current Flow - 2"d Half of ac Sine Wave

| Rectifier maintains positive |
4+ and negative to dc load.
: I

-+ R
g = dc |
; 4 Load !
""" cagpo
Enmerprises. inc
ac Supply Pulsating dc  Filtered dc
Figure 17-2

charge (-), while the plate from which electrons
were removed has an overall positive charge (+).
A difference of potential or voltage exists between
the plates. Figure 17-3

Charge - Capacitor

[ Plates & - Electron | ——
[ Distctric j—— 7 | Movement | T
e N )/~

74

Current can flow only when a capacitor
is either charging or discharging.

Note: Except for a small amount of current leakage
through the dielectric material, current does not flow
through a charged capacitor,

Copynight 2003 Mike Holl Enlerprises, Inc.

Figure 17-3

17.2 Electrical Field

Though the electrons cannot flow, the force that
attracts them still exists; this force is called the
electrical field. The electrical field can be thought
of as lines of electrical force that exist between the
capacitor plates. Figure 174

Basic Electrical Theory

Electric Field of a Capacitor
Full-Wave Rectifier |

Electric

—Field

Dielectric i
/| {Insulation)

gﬁpply Pulsating dc Filtered dc
Copyright 2003 Mike Hoh Enterprises, Inc
Although the electrons cannot flow through the
capacitor, the force that attracts them still exists.
This force is called the electric field.

Figure 17-4

The more the capacitor is charged, the stronger the
electrical field. If the capacitor is overcharged, the
electrons from the negative plate could be pulled
through the insulation to the positive plate. If this
happens, the capacitor is said to have broken down
(shorted). Figure 17-5

"Shorted" Capacitor

| Current to load
| is bypassed.
e

Rectifier

Figure 17-5

17.3 Discharging a Capacitor

To discharge a capacitor, all that is required is a
conducting path connected across the terminals of
the capacitor. The free electrons on the negative
plate will then flow through the external circuit to
the positive plate.

Mike Holt Enterprises, Inc. « www.NECcode.com 1.888.NEC.Code

E—



Unit 17—CGapacitance Chapter 5—Alternating Current

CAUTION: Great care should be taken when
working on a circuit that contains capacitors
(such as those found in variable speed drives).
Even when power is removed from the circuit,
the capacitors can store large amounts of
energy for a long period of time, and can dis-
charge and arc if inadvertently shorted or
grounded out.

17.4 Determining Gapacitance

Factors that determine the capacitance of a capac-
itor are the surface area of the plates, the distance
between the plates, and the insulating material or
dielectric between the plates.

Plate Distance

Capacitance is inversely proportional to the dis-
tance between the capacitor plates. The closer the
plates of the capacitor, the greater the capacitance
and, conversely, the greater the distance between
the plates, the lower the capacitance. Figure 17-6

Plate Distance - Determining Capacitance

: ? Rectifier

Low Capacitance

Large ‘L—— ¥
Separation ¢ dc) = :

' Load

Rectifier High Capacitance
)

Small 1—__;@ P
copry 205 _§eparation i R

trspees b T Load

Figure 176
Surface Area

Capacitance is directly proportional to the surface
area. The greater the surface area of the plates, the
greater the capacitance. Figure 17-7

' Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code

Plate Surface Area - Determining Capacitance

Rectifier Low Capacitance
Small | L__L 3
Surface Area If—- @ dc, 2.
Load

High Capacitance

Rectifier
1 ;

— .__I_.@
Large ] -
Surface Area_ﬁ — - P S
Cogyright 2003 Mekae it Enrprises, e _l_ Load
Figure 17-7

Dielectric Strength

Dielectric strength indicates the maximum voltage
that can be applied across the dielectric safely.
Figure 17-8

Dielectric (Insulation) Strength - Maximum Voltage

Rectifier
EYQLV [ iov r_[—j:_’@ oY
= Dielectric - i !
1 Strength — ngd -----
: ?Rectiﬁer
4slov | Higher l__l_ia T3
= Dielectric - H :
l ] Strength :r— ngé” =
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Figure 17-8

17.5 Uses of Gapacitors

One use of capacitors is to start single-phase ac
motors and to prevent arcing across the contacts
of electric switches. A capacitor connected across
the switch contacts provides a path for current
flow until the switch is fully open and the danger
of arcing has passed. Figure 17-9

Basic Electrical Theory a
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Capacitor to Prevent Arcing
No Arcing on Switch &

[ TJ

Momentary current flow to
' the capacitor, as the switch
opens, prevents arcing.

II— Copynght 2003 Mike Holl Enterprises, Inc.
Figure 17-9

Electronic Power Supplies

Orne other very important use of capacitors is to
smooth out pulsating dc waveforms, such as those
which would be present through the dc load if the
capacitor was not present. The full-wave bridge
rectifier would transform the ac waveform from
the source into a pulsating dc waveform—the
presence of the capacitor smoothes out the wave-
form and makes a near-steady dc Voltage across
the dc load. Figure 17-10

Uses of Capacitors - Smoothing Waveforms
18t Half of ac Sine Wave

Wave
Rectifier

= dc
4 Load |

Copyngm 2003
Emupnm Inc.

i =t

ac Supply Pulsating dc ‘\ Filtered dc

A capacitor can be used to smooth out the waveform of
| pulsating dc to make a near-steady dc voltage across

| the dc load.

Figure 17-10

Basic Electrical Theory

17.6 Phase Relationship

A capacitor can be thought of as a device that
resists changes in voltage. It supplies charge or
accepts charge to this end. Because a capacitor
introduces reactance to the circuit, it shifts the
current waveform out-of-phase to the voltage
waveform. Capacitive reactance causes the
voltage waveform to lag the current waveform.
Figure 17-11

Phase Relationship - Capacitive Reactance (Xe)

[xc]

Capacitive Reactance

A
Electric
Field

Voltage "Lags" Current

Voltage

Current ‘——_| — I

|_Xc

Current wave beginning
before voltage wave.

Copyright 2003 Mike Holt Enterprises, inc

Figure 17-11

One way to think of this is that the capacitor
responds to changes in current by increasing or
decreasing its own amount of charge. Therefore,
the voltage waveform change lags the current
waveform change. The opposition offered to the
flow of ac current by a capacitor is called capaci-
tive reactance and this is expressed in ohms and
abbreviated X.

Capacitive reactance can be calculated by the
equation:

XC= 1

2xwmxFx0Q)

Where m is equal to 3.14, “F” is the frequency in
hertz, “C” is the capacitance in farads, and Xc is
expressed in ohms.

Mike Holt Enterprises, Inc. » www.NECcode.com o 1.888.NEC.Code
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Introduction

Capacitance exists whenever an insulating mate-
rial separates two conductors that have a differ-
ence of potential between them. Devices that
intentionally introduce capacitance into circuits
are called capacitors or condensers.

Capacitor Gurrent Flow

If a “full-wave rectifier” converts the ac voltage to
a capacitor, the capacitor will be continuously
charged. :

17.1 Charged Capacitor

When a capacitor has a potential difference
between the conductors (plates), the capacitor is
charged. One plate has an excess of free electrons
and the other plate has a lack of them. The plate
with the excess electrons has an overall negative
charge (-), while the plate from which electrons
were removed has an overall positive charge (+).

17.2 Electrical Field

Though the electrons cannot flow, the force that
attracts them still exists; this force is called the
electrical field.

The more the capacitor is charged, the stronger the
electrical field. If the capacitor is overcharged, the
electrons from the negative plate could be pulled
through the insulation to the positive plate. If this
happens, the capacitor is said to have broken down
(shorted).

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.883.NEC.Code

Unit 17 Summary

17.3 Discharging a Capacitor

To discharge a capacitor, all that is required is a
conducting path connected across the terminals of
the capacitor. The free electrons on the negative
plate will then flow through the external circuit to
the positive plate.

CAUTION: Even when power is removed from
the circuit, the capacitors can store large
amounts of energy for a long period of time,
and can discharge and arc if inadvertently
shorted or grounded out.

17.4 Determining Capacitance

Plate Distance

The closer the plates, the greater the capacitance
and, conversely, the greater the distance between
the plates, the smaller the capacitance.

Surface Area

Capacitance is directly proportional to the surface
area. The greater the surface area of the plates, the
greater the capacitance.

Dielectric Strength

Dielectric strength indicates the maximum voltage
that can be applied across the dielectric safely.

Basic Electrical Theory
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17.5 Uses of Capacitors

An important use of capacitors is to start single-
phase ac motors and to smooth out pulsating dc
waveforms, such as those which would be present
through the dc load if the capacitor was not
present. The full-wave bridge rectifier would
transform the ac waveform from the source into a
pulsating dc waveform—the presence of the
capacitor smoothes out the waveform and makes a
near-steady dc voltage across the dc load.

Unit 17—Capacitance

17.6 Phase Relationship

A capacitor resists changes in current. Because a
capacitor introduces reactance to the circuit, it
causes the voltage waveform to lag the current
waveform.

One way to think of this is that the capacitor
responds to changes in current by increasing or
decreasing its own amount of charge. Therefore,
the voltage waveform lags the current waveform.
The opposition offered to the flow of ac current
by a capacitor is called capacitive reactance and is
expressed in ohms and abbreviated X.

Unit 17 Conclusion

' ‘ You now understand what a capacitor is, some uses for

it, and why it works the way it does. You’ve also learned
// the equation for capacitive reactance. Capacitors have
many uses, not all of which have been discussed here.
For example, capacitors are often used in concert with
inductors to form “tank circuits” in devices called
power conditioners.

Words to Live By: The best way to be successful is to follow the advice you give others.

Basic Electrical Theory
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Unit 17 Practice Questions

Introduction

1. is a property of an electrical circuit that enables it to store electrical energy by means of an
electric field and to release this energy at a later time.

(a) Capacitance (b) Induction (c) Self-induction (d) none of these

2. A half-wave rectifier can be used to convert ac voltage into dc voltage to continuously charge a

capacitor.
(a) True (b) False
17.1 Charged Capacitor
3. When a capacitor has a potential difference between the plates, it is said to be . One plate has
an excess of free electrons, and the other plate has a lack of them.
(a) induced (b) charged (c) discharged (d) shorted
17.2 Electrical Field

4. 1If the capacitor is overcharged, the electrons from the negative plate could be pulled through the insu-
lation to the positive plate. The capacitor is said to have

(a) charged (b) discharged (c) induced (d) shorted

17.3 Discharging a Capacitor

5. To discharge a capacitor, all that is required is a(n) path between the terminals of the capacitor.
The free electrons on the negative plate will then flow through the external circuit to the positive plate.

(a) conductive (b) insulating (c) resistive (d) semiconductor

6. Even when power is removed from the circuit, capacitors store large amounts of energy for a long
period of time. They can discharge and arc if inadvertently shorted or grounded out.

(a) True (b) False

Basic Electrical Theory
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17.4 Determining Capacitance

7. Factors that determine the capacitance of a capacitor are

(a) surface area of the plates (b) distance between the plates
(c) dielectric between the plates (d) all of these
17.5 Uses of Capacitors

8. Capacitors are used to start single-phase ac motors and to prevent arcing across the contacts of elec-
tric switches.

(a) True (b) False

17.6 Phase Relationship

9. A capacitor can be thought of as a device that resists changes in current. Because a capacitor intro-
duces reactance to the circuit, it shifts the current waveform to

(a) lead the applied voltage by 90 degrees (b) lag the applied voltage by 90 degrees
(c) lead the applied voltage by 180 degrees (d) lag the applied voltage by 180 degrees

10. The opposition offered to the flow of ac current by a capacitor is called capacitive reactance, which is
expressed in ohms and abbreviated

(a) X¢ (b) X ©Z (d) none of these

* 1.888.NEC.Code
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Induction

“

Because electrons spin, they have their own mag-
netic fields. When electrons move, the mag-
netic fields of the individual electrons com-
bine to produce an overall magnetic field.
The overall magnetic field extends outside
the conductor. The greater the current flow,

the greater the overall magnetic field. The direc-
tion of the overall magnetic field around the conductor follows the left-hand rule, based on the
electron current flow theory.

The movement of electrons caused by an external magnetic field is called induced current, and
the associated potential that is established is called induced voltage. In order to induce voltage,
all that is required is a conductor and an external magnetic field with relative motion between
the two. This is the basis of the generator and transformer. Figure 18~1

Inductance is the property of an electrical circuit that enables it to store electrical energy by
means of an electromagnetic field and to release this energy at a later time.

Induction 18.1 Self-Induction

As the ac current through a conductor increases,
an expanding electromagnetic field is created
through the conductor. The expanding magnetic

(@Y

L__» ;

A4 m{f & u{.l_._-';. flux lines cut through the conductor itself (which,
The movement of electrons caused by an external }n eff?Ct’ 1510 motlo_n Il‘elatlve to the field), thus
magnetic field is called induced current, and the inducing a voltage within the conductor.

associated potential that is established is called
induced voltage.

Copyrigh 2003 Mike Holt Enterprises, Inc.

Figure 18-1

When the current within the conductor decreases,
the electromagnetic field collapses, and again the

Mike Holt Enterprises, Inc, « www.NECcode.com  1.888.NEC.Code Basic Electrical Theory M
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magnetic flux lines through the conductor cut
through the conductor itself. The voltage induced
within the conductor caused by its own expanding
and collapsing magnetic field is known as self-
induced voltage. Figure 18-2

Self-Induction

1800

00 90°
Copyright 2003
Mike Hoil
Enferpnses, bt

® © ) @ i @ ©
I| [ X ! > WA
Changing magnetic |/ Changing magnetic
field induces voltage ( field induces voltage

‘ back on conductor. } back on conductor. | l

| Where the magnetic fields are at the zero reference line
(09, 180° and 360°), no voltage is being induced back
onto the conductqr.

Figure 18-2

18.2 Induced Voliage and Applied Current

The induced voltage in a conductor carrying alter-
nating current always opposes the change in cur-
rent flowing through the conductor. The induced
voltage, that opposes the current flow, is called
“counter-electromotive force” (CEMF), or back-
EMF.

The waveform of the induced voltage in the con-
ductor (CEMF) is 90 degrees out-of-phase with
the circuit current and it is 180 degrees out-of-
phase with the applied voltage waveform. CEMF
either opposes or aids the conductor current flow.
Figure 18-3

Opposes Current Flow

When alternating current increases, the polarity of
the induced voltage (CEMF) within the conductor
opposes the conductor’s current and tries to pre-
vent the current from increasing. Figure 18—4A

Unit 13—lnductioﬁ

Induced Voltage (CEMF) and Applied Current

VO/ —
Qe crevite, | CEMF]
; = @,7/

Copyright 2003
Mike Holt
Enlerprises, Inc.

Figure 18-3

Induced Voltage Opposes "Change” in Current

- ” ,uAu { an i uAu | . .'B"\ ~ iy ~
(t)and(-) © (*)and(+) (+)and(-) = (-)and() |
CEMF | CEMF CEMF CEMF

opposes the | opposes the | opposes the | opposes the
INCREASE | DECREASE | INCREASE |DECREASE
in current in current in current in current

Circuit curreh-t_is 90° out-of-phase with induced voltage.

Copyright 2003 Mike Holt Enlerprises. Inc

Figure 18-4

Aids the Current Flow

When the alternating current decreases, the
polarity of the induced voltage within the con-
ductor aids the conductor’s current and tries to
prevent the current from decreasing. Figure 18-4B

18.3 Conductor AC Resistance

In dc circuits, the only property that affects cur-
rent and voltage flow is resistance. Conductor
resistance is a physical property of the conductor.
It is directly proportional to the conductor’s length
and inversely proportional to the conductor’s
cross-sectional area. This means that if the con-

-
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ductor’s length is doubled, the total resistance is
doubled; if the conductor’s diameter is reduced,
the resistance increases. Figure 18-5

Conductor Resistance
Resistance is directly proportional to length.
Q 500 ft 12 AWG = Both conductors have the
0.965 ohms dc (1 ohm ac) same cross-sectional area

D —— but Conductor "B" is twice
as long as Conductor "A."
) 1,000 ft 12 AWG = 1.93 ohms dc (NEC Table)

2 ohms ac (NEC Table)

). i)
The resistance of a conductor is directly proportional to
length. Since Conductor "B" is twice as long as Conductor
"A," then Conductor "B" has twice the resistance.

Resistance is inversely proportional to cross-sectional area.
Vs of 2 Times Copyright 2003 Mike Holt Enterprises, Inc

9‘7 Diameter \ / Diameterj_

2| =
I —| D~ U _
) 2xD = 4 times the
2 of D = % the cross-sectional cross-sectional area.
area. This conductor has 4 times This conductor has

the resistance. Ya the resistance.

Figure 18-5

For ac circuits, the ac resistance of a conductor must
factor the effects of eddy currents and skin effect
(inductive reactance), in addition to resistance.

Eddy Currents

Eddy currents are small independent currents that
are produced as a result of the expanding and col-
lapsing magnetic field from an ac circuit. Eddy
currents flow erratically through a conductor, con-
sume power, and increase the opposition of cut-
rent flow. Figure 18-6

Skin Effect

The expanding and collapsing magnetic field from
an ac circuit induces a voltage in the conductors
that repels the flowing electrons toward the surface
of the conductor. This has the effect of decreasing
the effective conductor cross-sectional area
because more current (electrons) flows near the
conductor surface than at the center. The decreased
conductor cross-sectional area causes an increased
opposition to current flow. Figure 18-7

"Mike Holt Enterprises,
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Eddy Currents
é - fﬂs - -'a P> ‘—, >
oo e (o ».}_‘_ - -
\ @ ' _E_.,/' me v

Eddy Currents are stray currents that consume power
and oppose current flow, They are produced by the
expanding and collapsing magnetic field of alternating-
current circuits,

Copyrighl 2003 Mike Holt Enlerprises, fnc

Figure 18-6

Skin Effect of Alternating Current

Cross-Section |
_of Conductor

Eddy currents are stronger
toward the center of the
conductor. This forces
current to flow toward the
outside of the conductor.,

— | S — S— S ——

Skin effect is directly proportional to
frequency. 60 hertz is the standard
frequency in the United States and
does not create a significant skin .
effect when stranded wire is used. l"-\\“'

LY
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Figure 18-7

18.4 Impedance

The total opposition to current flow (resistance
and reactance) in ac circuits is called Impedance
and it is measured in ohms. The abbreviation for
the term Impedance is the letter “Z.”

AUTHOR’S COMMENT: | have no idea why the
letter “2” stands for impedance.

18.5 Conductor Shape

The physical shape of a conductor affects the
amount of self-induced voltage within the con-
ductor itself. When a conductor is coiled into adja-
cent loops (helically wound), it is called a
winding. The expanding and collapsing magnetic
flux lines of ac current flowing through the con-

Basic Electrical Theory
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ductor loops interact and add together to create a
strong overall magnetic field. As the combined
flux lines expand and collapse they cut additional
conductor loops, creating greater self-inductance
in each conductor loop. Figure 18-8

The amount of the self-induced voltage created

within the winding is directly proportional to the °

current flow, the winding (conductor length and
the number of turns), and the frequency at which
the expanding and collapsing magnetic fields cut
through the conductors of the winding.

Effect of Conductor Shape

SR

‘:fI‘ e 'J
7

¥ me

[

! —_ ——

When the conductor is
straight, the flux lines
cut through only one
part of the conductor.

Copyright 2003 Mika HoRt Enterprises, Inc.

When the conductor is coiled,
the flux lines cut through the
conductor at more than one
point. This increases the
CEMF by self-induction.

Figure 18-8

Gurrent

The greater the winding current, and the greater
the alternating magnetic field, the greater the
CEMF within the winding.

Winding
~The greater the number of winding conductor
loops (turns) and the closer the windings, the

greater the CEMF produced within the winding.
Figure 18-9

Induction - Windings
Low Inductance

High Inductance

L S L
2 e
i F

| Conductor |

i

- M

Medium Inductance .. Windingsl : i
i : 50 Turns [ & //!
Windings[ @ - F
| 5§ Turns — VAL .

s
.
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Figure 18-9
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Frequency

Self-induced voltage is dependent upon the fre-
quency at which the magnetic field expands or
collapses. Therefore, the greater the frequency, the
greater the CEMF induced within the winding.

18.6 Magnetic Cores

The core material also affects self-inductance in a
winding (coil).

Core Material

Because an iron core provides an easy path for
magnetic flux, windings with soft iron cores pro-
duce a greater self-inductance than windings with
an air core. Figure 18~10

Core Material
Self-Induction

Low i
Inductance it High
Inductance |

| Iron-Core {_‘ |

- | Winding K

Air-Core | '
Winding

Copyright 2003
Mixa Holt Enterprises. inc.

Figure 18-10

Core Length

Longer cores result in fewer flux lines; this results
in reduced self-inductance. If the core length is
doubled, the CEMF will be decreased by 50 per-
cent. Figure 18-11

Core Area

Self-inductance (CEMF) is directly proportional
to the cross-sectional area of the core, and
inversely proportional to its length. This means
that if the core area is doubled, the CEMF will be
increased 200 percent. Figure 18—12
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Core Length

ETET
z<

tEE
2

High
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Figure 18-11

Core Cross-Sectional Area

Core "A" has 1!2_as_many

Low
Inductance

Figure 18-12
18.7 Self-Induced and Applied Voltage

A self-induced voltage waveform is 180 degrees
out-of-phase with the applied voltage waveform.
When the applied voltage increases or decreases,
the polarity of the self-induced voltage is opposite
that of the applied voltage. When the applied
voltage is at its maximum in one direction, the
induced voltage is at its maximum in the opposite
direction. Figure 18-13
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Induced Voltage (CEMF) and Applied Voltage
! Applied Voltage | | CEMF |
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~
~
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Figure 18-13
18.8 Current Flow

Alternating-current flow in a conductor is limited
by the conductor’s resistance and self-induced
voltage (CEMF). Self-induced voltage (CEMF)
acts to oppose the change in current flowing in the
conductor. This property is called “inductive reac-
tance” and it is measured in ohms.

Inductive Reactance

Inductive reactance is abbreviated X; and can be
calculated by the equation X; =2 x w x Fx L,
where “F” is frequency with units of hertz, and
“L” is inductance with units of Henrys.

AUTHOR’S COMMENT: Just remember that ac
current flow contains an additional element that
opposes the flow of electrons, besides conductor
resistance.
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18.9 Phase Relationship

In a purely inductive circuit, the CEMF waveform
is 90 degrees out-of-phase with the circuit current
waveform and 180 degrees out-of-phase with the
applied voltage waveform. As a result, the applied
voltage waveform leads the current waveform by
90 degrees. Figure 18-14

Induction - Phase Relationship

a Voy, it Cy
S S,

e

Copyright 2003 Mike Holt Entarprises, inc

180° ——————»

"A" - The applied voltage is 90° out-of-phase
with the applied current.

"B" - The circuit current is 90° out-of-phase
with the CEMF.,

"C" - The applied voltage is 180° out-of-phase
with the CEMF.

Figure 18—14

AUTHOR’S COMMENT: Just remember that an ac
circuit contains inductive reactance because the
voltage and current are “not in-phase with each
other.”

Basic Electrical Theory
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18.10 Uses of Induction

The major use of induction is in transformers,
motors, and generators. Figure 18-15

Uses of Self-Induction

Q Transformers
g Air E
Core

Symbols

Iron
Core

@ Generators

=

m’f\ }im @ @

> Symbols

@® Motors

(w) R

Symbols
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Figure 18-15

AUTHOR’S COMMENT: Inductors are also used to
increase the impedance in high-impedance
grounding systems. This topic is beyond the scope
of this textbook. Figure 18—16

High-Impedance Grounded Neutral System

7\ 480V Secondary ‘ [
() ——]|
]Ground A)))J‘ I ;

Fault
Alarm

\
Primary '> \\‘\ J I
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: —_— Insulated \

}9|

1

No Line-to-
Z Neutral Loads
Neutral
Groundmg [ Conductor

Fault Current Path

OPYRIGHT 2003
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Impedance

A high-impedance grounded neutral system will minimize
the flow of fault current during a ground fault condition. An
alarm will sound instead of the circuit breaker tripping.

Figure 18-16
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Introduction

When electrons move, the magnetic fields of the
individual electrons combine to produce an
overall magnetic field that extends outside the
conductor. The direction of the overall magnetic
field around the conductor follows the left-hand
rule, based on the electron current flow theory.

The movement of electrons caused by an external
magnetic field is called induced current, and the
associated potential that is established is called
induced voltage. In order to induce vol tage, all that
is required is a conductor and an external magnetic
field with relative motion between the two.

18.1 Self-Induction

As the current through a conductor increases, an
expanding electromagnetic field is created
through the conductor. The voltage induced within
the conductor caused by its own expanding and
collapsing magnetic field is known as self-
induced voltage.

18.2 Induced Voltage and Applied Current

The induced voltage in a conductor carryin g alter-
nating current always opposes the change in cur-
rent flowing through the conductor. The induced
voltage that opposes the change in current flow is
called “counter-eléctromotive force” (CEMF), or
back-EMF.

When alternating current increases, the polarity of
the induced voltage (CEMF) within the conductor
opposes the conductor’s current and tries to pre-
vent the current from increasing. When the alter-
nating current decreases, the polarity of the
induced voltage aids the conductor’s current and
tries to prevent the current from decreasing.

Unit 18 Summary
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18.3 Conductor AC Resistance

In de circuits, the only property that affects cur-
rent and voltage flow is resistance. The ac resist-
ance of a conductor must factor the effects of eddy
currents and skin effect, as well as resistance.

Eddy Currents

Eddy currents are small independent currents that
are produced as a result of the expanding and col-
lapsing magnetic field from an ac circuit. Eddy
currents flow erratically through a conductor, con-
sume power, and increase the opposition of cur-
rent flow.

Skin Effect

The expanding and collapsing magnetic field from
an ac circuit induces a voltage in the conductors
that repels the flowing electrons toward the sur-
face of the conductor. This has the effect of
decreasing the effective conductor cross-sectional
area.

18.4 Impedance

The opposition to current flow in ac circuits is
called Impedance (Z) and it is measured in ohms.

18.5 Conductor Shape

The physical shape of a conductor affects the
amount of self-induced voltage within the con-
ductor itself. The expanding and collapsing mag-
netic flux lines of ac current flowing through the
conductor loops interact and add together to create
a strong overall magnetic field. As the combined
flux lines expand and collapse they cut additional
conductor loops, creating greater self-inductance
in each conductor loop.

