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’ PREFACE g

ABOUT BNER®Y TECHNOLOGY MODULES

The modules weye developed by TERC-SW for use in two-&ea; postsecongary technical
1nstitutions to prepare technicians for employment and are useful in 1ndhstrx_fof up -
. dating employees in company-sponsored training programs. The principles, techniques, o
and skills taught 1n the modules, based on tasks that energy technicians perform, were *
obtained from a nat;on;ide advisory committee of employers of energy technicians. Each.

module was wrztten'by a technican expert and approved by representatives from 1ﬂdustry.

" -

. A module contains the followingselements: .

'
v

Introduction, which identifies. the topic and often'includes a rationale for
studyvang the materiafl. -

Prerequisites, hhlch identify the material a student should be familiar with
before stud)lng the module. \ . > -

N

0 b
bbiegtlves, whxch-clearly'identlfy qhat the student is expecied to kngw for ) .
satisfactory module completion. The objectives, stated in terms Qf action-
vriented behaviors, include such action wbrd;gjg\operate, measure, calculate,
1dentify, and define, rather tﬁfn words with many interpretatidéns, such as

know, understand, learn, and appreciate. . .
. .
N ' . Subject Matter, which presents the background tﬁeory and techni&ués suppo}tive '
to the lébjectlves of the module. Subject matter is written withSthe technical o
4 student in mind. ) : ‘
o J
. . Exercises, which pqpvideigfactical problems to which the student can apply this
new knowledge. . ,
. 5 -

Labofatory Waterlals, whlch identify the equipment required to complete the

laborator\ pxocedure.
“ 5} : ;
. Laboratory Procedures, which 1s the experiment section, or "hands-on" portion, \

of the module (including stem-by-step instruction) designed to reinforce student
- _learning. ' . ) -

»

-‘
Data Tables, which are included in most moddles for the first year (or basic)

courses to help the stédeﬂt learn how to collect and organize data. -
. . . ' » ’ .
) References, which are included as suggestions for supplementary reading/
viewing for the student. . . -
T . L \ ) ' - T

Test, which measures the student's achievement of prestated objegbive5<

. . -
o
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* INTRODUCTION TO ELECTRICAL POWER AND =
ILLUMINATION SYSTEMS '
Most technicians'are'not required to be electfiéal
power speciali§%s. However, many téchnicians.must know g
about electrical'power as it relates to energy efficiency.
This relationship includes areas such as energy-consérva-
tion, energy  efficiency, Basic.sy3teﬁ operation, function
of components, basic wiring skills, qode;, saféf?, power °
management, and utility rate schedules. i
Technician's must alsg know-.the principles of illumina-
tion, light éources, kinds of lightinggiystems and controls,
how to efficiently use lighting, how to make and implemeﬁt
light and power budgets, what efficient residential wiring

is — and how to do’basic calculations on all the above.

Electrical Power and Illumination Systems accomplishes—-

these objectives. In addition, students also practice elec-

tricaljpeasurement, wiring methods, illumination measurement,

Circuit control - and are provided with an overview of the

parts-of the electrical distribution system. .
Module PI-01, "fff%cienéies of Eleéctrical Power Dis-
tribution Systems," describes basic characteristics of re-
active a.c. ci}Euits, calculation of power factor and voltage
drop on power lines, and corrective measures common ?p.in-

dustry. PI-01 also gives a brief overview of power distri-

bution systems. ’ ’
’ Module PI-02, "Electrical

tribution,’ describes transmission and distribution systems

1

Power Transmission and Dis-

with particular emphasis ofh efficiency and controd in those,

systems. - The second module ‘also familiarizes the student )

3

with lafgg equipment and circuit, components. -
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Module PI-03, "Industrial Electricgl'Distribution,"
-diécusses industrial pbwer s}stem'layout, safety, controls,
circuit protectlon reliability, and energy efficiency as
it relates -to the industrial sector. ’ )

Module PI1-04, "Residential Electrical Dis%ributiop,"
sur&eys the characteristics of safe wiring systems .based

on the National Electrical Code. The fourth module also

_includes information about wiring practices, components,

factors 1nf1uenc1ng wiring safety, and factors influencing
w1r1ng eff1c1ency .

Module PI-OS, "Electrical Energy Management," incorborafes
informatibn from previous modules, explains the hows and
‘whys of utility rates, and details how to reduce the monthiy
utility bill. The -fifth module also explains how to reduce’
eléctrical energy use and how to purcha§e power atva dis-
‘count. ) .