Basic Electrical Theory
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Current

The greater the current and the number of con-
ductor loops (turns), the closer the windings, and
the greater the frequency at which the magnetic
field expands or collapses, the greater the counter-
electromotive force.

18.6 Magnetic Cores

Because an iron core provides an easy path for
magnetic flux, iron cores within the windings pro-
duce a greater self-inductance than air-core wind-
ings. The larger the cross-sectional area of the
core, the more the conductivity of the flux lines,
and the greater the sélf-inductance.

18.7 Self-Induced and Applied Voltage

Self-induced voltage is always 180 degrees out-
of-phase with the applied voltage. When the
applied voltage increases or decreases, the
polarity of the self-induced voltage (CEMF) is
opposite that of the applied voltage. When the
applied voltage is at its maximum in one direction,
the induced voltage is at its maximum in the oppo-
site direction.

Unit 18—Induction

18.8 Current Flow

Alternating-current flow in a conductor is limited
by the conductor’s resistance and self-induced
voltage (CEMF). Self-induced voltage (CEMF)
acts to oppose the current flowing in the con-
ductor. This property is called inductive reactance
and it is measured in ohms.

18.9 Phase Relationship

In a purely inductive circuit, the CEMF is 90
degrees out-of-phase with the current and 180
degrees out-of-phase with the applied voltage. As
a result, the applied voltage leads the current by
90 degrees.

18.10 Uses of Induction

The major use of induction is in transformers,
motors, and generators.

Induction, like capacitance and impedance,
| is one of the fundamental properties of
electrical circuits. Now that you under-
stand inductance, you are ready to learn

cksleny T .
et E e w R
"oy g : -

tors, and transformers.

the basic theory behind three important
types of inductive devices—motors, genera-

Words to Live By: Too many people quit looking for work when they find a job.

Basic Electrical Theory
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Unit 18 Practice Questions

Introduction

1. When electrons move, the magnetic fields of the individual electrons combine to produce an overall
magnetic field. The greater the current flow, the greater the overall magnetic field around the con-
ductor.

(a) True (b) False

2. The direction of the overall magnetic field around the conductor follows the rule, based on the
electron current flow theory.

(a) left-hand (b) right-hand (¢) law of attraction (d) none of these

3. The movement of electrons caused by an external magnetic field is called current, and the asso-
ciated potential that is established is called voltage.

(a) circuit (b) applied (c) induced (d) none of these

4. In order to induce voltage, all that is required is relative motion between a conductor and a
field. This is the basis of the generator and transformer.

(a) voltage (b) current (c) magnetic (d) none of these

18.1 Self-Induction

5. As the ac current through a conductor increases, an expanding and collapsing electromagnetic field
through the conductor induces a voltage within the conductor. This is known as voltage.

(a) applied (b) circuit (c) self-induced (d) none of these

18.2 Induced Voltage and Applied Current

6. The induced voltage in a conductor carrying alternating current opposes the change in current flowing
through the conductor. The induced voltage that opposes the current flow is called

(a) CEMF (b) counter-electromotive force
(c) back-EMF (d) all of these

7. The waveform of the CEMF is out-of-phase with the applied voltage.
(a) 90° (b) 120° (c) 180° (d) 360°

Inc. « www.NECcode.com » 1 .8388.NEC.Code Basic Electrical Theory
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8. When alternating current increases, the polarity of the CEMF within the conductor tries to prevent the
current from increasing.

(a) True (b) False

9. When the alternating current decreases, the polarity of the induced voltage within the conductor tries
to prevent the current from decreasing.

(a) True (b) False

18.3 Conductor AC Resistance
10. In dc circuits, the only property that affects current and voltage flow is

(a) impedance (b) reactance (c) resistance (d) none of these

11. Conductor resistance is directly proportional to the conductor’s length and cross-sectional area.

(a) True (b) False

12. For ac circuits, the ac of a conductor must be taken into consideration.

(a) eddy currents (b) skin effect (c) resistance (d) all of these

13. Eddy currents are small independent currents induced within the conductor because of direct current.

(a) True (b) False

14. The expanding and collapsing magnetic field within the conductor induces a voltage in the conduc-
tors (CEMF) that repels the flowing electrons toward the surface of the conductor. This is called

(a) eddy currents (b) induced voltage (c) impedance (d) skin effect
18.4 Impedance
15. The total opposition to current flow in ac circuits is called and it is measured in ohms.
(a) resistance (b) reactance (c) impedance (d) skin effect

16. The abbreviation for impedance is
(a) X, (b) Xc (©)Z (d) none of these

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com ¢ 1.888.NEC.Code
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18.5 Conductor Shape

17. The magnitude of self-induced voltage within a winding is directly proportional to the current flow,
the winding, and the frequency at which magnetic fields cut through the winding.

(a) True (b) False

18.6 Magnetic Cores

18. Because an iron core provides an easy path for magnetic flux, windings with soft iron cores produce
a greater self-inductance than windings with air cores.

(a) True (b) False

18.7 Self-Induced and Applied Voltage

19. Self-induced voltage is 180° out-of-phase with the . When the applied voltage is at its max-
imum in one direction, the induced voltage is at its maximum in the opposite direction.

(a) applied current (b) applied voltage (c) induced voltage (d) induced current

18.8 Current Flow

20. Self-induced voltage opposes the change in current flowing in the conductor. This is called inductive
reactance and it is abbreviated

(@) X, (b) X¢ ©Z (d) none of these

18.9 Phase Relationship
21. The CEMF waveform is out-of-phase with the applied voltage waveform.
(a) 90° (b) 120° (c) 180° (d) 360°

22. The current waveform lags the applied voltage waveform by
(a) 90° (b) 120° (c) 180° (d) 360°

18.10 Uses of Induction
23. The most common use of induction is for

(a) motors (b) transformers (c) generators (d) all of these

| Mike Holt Enterprises, Inc, « www.NECcode.com ¢ 1.888.NEC.Code Basic Electrical Theory




Power Factor
and Efficiency

| Introduction

In previous units, you learned that one waveform
can lead or lag another. You learned about voltage
and current waveforms and how they relate to
each other. Here, you’ll learn about apparent
power. You’ll also see how power factor is a way
of looking at the relationship between effective
power and apparent power. One way we correct
power factor is by using energy storage devices.

'——IH'
XC

Inductors and Capacitors

- Reactance .-.
Inductors and Capacitors are energy storage @ Inductive Reactance fiars,

devices in ac and dc circuits. The energy is stored XL
in the electromagnetic field of an inductor and the
electric field of a capacitor. Figure 19-1

Electromagnetic—l — il

H L Field
PAHT A—PGWEH FAGTOR @ Capacitive Reactanée “l—’
19.1 Apparent Power (Volt-Ampere) XC pre I )J’U_
If you measure voltage and current in an inductive ':\,\}'_) Electric L~
Or capacitive circuit, and then multiply them S L Field _[
together, you will obtain the apparent power sup- L
Plied to the circuit by the source. Apparent power Figure 19-1
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1s expressed in volt-amperes (VA). Circuits and
equipment must be sized to the circuit VA load.
Apparent Power = Volts x Amperes

Example
What is the apparent power in VA of a 1 hp, 115V

motor that has a full-load current rating of 16A?

Figure 19-2
(a) 2,400 VA (b) 1,320 VA
(c) 1,840 VA (d) 1,920 vA
* Answer: (¢) 1,840 VA
VA=ExI

VA =115V x 16A = 1,840 VA

Calculating VA - Single-Phase

ITH

|
[ |
| Motor is rated 16A at 115V. |

é T —

— 3 ]

Determine the apparent
power (VA) of the motor.

Formula: VA = Volts x Amperes
Volts = 115V, Amperes = 16A
VA =115V x 16A = 1,840 VA

Figure 19-2

Copyrighl 2003
Mike Holt Enterprises, Inc.

19.2 True Power (Watts)

True power is the energy consumed, expressed in
the unit watts. Utility companies charge based on
the total power consumed for one month, meas-
ured in units called kilowatt hours (kWh or 1,000
watts x 1 hour).

Example

A 100W bulb, burning for 10 hours will use one
kWh: 100W x 10 hrs = kWh

Direct Current

To determine the true power consumed by a dc
circuit, multiply the volts by the amperes
W=ExI).

Basic Electrical Theory
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Alternating Current

In an ac circuit, true power (W) is determined by
multiplying the circuit volts (E), by the amperes
(I), times the power factor (W = E x I x PF).

19.3 Power Factor

AC inductive or capacitive reactive loads cause
the voltage and current sine waves to be out-of-
phase with each other. Power factor is a measure-
ment of how far the current waveform is out-of-
phase with the voltage waveform. Power factor is
equal to the ratio of circuit resistance to circuit
impedance (capacitance reactance, inductive reac-
tance and resistance), and is expressed as a per-
centage. Figure 19-3

Power factor is defined as a ratio of true power
(watts) to apparent power (VA).

True Power (Watts)
PF = Apparent Power (VA)

Power Factor
Q Inductive Reactance

Electromagnetic
Field ~

Voltage "Leads" Current
Voltage

Voltage wave beginning
before current wave.

@ Capacitive Reactance Voltage "Lags" Current

A
"“\s) Electric
Field
Voltage wave beginning
after current wave.

Figure 19-3
19.4 Unity Power Facior

When an ac circuit supplies power to a purely
resistive load, such as incandescent lighting,
heating elements, etc., the circuit voltage and cur-
rent will be in-phase with each other.

Copyrighl 2003 Mike Holt Enlarprises, inc

Because the voltage and current reach their zero
and peak values at the same time, there is no
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leading or lagging of the voltage to the current.
Therefore, the power factor of the load is 100 per-
cent, and this condition is called “unity power
factor.” Figure 19-4

Unity Power Factor

[
Voltage | Resistive Loads

Current

Zero
Value
: B
Zero Zero
Value Value
|
|
: Voltage and current are
| "in-phase” with each other. Copyrght 2003

Mike Holt Enlerprises, Inc.

Figure 194

19.5 Power Factor Formulas

The relationship between True Power (watts),
Apparent Power (VA), and Power Factor can be
shown as:

Power Factor (PF) = True Power (W)
Apparent Power (VA)
Apparent Power (VA) = True Power (W)

Power Factor (PF)
True Power = Apparent Power x Power Factor

Power Factor Example

Assuming 100 percent efficiency, what is the
power factor for each ballast rated 0.75A at 120V
for a 2 x 4 fixture containing four 40W lamps (two
lamps per ballast)? Figure 19-5

(a) 69% (b) 75%
(c) 89% (d) 95%
* Answer: (c) 89%

PF = W/VA

30W
PF="075A x 120V)

80W
90 VA

PF = 0.888 or 89%

PF =

Mike Holt Enterprises, Inc. » www.NECcode.com 1.888.NEC.Code
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[ Watts \ I| " Ballast Input: | fil |
\VA[PF/ |il-_ ''''' 41_/ SOVA R "l% |
= id;@‘ﬁﬁga‘ji e —

| Power Factor - =/}~ Il l

| of one ballast [[fl——— |- M
7 - — e 2

| : ! Ballast Output | |l

i—
Capyrighl 2003 — 80W (fOI' 2 lamps)
Mike Holl Enterprises, Inc. |

Electrical discharge lighting causes the voltage and
current to be out-of-phase. "Unity Power Factor" would
not apply to this kind of load.

Determine the power factor of each ballast.

= Watts = 8OW . 4888 or 89%
(Volts x Amperes) 90 VA for Each Ballast

Or 4 Lamps = 160W, both ballasts = 180 VA

160W  _ 8-
T80 VA = 0.888 or 89% PF for Luminaire

Figure 19-5

Apparent Power (VA) Example

What is the apparent power in VA of a fluorescent
ballast that has a power factor of 89% when con-
nected to two 40W lamps?

(a) 70W
(c) 90 VA

» Answer: (c) 90 VA

Apparent power is expressed in VA; therefore,
neither (a) nor (d) can be the answer.

(b) 80 VA
(d) 100W

VA = W/PF
VA = 80W/0.89 PF
VA = 89.9 VA

True Power (Watts) Example

What is the true power of a 16A load rated 120V,
with a power factor of 85 percent?

(a) 2,400W (b) 1,920W
(c) 1,632W (d) none of these

e Answer: (¢) 1,632W

True power (watts) is equal to volts times amperes
times power factor.
Watts = VA x PF

Watts = (120V x 16A) x 0.85 PF
Watts = 1,632W

Basic Electrical Theery
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True power is always equal to or less than apparent
power.

19.6 Cost of True Power

The cost of electrical power is based on the true

power consumed during a month, multiplied by the

cost per kWh (1,000W for a period of one hour).

Example:

What is the cost of power consumed per month (at
$0.09 per kWh) for a 25 ohm ground rod having a
ground-fault voltage of 120V? Figure 19-6

(2) $10 (b) $25
(c) $37 (d) $55

» Answer: (c) $37
Step 1 Power per hour = E¥/R

E =120V

R =250

P 120V2
250

P =576W

Step 2 Power consumed per day:
567W x 24 = 13,824W or 13.824 kWh

Step 3 Power consumed in 30 days:
13.824 kWh x 30 = 415 kWh

Cost of True Power

The cost per month for this
fault to the earth at $0.09 per

kKWhis §37.33. 3 ! Resistance

25 Ohms

| 120w L=
| Ground Fault [ es=l @7

COPYRIGHT 2003
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Fault current
returning to source.

N e —

DANGER: Grounding metal parts to the earth DOES NOT ||
assist in removing dangerous voltage from ground faults. ||

.;-I.... -

Figure 19-6
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Step 4 Cost of power at $0.09 per kWh:
415 kWh x $0.09 = $37.33

19.7 Effects of Power Factor

The apparent power (VA) is used for sizing cir-
cuits and equipment. Because the VA of the load
is greater than the watts of the load, fewer loads
can be placed per circuit. More circuits and
panels, and larger transformers might be required.

Example A

What size transformer is required for forty-eight,
150W incandescent luminaires (noncontinuous
load)? Figure 19-7A

(a) 3kVA (b) 5 kVA
(c) 7.5 kVA (d) 10 kVA

* Answer: (c) 7.5 kVA
(48 Fixtures x 150W)

kW =
1,000
7,200W
= 1,000
kW = 7.2 kW

AUTHOR’S COMMENT: Transformers are always
sized based on kVA, not kW,

Effects of Power Factor
€) 7.2 kW Load: No Power Factor

| ' Load: 7.2 kW }

' . Incandescent

Luminaires

7.5 IEVATfFénstFrﬁer e
Required

9 7.2kW Load With Power Factor

"85% . Load:8.47 kVA
| Power : i 48 - 150W
Factor _“ Electrical Discharge

Luminaires
10 kVA Transfo rmer O
Required )
VA = Watts = 7,200w =8,471 VA
Power Factor  0.85 PF
Figure 19-7
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Example B

What size transformer is required for forty-eight,
150W electric discharge luminaires that have a
power factor of 85 percent (noncontinuous load)?
Figure 19-7B

(a) 3 kVA (b) 5 kVA
(c) 7.5 kVA (d) 10 kVA

» Answer: (d) 10 kVA

Transformers are sized for apparent power (kVA),
not true power.

kW = (48 x 150W) / 1,000

7,200W
kW=""1000
kW =7.2 kW
_ kW
Apparent Power = ——
P PF
7.2 kW
Apparent Power = 3 ospp

Apparent Power = 8.47 kVA

Example C

How many 20A, 120V circuits are required for
forty-eight, 150W luminaires (noncontinuous
load)? Figure 19-8A

(a) 2 circuits
(c) 4 circuits

(b) 3 circuits
(d) 5 circuits

e Answer: (b) 3 circuits
Each circuit has a capacity of:
120V x 20A = 2,400 VA
Each circuit can have:

2400W
150W

= 16 luminaires

The number of circuits required is:

48 luminaires

. —— = 3 circuits
16 luminaires per circuit

Mike Holt Enterprises, Inc. » www.NECcode.com ¢ 1.888.NEC.Code
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Effects of Power Factor on Inductive Lighting

Luminaires ‘\
e N
\

T A

3| with Power Factor NOT Considered
Capacity of 1- 20A circuit = 120V x 20A = 2,400W
2,400W/150W = 16 luminaires per circuit

48/16 luminaires per circuit = 3 circuits needed

@ With Power Factor Considered
Capacity of 1- 20A circuit = 120V x 20A = 2,400 VA

150W/0.85 PF = 176 VA per luminaire

2.400 VA/176 VA = 13 luminaires per circuit

48/13 luminaires per circuit = 4 circuits needed

—

COPYRIGHT 2003 Mike Holt Enterprises, Inc.

- I;igure_ 1:9—8
Example D

How many 20A, 120V circuits are required for
forty-eight, 150W luminaires (noncontinuous
load) that have a power factor of 85 percent?

Figure 19-8B

(a) 4 (b) 6
(c) 8 (d 12

» Answer: (a) 4
Circuits are loaded according to VA, not watts!

VA of each luminaire is:

Watts
VA = PF
B 150W
- 0.85
VA =176 VA

Each circuit has a capacity of:
120V x 20A = 2,400 VA

Each circuit can have:
2.400VA
176VA

The number of circuits required is:

= 13 luminaires

48 luminaires L
== —— =4 circuits
13 luminaires per circuit

Basic Electrical Theory
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AUTHOR'S COMMENT: If the building had 480
luminaires, we would need 40 circuits instead of
30 and the transformer would need to be rated at
least 100 KVA, instead of 75 kVA.

PART B—EFFICIENCY
19.8 Efficiency

Electricity is used because of its convenience in
transferring energy to operate lighting, heating,
controls, motors, etc. In the transfer of energy,
there will be power losses in the conductors, the
power supply, and the load itself. The degree of
power loss in watts (waste) is indicated by ‘the
term “Efficiency.”

Efficiency describes how much input energy is
used for its intended useful purpose, expressed as
a ratio of output true power to input true power.
Naturally, the output power can never be greater
than the input power. Figure 19-9

Efficiency
Wasted Power in the Form of Heat
Power (Heat) Loss

IR Losses
' Power !npu’é — _““équiprr;ent i ——-‘ Power Oufput
(Watts)  _- (Efficiency Rated) | (Watls)
4
Always more The effici factor Always less
than output if ) ele |C|e?cy ’ac 9 than input if
efficiency is alyays IOLIess, efficiency is

less than 100% 1=100% or 0.9 = 90% less than 100%

100 Watts 90% Efficiency 90 Watts
input ¥ (10Wlost) ¥ Output

Caopyrighl 2003 Mike Holl Enterprises, Inc.

Figure 19-9

If equipment is rated at 100 percent efficiency
(there are none), this would mean that 100 percent
of the input energy is consumed for its intended
useful purpose.

When equipment is rated at 90 percent efficiency,
this means that only 90 percent of the input power
is used for its intended useful purpose. Another
way of saying this is that 10 percent of the input
power is wasted.

i Basic Electrical Theory

When energy is not used for its intended purpose,
this condition is called power loss. Conductor
resistance, mechanical friction, as well as many
other factors can contribute to increased power
losses, or reduced efficiency rating.

19.9 Efficiency Formulas

The formulas that are often used with efficiency
calculations include:

Efficiency = Input Watts
Output Watts
Input Watts = Efficiency

Output Watts = Input Watts x Efficiency

Efficiency Example

If the output of a Joad is 640W and the input is
800W, what is the efficiency of the equipment?
Figure 19-10

(a) 60%
(c) 80%

» Answer: (c) 80%
Efficiency is always less than 100%.

(b) 70%
(d) 100%

, Output Watts
Eiielency/= Input Watts

. 640W
Efficiency = 300W

Efficiency = 0.8 or 80%

Calculating Efficiency S
Output
Equipment ;
£ Eff. |Input -
[ | =
Power Input — I Power Output
800W ! 640W
Efficiency = ?

Determine the efficiency of the equipment.

Formula: o
Efficiency = Output Watts |, Eeioncy %%V—O”tp‘:t
input Watts OW Inpu

Efficiency = 0.8 or 80%

Copyright 2003 Mlks Holt Enterprises, Inc.

Answer must always
be less than 100%.

Figure 19-10
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Efficiency Example B

If the output of a 5 hp dc motor is 3,730W (746W
x 5) and the input is 4,800W (40A at 120V), what
is the efficiency of the motor? Figure 19-11

(a) 60% (b) 78%
(c) 80% (d) 100%

* Answer: (b) 78%
Efficiency = Output Watts

Input Watts

3,730W

Efficiency = 4.800W

Efficiency = 0.777 or 77.7%

Calculating Efficiency <
Output
Equipment :
we Eff. [Input.
| Input
40A at 120V | Qutput, 5 hp
4,800W | 746W x 5 hp = 3,730W

, Efficiency = ?

dc motor

Determine the efficiency of the equipment.

Formula: Efficiency = 3,730W Output
Efficiency = Output Watts 4,800W Input
Input Watts

Efficiency = 0.777 or 77.7%

Copyright 2003 Mike Holi Enlerprises, Inc,

Answer must always
be less than 100%.

Figure 19-11

Calcuiating Input Watts

( Output
: . \ Eff. | Input)
i l t .-
npu ] 88% .
Watts '~ - J Output
? | Bl Equipment 230w
Determine the input watts of the equipment.
Formula: Input Watts = 250w
Input Watts = Output Watts 0.88 Eff
Efficiency

Input Watts = 284w

Copyright 2003 Mike Holl Enterprises, inc

Input must be larger than output.

Figure 19-12
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Input Example

If the output is 250W and the equipment is 88 per-
cent efficient, what is the input power rating in
watts? Figure 19-12

(a) 200W
(c) 285W

* Answer: (c) 285W

(b) 250W
(d) 325W

Input is always greater than the output.

i Output Watts
Input Watts

250w

Tnput =
P = 88 i

Input = 284W

Output Example

If the input power to a load is 479W and the
equipment is rated at 87.6 percent efficiency, what
is the output power rating in watts? Figure 19-13

(a) 550w (b) S500W
(c) 420W (d) 350W

* Answer: (c) 420W
Output is always less than input.
Output Watts = Input Watts x Efficiency
Output Watts = 479W x 0.876 Eff
Output Watts = 419.6W

./”_“"'
Output \

\ Ef. [Eput)

._Eput_{._ﬂ_ Equipment _J?utput
479W [; Efficiency 87.6% Tl | W:;tts

Determine the output watts of the equiprﬁent.

Formula: Qutput Watts = Input Watts x Efficiency
Output must be smaller than input.

Output = 479W x 0.876 Efficiency
Output = 419.6W

Figure 19-13

Calculating Output Watts /
|

Copyrighl 2003 Mike Holt Enlarprises, Inc
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Unit 19—Power Factor and Efficiency

Unit 19 Summary

Introduction

Inductors and capacitors are energy storage
devices. The energy is stored in the electromag-
netic field of an inductor and the electric field of a
capacitor.

PART A—POWER FACTOR
19.1 Apparent Power (Volt-Ampere)

If you measure voltage and current in an inductive
or capacitive circuit, and then multiply them
together, you will obtain the circuit’s “apparent
power,” expressed in “volt-amperes.”

19.2 True Power (Watts)

True power is the energy used (consumed),
expressed in “watts.” Utility companies charge on
the power consumed. The true power of an ac cir-
cuit is volts, times the amperes, times the power
factor multiplier. In dc circuits, true power is volts
times amperes.

19.3 Power Facior

AC inductive or capacitive loads cause the voltage
and current sine waves to be out-of-phase with
each other. Power factor is the ratio of circuit
resistance to circuit impedance and it is expressed
as a percentage.

19.4 Unity Power Factor

Because the voltage and current reach their zero
and peak values at the same time, there is no
leading or lagging of the current to the voltage.
Therefore the power factor of the load is 100 per-
cent, and this condition is called “unity power
factor.”

Basic Electrical Theory

19.5 Power Factor Formulas

The relationship between true power (watts),
apparent power (VA), and power factor can be
shown as:

True Power (W)
P fact PF) =
ower factor (PF) Apparent Power (VA)
True Power (W)
A tP VA) =
pparent Power (VA) Power Factor (PF)

True Power = Apparent Power x Power Factor

19.6 Cost of True Power

The cost of electricity consumed (true power) is
based on the unit of “watts,” and is billed on the
number of kilowatt-hours (kWh) times the cost
per kWh.

19.7 Effects of Power Factor

VA (apparent power) is used for sizing circuits
and equipment. Because the VA of the load is
greater than the watts of the load, fewer loads can
be placed per circuit. More circuits and panels,
and larger transformers might be required.

PART B—EFFICIENCY
19.8 Efficiency

In the transfer of energy, there will be power
losses in the conductors, the power supply, and the
load itself. The degree of power loss in watts
(waste) is indicated by the term “Efficiency.”

Mike Holt Enterprises, Inc. « www.NEGcode.com » 1.888.NEC.Code




Unit 19—Power Factor and Efficiency

Efficiency describes how much input energy is
used for its intended useful purpose, expressed as
a ratio of output power to input power.

When energy is not used for its intended purpose,
this condition is called power loss. Conductor
resistance, mechanical friction, as well as many
other factors can contribute to increased power
losses, or reduced efficiency rating.

Chapter S5—Alternating Current

19.9 Efficiency Formulas

The formulas that are often used with efficiency
calculations include:

Efficiency = Output Watts

Input Watts

Input Watts = %M@

fficiency
Output Watts = Input Watts x Efficiency

Unit 19 Conclusion

You know that no circuit is 100% efficient—all
circuits and equipment have some power loss.
The ability to calculate efficiency and power loss
is now part of your skill set. While you don’t
normally have to use this skill, you may find it
quite useful when troubleshooting or when
deciding whether to replace old equipment.

You understand apparent power, true power,
power factor, and unity power factor, and you
know that it’s possible to use capacitors to cor-
rect the power factor.

Words to Live By: What counts is not the number of hours Yyou put in, but how much you put in the hours.

J‘ﬂike Holt Enterprises, Inc. » www.NECcode.com ¢ 1.888.NEC.Code
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Unit 19—Power Factor and Efficiency

Chapter 5—Alternating Current

Introduction

1. Inductors and capacitors are electrical devices that store energy in the electromagnetic field of an
inductor and the electric field of a capacitor.

(a) True (b) False |

PART A—POWER FACTOR
19.1 Apparent Power (Volt-Ampere)

2. If you measure voltage and current in an inductive or capacitive circuit and then multiply them
together, you obtain the circuit’s

(a) true power (b) power factor (c) apparent power (d) none of these

19.2 True Power (Watls) |
3. To determine the true power consumed by a dc circuit, multiply the volts by the amperes. |

(a) True (b) False

4. True power of an ac circuit equals the volts times the amperes.

(a) True (b) False

19.3 Power Factor

5. AC inductive or capacitive reactive loads cause the voltage and current to be in-phase with each other.

(a) True (b) False

6. Power factor is a measurement of how far the current is out-of-phase with the voltage.

(a) True (b) False

Basic Electrical Theory Mike Holt Enterprises, Inc. » www.NEGcode.com » 1.888.NEC.Code
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19.4 Unity Power Factor

7. When an ac circuit supplies power to a purely load, the circuit voltage and current will be in-
phase with each other. This condition is called unity power factor.

(a) capacitive (b) inductive (c) resistive (d) any of these

19.6 Cost of True Power

8. What does it cost per year (at 9 cents per kWh) for ten 150W recessed luminaires to operate if they
are turned on for six hours per day?

(a) $150 (b) $300 (c) $500 (d) $800

19.7 Effects of Power Factor

9. Because apparent power (VA) is greater than the true power (W), more loads can be placed on a cir-
cuit, and fewer circuits and panels, and smaller transformers might be required.

(a) True (b) False

10. When sizing circuits or equipment, always size the circuit components and transformers according to
the apparent power (VA), not the true power (W),

(a) True (b) False

11. What is the true power of a 10A circuit operating at 120V with unity power factor?
(a) 1,200 VA (b) 2,400 VA (c) 1,200W (d) 2,400W

12. What size transformer is required for a 1004, 240V, single-phase noncontinuous load (unity power
factor)?

(a) 15 kVA (b) 25 kVA (c) 37.5kVA (d) 50 kVA

13. What size transformer is required for a 1004, 240V, single-phase (14) noncontinuous load that has a
power factor of 85 percent?

(a) 15 kVA (b) 25 kVA (c) 37.5 kVA (d) 50 kVA

14. How many 20A, 120V circuits are required for forty-two, 300W incandescent luminaires (noncontin-
uous load)?

(a) 3 circuits (b) 4 circuits (c) 5 circuits (d) 6 circuits

15. How many 20A, 120V circuits are required for forty-two, 300W luminaires (noncontinuous load) that

have a power factor of 85 percent?

(a) 5 circuits (b) 6 circuits (c) 7 circuits (d) 8 circuits

, Inc. e www . NECcode.com o 1.888.NEC.Code Basic Electrical Theory
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PART B—EFFIGIENCY
19.8 Efficiency

16. In the transfer of electrical energy, there will be power losses in the conductors, the power supply, and
the load itself.

(a) True (b) False
17. Efficiency describes how much input energy is used for its intended purpose.

(a) True (b) False

19.9 Efficiency Formulas
18. If the output is 1,320W and the input is 1,800W, what is the efficiency of the equipment?
(a) 62% (b) 73% (c) 80% (d) 100%

19. If the input of a 1 hp dc motor is 1,128W and the output is 746W, what is the efficiency of the motor?
(a) 66% (b) 74% (c) 87% (d) 100%

-20. If the output is 1,600W and the equipment is 88 percent efficient, what are the input amperes at 120V?

(a)10A (b) 15A (c) 20A (d) 25A
21. If a transformer is 97 percent efficient, for every 1 kW input, there will be output.
(a) 970W (b) 1,000W (c) 1,030W (d) 1,200W

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NEGcode.com ¢ 1.888.NEC.Code




Chapter 5 Final Exam

Unit 16—Alternating Current

16.1 Gurrent Flow

|
|
! 1. The movement of electrons themselves does not produce any useful work; it’s the effects that the
| . .
| moving electrons have on the loads they flow through that are important.

|

(a) True (b) False

16.6 Sine Wave

2. A nonsinusoidal waveform is created when loads distort the voltage and current sine wave.
(a) linear (b) resistive (c) inductive (d) nonlinear

16.9 Phase

3. 1In a purely resistive ac circuit, the current and voltage are - . This means that they both reach
their zero and peak value at the same time.

(a) in-phase (b) out-of-phase (c)aorb (d) none of these

16.11 Lead or Lag

4. When describing the relationship between voltage and current, the reference waveform is always

(a) current (b) resistance (c) voltage (d) none of these

16.12 Values of Alternating Current
5. The peak value is equal to the effective value
(a) times 0.707 (b) times 1.41 (c) divided by 1.41 (d) none of these

-
NI

- 6. The effective value is equal to the peak value
(a) times 0.707 (b) times 1.41 (c) divided by 1.41 (d) none of these

e 1.888.NEC.Code Basic Electrical Theory
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Unit 17—Capacitance

Introduction

7. A half-wave rectifier can be used to convert ac voltage into dc voltage to continuously charge a capac-
itor.
(a) True (b) False

17.3 Discharging a Capacitor

8. Even when power is removed from the circuit, capacitors can store large arhounts of energy for a long
period of time. They can discharge and arc if inadvertently shorted or grounded out.

(a) True (b) False

17.6 Phase Relationship

9. The opposition offered to the flow of ac current by a capacitor is called capacitive reactance, which is
‘ expressed in ohms and abbreviated

(a) X¢ (b) X, ©Z (d) none of these

Unit 18—Induction

Introduction

10. The movement of electrons caused by an external magnetic field is called
ciated potential that is established is called voltage.

current, and the asso-

(a) circuit (b) applied (c) induced (d) none of these

18.1 Self-Induction

11. As the ac current through a conductor increases, an expanding and collapsing electromagnetic field
through the conductor induces a voltage within the conductor. This is known as voltage.

(a) applied (b) circuit (c) self-induced (d) none of these

18.2 Induced Voltage and Applied Current

12. The induced voltage in a conductor carrying alternating current opposes the change in current flowing
through the conductor. The induced voltage that opposes the current flow is called

(a) CEMF (b) counter-electromotive force
(c) back-EMF (d) all of these

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code




Final Exam Chapter 5—AIlternating Current

13. The waveform of the CEMF is out-of-phase with the applied voltage.
(a) 90° (b) 120° (c) 180° (d) 360°

14. When alternating current increases, the polarity of the CEMF within the conductor tries to prevent the
current from increasing,.

(a) True (b) False

18.3 Conductor AC Resistance
15. In dc circuits, the only property that affects voltage and current flow is

(a) impedance (b) reactance (c) resistance (d) none of these

"16. For ac circuits, the ac of a conductor must be taken into consideration.

(a) eddy currents (b) skin effect (c) resistance (d) all of these

! \4217 The expanding and collapsing magnetic field within the conductor induces a voltage in the conduc-
' tors (CEMF) that repels the flowing electrons toward the surface of the conductor. This is called

(a) eddy currents (b) induced voltage (c) impedance (d) skin effect
18.4 Impedance
7-18. The total opposition to current flow in ac circuits is called and it is measured in ohms.
(a) resistance (b) reactance (c) impedance (d) skin effect

19. The abbreviation for impedance is
(a) X, (b) Xc ©Z (d) none of these

18.5 Conductor Shape

20. The magnitude of self-induced voltage within a winding is directly proportional to the current flow,
the winding, and the frequency at which magnetic fields cut through the winding.

(a) True (b) False

18.7 Self-Induced and Applied Voltage

21. Self-induced voltage is 180 degrees out-of-phase with the . When the applied voltage is at its
maximum in one direction, the induced voltage is at its maximum in the opposite direction.

(a) applied current (b) applied voltage (c) induced voltage (d) induced current

Basic Electrical Theory
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18.8 Current Flow

22. Self-induced voltage opposes the change in current flowing in the conductor. This is called inductive
reactance and it is abbreviated

(a) XL, (b) Xc ©Z (d) none of these
18.9 Phase Relationship
23. The CEMF waveform is out-of-phase with the applied voltage waveform.

(a) 90° (b) 120° (c) 180° (d) 360°

Unit 19—Power Factor and Efficiency

19.1 Apparent Power (Volt-Ampere)

24.If you measure voltage and current in an inductive or capacitive circuit and then multiply them
together, you obtain the circuit’s

(a) true power (b) power factor (c) apparent power (d) none of these
19.2 True Power (Watts)
25. True power of an ac circuit equals the volts times the amperes.

(a) True (b) False
19.3 Power Factor

26. AC inductive or capacitive reactive loads cause the voltage and current to be in-phase with each other.

(a) True (b) False

19.6 Cost of True Power

27. What does it cost per year (at 9 cents per kWh) for ten 150W recessed luminaires to operate if they
are turned on for six hours per day?

(a) $150 (b) $300 (c) $500 (d) $800

19.7 Effects of Power Factor

28. Because apparent power (VA) is greater than the true power (W), more loads can be placed on a cir-
cuit, and fewer circuits and panels, and smaller transformers might be required.

(a) True (b) False
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29. What size transformer is required for a 100A, 240V, 1( noncontinuous load (unity power factor)?
(a) ISkVA (b) 25 kVA (c) 37.5 kVA (d) S0 kVA

30. What size transformer is required for a 100A, 240V, 1@ noncontinuous load that has a power factor
of 85 percent?

(@) I5kVA (b) 25 kVA (c) 37.5 kVA (d) 50 kVA

31. How many 20A, 120V circuits are required for forty-two, 300W incandescent luminaires (noncontin-
uous load)?

(a) 3 circuits (b) 4 circuits (¢) 5 circuits (d) 6 circuits

32. How many 20A, 120V circuits are required for forty-two, 300W luminaires (noncontinuous load) that
have a power factor of 85 percent?

(a) 4 circuits (b) 5 circuits (c) 7 circuits (d) 8 circuits

19.8 Efficiency
33. Efficiency describes how much input energy is used for its intended purpose.
(a) True (b) False

19.9 Efficiency Formulas
34. If the output is 1,600W and the equipment is 88 percent efficient, what are the input amperes at 120V?
(a) 10A (b) 15A (c) 20A (d) 25A

: {Holt Enterprises, Inc. « www,NECcode.com e 1.888.NEC.Code Basic Electrical Theory
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¥ %’ Motors
E=u W Motors

The electric motor is one of the most prevalent loads on
the electrical system of commercial and industrial occu-
pancies. Think of the sheer number of things that must
move in some way. Every pump, fan, compressor, con-

" Mikes sERiAL 0. AB1234 | FrRAVE| opeN |
otors N ey
FPAOCWTSRR ,70%} EFFICIENCY | 75% | rf\i(:"r' o 15 |

PHASE (3 |  wvours [ a0 | FLA| 14 |

ovele [e0]  rem [ 1728 | ocrse [ ] veyor, or other device that moves material or objects,
| ourv [conr | hp ] 10] S0 [F ] rvee[ | requires either a motor or an engine. A motor is

THERMAL [ o] IMPEDANCE "

e [vo] dmeeoace "o [ a device that converts energy into motion; an

engine is a device that burns fuel to release

energy that it turns into motion. Computers

contain many small motors (in the fans,
DVDs, CD drives, hard drives, and other
devices), as do automobiles (which have
steadily been replacing vacuum-operated and fluid-operated motors with electrically-operated
motors). Where there's motion, there's probably an electric motor,

An electrician typically works with various configurations of motors that are powered by 120V,
'JF 240V, or 480V supplies. A solid understanding of motor basics, motor calculations, motor circuits,

—

PART A—MOTOR BASICS Stator

20.1 Motor Principles The stationary field wm(.iing. of a motor is
mounted on the stator, which is the part of the

A motor must have two Opposing magnetic fields motor that does not turn. For permanent magnet
In order to rotate, motors, there is no field winding because the field
is produced by permanent magnets.
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Rotor

The rotating part of the motor is referred to as
either the “rotor” or the “armature.”

20.2 Dual-Voltage AC Motors

Dual-voltage ac motors are made with two field

windings, each rated for the lower of two possible
operating voltages. The field windings are con-
nected in parallel for low-voltage operation and in
series for high-voltage operation.

For example, a 460/230V dual-rated motor has its
windings in series if connected to a 460V source,
or the windings will be in parallel if connected to
a 230V source. Figure 20-1

Dual-Voltage Motor Windings - 1-Phase
@ Series Connected @ Parallel Connected

HIGH Voltage LOW Voltage
"-::::_:-.._I'_ Sl —— e
1 ek A30Y 14601230V ,— =5y
460V 230V ]
T2 .~ 230V 121" 230v
L - Y -
Figure 20-1

AUTHOR’S COMMENT: According to the NEC, volt-
ages are described as either nominal voltage or
rated voltage. Nominal voltage is in reference to
the approximate expected utility voltage, for
example a 120/240V system. However, because of
circuit voltage drop, the actual voltage at the load
will be less than 120V or 240V. Therefore the rated
voltage of equipment would have a value less than
the nominal system voltage. For example
115V/230V.

20.3 Motor Horsepower Rating

Motors are used to convert electrical energy into
mechanical work. The output mechanical work of
a motor is measured or rated in horsepower.

AUTHOR’'S COMMENT: The conversion of
mechanical work to electrical energy is measured
in watts, where one horsepower = 746W.

Basic Electrical Theory

Unit 20——Motor

CAUTION: The 746W per horsepower is the
electrical output value for each horsepower.
This value is not the input electrical rating
required to calculate the motor nameplate
current rating.

Horsepower Example

What size motor, in horsepower, is used to pro-
duce a 15 kW output? Figure 20-2

(a) 5 hp (b) 10 hp
(c) 20 hp (d) 30 hp

* Answer: (c) 20 hp
Output Watts

Horsepower = 746
Horsepower = _15,000W
T46W

Horsepower = 20 hp

Output Watts to Horsepower

Horsepower
?

Output is
15 kW

Copyrighl 2003
Mike Holl Enlerprises, Inc.

Determine the Horsepower rating of the 15 kW motor.

HP is based on output watts only.
Input factors are not considered.

One hp is equal to 746W, 15 kW x 1,000 = 15,000W

hp = Output Watts 15,000W = 20 hp
746W 746W

Figure 20-2
Output Watt Example

What is the output watts rating of a 10 hp, ac,
480V, 30 motor with an efficiency of 75 percent
and power factor of 70 percent? Figure 20-3

(a) 5 kW (b) 7.5 kVA
(c) 7.5 kW (d) none of these

* Answer: (¢) 7.5 kW
Output Watts = hp x 746W
Output Watts = 10 hp x 746W
Output Watts = 7,460W

Mike Holt Enterprises, Inc. » www.NECcode.com « 1.888.NEC.Code
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Output Horsepower to Watts

Mikes
Motors

POWER

FACTOR 70%

PHASE I 3

cYCLE [ 60

1 Output Watts
?

—n
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EFFICIENCY [75%; oot [ 115 |
vors e | Rl qg
rem | 1'723} o rise[ a0 |

oury [ conr hp |10 J oo ¢ veef wm
THERMAL o | IMPEDANCE {
PROTECTION - ﬁei PROTECTION —'uiJ
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Determine the output watts of the 10 hp motor.

Output Watts = hp x 746

Output watts are based on hp only,
input factors are not considered.

1 hp is equal to 746W.
Output Watts = 10 hp x 746W = 7,460W
7,460W/1,000 = 7.46 kW

Figure 20-3

Efficiency, power factor, phases, and voltage have
nothing to do with determining the output watts of
a motor!

Calculating motor output watts can, however, help
you understand how motor nameplate current
numbers are developed.

20.4 Motor Gurrent Ratings
Motor Full-Load Ampere (FLA) Rating

The motor nameplate full-load ampere rating is
identified as FLA. The FLA rating is the current
rating in amperes that the motor draws while car-
rying its rated horsepower load at its rated voltage.

Figure 20-4

Actual Motor Current

The actual current drawn by the motor is dependent
upon the load on the motor and the actual operating
voltage at the motor terminals. That is, if the load
increases, the current also increases and/or if the
motor operates at a voltage below its nameplate
rating, the operating current will increase.

CAUTION: To prevent damage to motor wind-
ings from excessive heat (because of exces-
sive current), never place a load on the motor
above its horsepower rating and/or be sure
the voltage source matches the motor’s
voltage rating.

Inc.  vww.NECcode.com e 1.888.NEC.Code

Motor Full-Load Amperes (F LA)

- e

Mikes  SERIAL NO. ABI234| FRAME(| OFEN
Mies . =) .
FCTORIE]  er [1 el Full-Load Amps =
PHASE [1] VOLTS [11s7230 18.5/8.27 Nameplate Amps
CYCLE [60)  RPM C RISE : 5

— FLC =
puty [cont] He[15]) | GI0E 7] rvee W]

THERMAL () mp;gfgce [i%] Full-Load Current =

PROTECTION L 2 PROTECTION |2 Table Amps

Hameplate (NP) =_746W x hp

E x Eff x PF
746 = watts per hp I
hp =1.5hp
E =115v

Eff =0.7 efficiency factor
PF =0.75 power factor

NP = 746W x 1.5 hp
115V x 0.7 Eff x 0.75 PF

Nameplate = 18.5A

Copyright 2003
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Figure 20-4
Motor Full-Load Current (FLC) Rating

The motor nameplate FLA rating is not to be used
when sizing motor conductor size or circuit pro-
tection. According to the NEC, we must size these
electrical components in accordance with the
motor Full-Load Current (FLC) rating as listed in
the NEC Tables. Figure 20-5

FLC Versus Nameplate Amperes

[ Full-Load Current (FLC) : ’ Nameplate (FLA) |

EI |Mike's  seow o Loy o) k[ oven |
— o | Motors serace ezt [ i |
>, | se=nepil w |

| oowse[1] vours [ wan | FLA[185037) |
| ovee [ w0 | v | cmse 4n|i
[ww com ] we 1] gove [} mealia]|

_ reiienca (0] AN (6] |

National Electrical
Code

Table FLC is used to size:

* conductors and disconnects

* short-circuit and ground-fault
protection devices

Motor nameplate
is used to size
overload protection

COPYRIGHT 2001 Miko Holt Enterpiises. inc

Figure 20-5

AUTHOR’S COMMENT: This topic is beyond the
scope of this textbook.

20.5 Calculating Motor FLA

The motor nameplate full-load ampere (FLA)
rating can be determined by:

Basic Electrical Theory
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Single-Phase

Motor hp x 746W
FLA=""""E{Bffx PF
Three-Phase
Motor hp x 746W
FLA = E x V3 x Eff x PF

Single-Phase Motor FLA Example

What is the motor nameplate FLA rating for a 7.5
hp motor, 230V, 16, having an efficiency of 93 per-
cent and a power factor of 87 percent? Figure 20-6

(a) 16A (b) 24A
(c) 19A (d) 30A

* Answer: (d) 30A

Calculating Motor Nameplate - 1-Phase
Input 230V1 -Phase

ikes SERIAL MO, | AB1254
olors -

PE Eff | 93%] Ty 1
. II’ vours | 230 ] FLA ?
evate (@ Moo RPM : 1725! “CRISE|

oy | T oont | hpn L‘E:'IO'?FERl_F_- WFEI ML|

""" IWPEDANCE
PROTECTION |_N°

Output 7.5 hp
Efficiency = 93%
Power Factor = 87%

Determine the nameplate amperes of the motor.

Copyright 2003
Mike Holt Enlerprises, Inc.

FLA (nameplate) = hp x 746

ExEff x PF
FLA = full-load amperes = nameplate amperes
FLA (nameplate) = 7.5 hp x 746W = 30.1A
230V x0.93 Eff x 0.87 PF
Figure 206

Step 1 Determine the motor output watts:
Output Watts = hp x 746W
Output Watts = 7.5 hp x 746W
Output Watts = 5,595W

Step 2 Determine the motor input watts:

v Output
I t - __.E_
P Thgr

5.595W
0.93 Eff

Input = 6,016W

Input =

Basic Electrical Theory

Unit 20—Motors}

Step 3 Determine the motor input VA:

Watts
A = a8
i PF
6,016W
VA =37PF
VA = 6,915 VA

Step 4 Determine the motor amperes:

VA
FLA = 2
E
6.915W
A i
FLA ==
FLA = 30A
OR hp X 746W
FLA = —B = 0OW
E x Eff x PF

7.5 hp x 746W
FLA = 930V x 0.93 Eff x 0.87 PF

FLA = 30A

Three-Phase Motor FLA Example

What is the motor FLA rating for a 40 hp, 208V,
3¢ motor, having an efficiency rating of 80 per-
cent and a power factor of 90 percent?

(a) 76A (b) 84A

(c) 99A (d) 115A

* Answer: (d) 115A

- Step 1 Determine the motor output watts:

Output Watts = hp x 746W
Output Watts = 40 hp x 746W
Output Watts = 29,840W

Step 2 Determine the motor input watts:
Input Watts = —O—lEl‘:tfif&t

29,840W
0.80 Eff
Input Watts = 37,300W

Input Watts =
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Step 3 Determine the motor input VA:

Watts
A e
VA="pr
_ 37,300W
VA =7090 PR
VA = 41,444 VA

Step 4 Determine the motor amperes:

VA
FLA = (E X \/g)

41,444 VA
FLA = (208V x 1.732)

FLA =115A

OR hp x 746W
FLA =" 5 x\/3 x Eff x PF

40 hp x 746W
FLA =508V x 1.732 x 0.8 Eff x 0.9 PE

FLA =115A

20.6 Motor-Starting Current

When voltage is first applied to the field winding
of an induction motor, only the conductor resist-
ance opposes the flow of current through the
motor winding. Because the conductor resistance
is 50 low, the motor will have a very large inrush
current (a minimum of six times the full-load
ampere rating). Figure 20-7A

20.7 Motor-Running Current

However, once the rotor begins turning, the rotor-
bars (winding) will be increasingly cut by the sta-
tionary magnetic field, resulting in an increasing
counter-electromotive force. Figure 20-7B

We learned previously that the CEMF opposes the
applied voltage, resulting in an increased opposi-
tion to current flow within the conductor. This is
called inductive reactance. The increase in induc-
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tive reactance, because of self-induction, causes
the impedance of the conductor winding to
increase and this results in a reduction of current
flow.

Motor Running and Starting Currents

Starting Current 0.5 ohms

240v L— =i
J Low Resistance, High Current };'.5—"’ - .

I = E/R, | = 240V/0.5Q, | = 480A

Copyrighl 2003 Mike Halt Enlerprises, Inc
Running Current ' XL =60hms =
- < /G

)

gt Amps

240V L—

Low Resistance, High !;7’_,- | =
Inductance, Low Current f

I=E/Z, Z=+R2+ X2 R=0.50hms, X, =6ochms
Z=1/052+62 =+[0.25 + 36 = 6Q, 1=240V/6Q = 40A

Figure 20-7

20.8 Motor Locked-Rotor Current (LRC)

If the rotating part of the motor winding (arma-
ture) becomes jammed so that it cannot rotate, no
CEMF will be produced in the motor winding.
This results in a decrease in conductor impedance
to the point that it’s effectively a short circuit.
Result—the motor operates at locked-rotor cur-
rent (LRC), which is about six times the running
current value, and this will cause the motor
winding to overheat to the point that it will be
destroyed if the current is not quickly stopped.

AUTHOR’S GOMMENT: The National Elecirical
Code requires most motors to be provided with
overcurrent protection to prevent damage to the
motor winding because of locked-rotor current.

20.9 Motor Overload Protection

Motors must be protected against excessive
winding heat. Motors must not be overloaded,
they must operate near their nameplate voltage,
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and measures must be taken to prevent the motor
from jamming (LRC). If a motor is overloaded or
if it operates at a voltage below its rating, the oper-
ating current can increase to a value above the
motor full-load amperes (FLA) rating. The exces-
sive operating current may damage the motor
winding from excessive heat.

Figure 20-8 shows a type of overload device called
a melting-alloy type of overload. There are other
types of overload devices that provide motor over-
load protection, but they do it in different ways.
These include the dashpot type and bimetallic
type, as well as solid-state overload relays.

Motor Overloads - Magnetic Motor Starter

Auxilary | 28

ConEcts I~

Overload L !"1=g o T T W
Relay , Caeyeg-y ' TypeOL. 15
Assemblyﬁ;\ ¢ ' =xl :
4 TN

|" Reset Butt-onﬂl

- s

COPYRIGHT 2003
Mike Holt Enterprisa, Inc.

Figure 20-8

AUTHOR’S GOMMENT: Motors are designed to
operate with an inrush current of six to eight
times the motor-rated FLA for short periods of
time without damage to the motor windings.
Figure 20-9

However, if a motor operates at LRC for a pro-
longed period of time, the motor insulation and
lubrication can be destroyed by excessive heat.
Most motors can operate at 600 percent of motor
FLA satisfactorily for a period of less than one
minute or 300 percent of the motor FLA for not
more than three minutes.

NEC Requirement

To protect against excessive heat from an over-
load, the National Electrical Code requires stan-
dard overload protection devices to be sized at 115
to 125 percent of the motor FLA rating.
Figure 20-10
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Figure 20-9

NEC Requirements for
Standard Overload Device Sizing

e B - (. -

;- Standard O.L. device sizes
§=3_—— are based on the nameplate

| amperes (FLA) of the motor.
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[
Standard (Minimum) Trip O.L.

1. Motors with marked service factor of 1.15and up. ... .... 125% NP

2. Motors with a marked temperature rise of 40°C and down . 125% NP
l 3. Allothermotors . ... 115% NP

Figure 20-10

PART B—DIRECT-CURRENT MOTORS

20.10 Direct-Gurrent Motor Principles

DC motors use brushes (pieces of conductive
carbon) with springs to hold them in contact with
a commutator. A commutator is a ring around the
rotor shaft that has segments with insulation
between them.

A commutator is necessary for a dc motor because
the maximum torque on the rotor is developed
when the active rotor winding opposes the mag-
netic field of the stator. As the winding passes this
point, less torque is developed. As the commutator
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turns, the carbon brushes come into contact with
the next set of rotor windings, which are in the
proper position to oppose the stator field and keep
the rotor moving. As the rotor turns, the brush-
commutator set always supplies power to the rotor
windings that are in the correct position to develop
maximum torque.

20.11 Direct-Current Motor Types
Shunt-Wound DC Motor

One of the great advantages of the shunt-wound
dc motor (whose armature and field are in par-
allel) is its ability to maintain a constant speed
under load. If the speed of a de motor begins to
increase, the armature will cut through the elec-
tromagnetic field at an increasing rate. This results
In a greater armature CEMF, which acts to cut
down on the increased armature current, resulting
in the motor slowing back down.