Module PI-06, ."Fundamentals of Illumination,'" provides
the student with the basic principles of illumination, in-
.clgding topics such as the'spectrum, inverse square law,
.reflection, light measurement, required light levels, and
quality of illumination. . ’

Module PI-07, "nght Sources,” discusses the character-
istics of light sources and how light sourcés may be applied.

" The efficiency, rated lifetime, light depreciation with

aging, and spectral characteristics of all common light
Sources are also described in the sevemth module.

. Module P1-08; "Eff1c1ency in Illumlnatlon Systems,"
addresses the efficient use of 11ght1ng in residential,
commer1ca1 and 1ndustr1a1 applications. In addition, the
eighth module explalns efficient lighting de51gn and mainten-
-ance gf illumination 'systems, and provides tips on saving

. energy>and .completing a cost analysis of lighting_systems.
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Aruntoxt provided by Eric
v o

o

'The purpose of Electrical Power and Illumination Systemsn
is fq acquaint the 'student with—the major areas of the field;
not make the student’én expert “in .any particular area. The
student should emerge from the course a more diversi‘fied
techniciaq with the ability to converse iptqlligentl? with

specialists in each related area.’ \

*
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_This jwork was developed under,a contract with the Department of
Educatiori. However, the content does not necessarily refilect
the position or policy of that Agency, and no official endorse-
ment of these materials should be inferred.

A1l right§ reserved. No part of'this work covéred by the copyrights
hereon may be reproduced or copied in any form” or by any means —
graphic, electronic, or mechanical, including photocopying, record-
ing, taping, or information and retrievals systems — without the ex-
press permission of the Center for Occupational Research and Develop-
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Electrical efhergy is popular for a wide range of appli- 7
cations. This is because of the ease with wh1ch it ¢an - °"
be converted to other forms of energy (such as heat,.laght . -
or motlon) and beéause of the ease of dlstrlbutlon of elec-
tricdl energy. , . . -

“In generating plants, mechanical energy.is converted

.

to electrical energy by large alternators. The prime mover
of.the'alternator may bé a water turbine, 'a windmill or
a steam turbine. Boilers for steam plants‘are,most often, .
fired with fossil fuels, but-nuclear reactors and geothermal-
sources are also used . )

No matter what original energy source is used, the
output energy is alternating current electrical energy ‘that
can be transm1tted'over large distapnces for remote applica- *

. s N

tions. - RN . \ (
The efficient usé of electrlcal energy requrres a sophis-
ticated distribution system that can\defiver ‘power to the
point of use with minimum losses. ThlsS oduleJ "Efficiency
m

of Electrical Power Distribution Syste dlscusses factors .

‘affecting the eff1c1ency of -electrical dlstrlbutlon systems,

as well as methods used to reduce power losses. A Tevigw

$
. of a.c. c1rcu1t analysls is included; example problems illu- .
strate methods of improving system eff1c1ency by correctlng \' .
the power factor. .

In the laboratory, the student will construct simﬁle T ~
a.c.-circuits and determine power factors and efficienqies. . .
| - ~ ’

LY ’ : 331 .
. » . i
hd
<
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*~ PREREQUISITES

-~

d. c.

The student should have. mastered basic physlcs and

and a.c. circuit ana1ys1s. The student should _have

- '\\Ma}so ‘taken, or.be taking, Electromechanical Dev1ces.

g
. . - . »w
N

OBJECTIVES | : .

able
1.

Page

. Given three of thk

0
-
. ‘ °

Upon completion.of this module, the student shoufd be.‘.
to: ; ' , - .
Describe a typlcal electr1ca1 power dlstributlonlsystem,
1nc1ud1ng the voltages present 1n glach section of the

system. , C . :
Explain the loss of an e1ectr1ca1~power system and |
the reasons for voltage drop -at ‘high loads. .