Placing a load on a dc motor causes the motor to
slow down, which reduces the rate at which the
armature is cut by the field flux lines. As a result,
the armature CEMF decreases, resulting in an
increase in the applied armature voltage and cur-
rent. The increase in current results in an increase
in motor speed. This gives shunt-wound dc motors
a built-in system for regulating their own speed.
For these reasons, computer disk drives and
recording equipment use dc motors exclusively.

Series-Wound DC Motor

Series-wound dc motors (those in which the field
winding and the armature winding are connected
in series) have poor speed regulation, and slow
down considerably when a load is applied. When
unloaded, they often run at very high rpms.
However, series dc motors have very good torque
characteristics. One of the best examples of a
series-wound dc motor is the starter motor on your
automobile, which has very high torque to start
the engine and is connected to a load so that it
does not overspeed.

€. * www.NECcode.com « 1.888.NEC.Code
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20.12 Reversing the Rotation of 3 DC Motor

To reverse the rotation of a dc motor, you must
reverse either the stator field or the armature mag-
netic field. This is accomplished by reversing
either the field or armature current. Because most
dc motors have the field and armature windings
fed from the same dc power supply, reversing the
polarity of the power supply will change the field
and armature simultaneously. This will result in
the motor continuing to run in the same direction,
Figure 20-11

Reverse DC Motor
@ Reverse Magnetic Field

| Armature po_lari_t)-/_ | @‘IT
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of field windings.
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@ Reverse Armature Current

Armature I
Current Reversed. —

-FieB_winding polérity [ -
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Copyright 2003 \
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Figure 20-11

PART C—ALTERNATING-CURRENT
MOTORS

20.13 AC Induction Motor

In the ac induction motor, the stator produces a
rotating magnetic field.

The rotor is a series of coils (windings) that are
connected in a closed loop. The rotating magnetic
field of the stator induces (thus, induction motor)
currents flowing in the rotor windings. These rotor
currents generate a magnetic field in opposition to
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the magnetic field of the stator, thereby causing
the rotor to turn. It is also for this reason that the
rotor of an induction motor always turns with an
rpm slightly less than the rpm of the stator’s mag-
netic field.

20.14 Alternating-Current Motor Types

Squirrel-Cage Induction Motor

The most prevalent type of an ac motor is the
induction motor, which uses no physical connec-
tion between its rotating member (the rotor), and
the stationary member surrounding it (the stator).

The three-phase ac squirrel-cage induction motor
is used in almost all major industrial applications.
It is called a squirrel-cage motor because the rotor
consists of bars that are either parallel to the shaft
or at a slight angle and are connected together at
the ends by shorting rings. These bars would
resemble a hamster or squirrel cage if you were to
remove the core material around them.

As the magnetic field from the stator of an induc-
tion motor rotates, the field induces voltage in the
rotor bars as it cuts across them. Conditions for
generator action exist—a conductor (rotor bars), a
magnetic field (from the field winding), and rela-
tive motion between them. The generated voltage
causes current to flow from bar to bar through the
shorting rings. The conditions for motor action are
now present—a conductor (each rotor bar) has
current flowing through it in a magnetic field
(from the stator field). This produces torque in the
rotor causing it to turn.

Basic Electrical Theory

Synchronous Motor

In a synchronous motor, the rotor is actually locked
in step with the rotating stator field and is dragged
along at the synchronous speed of the rotating mag-
netic field. Synchronous motors maintain their
speed with a high degree of accuracy.

They are often found in large industrial facilities
driving loads such as compressors, crushers, and
large pumps. Sometimes they are operated
unloaded, meaning that nothing is attached to
their shafts. In this application, the synchronous
motor is being operated “overexcited,” meaning
that a large amount of dc current is being fed into
the rotor through the slip rings. The synchronous
motor acts as though it were a large capacitor
when it is in this condition and can be used for
power factor correction.

Wound-Rotor Motor

Wound-rotor induction motors are used only in
special applications because of their complexity.
Wound-rotor induction motors only operate on
three-phase ac power. They are similar to an
induction motor; however, the rotor windings are
connected in a wye configuration and the points
of the wye are brought out through slip rings to an
external controller. Resistors are usually inserted
into the rotor winding circuit during start-up in
order to reduce the inrush current. As the motor
increases speed, the value of the resistance is
changed to lower values. Ultimately, the rotor
windings are shorted, thereby allowing the motor
to achieve full speed.

The wound-rotor motor can also be used in appli-
cations that require some speed control. Today,
however, it is much more customary to use a
Variable Speed Drive coupled to an induction
motor.

Mike Hoit Enterprises, Inc. » www.NECcode.com = 1.888.NEC.Code

ﬂ




Unit 20—Motors

Universal Motor

Universal motors are fractional horsepower motors
that operate equally well on ac and dc. They are
used for vacuum cleaners, electric drills, mixers,
and light household appliances. These motors have
the inherent disadvantages associated with dc
motors, which is the need for commutation. The
problem with commutation is that as the motor
operates, motor parts rub against each other and the
motor wears itself out, Induction-type ac motors do
not depend on commutation for operation.

20.15 Reversing the Rotation of an AC
Motor

Swapping any two of the three line conductors can
reverse a three-phase ac motor’s rotation. Industry
practice is to reverse Line 1 and Line 3. Figure 2012

Mike Holt Enterprises, Inc. » wWww.NECcode.com 1.888.NEC.Code
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PART A—MOTOR BASICS
20.1 Motor Principles

A motor must have two opposing magnetic fields
in order to rotate. The stationary field winding of
a motor is mounted on the stator, which is the part
of the motor that does not turn. The rotating part
of the motor is referred to as either the “rotor” or
the “armature.”

20.2 Dual-Voltage AC Motors

Dual-voltage ac motors are made with two field
windings, each rated for the lower of two possible
operating voltages. The field windings are con-
nected in parallel for low-voltage operation and in
series for high-voltage operation.

20.3 Motor Horsepower Rating

Motors are used to convert electrical energy into
mechanical work. The output mechanical work of
a motor is measured or rated in horsepower. A
good conversion to remember is 1 hp = 746W.

20.4 Motor Current Ratings
Motor Full-Load Ampere (FLA) Rating

The FLA rating is the current rating in amperes
that the motor draws while carrying its rated
horsepower load at its rated voltage.

Actual Motor Current

The actual current drawn by the motor is
dependent upon the load on the motor and the
actual operating voltage at the motor terminals.

Motor Fuli-Load Current Rating (FLC)

According to the NEC, we must size these elec-
trical components in accordance with the motor

Basic Electrical Theory
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Full-Load Current (FLC) rating as listed in the
NEC Tables.

20.5 Calculating Motor FLA

The motor nameplate full-load ampere (FLA)
rating can be determined by:

Single-Phase
Motor hp x 746W
E x Eff x PF

FLA =

Three-Phase

Motor hp x 746W
FLA = E x V/3 x Eff x PF
20.6 Motor-Starting Current

When voltage is first applied to the field winding
of an induction motor, only the conductor resist-
ance opposes the flow of current through the
motor winding. Because the conductor resistance
is so low, the motor will have a very large inrush
current (a minimum of six times the full-load
ampere rating).

20.7 Motor-Running Current

Once the motor begins turning, the rotor-bars
(winding) will be increasingly cut by the sta-
tionary magnetic field, resulting in an increasing
counter-electromotive force.

20.8 Motor Locked-Rotor Current (LRC)

If the rotating part of the motor winding (arma-
ture) is jammed so that it cannot rotate, no CEMF
will be produced in the motor winding. The low
impedance of this winding, without the aid of the
CEMEF, will cause the motor to operate at locked-
rotor current. This results in a decrease in con-
ductor impedance to the point that it’s effectively
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a short circuit. Result—the motor operates at
locked-rotor current (LRC), which is at least six
times the running current value, and this will
cause the motor windings to overheat to the point
that they will be destroyed if the current is not
quickly stopped.

20.9 Motor Overload Protection

Motors must be protected against excessive
winding heat. If a motor is overloaded, or if it
operates at a voltage below its rating, the oper-
ating current can increase to a value above the
motor full-load amperes (FLA) rating. The exces-
sive operating current may damage the motor
winding from excessive heat.

NEC Requirement

To protect against excessive heat from an over-
load, the National Electrical Code requires stan-
dard overload protection devices to be sized at 115
to 125 percent of the motor FLA rating.

PART B—DIRECT-CURRENT MOTORS
20.10 Direct-Current Motor Principles

DC motors use brushes (pieces of conductive
carbon) with springs to hold them in contact with
a commutator.

20.11 Direct-Current Types
Shunt-Wound DC Motor

One of the great advantages of the shunt-wound
dc motor (whose armature and field are in par-
allel) is its ability to maintain a constant speed
under load.

Series-Wound DC Motor

Series-wound dc motors (those in which the field
winding and the armature winding are connected
in series) have poor speed regulation, and slow
down considerably when a load is applied. When
unloaded, they often run at very high rpms.

ike Holt Enterprises, Inc. e www.NECcode.com ¢ 1.888.NEC.Code
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However, these dc motors have very good torque
characteristics and are used as starter motors for
engines.

20.12 Reversing the Rotation of a DC Motor

To reverse the rotation of a dc motor, you must
reverse either the stator field or the armature mag
netic field. -

PART C—ALTERNATING-CURRENT
MOTORS

20.13 AC Induction Motor

In the ac induction motor, the stator produces a
rotating magnetic field.

20.14 Alternating-Current Motor Types
Squirrel-Cage Induction Motor

The most prevalent type of ac motor is the induc-
tion motor, which uses no physical connection
between its rotating member (the rotor), and the
stationary member surrounding it (the stator).

Synchronous Motor

In a synchronous motor, the rotor is actually
locked in step with the rotating stator field and is
dragged along at the synchronous speed of the
rotating magnetic field. Synchronous motors main-
tain their speed with a high degree of accuracy.

Wound-Rotor Motor

Wound-rotor induction motors are used only in
special applications because of their complexity.
Wound-rotor induction motors only operate on
three-phase ac power.

The wound-rotor motor can also be used in appli-
cations that require some speed control. Today,
however, it is much more customary to use a
Variable Speed Drive coupled to an induction

motor.
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Universal Motor 20.15 Reversing the Rotation of an AC
Universal motors are fractional horsepower motors Motor

that operate equally well on ac and dc. The problem Swapping any two of the three line conductors can
with commutation is that as the motor operates, reverse a three-phase ac motor’s rotation.

motor parts rub against each other and the motor
wears itself out. Induction-type ac motors do not
depend on commutation for operation.

Unit 20 Conclusion

Atrticle 430 of the National Electrical Code addresses
motors, motor circuits, and motor controllers. It is the
largest of all the NEC articles. Now that you have
studied basic motor theory, motor calculations, motor
circuits, and motor controls, you can see why this is so.
Although you have learned much here, you
would benefit from learning even more,
especially if you are going to do much
commercial or industrial work.
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Words to Live By: Laziness and poverty are cousins.
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Unit 20 Practice Questions

PART A—NMOTOR BASICS
20.1 Motor Principles

1. A motor must have two opposing magnetic fields in order to rotate. The stationary field winding is
mounted on the stator, and the rotating part is referred to as the armature.

(a) True (b) False

20.2 Dual-Voltage AC Motors

2. Dual-voltage ac motors are made with two field windings. The field windings are connected in
for low-voltage operation and in for high-voltage operation.

(a) series, parallel (b) parallel, series (c) series, series (d) parallel, parallel

3. For a dual-voltage 230/460V motor, the field windings are connected in parallel for operation
and in series for operation.

(a) 230V, 460V (b) 460V, 230V (c) 230V, 230V (d) 460V, 460V

20.3 Motor Horsepower Rating

4. Motors are used to convert electrical energy into mechanical work and the output mechanical work of
a motor is rated in horsepower. 1 hp =

(a) 476W (b) 674W (c) 746W (d) 840W

5. What size motor, in horsepower, is required to produce 30 kW output?
(a) 20 hp (b) 30 hp (c) 40 hp (d) 50 hp

6. What is the output of a 15 hp motor?
(a) 11 kW (b) 15 kW (c) 22 kW (d) 31 kW

7. What is the approximate output of a 5 hp, 3@, 480V motor?
(a) 3.75 kW (b) 4.75 kW (c) 6.75 kW (d) 7.75 kW

|
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20.4 Motor Current Ratings

8. The nameplate motor FLLA rating describes the motor current rating when it carries its rated horse-
power load at its rated

(a) power (b) resistance (c) CEMF (d) voltage

9. The actual motor current is dependent upon the load on the motor and the operating voltage at the
motor terminals.

(a) True (b) False

10. The motor FLA rating is used when sizing motor conductor size or circuit protection.

(a) True (b) False

20.5 Calculating Moftor FLA

11. What is the nameplate FLA for a 5 hp, 230V, 1€ motor, with 93 percent power factor and 87 percent
efficiency?

(a) 10A (b) 20A (c) 28A (d) 35A

12. What is the nameplate FLA of a 20 hp, 208V, 3@ motor with 90 percent power factor and 80 percent
efficiency?

(a) 51A (b) 58A (c) 65A (d) 80A

20.6 Motor-Starting Current

13. When a motor starts, the current drawn is at least times the motor FLA; this is known as motor
locked-rotor amperes (LRA).
(a) 1.25 (b) 0.8 ©3 (d)6

20.7 Motor-Running Gurrent

14. Once a motor begins turning, the rotor winding will be increasingly cut by the stationary magnetic field,
resulting in an increasing counter-electromotive force.

(a) True (b) False

20.8 Motor Locked-Rotor Current (LRC)

15. If the rotating part of the motor winding is jammed so that it cannot rotate, no CEMF will be pro-

duced in the motor winding. Result—the motor operates at and the windings will be destroyed
by excessive heat. .
(a) FLA (b) FLC (¢) LRC (d) any of these
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20.9 Motor Overload Protection

16. Motors must be protected against excessive winding heat by a properly sized overload protection
device, based on the motor current rating.

(a) FLA (b) FLC (c) LRC (d) any of these

PART B—DIRECT-CURRENT MOTORS
20.10 Direct-Current Motor Principles

17. DC motors use brushes with springs to hold them in contact with a(n)

(a) rotor (b) stator (c) armature (d) commutator

20.11 Direct-Current Types

18. If the speed of a dc motor is increased, the armature will cut through the field at an increasing rate,
resulting in a lower CEMF that acts to cut down on the increased armature current, which slows the
motor back down.

(a) True (b) False

19. Placing a load on a dec motor causes the motor to slow down, which increases the rate at which the
field flux lines are being cut by the armature. As a result, the armature CEMF increases resulting in
an increase in the applied armature voltage and current. The increase in current results in increased
motor speed.

(a) True (b) False

20.12 Reversing the Rotation of a DC Motor
20. To reverse the rotation of a dc motor, you must reverse the
(a) stator field (b) rotor field (c)aand b (daorb

PART C—ALTERNATING-CURRENT MOTORS
20.13 AC Induction Motor

21. In the ac induction motor, the stator produces a rotating magnetic field that induces current in the rotor
windings. The rotor current generates a magnetic field in opposition to the magnetic field of the stator,
thereby causing the rotor to turn.

(a) True (b) False

I Mike Holt Enterprises,
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20.14 Alternating-Current Motor Types

22.In a(n) motor, the rotor is actually locked in step with the rotating stator field and is dragged
along at the speed of the rotating magnetic field.
(a) wound-rotor (b) induction (c) synchronous (d) squirrel-cage

23. motors are fractional horsepower motors that operate equally well on ac and dc and are used
for vacuum cleaners, electric drills, mixers, and light household appliances.

(a) AC (b) Universal (c) Wound-rotor (d) Synchronous

20.15 Reversing the Rotation of an AC Motor
24. Swapping of the line conductors can reverse a 3@ ac motor’s rotation.
(a) one (b) two (c) three (d) none of these
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Generators

At one time, most electricians didn’t need to know
about generators or generator theory. At most facil-
ities, power came from the central utility, and
unless you were working at a power generation
plant you were unlikely to come across a
generator. Places like glass plants or paper
¥ mills often generated their own electricity,
but the typical maintenance and construc-
tion electrician almost never worked on these even if assigned
to the plant. Data centers, few that there were, had their own power generation

capabilities for backup situations.

Exciter

Today, generators are moving from “the exception” status to “the rule” status. They are ubiqui-
tous. Almost any facility with critical operations, or whose owners consider electrical downtime
to be extremely expensive, has on-site power generation. Examples include hospitals, data cen-
ters (now quite numerous), warehouses, food handling operations, hotels, casinos, banks, many
manufacturing operations, and trucking companies. Even some residential buildings, including
single-family dwellings, have on-site power generation.

21.1 Direct-Current Generator AUTHOR’S COMMENT: The stronger the magnetic
. ) ) field, the greater the induced armature current or

Direct-current generators require a magnetic field generator output.

to induce voltage in the rotating armature to create

current flow. Small dc generators often use a per- Excitation Current

manent magnet for the magnetic field winding
instead of an electromagnet. If the magnetic field
is created by an electromagnet, the electromag-
netic field is called the field winding. Figure 21-1

The current used for the field winding is called the
excitation current and can be supplied from the dc
generator output or by an external dc voltage
source. When the generator supplies the excitation
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DC Generator
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rotating in a magnetic field.

COPYRHGHT 2003
Mike Holl Entarprises, Inc.

Figure 21-1

current, the generator is called a self-excited gen-
erator, Figure 21-2. If a separate dc power source is
used to supply the excitation field, the generator is
called a separately excited generator. Figure 21-3

Self-Excited
| Weak | ’_ ' Stopped |
Magnetic .~ 4~
Field !
Output
Q Wi Voltage
’ Residual i o
l Magnetism[ RS e

S;r_c;ng [x‘%ﬁ%‘}?\\ Running |
y ==

Magnetic s
| Fleld [ i o Ny
B L= B Output
@ (FeEHE Voltage
’ P

Copyright 2003
Mike Holt Enlarprises, Inc.

Figure 21-2
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21.2 Alternating-Current Generator

The rotor of an ac generator contains the electro-
magnetic field, which develops the magnetic flux
lines. When the rotor is made to rotate, the mag-
netic lines of force from the rotor electromagnet
are made to cut through the stationary conductor
coils. The relative motion between the lines of
force and the conductor coils produces an electro-
motive force in the conductors. Figure 21-4

AUTHOR’S COMMENT: Some, very small, ac gen-
erators use permanent magnets for the magnetic
field and the output voltage is taken off of the
rotor’s slip rings.
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AC Generator - Single-Phase

r - " A
| Rotating Field . _{ Output

§tationary J
Armature =

dec |
Exciter:

N External dc Field Voltage
Copyrig 2003 ] (Exciter Current)

Mrke Holt Enterprises, Inc.

Figure 21-4

21.3 Three-Phase Generators

Three-phase ac generators have three equally
spaced windings, all 120 degrees out-of-phase
with each other. Figure 21-5

There are six leads from the windings of a three-
phase generator which can be connected in series
for delta connections or in parallel for wye connec-
tions.

Wike Holt Enterprises,

Chapter 6—Motors, Generators and Transformers

AC Generator - Three-Phase

| Stationar;/ ]
| Armature )

' % ! "'!-:E- @
\ n§
Q /
J Rotating
:12Ng \  Field
| i
Copyright 2003 ‘ Rotor Drive Shaft ||

Mika Holl Enterprises, Inc

= 3500 =i =y

Field Voltage

External de
(Exciter Current) |
!

dc
Exciter

| |
90 Line 1

[+= 1200 —| - 1200 —| 7200 .|

The 3 separate phases (A, B, and C) in the stationary
armature (stator) are not shown connected to simplify
in showing the 120 degree phase differences.

Figure 21-5
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Unit 21 Summary

21.1 Direct-Current Generator 21.2 Alternating-Current Generator
Direct-current generators require a magnetic field The rotor of an ac generator contains the electro-
to induce voltage in the rotating armature to create magnetic field which develops the magnetic flux

current flow. If the magnetic field is created by an lines. When the rotor is made to rotate, the mag-
electromagnet, the electromagnetic field is called netic lines of force from the rotor electromagnet

the field winding. The stronger the magnetic field, are made to cut through the stationary conductor
the greater the induced armature current or gener- coils. The relative motion between the lines of
ator output. force and the conductor coils produces an electro-

motive force in the conductors.
Excitation Current

The current used for the field winding is called the ~ 21.3 Three-Phase Generators
excitation current and can be supplied from the dc

generator output or by an external dc voltage
source.

Three-phase ac generators have three equally
spaced windings all 120 degrees out-of-phase
with each other.

Unit 21 Conclusion

Whether you work on generators or not, under-
standing the means of electricity generation helps
you understand electricity. You know, for
example, how we get three phases and you
know why each of those phases is 120
degrees out-of-phase with the other.

Exciter |

Words to Live By: Take care of your character and your reputation will take care of itself

m Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code
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Unit 21 Practice Questions

21.1 Direct-Current Generator

1. Current for the field winding can be supplied from the dc generator output or by an external dc voltage
source.

(a) True (b) False

21.2 Alternating-Current Generator

2. The of an ac generator contains the electromagnetic field, which cuts through the stationary
conductor coils.

(a) stator (b) rotor (c) coil (d) winding
21.3 Three-Phase Generators
3. Three-phase ac generators have three equally spaced windings, out-of-phase with each other.

(a) 90° (b) 120° (c) 180° (d) 360°

Mike Holt Enterprises, Inc. « www.NECcode.com 1.888.NEC.Code
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\

Introduction
——————

A transformer is a stationary device used

to raise or lower voltage. It has the ability

I E-l to transfer electrical energy (power) from

—{. 2| one system to another with no physical
connection between the two systems.

| step-Up I E

Step-Down |

Some transformers, called isolation transformers, do not raise or lower the voltage. They are
simply for the purpose of decoupling the primary from the secondary. This topic is beyond the
scope of this textbook.

22.1 Transformer Basics

Mutual Induction

Primary Versus Secondary & Aircore V \
The transformer winding connected to the voltage - i %'\Y‘
source is called the primary winding. The trans- ’\” kl\l J ~ 3
former winding connected to the load is called the N/
/

secondary. Transformers are reversible, meaning
that either winding can be used as the primary or © iron Core ///“\ =

secondary. Ve %=y e
Cow e ) R

Mutual Induction (") ( k ]f : f; :;!ﬁg ) o

The energy transfer of a transformer is accom- \\\ \ﬁ%}ﬁﬁd //7 // |

plished because the electromagnetic lines of force \;}:_j}\ vz,ﬁ’{g// ko ST 2003

from the primary winding induce a voltage in the N

secondary winding. This process is called mutual Figure 22-1

induction. Figure 22-1
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The voltage level that can be induced in the sec-
ondary winding, from the primary magnetic field,
is a function of the number of secondary con-
ductor loops (turns) that are cut by the primary
electromagnetic field.

22.2 Secondary Induced Voltage

Voltage induced in the secondary winding of a
transformer is equal to the sum of the voltages
induced in each loop of the secondary winding.

For example, if a transformer had three windings
on the secondary and each secondary winding had
80V induced, the secondary voltage would be
240V. Figure 22-2

Secondary Induced Voltage

Primary | sz " Secondary |
-'}\..’ X3 [ taeied ]
80V di. I
Amps 80V d :‘}.'
480 SOV%" E |
govdl s |
AVIRN U0 8OV
r taovd_J 5
=)

' If a transformer had three windings on the secondary
and each secondary winding had 80V induced, the
;. secondary voltage would be 240V,

Figure 22-2

The induced voltage in each loop of the secondary
winding is dependent on the number of secondary
conductor loops (turns), as compared to the
number of primary turns. Figure 22~3

Primary and Secondary
Turns Voltage Ratios

6_21_Ra"°| i @ 41 Ratio |
SET Zm) '

i 3
1,000 Turns : 500 Turns 1,000 Turns : 250 Turns

48 § 1o
g OV-.._I _,1zqv__|_
Copyright 2003 Mike Holl Enterprises, inc.

I.

|

| ¢ i i
Figure 22-3
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If both windings have the same number of turns,
and if all of the magnetism set up by the primary
passes through the secondary, the secondary will
deliver the same voltage and power as the primary.
Figure 22-4

Primary and Secondary
With Same Number of Turns

1:1 Ratio |

peon

yright 2003

1,000 Turns : 1,000 Turns Mike Hon Eoratons, I

If both windings have the same number of turns, and
if all of the magnetism set up by the primary passes
through the secondary, the secondary will deliver the
same voltage and power as the primary.

Figure 224

22,3 Autotransformers

Autotransformers use a common winding for both
the primary and secondary and their purpose is to
step the voltage up or down.

Autotransformers are often used to step the
voltage up from 208V to 240V, or down from
240V to 208V. Figure 22-5

Autotransformers
N Step-Down |
| I o
| (V]240V3 208V | 8 |

6 Step-Up
Autotransformer

Copyright 2003 Mike Holt Enlerprises, Inc.

@ Step-Down
Autotransformer
Figure 22-5

Step-Down Transformer

The secondary winding of a step-down trans-
former has fewer turns than the primary winding,
resulting in a lower secondary voltage as com-
pared to the primary.

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code




Step-Up Transformer

The secondary winding of a step-up transformer
has more turns than the primary winding,
resulting in a higher secondary voltage as com-
pared to the primary.

AUTHOR’S COMMENT: The disadvantage of an
autotransformer is the lack of isolation between
the primary and secondary conductors, but they
are often used because they are inexpensive.

22.4 Power Losses

In an ideal transformer, all the primary power is
transferred from the primary winding to the sec-
ondary winding, but real-world transformers have
power losses because of conductor resistance, flux
leakage, eddy currents, and hysteresis losses.

Conductor Resistance Loss

Transformer primary and secondary windings are
generally made of many turns of copper.
Conductor resistance is directly proportional to
the length of the conductor and inversely propor-
tional to the cross-sectional area of the conductor,

Primary Power Loss Example:

What is the primary conductor power loss of a 75
kVA transformer if the primary current rating is
90A and the winding has a resistance of 0.1602?
Figure 22-6A

Conductor Resistance Loss

___75kVA
= =
c'-:_.__‘g C.___: Amps
S “—"::, !
j “x2

Copyright 2003
Mike Holl Enterprisas, Inc

Power Loss = I2R
Determine primary and secondary conductor power loss.

Primary Conductor @ Secondary Conductor @

Ppri= I2x R Psec = 12xR
Ppri= 90A2 x 0.16Q Psec = 208A2 x 0.06260
Ppri = 1,296W Psec = 2,708W

Figure 22-6

Mike Holt Enterprises,

Inc. « www.NECcode.com o 1.888.NEC.Code
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(a) 400W (b) 800W
(c) 1,100W (d) 1,300W

* Answer: (d) 1,300W
Power =12 X R
I=90A
R=0.16Q
P =90A2x 0.16Q
P =1,296W

Secondary Power Loss Example:

What is the secondary conductor power loss of a
75 kVA transformer if the secondary current
rating is 208A and the winding has a resistance of
0.06260? Figure 22-6B

(a) 1,400W (b) 1,800W
(c) 2,100W (d 2,700W

* Answer: (d) 2,700W
Power =12 X R
I=208A
R =0.0626Q)

P =208A2x 0.0626Q
P=2708W

Flux Leakage Loss

The leakage of the electromagnetic flux lines
between the primary and secondary windings also
represents wasted energy. Figure 22-7

Flux Leakage Loss

’\"‘ & ,.,; \ |
\ Z/j,‘: £ .=_=3__-\\‘_ S

\\}:.‘
Copyright 2003
Mike Holl Enlarprises, fnc
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Eddy Currents

Iron is the only metal used for transformer cores
because of the relative ease with which the mate-
rial can be magnetized. However, the expanding
and collapsing electromagnetic field from alter-
nating current induces a voltage in the iron core.
Wasteful circulating eddy currents in the iron core
cause the core to heat up without any useful pur-
pose. To reduce losses because of eddy currents,
long laminated iron cores, separated by insulation
(usually lacquer), are used. Figure 22-8

Eddy Current Core Losses

A, W o
.! jng o | |

e

Copyrighl 2003
__/' i Mike Holl Enterprises, inc.
{ Eddy currents are

reduced by laminating

the iron core.

In an unlaminated
core, the eddy currents
are large.

Figure 22-8

Hysteresis Losses

As current flows through the transformer, the iron
core is temporarily magnetized by the electromag-
netic field created by the alternating current. Each
time the primary magnetic field expands and col-
lapses, the core molecules realign themselves to
the changing polarity of the electromagnetic field.
The energy required to realign the core molecules
to the changing electromagnetic field is called the
hysteresis loss of the core. Figure 22-9

Hysteresis losses are directly proportional to the
alternating-current frequency. The greater the fre-
quency, the more times per second the molecules
must realign. Hysteresis loss is one of the main
reasons why iron-core transformers are not used
in applications involving high frequencies and
nonlinear loads.

Basic Electrical Theory

Y

Hysteresis Losses
Ferrous (Iron)

Copyright 2003
Mike Holl
Enlerprises, tnc.
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The molecules of the core material align and realign with
the expanding and collapsing electromagnetic field. The
energy that does this realignment is wasted energy and

is called Hysteresis Loss.

Figure 22-9

22.5 Harmonic Current

Three-phase, 4-wire wye-connected systems, such
as 120/208V or 277/480V that supply nonlinear
line-to-neutral loads, can overheat because of cir-
culating odd triplen harmonic currents (3rd, 9th,
15th, 21st, etc.). Figure 22—10

Transformer Overheating - Harmonic Current

A3[100
Amps

In 3-phase, 4-wire delta/wye transformers, odd
triplen harmonic currents from nonlinear loads can
cause excessive heating of the primary winding.

Figure 22-10

COPYRIGHT 2003
Mike Holl Enterpriass, Inc.

Additional losses may occur in some transformers
)where harmonic currents are present, resulting in
\ /increased heat in the transformer above its rating.
‘r'( The heating from harmonic currents is proportional

]

”/ " to the square of the harmonic current. Figure 22-11

AUTHOR’S COMMENT: Both of these topics are
beyond the scope of this textbook.

Mike Holt Enterprises, Inc. » www.NECcode.com « 1.888.NEC.Code
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Transformer Overheating Sth Harmonic
Harmonic Current e

| Heat

| 25x
3rd Harmonic ;
Fundamental ' |
Current | Heat '
1TAmp  Heat 1Amp | 9x 1Amp |
) —
60 Hertz 180 Hertz 300 Hertz

Harmonic currents from nonlinear loads can increase the
heating in a transformer. Ventilation may not be adequate,

COPYRIGHT 2003 Mike Holl Enterpnses, Inc

Figure 22-11
22.6 Efficiency

Because of conductor resistance, flux leakage,
eddy currents, and hysteresis losses, not all of the
input power is transferred to the secondary
winding for useful purposes. Fi gure 22-12

Transformer Efficiency

’ Eddy Current Losses -

(Square of harmonic.)

Input 500W

Conductor i:'.."""'%7% Eff/ ﬂglﬂ-ﬁ
Resistance Losses J

(Insignificant effect of |
square of harmonic.)

Hysteresis Losses
(Square of harmonic.)

Output Po_we_a;_{WJ
Input Power (W)

Copyright 2003
Mike Holt Enlerprisas, Inc

Efficiency =
Figure 22—12

AUTHOR’S COMMENT: For most practical pur-
poses, transformer efficiency can be ignored.

22.7 Transformer Turns Ratio ‘

The relationship of the primary winding voltage
to the secondary winding voltage is the same as
the relationship between the number of turns of
wire on the primary as compared to the number of
turns on the secondary. This relationship is called
turns ratio. Figure 22-13

Mike Hoit Enterprises, Inc. » www.NECcode.com e 1.888.NEC.Code
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Primary - Secondary Turns Ratio
2:1 Ratio

N
Mika ﬁdm::pzﬁsss. Inc
Ratio of number of primary turns
to number of secondary turns.
Figure 22-13
Delta/Wye Example

What is the turns ratio of the delta/wye trans-
former shown in Figure 22-14 if the primary phase
voltage is 480V and the secondary is 120V?

(a) 4:1 (b) 1:4

(c) 2:1 (d)1:2

* Answer: (a) 4:1

Relationship of Deita-Wye Transformers
Delta Primary (Series Connected)

X1, L1
L1 _H1 Q (e
X2 L2
Z N 208V
480V Lg(fﬁ,\—,p,i"'—'—
3-Phase WORTC xo n 3Phase
>

480V ~§12?1v X0
pad- i Xl L

X0
Be 120V XSI L3

480V 3-Phase

208V 3-Phase $=------- =

*Detail of Phase A L1 H1

X1.L1

Primary Secondary
PHASE 480V E 120V o N PHASE
lvAll e — "Au
Copynght 2003 L2 H2

Mixa Holt Enlerpnses, Inc

Phase Voltage Ratio of 4:1
Figure 22-14
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Delta/Delta Example

What is the turns ratio of the delta/delta trans-
former shown in Figure 22-15 if the primary phase
voltage is 480V and the secondary is 240V?

(a) 4:1 (b) 1:4

(c) 2:1 (d) 1:2

* Answer: (c) 2:1

Relationship of Delta/Delta Transformers
X1 u

X2 L2
Primary Secondary
3 ¥ X2
(B 480V 3 A*S2d0v
L1 HT 4 2 A ;2‘}0 __X1

L1

* 3 ;120\/ X1
g 8s0v LAl e |2
= H2 4; Y 120V X,%N >

Secondary

~ X3
X2

L3
Primary

3 F ¥
480V % Bé 2?0\!
+

Copyright 2003 Mike Holt Enterprises, Inc

G *Detail of Phase A
L1 H1

Primary X1 L1 Secondary
PHASE ik HV o 1 P".!,':‘..S E
"A" L2 _H2

Phase Voltage Ratio of 2:1

Figure 22-15

Primary Voltage Example

What is the primary voltage of the transformer
shown in Figure 22—16 if the turns ratio is 20:1 and
the secondary voltage is 6V?

Transformer Ratios - Primary Voltage

"Wma?[
Vo!ll?age =

)

(o))
— <

.luunlu.uu:

Copyright 2003 Mike Hoit Enterprises, Inc.
Phase Voltage Ratio is 20:1
Determine the primary voltage.

Voltage ratio is 20:1, secondary voltage is 6V.
Primary voltage is 20 times higher than secondary voltage.
6V x 20 = 120V on primary

Figure 22-16

Basic Electrical Theory

(a) 6V
(c) 48V

* Answer: (d) none of these

(b) 24V
(d) none of these

The turns ratio is 20:1. This means the voltage
ratio is also 20:1. Since the secondary voltage is
6V, the primary voltage is 20 times larger, 20 x 6V
= 120V.

Secondary Voltage Example

What is the secondary voltage of the transformer
shown in Figure 22-17 if the turns ratio is 10:1 and
the primary voltage is 240V?

(a) 6V (b) 24V

(c) 48V (d) none of these

* Answer: (b) 24V

Since the primary voltage is 240V, the secondary
voltage is 10 times smaller, 240V/10 = 24V.

2

Copyright 2003 Méke Holl Entarprises, Inc

Phase Voltage Ratio is 10:1
Determine the secondary voltage.

Transformer Ratios - Secondary Voltage

~) %E

ARSI

Voltage ratio is 10:1, primary voltage is 240V.
Secondary voltage is 1/10 primary voltage.
240V/10 = 24V on secondary

Figure 22-17
22.8 Transformer kVA Rating

Transformers are rated in kilovolt-amperes (kVA),
where 1 kilovolt-ampere = 1,000 volt-amperes =
1,000 VA.

Figure 22-18 lists some standard transformer
sizes, although some transformers get much,
much larger than those listed in this figure.

22.9 Current Flow

The following steps explain the process of primary.
and secondary current flow in a transformer.

Mike Holt Enterprises, Inc. » www.NECcode.com » 1.888.NEC.Code
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Standard Transformer Ratings - In kVA |
I Single-Phase | Three-Phase
——— = o0 | fhre

10 | 3.0
} 1.5 | 6.0 !
2.0 | 9.0 |
| 3.0 458 !
5.0 225
15 | 250
10.0 B 30.0°
15.0 37.5
25.0 | 45.0
375 [ 50.0
50.0 75.0
750 112.5 |
100.0 ‘ 150.0
| 125.0 225.0
Copyright 2003 Mika. Holt Enterprises, Inc
Figure 22-18

Step 1 When a load is connected to the secondary
of a transformer, secondary voltage induced
from the primary magnetic field will cause
current to flow through the secondary con-
ductor winding.

Step 2 The secondary current flow in the sec-
ondary winding creates an electromag-
netic field that opposes the primary elec-
tromagnetic field.

Step 3 The flux lines from the secondary mag-
netic field effectively reduce the strength
of the primary flux lines, and as a result,
less CEMF is generated in the primary
winding conductors. With less CEMF to
oppose the primary applied voltage, the
primary current increases in direct propor-
tion to the secondary current. Figure 22-19

Current Flow
| Primary Flux Lines | [ Secondary Flux Lines

: §\§( J{ =
AT e\ W e Ammps
A ofFRsccii, TE
T i¥1] 41l -
VA1 - G O
- 2 V2

Vots (’\;} b s - : : i E:
1 . i “I/.,? Voits =

y T _':,;‘.' I $I-
:_Y-.’-}.'-_' B et Load
Mike ﬁ&?‘é’!ﬂﬁiﬁ&'ﬁ. Inc Ratio -2:1
Figure 22-19
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22.10 Current Rating

The primary current rating can be detenﬁined by
the formulas:

Single-Phase
VA

I=—

E

Three-Phase
VA

I="&Vv3)

Single-Phase Example

What is the maximum primary and secondary line
current at full load for a 480/240V, 25 kVA trans-
former? Figure 22-20

(a) 52/104A (b) 104/52A
(c) 104/208A (d) 208/104A

* Answer: (a) 52/104A

" VA
I primary = B

I primary = 25,000 VA
PHMATY === o0V
I primary = 52A
I secondary = YA,
I secondary = M
=0y

I secondary = 104A

Basic Electrical Theory
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Primary and Secondary Line Current - Single Phase

A1 s
25 kVA 1-Phase

480 Vi,

Volis' BAiaW)!

([l

Copyrighl 2003
Mike Hotl Enterprises, tnc

Determine the primary and secondary line current.

Primary Current Secondary Current
1=PIE I =P/E
P = 25 kVA/1,000 P = 25 kVA/1,000
P = 25,000 VA P =25,000 VA
E =480V E = 240V
I = 25,000 VA/480V | = 25,000 VA/240V
I =52A I = 104A

Figure 22-20

Three-Phase Example

What is the maximum primary and secondary line
current at full load for a 480/208V, 37.5 kVA
transformer? Figure 22-21

(a) 45/104A (b) 104/40A
(c) 208/140A (d) 140/120A
* Answer: (a) 45/104A
I primary = /e
PHmALy =" gv/3)
. 37,500 VA
I primary =

(480V x 1.732)

I primary = 45A

I secondary = (EV—\I%)

37,500 VA
(208V x 1.732)

I secondary =

I secondary = 104A

Unit 22—Transformers

Primary and Secondary Line Currents
Delta/Wye Transformer

37.5 kVA
Primary:
480V 3-Phase
Secondary:
120/208V 3-Phase

Copyright 2003 Mike Holt Enlerprises. Inc

Determine the primary and secondary line current.

T
L

Formula:
i Line Power _ VA
WNET (Line Volts xv3) ~ (E xv3)

Primary Current Secondary Current

hive =_37,500 VA =45A  lune=_37,500 VA = 104A
(480V x 1.732) (208V x 1.732)

Figure 22-21
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22.1 Transformer Basics

A transformer is a stationary device typically used
to raise or lower voltage. It has the ability to
transfer electrical energy from one system to
another, with no physical connection between the
two systems.

Primary Versus Secondary

The transformer winding connected to the voltage
source is called the primary winding. The trans-
former winding connected to the load is called the
secondary.

Mutual Induction

The energy transfer of a transformer is accom-
plished because the electromagnetic lines of force
from the primary winding induce a voltage in the
secondary winding.

The voltage level that can be induced in the sec-
ondary winding, from the primary magnetic field,
is a function of the number of secondary con-
ductor loops (turns) that are cut by the primary
electromagnetic field.

22.2 Secondary Induced Voltage

Voltage induced in the secondary winding of a
transformer is equal to the sum of the voltages
induced in each loop of the secondary winding.
The induced voltage in each loop of the secondary
winding is dependent on the number of secondary
conductor loops (turns), as compared to the
number of primary turns.

22.3 Autotransformer_s

Autotransformers use a common winding for both
the primary and secondary and their purpose is to
step the voltage up or down. The secondary
winding of a step-down transformer has fewer
turns than the primary winding, and the secondary

Unit 22 Summary
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winding of a step-up transformer has more turns
than the primary winding,

AUTHOR’S COMMENT: The disadvantage of an
autotransformer is the lack of isolation between
the primary and secondary conductors, but they
are often used because they are inexpensive.

22.4 Power Losses

In an ideal transformer, all the primary power is
transferred from the primary winding to the sec-
ondary winding, but real-world transformers have
power losses because of conductor resistance, flux
leakage, eddy currents, and hysteresis losses.

Conductor Resistance Loss

Conductor resistance is directly proportional to
the length of the conductor and inversely propor-
tional to the cross-sectional areq of the conductor.

Flux Leakage Loss

The leakage of the electromagnetic flux lines
between the primary and secondary windings also
represents wasted energy.

Eddy Currents

Wasteful circulating eddy currents in the iron core
cause the core to heat up without any useful pur-
pose. To reduce losses because of eddy currents,
long laminated iron cores, separated by insulation
(usually lacquer), are used.

Hysteresis Losses

As current flows through the transformer, the iron
core is temporarily magnetized by the electromag-
netic field created by the alternating current. Each
time the primary magnetic field expands and col-
lapses, the core molecules realign themselves to
the changing polari ty of the electromagnetic field.
The energy required to realign the core molecules

Basic Electrical Theory
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to the changing electromagnetic field is called the  22.9 Current Flow

hysteresis loss of the core. The following steps explain the process of pri-

mary and secondary current flow in a transformer.

<0 iarmonic Currgnt Step 1 When a load is connected to the secondary
Three-phase, 4-wire, wye-connected systems that of a transformer, secondary voltage
supply nonlinear line-to-neutral loads can over- induced from the primary magnetic field
heat because of circulating odd triplen harmonic will cause current to flow through the sec-
currents. In addition, the heating from harmonic ondary conductor winding.

currents is proportional to the square of the har-

TOTCAETTTETE. Step 2 The secondary current flow in the sec-

ondary winding creates an electromag-
netic field that opposes the primary elec-

22.6 Efficiency tromagnetic field.

Because of conductor resistance, flux leakage, Step 3 The flux lines from the secondary mag-

faddy currents, fmd hysteresis losses, not all of the netic field effectively reduce the strength

Input power is transferred to the secondary of the primary flux lines, and as a result,

winding for useful purposes. less CEMF is generated in the primary
winding conductors. With less CEMF to

22.7 Transformer Turns Ratio oppose the primary applied voltage, the

primary current increases in direct propor-

The relationship of the primary windi Ita :
= gD primary winding volage tion to the secondary current.

to the secondary winding voltage is the same as

the relationship between the number of turns of

wire on the primary as compared to the number of ~ 22.10 Current Rating

turns on the secondary. The primary current rating can be determined by
the formulas:

22.8 Transformer kVA Rating

Transformers are rated in kilovolt-amperes (kVA), Single-Phase Three-Phase
where 1 kilovolt-ampere = 1,000 volt-amperes = I =ﬂ . VA
1,000 VA. E (EV3)

Unit 22 Conclusion

You now have a basic understanding of
| I transformers, the various types, the stan-

| Step-Up | | Step-Down |
1208V

-_J Q\:R] 230V 3

peo
peoq

dard sizes, how they’re rated, and how
they work. You will encounter trans-
formers often in your work. What you
have learned here will help determine how successful you are in that work.
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Unit 22—Transformers Chapter 6—Motors, Generators and Transformers

Unit 22 Practice Questions

22.1 Transformer Basics

1. A is used to raise or lower voltage and it has the ability to transfer electrical energy from one
system to another with no physical connection between the two systems.

(a) capacitor (b) motor (c) relay (d) transformer

2. The transformer winding that is connected to the source is called the winding and the trans-
former winding that is connected to the load is called the

(a) secondary, primary (b) primary, secondary
(c) depends on the wiring (d) none of these

3. The energy transfer ability of a transformer is accomplished because the primary electromagnetic
lines of force induce a voltage in the secondary winding.

(a) True (b) False

22.2 Secondary Induced Voitage

4. Voltage induced in the secondary winding of a transformer is dependent on the number of secondary
turns as compared to the number of primary turns.

(a) True . (b) False
22.3 Autotransformers
5. Autotransformers use separate windings for the primary and secondary.
(a) True (b) False
22.4 Power Losses
6. Wasteful circulating in the iron core cause(s) the core to heat up without any useful purpose.
(a) conductor resistance * (b) flux leakage
(¢) eddy currents (d) hysteresis losses
I. can be reduced by dividing the core into many flat sections or laminations,
(a) Conductor resistance (b) Flux leakage
(c) Eddy currents (d) Hysteresis losses
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Chapter 6—Motors, Generators and Transformers

8. As current flows through the transformer, the iron core is temporarily magnetized. The energy

required to realign the core molecules to the changing electromagnetic field is called loss.
(a) conductor resistance (b) flux leakage
(c) eddy currents (d) hysteresis

9. The leakage of the electromagnetic flux lines between the primary and secondary windings represents
wasted energy.

(a) True (b) False

22.5 Harmonic Current

10. Three-phase, wye-connected systems can overheat because of circulating odd triplen harmonic
currents.
(a) 2-wire (b) 3-wire (c) 4-wire (d) none of these

11. The heating from harmonic currents is proportional to the square of the harmonic current.

(a) True (b) False

22.6 Efficiency

12. Because of conductor resistance, flux leakage, eddy currents, and hysteresis losses, not all of the input
power is transferred to the secondary winding for useful purposes.

(a) True (b) False

13. For most practical purposes, transformer efficiency can be ignored.

(a) True (b) False

22.7 Transformer Turns Ratio

14. The relationship of the number of turns of wire on the as compared to the number of turns on
the is called turns ratio.

(a) primary, secondary  (b) secondary, primary  (c) primary, primary  (d) secondary, secondary

15. If the primary phase voltage is 480 and the secondary phase voltage is 240, the turns ratio is .
(a) 1:2 (b) 2:1 (c) 4:1 (d) 14
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Unit 22—Transformers

22.8 Transformer kVA Rating

16. Transformers are rated in
(a) VA (b) kW oW (d) kVA

22.9 Current Flow

17. The primary electromagnetic field induces a voltage in the secondary. As the secondary current flows,
it produces an electromagnetic field that reduces the strength of the primary flux lines. This results in
an increase in primary current.

(a) True (b) False

18. Current flow in the secondary transformer winding creates an electromagnetic field that opposes the
primary electromagnetic field resulting in less primary CEMF. The primary current automatically
increases in direct proportion to the secondary current.

(2) True (b) False
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Chapter 6—Motors, Generators and Transformers S|

8. As current flows through the transformer, the iron core is temporarily magnetized. The energy

required to realign the core molecules to the changing electromagnetic field is called loss.
(a) conductor resistance (b) flux leakage
(c) eddy currents (d) hysteresis

9. The leakage of the electromagnetic flux lines between the primary and secondary windings represents
wasted energy.

(a) True (b) False

22.5 Harmonic Current

10. Three-phase, wye-connected systems can overheat because of circulating odd triplen harmonic
currents.
(a) 2-wire (b) 3-wire (c) 4-wire (d) none of these

11. The heating from harmonic currents is proportional to the square of the harmonic current.

(a) True (b) False

22.6 Efficiency

12. Because of conductor resistance, flux leakage, eddy currents, and hysteresis losses, not all of the input
power is transferred to the secondary winding for useful purposes.

(a) True (b) False

13. For most practical purposes, transformer efficiency can be ignored.

(a) True (b) False

22.7 Transformer Turns Ratio

14. The relationship of the number of turns of wire on the as compared to the number of turns on
the is called turns ratio.

(a) primary, secondary  (b) secondary, primary  (c) primary, primary  (d) secondary, secondary

15. If the primary phase voltage is 480 and the secondary phase voltage is 240, the turns ratio is .
(a) 1:2 (b) 2:1 (c) 4:1 (d) 1:4
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Chapter 6—Motors, Generators and Transformers

22.8 Transformer k4 Rating

16. Transformers are rated in

(a) VA (b) kW )W (d) kVA

22.9 Current Flow

17. The primary electromagnetic field induces a voltage in the secondary. As the secondary current flows,
it produces an electromagnetic field that reduces the strength of the primary flux lines. This results in
an increase in primary current,

(@) True (b) False

(@) True (b) False
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Unit 20—Motors

PART A—MOTOR BASICS

20.1 Motor Principles

1. A motor must have two opposing magnetic fields in order to rotate. The stationary field winding is
mounted on the stator, and the rotating part is referred to as the armature.

(a) True : (b) False

20.2 Dual-Voltage AC Motors

2. Dual-voltage ac motors are made with two field windings. The field windings are connected in
for low-voltage operation and in for high-voltage operation.

(a) series, parallel (b) parallel, series (c) series, series (d) parallel, parallel

20.3 Motor Horsepower Rating

3. Motors are used to convert electrical energy into mechanical work and the output mechanical work of
a motor is rated in horsepower. 1 hp =

(a) 476W (b) 674W (c) 746W (d) none of these

20.4 Motor Current Ratings

4. The nameplate motor FLA rating describes the motor current rating when it carries its rated horse-
power load at its rated

(a) power (b) resistance (c) CEMF (d) voltage

5. The actual motor current is dependent upon the load on the motor and the operating voltage at the
motor terminals.

(a) True (b) False

6. The motor FLA rating is used when sizing motor conductor size or circuit protection.

(a) True (b) False
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20.5 Calculating Motor FLA

7. What is the nameplate FLLA for a 5 hp, 230V, 1@ motor, with 93 percent power factor and 87 percent
efficiency?
(a) 10A (b) 20A (c) 28A (d) 35A

8. What is the nameplate FLA of a 20 hp, 208V, 3@ motor with 90 percent power factor and 80 percent
efficiency?
(a) 5S1A (b) 58A (c) 65A (d) 80A

20.6 Motor-Starting Current

9. When a motor Starts, the current drawn is at least times the motor FLA; this is known as motor
locked-rotor amperes (LRA).

(a) 1.25 (b) 0.8 (©3 de6

20.7 Motor-Running Current

10. Once a motor begins turning, the rotor winding will be increasingly cut by the stationary magnetic field,
resulting in an increasing counter-electromotive force.

(a) True (b) False

20.8 Motor Locked-Rotor Current (LRC)

11. If the rotating part of the motor winding is jammed so that it Cannot rotate, no CEMF will be pro-

duced in the motor winding. Result—the motor operates at and the windings will be destroyed
by excessive heat,

(a) FLA (b) FLC (c) LRC (d) any of these

20.9 Motor Overload Protection

12. Motors must be protected against excessive winding heat by a properly sized overload protection
device, based on the motor current rating,

(a) FLA (b) FLC (c) LRC (d) any of these
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PART C—ALTERNATING-CURRENT MOTORS
20.13 AC Induction Motor

13. In the ac induction motor, the stator produces a rotating magnetic field that induces current in the
rotor windings. The rotor current generates a magnetic field in opposition to the magnetic field of the
stator, thereby causing the rotor to turn.

(a) True (b) False

20.14 Alternating-Current Moior Types

14. In a(n) motor, the rotor is actually locked in step with the rotating stator field and is dragged
along at the speed of the rotating magnetic field.

(a) wound-rotor - (b) induction (c) synchronous (d) squirrel-cage

15. motors are fractional horsepower motors that operate equally well on ac and dc and are used
for vacuum cleaners, electric drills, mixers, and light household appliances.

(a) AC (b) Universal (c) Wound-rotor (d) Synchronous

20.15 Reversing the Rotation of an AC Motor
16. Swapping of the line conductors can reverse a 3@ ac motor’s rotation.

(a) one (b) two (c) three (d) none of these

Unit 21—Generators

21.2 Alternating-Current Generator

17. The of an ac generator contains the electromagnetic field, which cuts through the stationary
conductor coils.
(a) stator (b) rotor (c) coil (d) winding

21.3 Three-Phase Generators
18. Three-phase ac generators have three equally spaced windings, out-of-phase with each other.

(a) 90° (b) 120° (c) 180° (d) 360°

i
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Unit 22—Trahsformers

22.1 Transformer Basics

19. A is used to raise or lower voltage and it has the ability to transfer electrical energy from one
system to another with no physical connection between the two systems.

(a) capacitor (b) motor (c) relay (d) transformer

20. The energy transfer ability of a transformer is accomplished because the primary electromagnetic
lines of force induce a voltage in the secondary winding.

(a) True (b) False

22.2 Secondary Induced Voltage

21. Voltage induced in the secondary winding of a transformer is dependent on the number of secondary
turns as compared to the number of primary turns.

(a) True (b) False

22.3 Autotransformers

22. Autotransformers use separate windings for the primary and secondary.
(a) True (b) False

22.4 Power Losses

23. Wasteful circulating in the iron core cause(s) the core to heat up without any useful purpose.
(a) conductor resistance (b) flux leakage
(c) eddy currents (d) hysteresis losses

24. can be reduced by dividing the core into many flat sections or laminations.
(a) Conductor resistance (b) Flux leakage
(c) Eddy currents (d) Hysteresis losses

25. As current flows through the transformer, the iron core is temporarily magnetized. The energy

required to realign the core molecules to the changing electromagnetic field is called loss.
(a) conductor resistance (b) flux leakage
(c) eddy currents (d) hysteresis

26. The leakage of the electromagnetic flux lines between the primary and secondary windings represents
wasted energy.

(a) True (b) False
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22.5 Harmonic Current

27. Three-phase, wye-connected systems can overheat because of circulating odd triplen harmonic
currents.
(a) 2-wire (b) 3-wire (c) 4-wire (d) none of these

28. The heating from harmonic currents is proportional to the square of the harmonic current.

(a) True (b) False

22.6 Efficiency

29. Because of conductor resistance, flux leakage, eddy currents, and hysteresis losses, not all of the input
power is transferred to the secondary winding for useful purposes.

(a) True (b) False

30. For most practical purposes, transformer efficiency can be ignored.

(a) True (b) False

22.7 Transformer Turns Ratio
31. If the primary phase voltage is 480V and the secondary phase voltage is 240V, the turns ratio is .

(a) 1:2 (b) 2:1 (c) 4:1 (d) 1:4

22.8 Transformer kVA Rating
32. Transformers are rated in
(a) VA (b) kW W (d) kVA

22.9 Current Flow

33. The primary electromagnetic field induces a voltage in the secondary. As the secondary current flows,
it produces an electromagnetic field that reduces the strength of the primary flux lines. This results in
an increase in primary current.

(a) True (b) False

34. Current flow in the secondary transformer winding creates an electromagnetic field that opposes the
primary electromagnetic field resulting in less primary CEMF. The primary current automatically
increases in direct proportion to the secondary current.

(a) True (b) False
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Chapter 1
Electrical Fundamentals

Unit 1—Matter

1.5 Charged Material (Static Charge)
1. Providing a path to the earth often helps reduce electrostatic charge.

(a) True (b) False

1.7 Lightning

2. Lightning frequently terminates to a point of elevation and it strikes nonmetallic as well as metallic
objects with the same frequency.

(a) True (b) False

3. The termination of the lightning stroke is unlikely to ignite combustible materials.
(a) True (b) False

1.8 Lightning Protection

4. Lightning protection is intended to protect the building structure itself, as well as the electrical equip-
ment on or inside the building structure.

(a) True (b) False
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Unit 3—Magnetism

3.5 Magnetic Properties

5. Nonmagnetic metals are ferrous, meaning they do not contain any iron, and cannot be magnetized.

(a) True (b) False

3.9 Magnetic Lines of Force

6. Magnetic lines of force can cross each other and they are called flux lines.

(a) True (b) False

Unit 4—Electricity

4.2 Electricity

7. It is not the force of the magnetic field through a conductor that produces electricity; it is the relative
motion of the field to the electrons within the conductor that produces the movement of electrons.

(a) True (b) False

4.4 Danger of Electricity

8. People become injured and death occurs when voltage pushes electrons through the human body
causing it to go into ventricular fibrillation.

(a) True (b) False

9. The severity of an electric shock is dependent on the current flowing through the body, which is
impacted by circuit voltage and contact resistance.

(a) True (b) False

10. An electrical arc blast can approach , which vaporizes metal parts and produces an explosive
and deadly pressure wave.
(a) 10,000°F (b) 15,000°F (c) 25,000°F (d) 30,000°F

Unit 5—Electromagnetism

5.3 Field Interaction

11. If a conductor carrying current is next to another conductor carrying current in the opposite direction,
the electromagnetic field attempts to pull the conductors apart.

(a) True (b) False
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Unit 6—Uses of Electromagnetism

6.1 Basic Electric Meters

12. A clamp-on ac ammeter has a coil that is clamped around the conductor and detects the rising and
falling field being produced due to the ac flow through the conductor.

(a) static (b) current (c) power (d) magnetic
13. Ohmmeters measure the Or opposition to current flow of a circuit or component,
(a) voltage (b) current (c) power (d) resistance

14. The megger is used to measure very high- values, such as those found in cable insulation, or

motor and transformer windings.

(a) voltage (b) current (c) power (d) resistance

6.2 Electric Motor

15. The electric motor works on the principle of the attracting and repelling forces of fields.
(a) voltage (b) current (c) power (d) magnetic

6.3 Electrical Generator

16. The of a generator is forced to rotate while it is being subjected to the magnetic field of the
stator.

(a) winding (b) rotor (c) stator (dborc

6.4 Electromagnetic Relay
17. A holding relay is primarily used for worker convenience.
(a) True (b) False

Chapter 2
Basic Electricity

Unit 7—The Electrical Circuit

7.2 Electron Current Flow Theory

18. According to the electron current flow theory, electrons flow away from the negative terminal of the
source, through the circuit and load, toward the positive terminal of the source.

(a) True (b) False
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7.3 Conventional Current Flow Theory

19. According to the conventional current flow theory, electrons travel from positive to negative.

(a) True (b) False

Unit 9—Electrical Formulas

9.2 Power Source

20. The major advantage of ac over dc is the ease of voltage regulation by the use of a transformer.

(a) True (b) False

9.3 Conduciance -

21. The best conductors, in order of their conductivity, are: gold, silver, copper, and aluminum.

(a) True (b) False

9.6 Ohm’s Law and Alternating Current

22.In a dc circuit, the only opposition to current flow is the physical resistance of the material. This
opposition is called reactance and it is measured in ohms.

(a) True (b) False

9.7 Ohm’s Law Formula Circle

23. What is the voltage drop of two 12 AWG conductors supplying a 16A load, located 100 ft from the
power supply? Formula: Ey, =Ix R, I = 16A, R = 0.4Q)

(a) 6.4V (b) 12.8V (c) 1.6V (d)3.2v

24. What is the resistance of the circuit conductors when the conductor voltage drop is 7.2V and the cur-
rent flow is 50A?

(a) 0.14Q) (b) 0.3Q) (c) 3Q2 (d) 14Q)

9.8 PIE Formula Gircle

25. What is the power loss in watts of a conductor that carries 24A and has a voltage drop of 7.2V?
(a) 175W (b) 350W (c) 700W (d) 2,400W

26. What is the approximate power consumed by a 10 kW heat strip rated 230V, when connected to a
208V circuit?

(a) 8 kW (b) 9 kW (c) 11 kW (d) 12 kW

Basic Electrical Theory Mike Holt Enterprises, Inc. » www.NECcode.com + 1.888.NEC.Code




Basic Electrical Theory Final Exam

9.9 Formula Wheel

27. The formulas in the power wheel apply to i

(a) dc (b) ac with unity power factor
(c) dc or ac circuits (d)aandb

9.11 Power Losses of Conduciors

28. The total circuit resistance of two 12 AWG conductors (each 100 ft long) is 0.4, If the current of the
circuit is 16A, what is the power loss of the conductors in watts?

(a) I5W (b) 100W (c) 300W (d) 600W

29. What is the conductor power loss in watts for a 120V circuit that has a 3 percent voltage drop and car-
ries a current flow of 12A?

(a) 43W (b) 86W (c) 172W (d) 1,440W

9.12 Cost of Power

30. What does it cost per year (at 8 cents per kWh) for the power loss of a 12 AWG circuit conductor (100
ft long) that has a total resistance of 0.4() and current flow of 16A?

(a) $30 (b) $50 (c) $70 : (d) $90

9.13 Power Changes with the Square of the Voltage
31. What is the power consumed by a 10 kW heat strip rated 230V connected to a 115V circuit?
(a) 2.5 kW (b) 5 kW () 7.5kW (d) 15kW

Chapter 3
Basic Electrical Circuits

Unit 10—Series Circuits

10.2 Understanding Series Calculations
32. The opposition to current flow results in voltage drop.

(a) True (b) False

33. Kirchoff’s Voltage Law states that in a series circuit, the sum of the voltage drops across all of the
resistors will equal the applied voltage.

(a) True (b) False
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34. Kirchoff’s Current Law states that in a series circuit, the current is through the transformer, the
conductors, and the appliance.
(a) proportional (b) distributed (c) additive (d) the same

Unit 11—Parallel Circuits

11.2 Understanding Parallel Calculations

35. According to Kirchoff’s Current Law, the total current provided by the source to a parallel circuit will
equal the sum of the currents of all of the branches.

(a) True (b) False

11.3 Circuit Resistance
36. The total resistance of a parallel circuit can be calculated by the method.

(a) equal resistance (b) product-over-sum  (c) reciprocal (d) any of these

11.5 Parallel-Connected Power Supplies

37. When power supplies are connected in parallel, the voltage remains the same, but the current or amp-
hour capacity will be increased. .

(a) True (b) False

Unit 13—Multiwire Circuits

13.3 Current Flow on the Grounded (Neutral) Conductor

38, A balanced 3-wire, 120/240V, 1@ circuit is connected so that the ungrounded conductors are from
Y ~ different transformer phases (Line 1 and Line 2). The current on the grounded (neutral) conductor
__\1 will be of the ungrounded conductor current.

(a) 0% (b) 70% (c) 80% (d) 100% #

39. If the ungrounded conductors of a multiwire circuit are not terminated to different phases, this can
cause the neutral current to be in excess of the grounded (neutral) conductor rating.

(a) True (b) False ,
13.5 Unbalanced Current
40. The current flowing on the grounded (neutral) conductor of a multiwire circuit is called unbalanced
current.
(a) True (b) False
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13.7 Dangers of Multiwire Circuits

41. Improper wiring or mishandlin
St
(a) overloading of the ungrounded conductors

J (b) overloading of the grounded (neutral) conductors

(¢) destruction of equipment becayse of overvoltage
(d)bandc

. cted to the cir-
g of multiwire branch circulls can Causg con®

13.8 NEC Requirements

ontinuity of the
42. Because of the dangers associated with an open grounded (neutral) COongyetor, the y g
conductor cannot be depende

nt upon the receptacle-

these
~ (a) ungrounded (b) grounded ©a and b ¢ of

(d) non

Zlectrical Systams amd Prypardon

14.1 Current Flow

43. Electrons leaving a power suppl
trying to go into the earth.

(a) True (b) False

ly; they are not
y are always trying to retum {0 the same e supPy

14.4 Premises Neuwtral Current Path

on metal parts of
44. To prevent fires and electric shock, the NEC specifies that neutral Currex ,,, floW
the electrical system.

(a) True " (b) False

14.5 Premises Ground-Fault Current Path

g0 that the circuit
45. Metal parts of premises wiring must he bonded to a low-impedance path desigﬂed
protection device will quickly Open and clear a ground fault-

(a) True (b) False

ose of clearing a
46. Because of the earth’s high resistance tq current flow, it cannot be used f, e PP

line-to-case ground fault for Wiring,

- of these
(a) utility (b) premises (c)aorb © non®
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PART A—OVERCURRENT PROTECTION DEVICES

15.1 Overcurrent Protection

47. The purpose of overcurrent protection is to protect the conductors and equipment against excessive or
dangerous temperatures because of overcurrent. Overcurrent is current in excess of the rated current

(a) overload (b) short circuit (c) ground fault (d) all of these

15.2 Clearing Faults

48. To protect against electric shock or to prevent a fire, a dangerous must quickly be removed by
opening the circuit’s overcurrent protection device.
(a) overload (b) short circuit (c) ground fault (d) all of these

49. Inverse-time breakers operate on the principle that as the current decreases, the time it takes for the
device to open decreases.

(a) True (b) False

15.5 Circuit Breaker Trip Elemenis

rd
50. The sensing element causes the circuit breaker to open when a predetermined calibration tem-
perature is reached. .
(a) magnetic (b) electronic (c) thermo (d) none of these

51-The magnetic time-delay circuit breaker operates on the solenoid principle where a movable core,

" held with a spring, is moved by the magnetic field of a(n) .

L (a) overload (b) short circuit (c) ground fault (dborc

15.7 Available Short-Circuit Current

52. Available short-circuit current is the current in amperes that is available at a given point in the elec-
trical system.

(a) True (b) False

53. Factors that impact the available short-circuit current include transformer

(a) voltage (b) kVA rating (c) impedance (d) all of these

54. Factors that impact the available short-circuit current include circuit conductor

(a) material (b) size (c) length (d) all of these
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15.8 Interrupting Rating

55. Circuit breakers and fuses are intended to int
rupting rating (AIR) sufficient for the availab

(a) True (b) False

errupt the circuit, and the

y shall have an ampere inter-
le short-circuit current.

56. If the protection device is not rated to interrupt the current at the available fault values at its listed
voltage rating, it could explode while attempting to clear the fault.

(a) True (b) False

15.9 Short-Circuit Current Rating

57. Equipment must have a(n) current rating that permits
|

the protection device to clear a short cir-
L~ cuit or ground fault without extensjve damage to the compo

nents of the circuit.
L/(@),mferload (b) short circuit (c) ground fault (dborc

PART B—GROUND-FAULT CIRCUIT INTERRUPTERS
15.11 How a GFCI Works

58. A GFCI is designed to protect persons against electric shock. It op
. —toring the imbalance of current between the circuit’s

L (a) ungrounded (b) grounded

erates on the principle of moni-
conductor.

(c) equipment (d)aandb
15.12 Neutral-to-Case Detection

59. A GECI protection device contains an in

if there is a neutral-to-case connection d
on the circuit,

(a) True (b) False

ternal monitor that prevents the device from being turned on
ownstream of the device, but this only occurs if there is a load

15.13 Line-to-Neutral Shock Hazard

60. Severe electric shock or death can occur if a person touches
tral) conductors at the same time, even if the circuit is GFCI
(a) True (b) False

-

the ungrounded and the grounded (neu-
protected.

15.14 GFCI Fails—Circuit Remains Energized

61. Typically, when a GFCI protection device fails, the switching contacts remain closed and the device
will continue to provide power without GFCI protection.

(a) True ' (b) False
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PART C—ARC-FAULT CIRCUIT INTERRUPTER

15.16 Arcing Definition

62. Arcing is defined as a luminous discharge of electricity across an insulating medium. Electric arcs

operate at temperatures between and expel small particles of very hot molten materials.

" _(a) 1,000 and 5,000°F (b) 2,000 and 10,000°F
(c) 5,000 and 15,000°F (d) 10,000 and 25,000°F

15.17 Series Versus Parallel Arc
63. Unsafe arcing faults can occur in one of two ways, as series arcing faults or as parallel arcing faults.
The most dangerous is the parallel arcing fault.

(a) True (b) False
15.19 AFCI—How They Operate

64. An AFCI protection device provides protection from an arcing fault by recognizing the characteristics
unique to an arcing fault and by functioning to de-energize the circuit when an arc fault is detected.

(a) True (b) False

Chapter 5
Alternating Current

Unit 16—Alternating Current

16.6 Sine Wave

’/ - . . . .
\/'65. 5 nonsinusoidal waveform is created when loads distort the voltage and current sine wave.

\///;/ (a) linear (b) resistive (c) inductive (d) nonlinear

_16.11 Lead or Lag

" 66. When describing the relationship between voltage and current, the reference waveform is always

__ (a) current (b) resistance (c) voltage (d) none of these

16.12 Values of Alternating Current
67. The effective value is equal to the peak value

(a) times 0.707 (b) times 1.41 (c) times 2

(d) times V'3

Mike Holt Enterprises, Inc. » www.NECcode.com ¢ 1.888.NEC.Code
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Unit 17—Capacitance
17.3 Discharging a Capacitor

. 68. Even when power is removed from the circuit, capacitors can store large amounts of energy for a long
period of time. They can discharge and arc if inadvertently shorted or grounded out.

(a) True (b) False

17.6 Phase Relationship

69. The opposition offered to the flow of ac current by a capacitor is called capacitive reactance, which is
v expressed in ohms and abbreviated

W (@) X¢ (b) X, ©Z (d) none of these

Unit 18—Induction
18.2 Induced Voltage and Applied Current

70. The induced voltage in a conductor carrying alternating current opposes the change in current flowing
through the conductor. The induced voltage that opposes the current flow is called

(a) CEMF (b) counter-electromotive force
(c) back-EMF (d) all of these

_18.3 Conductor AC Resistance
V/ }1./F0r ac circuits, the ac of a conductor must be taken into consideration.

(a) eddy currents (b) skin effect (c) resistance (d) all of these

L. 'Thg_ expanding and collapsing magnetic field within the conductor induces a voltage in the conduc-
tors (CEMF) that repels the flowing electrons toward the surface of the conductor. This is called

(a) eddy currents (b) induced voltage (c) impedance (d) skin effect
18:4 Impedance
1 73,°Fhe total opposition to current flow in ac circuits is called and it is measured in ohms.
e (a) resistance (b) 1'egtctallce (c) impedance (d) skin effect

74. The abbreviation for impedance is
(a) X, (b) Xc (©)Z (d) none of these

18.8 Current Flow

75. Self-induced voltage opposes the change in current flowing in the conductor. This is called inductive
" reactance and it is abbreviated

o (a) Xy, (b) Xc (c)Z (d) none of these
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Unit 19—Power Factor and Efficiency

PART A—POWER FACTOR

19.3 Power Factor

76. AC inductive or capacitive reactive loads cause the voltage and current to be in-phase with each other.
(a) True (b) False

19.7 Effects of Power Factor 1241

I 77. What size transformer is required for a 100A, 240V, 1@ noncontinuous load that has a power factor
of 85 percent?
(a) 15 kVA (b) 25 kVA (c) 37.5kVA (d) 50 kVA

78. How many 20A, 120V circuits are required for forty-two, 300W luminaires (noncontinuous load) that
have a power factor of 85 percent?

(a) 4 circuits (b) 5 circuits (c) 7 circuits (d) 8 circuits
'PART B—EFFICIENCY
19.9 Efficiency Formulas
79. If the output is 1_,_‘6_.00\&’ and the equipment is 88 percent efficient, what are the input amperes at 120V?
(a) 10A |V ) 154 (c) 20A (d) 25A

Chapter 6
Motors, Generators and Transformers

Unit 20—Motors

PART A—MOTOR BASICS
-20.2 Dual-Voltage AC Motors
80. Dual-voltage ac motors are made with two field windings. The field windings are connected in
for low-voltage operation and in for high-voltage operation.
(a) series, parallel (b) parallel, series (c) series, series (d) parallel, parallel

Basic Electrical Theory Mike Holt Enterprises, Inc. « www.NEGcode.com « 1.888.NEC.Code
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20.4 Moftor Current Ratings

81. The motor FLA rating is used when sizing motor conductor size or circuit protection.

(a) True (b) False
20.5 Calculating Motor FLA 1)
‘ 82. What is the nameplate FLA of a %k? hp, 208V, 3@ motor with 90 percent power factor and 80 percent
‘i efficiency? i
(a) 51A (b) 58A (c) 65A (d) 80A

!

20.6 Motor-Starting Current

83. When a motor starts, the current drawn is at least times the motor FLA this is known as motor
locked-rotor amperes (LRA).

(a) 1.25 (b) 0.8 ©3 (d6

20.8 Motor Locked-Rotor Current (LRC)
84. If the rotating part of the motor winding is jammed so that it cannot rotate, no CEMF will be pro-

;. duced in the motor winding. Result—the motor operates at and the windings will be destroyed
\~ by excessive heat.
(a) FLA (b) FLC (c) LRC (d) any of these

PART C—ALTERNATING-CURRENT MOTORS
20.13 AC Induction Motor

85. In the ac induction motor, the stator produces a rotating magnetic field that induces current in the
rotor windings. The rotor current generates a magnetic field in opposition to the magnetic field of the
stator, thereby causing the rotor to turn.

(a) True (b) False

20.14 Alternating-Gurrent Motor Types

/ 86.1In a(n) motor, the rotor is actually locked in step with the rotating stator field and is dragged
-~ along at the speed of the rotating magnetic field.

I ;
(a) wound-rotor (b) induction (c) synchronous (d) squirrel-cage

87. -~ motors are fractional horsepower motors that operate equally well on ac and dc and are used
i~ for vacuum cleaners, electric drills, mixers, and light household appliances.

L~ (a) AC (b) Universal (c) Wound-rotor (d) Synchronous
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20.15 Reversing the Rotation of an AC Motor
88-Swapping of the line conductors can reverse a 3@ ac motor’s rotation.

(a) one (b) two (c) three (d) none of these

Unit 21—Generators

21.2 Alternating-Gurrent Generator

_-89. The of an ac generator contains the electromagnetic field, which cuts through the stationary

~ conductor coils.

(a) stator (b) rotor (c) coil (d) winding

_21.3 Three-Phase Generators

degrees out-of-phase with each

90. Three-phase ac generators have three equally spaced windings,

other.
(a) 90 (b) 120 (c) 180 (d) 360
Unit 22—Transformers

22.1 Transformer Basics

91. The energy transfer ability of a transformer is accomplished because the primary electromagnetic
lines of force induce a voltage in the secondary winding.

(a) True (b) False

22.2 Secondary Induced Voltage

02. Voltage induced in the secondary winding of a transformer is dependent on the number of secondary
turns as compared to the number of primary turns.

(a) True (b) False
22.4 Power Losses
93. Wasteful circulating in the iron core cause(s) the core to heat up without any useful purpose.
(a) conductor resistance (b) flux leakage
(c) eddy currents (d) hysteresis losses
94._ can be reduced by dividing the core into many flat sections or laminations.
(a) Conductor resistance (b) Flux leakage
(c) Eddy currents (d) Hysteresis losses
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| 95. As current flows through the transformer, the iron core is temporarily magnetized. The energy

required to realign the core molecules to the changing electromagnetic field is called loss.
(a) conductor resistance (b) flux leakage
(c) eddy currents (d) hysteresis
22.5 Harmonic Current
96. Three-phase, _ wye-connected systems can overheat because of circulating odd triplen harmonic
“currents. |
o (a) 2-wire (b) 3-wire (c) 4-wire (d) none of these

97. The heating from harmonic currents is proportional to the square of the harmonic current.

(a) True (b) False

22.6 Efficiency

98. Because of conductor resistance, flux leakage, eddy currents, and hysteresis losses, not all of the input
power is transferred to the secondary winding for useful purposes.

(a) True (b) False

22.7 Transformer Turns Ratio )
99.If the primary phase voltage is 480V and the secondary phase voltage is 240V, the turns ratio is .
Vo (a2 (b) 2:1 @4l (d) 1:4

22.8 Transformer kVA Rating
100. Transformers are rated in
(a) VA (b) kW oW (d) kVA
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Our journey through 22 units of electrical theory began with studying basic laws

-

1
’

1
!
\ ..\\

of physics. We then moved through the fundamentals based on |

those laws of physics; electron theory, electricity, magnetism, .

S
Faid
-

and electromagnetism.

) Next we studied the various types of elec- |

L trical circuits, circuit protection, °

and some power quality basics. After studying capacitance

/ and inductance, we took the final leg of our journey by
learning about the three kinds of inductive devices electricians work

with today—motors, generators, and transformers.

It was a long trip, but well worth the effort. | hope you are not

¢ at your final destination. You now have a solid understanding

of electrical theory, but there is so much more to

learn. The practical application of

electricity is not something you master from one, two, or even

Be sure to use our other training resources to help

you along the way. s

Exciter .




Mike Holl's Iilustrated Guide

unﬁf;srf'ggggg The following text and graphics were extracted from
Electrical Code Mike Holt's lllustrated Guide to Understanding the
National Electrical Code textbook.

R = The purpose of the National Electrical Code is
f S-_.——huf_‘.'/-}-\".'-l"‘-—w——-'-n the practical safeguardmg of persons and prop-
' J.ok erty from hazards arising from the use of elec-

’, tricity [90.1(A)]. In addition, the NEC contains
I provisions that are considered necessary for
y safety. Compliance with the NEC, combined
with proper maintenance, shall result in an

: - . installation that is essentially free from hazard
Grounding| | Bonding | [90.1(B)].
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Understanding the Basics of Electrical
Systems

Contrasting the electric utility system wiring,
which is governed by the National Electrical
Safety Code (NESC), with those of premises
wiring which are covered by the NEC, should be
helpful to enhance an understanding of some basic
electrical principles such as current flow, neutral
and fault-current paths.

Utility Current Flow

Electrons leaving a power supply are always trying
to return to the same power supply: they are not
trying to go into the earth. When alternating cur-
rent is applied to the primary of a transformer, it
induces a voltage in the secondary. This induced
secondary voltage causes electrons to leave one
end of the transformer’s secondary, travel over the
circuit’s conductors through the load and return
over the remaining circuit’s conductors to the other
end of the transformer’s secondary. Figure 2501

_Cuientﬂow

T o)
Leaving Source

= T.ta_nﬁ_sfg_r_rﬁi A load
L2 PRI SECL~" L2
o 1A A = Ml L2
toN ~ [ = Al
J L J;

L o
[Curent FTow‘Lii\ﬂ
Current Returning
el
Electrons leaving a voltage source
must return to that voitage source,

Figure 250-1
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Utility Neutral Current Path

The electric utility grounds the primary and sec-
ondary neutral conductor to the earth at multiple
locations to create a parallel path so as to reduce
the impedance of the return neutral current path.
This multipoint grounded utility neutral helps in

Basic Electrical Theory

reducing primary utility neutral voltage drop, the
clearing of utility line-to-neutral faults, and in
reducing elevated line-to-ground voltages caused
by ground faults. Figure 2502

Utility Neutral Current Path

~ Pole or Pad
Substation Transformer ggpice Panel Load
6aKY 7.2kV 720V 240v] = == e
x = :" | | _; o [
:i ez b i
e Ugig= w a I P I | ~ P (V]
I G ¢ | gL ek ) S LIl Wi il
.40 .8 3

" Parallel neutral current path for utility e et cr o

The utility grounds at multiple locations to create a
parallel path for neutral current to reduce the impedance
of the return neutral current path. This aids in reducing
voltage drop, clearing line-to-neutral short circuits, and
reducing elevated line-to-ground voltages.

Figure 250-2

Utility Ground-Fault Current Path

Metal parts of the electric utility equipment (trans-
former and capacitor cases, guy wires, luminaires,
etc.) are grounded to the earth and bonded to the
grounded (neutral) conductor to provide a low-
impedance parallel path for the purpose of
clearing a line-to-case ground fault. If the utility
grounded (neutral) conductor is inadvertently
opened, the earth itself should still have suffi-
ciently low impedance to permit sufficient fault
current to flow to blow the fuse, thereby clearing
the high-voltage ground fault.

For example, a 7,200V line is typically protected
by a 3 to 5A fuse (depending on wire size). The
earth, having an impedance of 25(), would have
no problem carrying sufficient fault current to
blow a 5A fuse. (I = E/Z, 1 = 7,200V/25(),
I = 288A). Figure 250-3

Premises Neutral Current Path

Neutral current should only flow on the grounded
(neutral) conductor, not on metal parts of the elec-
trical installation [250.6]. Figure 250-4

Mike Holt Enterprises, Inc. o www.NECcode.com « 1.888.NEC.Code
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Clear High-Voltage Ground Fault
Section 250.4(A)(1)

> Typical Utility Transformta?l

3-5A Fuse Ezk/ =
o L1 7,200v]

3-50
Fuse Llnk ]

nghtnlng
=12 ‘ Arrester ‘

. 120/240v |
v Resistance between (ac System Volts) ' |
<=3 electrode and earth A
+ determines current. X

1= ER e, N
E =7,200V, R = 25Q T = .
7,200V/25Q = 288A

COPYRIGHT 2002 Mike Holt Enterprises, Inc

Figure 250-3

Premises Neutral Current Path

Service Transfer Swntch}swmhed to Gener. atgr_l
Lol g/ pisconnect Generator
B - h——/ Ly T c-j——o—mud/ s
e et & rﬁ/\_ﬁ_ A ] o
R Het= 1 : ‘E::z.ﬂlbi?%_‘—-‘-l,’i
1 J Ny )i .'|.N, 4 o-N_i ¢ L*,m =y
e "I Panelboard = |

i | Panelboar

0 Gm"p -

| ! J Current retums
Wi Holt Enaprise E I_ | ] to source.

. !

Neutral current should only flow on the grounded (neutral)
conductor, not on metal parts of the electrical installation.

Figure 250-4

Premises Ground-Fault Current Path

Metal parts of premises wiring are bonded to a
low-impedance path designed and intended to
carry fault current from the point of a line-to-case
fault on a wiring system to the grounded (neutral)
conductor at the electrical supply source. This low-
impedance fault-current path ensures that the
ground fault will be quickly cleared by the opening
of the circuit protection device. Figure 250-5

Mike Holt Enterprises, Inc. « www.NECcede.com « 1.888.NEC.Code

Premises Ground-Fauit Current Path

J Ground Fault
A _\ ==
|| r |

20A overcu rrent protection dewce %
opens to remove dangerous voltage.

120V | (600

e o ""'."""‘\ Amps

Effective  Ground-Fault Current Path {l

- | Fault current returns ]

to power supply. Metal enclosureis |

temporarily energized |
until the fault cIears J

Metal parts of premise wiring are bonded toa
low-impedance path to quickly clear line-to-case
faults by opening the circuit protection device.

Figure 250-5
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For systems operating at 600V or less, the earth
will not carry sufficient fault current to clear a
line-to-case ground fault. For example, a 120V
fault to the earth of 25() will only draw 4.8A
(I =E/Z,1=120V/25Q, 1= 4.8A), not enough to
open a 15A protection device [250.4(A)(5)].
Figure 250-6

DANGER [

Earth grounding does
not remove dangerous |
touch voltage. l

Earth not an Effective
Fault-Current Path
Section 250.4(A)(5)

Hey fella, how about |
running a bonding conductor

to that metal pole.

Vo f |
B Ground
v Fault ‘ ' -
ﬁ

" Copyrigh 2003
Mike Holt
rintprtses, i

The earth will not carry |]
» o f | sufficient fault current to

—e ' 3‘@ clear a line-to- case fault. | |
Fault current returnlng |

to its power source.

< G ] |

Figure 250-6
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Understanding Electrical Shock Hazard

If an electrical system is not properly wired to
remove dangerous voltage from a ground fault,
persons can be subjected to electric shock, which
can result in injury or death. The National Safety
Council estimates that approximately 300 people
in the United States die each year because of an
electric shock from 120V and 277V circuits.
People become injured and death occurs when
voltage pushes electrons through the human body,
particularly through the heart. An electrical shock
from as little as 30V alternating current for as
little as one second can disrupt the heart’s elec-
trical circuitry, causing it to go into ventricular
fibrillation. Ventricular fibrillation prevents the
blood from circulating through the brain, resulting
in death in a matter of minutes. Figure 250-7

Electrical Shock

energizes

The body becomes part
' of an electrical path.

' | Broken N [
.Terminaln\‘ il [ + 5.

" Ground fal]ltJ

' | metat parts.

Object or I!
Surface

T ST _I_Dath(s) back to source

Figure 250-7

AUTHOR’S COMMENT: According to the American
Heart Association, ventricular fibrillation (VFyis a
life-threatening condition in which the heart no
longer beats but “quivers” or fibrillates very rap-
idly — 350 times per minute or more. To avoid
sudden cardiac death, the person must be treated
with a defibrillator immediately. Cardiopulmonary
resuscitation (CPR) provides some extra time, but
defibrillation is essential for surviving ventricular
fibrillation.

Basic Electrical Theory

What Determines the Severily of Electric
Shock?

The severity of an electric shock is dependent on
the current flowing through the body, which is
impacted by the electromotive force (E), meas-
ured in volts, and the contact resistance (R), meas-
ured in ohms. Current can be determined by the
formula I = E/R.

The typical resistances of individual elements of
human circuits include:

Dry Wet
Foot Immersed in Water 100€)
Hand Immersed in Water 3000
Hand Around 11/, in. Pipe 1,000 50002
Hand Holding Pliers 8,000}  1,000Q
Finger-Thumb Grasp 30,0002  8,000Q)
Finger Touch 100,000 12,0000}

The effects of 60 Hz alternating current on an
average human includes: Figure 250-8

Electric Shock Values on Humans

Perception Let-Go
0.7 mAto 1.1 mA

Electrical Sensation
0.3mA to 0.4 mA

Fibrillation Level
50 mA for 0.2 seconds (female)
75 mA for 0.5 seconds (male)

COPYRIGHT 2002 haikn Mol Entemisas, ing,

Maximum Let-Go Level
10 mA (female)
16 mA (male)

Figure 250-8

* Electrical Sensation. Tingle sensation occurs at
about 0.3 mA to 0.4 mA for an adult female and
0.5 mA for an adult male.

* Perception Let-Go. Current over 0.7 to 1.1 mA
is very uncomfortable to both sexes.
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* Maximum Let-Go Level. The maximum let-go
threshold level for a female is approximately 10
mA and for a male it is about 16 mA.

AUTHOR'’S COMMENT: The “let-go threshold” is
the current level where we lose control of our
muscles and the electricity causes muscles to
contract until the current is removed.

* Fibrillation Level — 50 mA for 0.2 seconds
(female) and 75 mA for 0.5 seconds (male).

According to IEEE Std. 80, IEEE Guide for Safety
in AC Substations, the maximum safe shock dura-
tion can be determined by the formula:

Seconds = 0.116/(E/R), where “R” (the resistance
of a person) is assumed to be 1,00042.

Example

For a 120V circuit, the maximum shock duration
= 0.116/(120V/1,0000) = 1 second,

For a 277V circuit, the maximum shock duration
=0.1 16/(277V/1,0000) = 0.43 seconds.

Clearing a Ground Fault

To protect against electric shock from dangerous
voltages on metal parts of electrical equipment, a
ground fault must quickly be removed by opening
the circuit’s overcurrent protection device. The
time it takes for an overcurrent protection device
to open is inversely proportional to the magnitude
of the fault current. Thus, the higher the ground-
fault current value, the less time it will take for the
protection device to open and clear the fault. For
example, a 20A circuit with an overload of 40A
(two times the rating) would trip a breaker in 25 to
150 seconds. At 100A (five times the rating) the
breaker would trip in 5 to 20 seconds, Figure 250-9

To remove dangerous touch voltage on metal parts
from a ground fault, the fault-current path must
have sufficiently low impedance to allow the fault
current to quickly rise to facilitate the opening of
the branch-circuit overcurrent protection device.

Mike Holt Enterprises, Inc. « www.NECcode.com 1.888.NEC.Code

20A Inverse-Time Breaker Time-Current Curve
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2510 150 fe—s—phi|  Time | 1= 40A
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: I =100A
520 |eeeafees || | 5 times rating

Seconds .
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40A  100A | Faster Trip
1 Current in Amperes : COPYRIGHT 2002 Mtka Holt Enterprises, Inc
Figure 250-9

Example

Approximately how much ground-fault curren
can flow in a 100A circuit, which consists of:

Ungrounded Conductors:
200 ft of 3 AWG at 0.05Q)

Equipment Grounding (bonding) Conductor:
200 ft of 8 AWG at 0.156), Figure 250~10

(a) 100A (b) 200A
(c) 600A (d) 800A

* Answer: (c) 600A
Fault Current = E/Z,

E =120V
Z =0.05Q + 0.1560)
Z =0.206Q2

Fault Current = 120V/0.206Q
Fault Current = 583A

Clearing a Ground Fault
100A overcurrent device quickly opens, clears the ground
fault, and removes dangerous voltage from metal parts.

200 ft 3 AWG
re———— == | . 0.05Q

1 1008 | !|

I i /L | | Device g
| I ! 1 |
| o 1 Ll

OOt — . -
copvmsm‘zoozl . ' 200 ft 8 AWG 583

Mike Holt Enlarpriaes, Inc 0.1560 Amps

Fault-CurrentAmps = E = 120V = 583A
Z  0.206Q

Figure 250-10
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Why Grounding is Often Difficult to Bond, Bonded, Bonding
Understand J Article 100 Definition

. . Locknuts bonding locknuts, bondmg
The reason it’s difficult to understand the rules bushlngs can bond raceway to box.
contained in Article 250 ~ Grounding, is because ‘
many do not understand that this article applies to
both grounding and bonding. In addition, the
proper definitions of many important terms such

s “bond, bonded, bonding, ground, grounded, [ .f. — 1 — .\Id ;
: : 2 : Raceway fittings onding jumper readed entry
groundlng, al.ld e':ffec.tlvely grounded, apd their bond sections bonds receptacle | | bonds raceway

intended application is not understood or improp- of raceway. || to box. to box.

erly used. So before we get too deep into this sub- Equipment grounding (bonding)
conductors bond enclosures,

ject, let’s review the differences between
grounding and bonding. . devices and equ1pment =

Bonded: The permanent joining of metal " A
Bond, Bonded or Bonding (Article 100) arts to form a reliable electricaily conductive,
’ ow-impedance path for fault current. wSERGHT 2002
The permanent joining of metallic parts to form .
Figure 250-11

an electrically conductive path that ensures elec-
trical continuity, and the capacity to conduct
safely any fault current that is likely to be
imposed. Bonding is intended to create a low-
impedance path for the purpose of removing dan-
gerous touch voltage from metal parts from a
ground fault by quickly opening the overcurrent
protection device.

Ground, Grounded, Effectively Grounded
Article 250

Grounded, Effectively:
Intentionally connected

Bonding is generally accomplished by properly

. = to earth.
mechanically terminating metal raceways and
cables to enclpsures. It' 18 also. accomplished by bl Grounded: The connection of metal
properly bonding electrical devices to enclosures. parts to earth for the purpose of directing
Figure 250-11 BT lightning and other high-voltage surges
Enterpise, e into the ground.

7

Ground (100 Definition)

The earth. Figure 250-12 | Ground: The earth.

Grounded (100 Definition) Figure 250-12

The connection of metal parts to earth for the pur- AUTHOR’S COMMENT: In addition, electrical

pose of directing lightning and other high-voltage power-supply systems over 1,000 VA are

surges into the ground. See Figure 250-12. grounded to earth to stabilize the system voltage
[250.4(A)(1)].

Grounded, Effectively (100 Definition)

Intentionally connected to earth. See Figure 25012, Grounded Conductor (100 Definition)

The conductor that is intentionally grounded to
earth at a power supply. Typically, this conductor
is called the neutral wire and it is identified with
the color white or gray [200.6]. Figure 250-13
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Grounded (Neutral) Conductor CAUTION: Often the term groung or grounded

Article 100 Definition is used when the proper term would be bond
or bonded. For example, 404, 9(B) specifies
that “snap switches, including dimmer and
similar control switches, shall be effectively

T grounded.” Naturally, we are not expected to
The grounded (nautral) condusor mtent‘{onaﬂj; connect the switch to egrrn; we
is intentionally connected to earth. shall “bond” the metal yoke of the switch to a
' y '- T 17 Black low-impedance path so that dangerous
« O 120v voltage from a ground fault can be quickly
[z Red removed by opening the circuit-protection
. device. Figure 250-15
—— White
| I L3 g e Switches - Grounding gBonding)
Grounded Conductor: The conductor that is intentionally | -] S Section 404.9(B)

connected to earth at a power supply. Typically, this is
called the neutral wire and it is identified by a white color.

Figure 250-13
AUTHOR’S COMMENT: In this textbook, the

N

== —
p " ; s r — 2) Nonmetallic Box
“grounded conductor” will btz identified as the (1) Metal Box (E c)luipmem grounding |
grounded (neutral) conductor. Switch is grounded (bonding) conductor
(bonded) when installed required to terminate
| on the metal enclosure. to switch.

COPYRIGHT 2002 Mike Holl Enlerprises, Inc

Gr ounding Electrode Conductor (100 Deﬁmﬁon) Snap switches, dimmers and similar control switches
must be effectively grounded (bonded) to provide a

The conductor that connects the €quipment means to ground (bond) metal faceplates, whether or

grounding (bonding) conductor, the grounded not a metal faceplate is installed.
(neutral) conductor, or both, to the grounding )
electrode at the service equipment, at separately Figure 250-15

derived systems, and at each building or structure

THOR' ENT: One of the Key points |
in accordance with Article 250. Figure 250-14 AUTHOR'S COMMENT: One of the key points in

understanding the difference between grounding
and bonding is that grounding provides a path to

A Grounding Electrode Conductor Barth fOF ”ghtning, Whereas bonding DI'OV]C’GS The
3@ ] _______ Article 100 Definition low-impedance path necessary to quickly remove
X7 184 “"*l" [T T T ICF ¥ dangerous voltage from metal parts by quickly
v ;'.' | B ld H H i i i
Il senvice | Separately P | il uérggrgr opening the circuit protection device
;*-I,J l‘p’ .| Derived System | [ 1f | g -
] il by | i
I| } o ! _5:!'.13 _I__ l‘
i g{ ;Gr_gunding Electrode Conductor ] = | ;’T
{: _E‘ f_' X1 ‘{ﬂ ‘_ ‘f= | & :  COPYRIGHT 2002 ! !I
W% ,‘E S s i Mike Helt Enterprises, Inc, 1 i
[rre— AL A ——— < R = N s i
18 «_t;"_’ ah AN . 1[ 3 :I e _L__..{i_.r
= " Grounding Electrode e

b J\.

Grounding Elecirode Conductor: The conductor
to the grounding electrade for service equipment,
building or structure disconnect, or separately
derived systems.

Figure 250-14
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Special Texthook Helps
Figure Graphics

To help keep the subjects straight, the figure
graphics in this unit have a color-coded border:

* Dark orange border indicates that the graphic
relates to grounding.

¢ Green border indicates that the graphic relates
to bonding.

* Yellow border indicates an improper installa-
tion where neutral return current flows on the
metal parts of the electrical system.

* No color border indicates important informa-
tion but not specifically about grounding or
bonding.

Grounding Electrode Symbol

Where a grounding electrode symbol is dis-
* played in the graphic, it will indicate its purpose
- asto whether itis a lightning electrode, a voltage
stabilization electrode, or a supplemental or
signal reference electrode. Figure 25016

AUTHOR’S COMMENT: Grounding electrodes
serve no part in clearing ground faults of premises
wiring systems operating at under 600V.

Basic Electrical Theory
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Grounding Electrode Symbols

A @

Standard Grounding Lightning Stabilizing System

Electrode Symbol Electrode Voltage Electrode
|
s $ None of these
= — electrodes assist

in the clearing

Lightning and  Supplementary of ground faults.

Stabilizing Electrode
System Voltage Not Code COPYRIGHT 2002
Electrode Required Mike Holl Enterprises, Inc

Figure 250-16

NEC “Ground” Terms

Throughout this book, where the NEC refer-
ences the terms “ground,” “grounded,” or
“grounding” and the intent is “bond,”’ “‘bonded”
or “bonding,” I will add (bond), (bonded), or
(bonding) to help make the rule easier to under-
stand. For example, snap switches, including
dimmer and similar control switches, shall be
effectively grounded (bonded).

Mike Holt Enterprises, Inc. « www.NECcode.com » 1,888.NEC.Code
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Article 250—

The purpose and objective of “Article 250 —
Grounding” is to ensure that electrical installa-
tions are safe from electric shock and fires by lim-
iting voltage imposed by lightning and line surges.
Though not listed in the title of Article 250, yet
included in the requirement, “bonding” is the
intentional connection of metal parts to form a
low-impedance effective ground-fault current path
to remove dangerous voltage from metal parts
from a ground fault.

AUTHOR’S COMMENT: The grounding and
bonding rules covered in this unit apply to solidly
grounded alternating-current systems under 600V,
such as 120/240V, 120/208V and 277/480V. Other
system configurations, such as 3-wire corner-
grounded delta systems, ungrounded systems, or
high-impedance grounded neutral systems are
permitted by the National Electrical Code, but they
are typically limited to three-phase industrial
applications and not covered in this unit.

PART 1. GENERAL
250.1 Scope

Part I contains the general requirements for
grounding and bonding. The remaining parts con-
tain specific grounding and bonding requirements
such as:

(1) Systems and equipment required, permitted,
or not permitted to be grounded.

(2) Which circuit conductor is required to be
grounded on grounded systems.

(3) The location of grounding (bonding) connec-
tions.

(4) How to size grounding and bonding conduc-
tors.

(5) Methods of grounding and bonding.

Grounding and Bondin

Mike Holt Enterprises, Inc. « www.NECcode.com ¢ 1.888.NEC.Code
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250.2 Definitions
Effective Ground-Fault Current Path

An intentionally constructed, permanent, low-
impedance conductive path designed to carry fault
current from the point of a ground fault on a
wiring system to the grounded (neutral) point at
the electrical supply source. Figure 250-17

Effective Ground-Fault Current Path
Utility Power Section 250.2 Definition

(supply source) Meter Main  Panel

Outlet
X1 l T r\ ==
i‘_z ' -l}. I.I :!
i " Load \
1 = -' I 1 : I == Ly - “IQ-
Grounded | ‘ Represents Effective —.3
Neutral Ground-Fault Path | | Ground |
! Terminal COPYRIGHT 2002 Mike Hott Enterprises, inc Fault

Effective Ground-Fault Current Path: A permanent,
low-impedance electrically conductive path designed
to carry fault current from the point of a ground fault
to the electrical supply grounded (neutral) terminal.

Figure 250~17

An effective ground-fault current path is created
when all noncurrent-carrying electrically conduc-
tive materials of an electrical installation are
bonded together and to the grounded (neutral)
conductor at the electric supply. Effective bonding
is accomplished through the use of equipment
grounding (bonding) conductors, metallic race-
ways, connectors, couplings, metallic-sheathed
cable with approved fittings and other approved
devices recognized for this purpose [250.18].

AUTHOR’S GOMMENT: A ground-fault current
path is only effective when it is properly sized so
that it will safely carry the maximum fault current
likely to be imposed on it. See 250.4(A)(5) and
250.122 for additional details.

Basic Electrical Theory | @
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Ground Fault (Line-to-Case Fault)

An unintentional, electrically conducting connec-
tion between an ungrounded conductor of an elec-
trical circuit and metallic enclosures, metallic
raceways, or metallic equipment. Figure 250-18

Ground Fault
Section 250.2 Definition

COPYRIGHT 2002
Mike Holt Enlerprises, Inc.

Ground Fault: An unintentional electrical connection
between an ungrounded (hot) conductor and any
metal part of an enclosure, raceway or equipment.

Figure 25018

AUTHOR’S COMMENT: Line-to-case ground faults
are not always of the low-impedance type; they
might be of the high-impedance arcing type, which
are difficult to clear before a fire destroys the
equipment as well as the property. High imped-
ance, in this case, occurs when improper bonding
techniques have been used. This is a particular
problem for 480V solidly grounded systems and
that is why the NEC requires equipment ground-
fault protection for larger installations. See 230.95.
Another way of reducing this hazard is by the
installation of high-impedance grounded systems.
See 250.36 for the use of current-limiting fuses.

Ground-Fault Current Path

An electrically conductive path from the point of
a ground fault (line-to-case fault) on a wiring
system through conductors, or equipment
extending to the grounded (neutral) terminal at the
electrical supply source.

FPN: The ground-fault current paths could consist
of grounding and bonding conductors, metallic
raceways, metallic cable sheaths, electrical equip-
ment and other electrically conductive material,
such as metallic water and gas piping, steel framing
members, stucco mesh, metal ducting, reinforcing
steel, or shields of communications cables.

ol [
334 W Basic Electrical Theory
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AUTHOR’S COMMENT: The difference between an
“effective ground-fault current path” and a
“ground-fault current path” is that the effective
ground-fault current path is “intentionally” made
for the purpose of clearing a fault. The ground-
fault current path is simply the path that ground-
fault current will flow on to the power supply
during a ground fault.

250.3 Other Code Sections

Other rules that contain additional grounding and
bonding requirements listed in Table 250.3
include:

* Agricultural Building Equipotential Planes,
547.9 and 547.10. Figure 250-19

Agricultural Buildings
Equipotential Plane
Section 547.2 Definition

An equ?botential plane must be
installed for livestock confinement
areas with concrete floors [547.10(A)].

e s
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|

COPYRIGHT 2002
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the electrical grounding system [547.10(C)].

Equipotential Flane: An area where conductive
elements in or under concrete are bonded to
metal structures, fixed nonelectrical equipment
and the electrical grounding system to prevent
different voltage from developing within the plane.

Figure 250-19

* Audio Equipment, 640.7

* Hazardous (classified) Locations, 501.16,

502.16 and 503.16
* Panelboards, 408.20
* Receptacles, 406.3, 406.9, 517.13
* Receptacle Cover Plates, 406.5

* Swimming Pools and Spas, 680.23(F)(2),
680.24(D) and 680.25(B)

* Switches, 404.9(B) and 517.13

—*
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250.4 General Requirements for Grounding
and Bonding

The following explains the purpose of the
grounding and bonding of electrical systems and
equipment to ensure a safe installation.

AUTHOR’S COMMENT: The term “electrical
system” as used in the subsection that follows
refers to the “power source” such as a trans-
former, generator or photovoltaic system, not the
circuit wiring and/or the equipment.

(A) Grounded Systems

(1) Grounding of Electrical Systems. Electrical
power supplies such as the utility transformer
shall be grounded to earth to help limit high
voltage imposed on the system windings from
lightning or line surges. Figure 250-20

Electrical System Grounding
Section 250.4(A)(1)

Electrical System
(Power Supply)

- — S8 Electrical utility power

= —— i3 supplies are grounded /%

o __j — to help limit high voltage |
w imposed on the system

windings from lightning
or line surges.

GOPYRIGHT 2002
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Figure 250-20

AUTHOR’S COMMENT: Grounding System for
Lightning — The electric discharge from lightning
is typically from a negative charged cloud to a
positive charged earth surface, but it can be from
the earth’s surface to a cloud, or it can be from
cloud to cloud as well as cloud to space. When the

Mike Holt Enterprises, Inc. « www.NECcode.com » 1.888.NEC.Code
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negative capacitive voltage charge of a cloud
exceeds the dielectric strength of the gjr between
the cloud and the earth, an arc wijl occur between
the clouds and the earth in an atternpt to equalize
the difference of potential between ihe two
objects. When this occurs, high voitages, often
over 20,000V, drive high amperages of current (as
much as 40,000A) into the earth for a fraction of a
second. Figure 250-21

ed X
/~ Lightning is an "arc" (electrioal
discharge) that temporarily

+ neutralizes the positive and

negative charges between objects.
+ 4+ + + + + p

o3

A N

Figure 250-21

Typically, utility wiring outside will be struck by
lightning and it’s critical that these systems be
grounded to the earth to assist the flow of light-
ning into the earth.

Grounding System for Line Surges ~ When a
utility high-voltage ground fault occurs, the
voltage on the other phases will rise for the dura-
tion of the fault (typically 3 to 12 cycles). This
voltage surge during the utility ground fault will be
transformed into an elevated surge voltage on the
secondary, which can cause destruction of elec-
trical and particularly electronic equipment in the
premises. Studies have shown that the lower the
resistance of the utility grounding system, the
lower the voltage surge.

Electrical systems (power supplies) are
grounded and bonded to stabilize the system
voltage during normal operation. Figure 250-22

Basic Electrical Theory E
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System Grounding
Section 250.4(A)(1)

: ——'f— L2
217V 77y R
N Properly
= Grounded
L3 | System

COPYRIGHT 2002

Grounding e
| Electrode (earth)

Systems are grounded to stabilize

Figure 250-22

CAUTION: According to IEEE Std. 242 “Buff
Book,” if a ground fault is intermittent or
allowed to continue on an ungrounded
system, the system could be subjected to pos-
sible severe system overvoltage-to-ground,
which can be as high as six or eight times the
phase voltage. This excessive voltage can
puncture conductor insulation and result in
additional ground faults. System overvoltage-
fo-ground is caused by repetitive charging of
the system capacitance or by resonance
between the system capacitance and the
inductances of equipment in the system.

In addition, JEEE Std. 142 “Green Book”
states that “Field experience and theoretical
studies have shown that arcing, restriking, or
vibrating ground faults on ungrounded sys-
tems (actually unbonded systems) can, under
certain conditions, produce surge voltages as
high as six times normal. Neutral (system)
grounding (actually bonding) is effective in
reducing transient voltage build up from such
intermittent ground faults by reducing neutral
displacement from ground potential and
reducing destructive effectiveness of any
high-frequency voltage oscillations following
each arc initiation or restrike.” Figure 250-23

Basic Electrical Theory

Mike Holl Enterprisss, Inc.

System Grounding
Section 250.4(A)(1)

CAUTION:;
Ungrounded
System

Systems are grounded to stabilize the phase-to-earth

voltage. If the system is not grounded, phase-to-earth

voltage could be up to 2,200V due to capacitive
reactance from an arcing or restriking ground fault.

Figure 250-23

AUTHOR’S COMMENT: The danger of overvoltage
occurs in systems that are intended to be
ungrounded as well as those systems that were
supposed to be grounded but were not. Elevated
voltage-to-ground is beyond the scope of this unit.
To obtain more information on this subject, visit
http:/Awww.mikeholt.com/Newsletters/highvolt. htm.

(2) Grounding of Electrical Equipment. To help
limit the voltage imposed on metal parts from
lightning, noncurrent-carrying conductive
metal parts of electrical equipment in or on a
building or structure shall be grounded to
earth. Figure 250-24

Equipment Grounded to Earth
Section 250.4(A)(2)

R
&
Metal parts are connected to the
earth to limit voltage from lightning
and other high-voltage surges, not
to clear a ground fault.

#

@l |
i
1|

COPYRIGHT 2002 | |
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\ Separate
Ii Building
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Figure 250-24
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Grounding and onding)

AUTHOR’S GOMMENT: Grounding of electrical
equipment to earth is not for the purpose of
clearing a ground fault.

Metal parts of electrical equipment in a building
or structure are grounded to earth by electrically
connecting the building or structure discon-
necting means [225.31 or 230.70] with a
grounding electrode conductor [250.64(A)] to
an appropriate grounding electrode (earth) iden-
tified in 250.52 [250.24(A) and 250.32(B)].

DANGER: Failure to ground the metal parts
of electrical equipment to earth could result
in elevated voltage from lightning entering
the building or structure, via metal raceways
or cables, seeking a path to the earth. The
high voltage on the metal parts from light-
ning can result in electric shock and fires, as
well as the destruction of electrical equip-
ment from lightning. Figure 250-25

Equipment Grounding
Section 250.4(A)(2)

 DANGER
Elevated voltage can
enter a building seeking
[ a path to earth.

1
1 COPYRIGHT 2002
11 ] Mika Holt Enterprises, Inc.

i, | Y A e |
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Figure 250-25

Grounding of metal parts of electrical equip-
ment also helps prevent the build up of high-
voltage static charges on metal parts.
Grounding is often required in areas where the
discharge (arcing) of the voltage build up
could cause failure of electronic equipment
being assembled on a production line, or a fire
and explosion in a hazardous classified area.
See 500.4 FPN 3.

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code

(supply source) Meter Main  Panel

AUTHOR’S COMMENT: Grounding metal parts of
electrical equipment to earth does pot protect
electrical or electronic equipment from lightning
voltage transients (high-frequency voltage
impulses) on the circuit conductors ingide the
building or structure. To protect electronic and
electrical equipment from high-voltage transients,
proper transient voltage surge-protection devices
should be installed in accordance with Article 280
at service equipment and Article 285 at the panel-
boards.

To provide proper operation of transient voltage
surge-protection devices, the resistance of the
grounding electrode (earth) should be as low as
practicable. Most specifications for communica-
tions systems installations (cell towers) require the
ground resistance to be 5, sometimes as little as
3£} and on some rare occasions 1! To achieve
and maintain a low resistive ground, special
grounding configurations, design, equipment and
measuring instruments must be used. This Is
beyond the scope of this unit.

(3) Bonding of Electrical Equipment. To

remove dangerous voltage caused by ground
faults, the metal parts of electrical raceways,
cables, enclosures or equipment shall be
bonded together. In addition, the metal parts
shall be bonded to the grounded (neutral) ter-
minal of the electrical supply source in accor-
dance with 250.142. Figure 250-26

Equipment Bonded to System Neutral
Utility Power Section 250.4(A)(3)

Mika Hott Entmrprises, Ine), '

Outlet

3 [T
b HT—; = |
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i G Load| [,
- { I lr:{
4= Represents Effective . 4™ ¢

COPYRIGHT 2002 Ground-Fault Current Path Fall:lllt

Conductive materials enclosing electrical conductors must
be bonded together and bonded to the grounded (neutral)
terminal at the electrical supply source in a manner that

establishes an effective ground-fault current path.

Figure 250-26

Basic Electrical Theory E
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AUTHOR’S COMMENT: An effective ground-fault
current path [250.2] is created when all non-cur-
rent-carrying electrically conductive materials are
bonded together and to the grounded (neutral) ter-
minal at the electric supply.

(4) Bonding of Electrically Conductive Materials.
To remove dangerous voltage caused by
ground faults, electrically conductive metal
water piping, sprinkler piping, metal gas piping,
and other metal piping as well as exposed struc-
tural steel members that are likely to become

energized shall be bonded in accordance with
250.104. Figure 250-27

Bonding Electrically Conductive Materials . ‘

Section 250.4(A)(4) = |'_i
i | === 1
TESFG ] " Jlr s L. =S -ﬁ S i = “: T

Sprinkler Piping s  Gas Piping | |
250.104(B) st g | 250.104(B) | |
Exposed | 1 o ': Water Pipingl b
Structural || 'ﬁ.. i.‘|i‘ ”":'T-.irfh-=-r|". 250.104(A) | |

Steel Y 11! Il {LLJ |

| 250104((:) =y |r | . i 'J: LA e = "“ti

e = i f |

. f [ | ' Compressed Air || |

N | e m | 250.104(8) ’ ;

- ) " i S _‘L—-jlt_.‘s‘ COPYRIGHT 2002 pike Mokt Entarvines, |

A =—= il

) Electrically conductive materials must be bonded to the -]
system neutral for the purpose of clearing ground faults. i
A

Figure 250-27

AUTHOR’S COMMENT: The phrase “that are likely
to become energized” is subject to interpretation
by the Authority Having Jurisdiction (AHJ). See
250.104 for additional details.

(5) Effective Ground-Fault Current Path,
Electrical raceways, cables, enclosures and
equipment as well as other electrically con-
ductive material “likely to become energized”
shall be installed in a manner that creates a
permanent, low-impedance path that has the
capacity to safely carry the maximum ground-
fault current likely to be imposed on it

Basic Electrical Theory

[110.10]. The purpose of this path is to facili-
tate the operation of overcurrent devices if a
ground fault occurs to the metal parts.
Clearing ground faults is accomplished by
bonding all of the metal parts of electrical
equipment and conductive material likely to
become energized to the power-supply
grounded (neutral) terminal. Figure 250-28

Effective Ground-Fault Current Path
Utility Power Section 250.4(A)(5)
(supply source) Meter Main  Panel

—— —— e

Outlet

N Load|f |
: [ Fod) Lwlg

e

o

Represents Effective
-
Ground-Fault Current Path | Gl_[ound

ault
Effective Ground-Fault Current Path [250.2]:
A permanent, low-impedance electrically conductive path
designed to carry fault current from the point of a ground
fault to the electrical supply grounded (neutral) terminal.

Figure 250-28

COPYRIGHT 2002

The NEC does permit a ground rod at a pole
[250.54] but the Code does not allow the earth
to be used as the sole equipment grounding
(bonding) conductor. An equipment grounding
(bonding) conductor of a type specified in
250.118 is ALWAYS required. Figure 250~29

Earth is Not an
Effective Ground-Fault Current Path
Section 250.4(A)(5)

Equipment grounding (bonding)
conductor provides the effective [_
ground-fault current path. l Z

COPYRIGHT 2002 Mike Holt Enterprises, Inc.
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A supplementary electrode is permitted b 1;.;
250.54 but it cannot be used as the sole = —
equipment grounding (bonding) conductor. fonad |

Figure 250-29
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WIHUN: Because the earth is a poor con-
auctor whose resistivity does not permit suffi-
CIent fault current to flow back to the power
SUpply [IEEE Std. 142 Section 2.2.8], a ground
rod will not serve to clear a ground fault and
dangerous touch voltage will remain on metal
parts if an effective ground-fault current path
s not provided. For more information on this
topic visit www.mikeholt.com. Figure 250-30

Earth not an EffectIVe” 7]
Ground-Fault Current Path |
Section 250.4(A)(5) |

DANGER je=a
Earth grounding does l L d
not clear a ground fault. ! {ﬁ |

wina g ot
gl
o

F08% | Ground Fault eel i |
E‘S\%‘f{r COBYRNAMT 200

A I Helt Entarprises, Wig:

Fault current ] '
returning to source. ‘

L L LU KGO i

| Grounding metal parts to the earth DOES NOT assist | ;

| in removing dangerous voltage from ground faults.

Figure 250-30

Question: What is the maximum current that
could flow through a ground rod if the ground
rod has an impedance of 25() and the system

voltage is 120/240V?

(a) 4.8A (b) 24A
(c) 48A (d) 96A
* Answer: (a) 4.8A

I=E/Z

E =120V

=250

I=120V/25Q

I=48A

Mike Holt Enterprises, Inc. » www.NECcode.com o 1 .888.NEC.Code

DANGER: Because the resistance of the
earth is so great (10 to 500 Q)), very little
current will return to the power supply via
the earth if the earth is the only ground-fault
return path. The result is that the circuit
overcurrent protection device will not open
and metal parts will remain energized at a
lethal level waiting for someone to make
contact with them and the earth. Therefore,
a ground rod cannot be used to lower touch
voltage to a safe value for metal parts that
are not bonded to an effective ground-fault
current path. To understand how a ground
rod is useless in reducing touch voltage to a
safe level, let’s review the following:

e What is touch voltage?
e At what level is touch voltage hazardous?

® How earth surface voltage gradients
operate.

1. Touch Voltage — The IEEE definition of
touch voltage is “the potential (voltage) dif-
ference between a grounded (bonded)
metallic structure and a point on the earth 3
1t from the structure.”

2. Hazardous Level — NFPA 70E - Standard
for Electrical Safety Requirements for
Employee Workplaces, cautions that death
and/or severe electric shock can occur
whenever the touch voltage exceeds 30V,

3. Surface Voltage Gradients — According to
IEEE Std. 142 “Green Book” [4.1.1], the
resistance of the soil outward from a ground
rod is equal to the sum of the series resist-
ances of the earth shells. The shell nearest
the rod has the highest resistance and each
successive shell has progressively larger
areas and progressively lower resistances.
The following table lists the percentage of
total resistance and the touch voltage based
on a 120V fault. The table’s percentage of
resistance is based on a 10 ft ground rod
having a diameter of 5/8 inches.

Don’t worry if you don’t understand the
above statement, just review the table below

with Figure 250-31.

Basic Electrical Theory
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2-wire circuit
without a low-
impedance fault-
current path [

b
-~

LY L 103V

DANGER r-‘“’
Ground rod does not
significantly reduce touch potential.

, 120V Ground Fault |

—
e 3

Mkl Brprian e \ i
| Shell 3: 5 J Sh
a0V 82V

-

Figure 250-31

Touch
Distance from Rod Resistance Voltage
1 Foot (Shell 1) 68% 82v
3 Feet (Shells 1 and 2) 75% gov
5 Feet (Shelis 1,2 and 3)  86% 103V

With the intention of providing a safer instal-
lation, many think a ground rod can be used
to reduce touch voltage. However, as we can
see in the previous table, the voltage gra-
dient of the earth drops off so rapidly that a
person in contact with an energized object
can receive a lethal electric shock one foot
away from an energized object if the metal
parts are not bonded to an effective ground-
fault current path.

Scary as it might be, the accepted grounding
practice for street lighting and traffic sig-
naling for many parts of the United States
was lo use the ground rod as the only
ground-fault current return path. That is, the
metal pole of a light fixture or traffic signal
is grounded to a ground rod and an effective
ground-fault current path is not provided (no
equipment grounding conductor)! I'm sure
there are thousands of energized metal
poles, just waiting for someone to make
contact with them and this is one of the rea-
sons so many people get killed with street
lighting and traffic signal poles in the United

Basic Electrical Theory
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States. For a case study on this subject, visit
www.mikeholt.com/Newsletters/dadecounty.

AUTHOR’S COMMENT: Another factor necessary
to help ensure a low-impedance ground-fault path
is that all circuit conductors, ungrounded,
grounded and the equipment grounding (bonding)
conductor shall be grouped together in the same
raceway, cable or trench [300.3(B), 300.5(),
300.20(A)]. Figure 250-32

All Conductors Must be Grouped

! VIOLATION '

COPYRIGHT 2002 Mike Hol( Enterprises, Inc.

To help ensure a low-impedance ground-fault path,
all circuit conductors must be grouped together in the
same raceway, cable or trench [300.5(1), 300.20(A)].

Figure 250-32

250.4(A) Summary

(1) An electrical power supply shall be grounded
to stabilize the system voltage.

(2) Metal parts of electrical equipment at a
building or structure disconnect shall be
grounded to assist lightning to earth.

(3) Electrically bonding noncurrent-carrying parts
of the electrical wiring system to an effective
ground-fault current path is required so that a
ground fault can be quickly cleared by
opening the circuit overcurrent protection
device.

(4) Electrically bonding conductive piping and
structural steel that may become energized to
the effective ground-fault current path is
required so that a ground fault can be quickly
cleared by opening the circuit overcurrent pro-
tection device.

(5) Create an effective ground-fault current path
for metal parts of equipment enclosures, race-
ways, and equipment as well as metal piping

Mike Holt Enterprises, Inc. « www.NECcode.com « 1.888.NEC.Code
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and structural steel. The effective ground-fault
current path shall be sized to withstand high

fault current [110.10 and 250.122].

The following shaded text is not part of the NEC itself,
but it is provided to help you better understand the

requirements contained within 250.6 Objectionable

(Neutral) Current.

Objectionable (Neutral) Current

Objectionable current on grounding and |

bonding paths occurs when:

1. Improper neutral-to-case bonds are made.

2. There are errors in the wiring installation.

3. Using the equipment grounding conductor
to carry neutral current.

Improper Neutral-to-Case Bond [250.142]

Panelboards. Bonding of the neutral terminal to
the case of a panelboard that is not part of service
equipment, or a separately derived system, cre-
ates a parallel path which allows objectionable

neutral current to flow on the metal parts of elec- -

trical equipment, as well as the grounding and
bonding conductors. Figure 250-33

Disconnects. Where an equipment grounding
(bonding) conductor is run with the feeder con-
ductors to a separate building [250.32(B)(1)], a
common and dangerous mistake is to make a
neutral-to-case bond in the separate building
disconnect, which allows objectionable neutral
current to flow on the metal parts of electrical
equipment as well as on the grounding and
bonding conductors. Figure 250-34

Separately Derived Systems. The neutral-to-
case bonding jumper for a separately derived
system, such as that derived from a transformer,
generator, or uninterruptible power supply
(UPS) shall be installed either at the source of
the separately derived system or at the first dis-

connect electrically downstream, but not at both:

locations, in accordance with 250.30(A)(1).

Mike Holt Enterprises, Inc. « www.NECcode.com « 1,888.NEC.Code
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Transformers. If a neutral-to-case bond is
made at both the transformer and at the sec-
ondary panelboard/disconnect, then objection-
able neutral current will flow on the metal parts
of electrical equipment as well as the grounding
and bonding conductors. Figure 25035

Generator. If the grounded (neutral) conductor
in a transfer switch is not opened with the
ungrounded conductors, then the grounded

Basic Electrical Theory
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Objectionable Current
Improper Neutral-to-Case Connections
7\ Section 250.6(A) A

7 il
A

[ : 1
: Neutral Current i

£\

[ VIOLATION
| A neutral-to-case connection
at both the transformer and the
panel creates a parallel path
for neutral current.

COPYRIGHT 2002
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Objectionable Current

Figure 250-35

(neutral) from the generator will be solidly
connected to the utility’s service grounded
(neutral) conductor. Under this condition. the
generator is not a separately derived system,
and a neutral-to-case bond shall not be made at
the generator or at the generator disconnect
[250.20(D) FPN 1]. If a neutral-to-case bond is
made at the generator or generator disconnect,
then objectionable neutral current will flow on
the metal parts of electrical equipment as well
as on the grounding and bonding conductors.
Figure 250-36

Objectionable Current
Improper Neutral-to-Case Connection
Sections 250.6(A) = = ;
! Solidly connected
Transfer Switch . (not switched) neutral

Service

—

P =
/" Disconnect Generator

! Current
| = el N
| b VIOLATION |
ke 357?.2‘1%@32.% j pa : J,J Neutra f*t{.‘).— case
| Panelboard| ._connection., ||
Figure 250-36
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Errors in the Wiring Installation

- Mixing Neutrals. The NEC does not prohibit
_ the mixing of circuit conductors from different

systems in the same raceway or enclosure
[300.3(C)(1)]. As a result, mistakes can be
made where the grounded (neutral) conductors
from different systems are crossed (mixed).
When this occurs, the grounding and bonding
path will carry objectionable neutral current,
even when it appears that all circuits have been
de-energized. Figure 250-37

Objectionable Current
Wiring Error
Section 250.6(A)

= l|_C_rossed Neutralls:j
21N

kTR o
] ]
1 I
|

480Y/277V N o Y COPYRIGHT 2002
Panelboard | \ = i | | enopmentne
—_— - 1 ﬁ_“_‘

Circuit breakerll Objectionable :f | 208Y/120V
{ isOFF | Current e Panelboard

DANGER: The 208Y/120V panelboard (de-energized)
can have dangerous voltage from the 277V lighting
circuit because of the crossed neutrals.

Figure 250-37

Using Equipment Grounding (Bonding)
Conductor for Neutral Current

This often happens when a 120V circuit is
required at a location where a neutral conductor
is not available. Example: A 240V time clock
motor is replaced with a 120V time clock motor
and the equipment grounding conductor is used
to feed one side of the 120V time clock.

. Another example is a 120V water filter wired to

a 240V well-pump motor circuit and the equip-
ment grounding conductor is used for the neu-
tral. Figure 250-38
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Figure 250-38

Using the bonding path for the neutral is also .:
seen in ceiling fan installations where the

equipment grounding (bonding) conductor is
used as a neutral and the white wire is used as
the switch leg for the light, or where a recep-
tacle is added to a switch outlet that doesn’t
have a neutral conductor. Figure 250-39

Objectionable Current on
Equipment Grounding (Bonding) Conductor
Section 250, 6(A)

Neutral current on f
grounding (bonding)
conductor. [

Existing 1-pole switch replaced
with a switch-receptacle
combination device.

Existing Installation:
1-Pole Switch

COPYRIGHT 2002 Mike Holt Enterprises, Inc.

L

Figure 250-39

AUTHOR’S COMMENT: Neutral currents always
flow on a community metal underground water-
piping system where the water service to all of
the buildings is metallic. This occurs because the
underground water pipe and the service neutral
conductors are in parallel with each other,
Figure 250-40

Mike Holt Enterprises, Inc. « www.NECcode.com  1.888.NEC.Code

Neutral Current Flows -
Metal Underground Water -

] Service A Service B

- ON OF
Service A R (VIBE a’
L~ |  Load Load i
medays ARG |
(e i . y d {
poRit Sl
o—2 |
% Gmundmg Electrode Conducto y
]J -@-:‘-1 . Metal Underground T ’f— 1)
3 ! Walter Pipe Electrode !
- - —— " —
e
::-—{’ M —— |
Metal Underground Source Normal Condition:
Water Pipe Utility | Transformer Some currer:(t) i
(Parallel Neutral | (Utility) on utilily water-
Current Path) : piping system
COPYRIGHT 2002 Mike Holl Enterprises, Inc.
. !
Figure 25040 Sl
i |

Dangers of Objectionable (New:trzl) '%#j:
Current ; J' '

Objectionable neutral current can cause shock
hazard, fire hazard, improper operation of sen—

sitive electronic equipment, and improper oper-
ation of circuit protection devices,

Shock Hazard

Objectionable current on metal parts of elec-
trical equipment can create a condition where
electric shock and even death from ventricular
fibrillation can occur. Figure 250-41 shows an
example where a person becomes in series with
the neutral current path of a 120V circuit.

Fire Hazard

Fire occurs when the temperature rises to a
level sufficient to cause ignition of adjacent
combustible material in an area that contains
sufficient oxygen. In an electrical system, heat
is generated whenever current flows. Improper
wiring, resulting in the flow of neutral current
on grounding and bonding paths can cause the
temperature at loose connections to rise to a
level that can cause a fire. In addition, arcing at
loose connections is particularly dangerous in
areas that contain easily ignitible and explosive
gases, vapors, or dust. Figure 250-42

Basic Electrical Theory,
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Objectionable Current
Grounding Path Used for Neutral Current
[l Section 250.6(A) 2
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Figure 250~41

Objectionable Current
Improper Neutral-to-Case Bond
Section 250.6(A)

DANGER
FIRE HAZARD

Objectionable Current ‘
A A A

| Neutral current through

AT
| loose fittings can cause _\ﬁ{\ ‘
the temperature to rise, [~ | i —
kermc | Igniting surrounding - A6
Fereie | combustible materials. _iv_/ _ [ETE
Figure 250-42

Improper Operation of Circuit Protection
Devices

Nuisance tripping of a protection device
equipped with ground-fault protection can
occur if neutral current returns on the equip-
ment grounding (bonding) conductor, instead of
the neutral conductor because of 1mproper neu-
tral-to-case bonds. A circuit breaker with
ground-fault protection (277/480V. three-phase
System over 1,000A per 230.95) uses either the
residual current method or the zero sequence
method to detect a ground fault. For the zero

Basic Electrical Theory

. Mike Holt Enterprises,

sequence method, the ground-fault trip unit
sums the currents in the three-phase conductors
and the neutral. When no ground fault is
present, the summation of currents flowing on
A+B+C+N will equal zero. Any current flow
not equal to zero is considered a ground fault.
The residual method is used only at the service
as it measures current flowing through the main
bonding jumper.

Where improper neutral-to-case bonds have
been made, objectionable neutral current will
flow on the equipment grounding (bonding)
conductor in parallel with the grounded (neu-
tral) conductor. Depending on the impedance of
this path versus the neutral conductor path, the
ground-fault protective relay may see current
flow above its pickup point and cause the pro-
tective device to open the circuit.

If a ground fault occurs and there are improper
neutral-to-case bonds, the protection relay
might not operate because some of the ground-
fault current will return on the neutral con-
ductor bypassing the ground-fault protective
device.

Improper Operation of Sensitive Electronic

. Equipment

When objectionable neutral current travels on
the metal parts of electrical equipment, the
electromagnetic field generated from alter-
nating-circuit conductors will not cancel. This

- uncancelled current flowing on metal parts of
 electrical equipment and conductive building

parts causes elevated electromagnetic fields in
the building. These low frequency electromag-
netic fields can negatively impact the perform-
ance of sensitive electronic devices, particularly
video monitors and medical equipment. For
more information visit: www.mikeholt.com/
Powerquality/Powerquality. Figure 25043

Inc. « www.NECcode.com o 1.888.NEC.Code
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250.6 Objectionable (Neutral) Current
(A) Preventing Objectionable Current

To prevent a fire, electric shock, improper opera-
tion of circuit protection devices, as well as
improper operation of sensitive equipment, the
grounding of electrical systems and the bonding
of equipment shall be done in a manner that pre-
vents objectionable (neutral) current from flowing
on conductive materials, electrical equipment, or
on grounding and bonding paths.

(B) Stopping Objectionable Current

If improper neutral-to-case bonds result in an
objectionable flow of current on grounding or
bonding conductors, simply remove or disconnect
the improper neutral-to-case bonds.

(C) Temporary Currents Not Classified as
Objectionable Currents

Temporary ground-fault current on the effective
ground-fault current path, until the circuit over-
current protection device opens removing the

; fault, is not classified as objectionable current.
Figure 250-44

[ P #
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Temporary Ground-Fault Current

Section 250.6(C)
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Temporary fault-current is
not objectionable current.

Metal enclosure is
temporarily energized
until the fault clears.
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Figure 250-44

(D) Electromagnetic Interference (Electrical Noise)

Currents that cause noise or data errors in elec-
tronic equipment are not considered objectionable
currents. Figure 250-45

Objectionable Current
Sensitive Electronic Equipment
Section 250.6(D)

Equipment must be bonded to an
effective ground-fault path to remove _
| dangerous voltage from a ground fault. ,

Currents that introduce
noise or data errors are
not considered to be
objectionable currents.

COPYRIGHT 2002 Mike Holt Entaiprisey, iz
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Figure 250-45
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AUTHOR’S COMMENT: Some sensitive electronic Electronic Equipment - Noise and Data Errors
Section 250.6(D)

equipment manufacturers require their equipment

to be isolated from the equipment bonding con- Serviee | | Allmetal parts |
ductor, yet they require the equipment to be ‘;’_1—1 {| remain energized.
grounded to an independent grounding system. i + > A '
This practice is very dangerous and violates the Tt

NEC because the earth will not provide the low- R I N

impedance path necessary to clear a ground fault ' == s .
[250.4(A)(5)]. See 250.54 for the proper applica- Groun d1‘. *
tion of a supplementary electrode and 250.96(D) Faulf 3. _ 5
and 250.146(D) for the requirements of isolated | e Nonn;etafl-nc ¢ '\
equipment grounding (bonding) conductors for ! VIOLATION %
sensitive electronic equipment. Figure 250-46 / E Earth cannot be - k e

used as the low-
impedance path to

’.- .LI
1=E/R, E =120V, R = 25 ohms, | = 120V/25 ohms = 4.8A [
Insufficient current to trip overcurrent protection device

Figure 250-46
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