Given ¢he frequency of an-a.c. c1rcu1t and the valuesa
of capac;tance and nductance in the c1rcu1t determine
the.,values of inductive reactance and oapapltlve reac-

tance. *°

L \

. Given. the values for resiséance, inductiwe reactance,

capacitive reactante, frequency and Voltage inza series
or parallel a.c. c1rcu1t, détermine the current and
voltage of each component. ‘ T >

Explain the .following terms:

LY

‘a. Power factor ' ] r L -
b. Apparent powerl S ®
For 'True'power - ’ .

d. " ""Reactive power }
"quantities for e single<
t, déte ne the fodrth:

phase or three-phase a.c. ci

a. True power

b. Power factor ) -
. v . . . . ”

2/PI-01 . X -
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\ r\;\/
TR ‘ ’ .~
r\ < .
i ‘\ s l‘ .
c. Current L -
~d.  Voltage. \C . . "
' 7. G1ven the current, voltage, and power factor of an ‘
s
a. c. tircuit and the resistance of the power delivery
. lines, determine the’foliow1ng - - .

a. +Shunt capac1tance for a power factor 1.0

. b. Voltage drop An'llngs without power factor cor-’
“ rection T . A
’ . Y \ ‘i
- c. ., Voltage drop in lines'.with pgwer factor Qgrrection
-8. *Given the current, voltage,‘\nd power factor of an _ -
a.¢. circuit and the re51stamce ‘of the power, delivery
lines, determineg the follow1ng ;”*
. a. Series capac1tance for power factor of 1.0
b Voltage delivetred to the‘RL\load
' c. Voltage drop in the power lines |
A Construct RL circuits im-" the labora;ory and eorrect .
the power factor to 1.0 using both é@riES and parallel
: capacitors. . )
’ . N N ’ &
S v
“ v .
. { X N .~
Sy L
/‘. N
.
+
. ® N




" the electrical energy to the point of application, a

\% application. o .

S

- SUBJECTMATTER

. ~ + « ,A.C. PQWER SYSTEMS = . -
& . '

% - «
! o h . . . .
» An d.c. power,system.consists of a generating station

-

where mechanical energy-is transformed - into electrical energy
by a large alternator, a distribution system, that sugz}ées
de

vices that convert electricdl energy to other fotrms for
Efficient use of electrical energy depends upon effi-
cient energy.lconvertors: (alternators, motors, light sources)
and a low lpss.distribution system. Alternafozf and motors
are 'discussed’'in detail in Electromechanical Devices. Alte-

nator and motor characteristics considered in this course.
include only electrical léad characteristics.

The first four modules of this course discuss the com-
ponents and efficiencies ‘of electrical power distribution
systems. “The fjfth module is concerned wWith management
of electrical loads for increased efficiency and reduced
energy costs. The last three modules discuss light sources
and the efficient use of lighting.

This module.deals with the characteristics of a.c. .

.electrical éircuits”that)affect power loss (and, thus, the

- egfgciency of the .circuit), as well as basic %aﬁhnidﬁes used
ol ; -
to mlnamlzg_loss. " ‘ :

. =
. -
4 .
tN =N . L ~ .
- - , - R |

TRANSMISSION AND DISTRIBUTION OF ELECTRICAL POWER .
. T< \ '
Figure 1 shbws an electrical.power distribution systen -
and the customers it serves. Power is generated—1

power house atfa voltage of 20,000 volts. Step-up trans

®

«

L | Poh TP . PI-01/Page}s
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&

SUBSTATION FROM

. TRANSMISSION LINE  CUSTOMER : ’
13,800 VOLTS DISTRIBUTION 88,000 ¥2k§s "°w.3’,?‘-“°5 g ¢
V(
. ssconovouAesneoucrlbn POWER CENTER SUBSTATION ’
R R o
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‘ 3 P - -
\ S Figufe 1. - Electrical Service From the A
ro ' a Generator ,to the Customer.
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formers raise this voltage to 138,000" volts for transm1551qh

«

to’ dlstrlbutlon p01nts. " ,
’ _€ircuit poﬁer is the product of circuit current and

i voltage. Power loss' — due to the re51stance of thé wires

' carry1ng the currehf — 1ncreases with the square of the

. w current. Thus, losges may be reduced by transmitting the °
same power at & higher voltage anl“lower;current. Some long
transmission systems have voltages of 220,000- V and *330, 000 V.
Transformers are used to increase or decrease voltage through-

-

out the’system as needed. CC o
Some large _.industrial customers may’rece1ve power di- .
“‘ rectly from the transm1ss1on lines through(the1r own sub-
stations. In most cases,-a transmission substation-keeps
the voltage down to 69,000 V for dlstr1but10n to local load’
areas. ,-Many industrial customérs arg served by individual
substatlons from low- voltage transmlss1on lines.” Distribu-
Lo tion substations reduce the voltage further to 13,800 V
o for local distributiod. These dlstr1butloh lines serve
smaller industrial and Eommerc1al customers and residential -
customers. Distribution transformers reduce the voltage
to either 120 or 240 volts for smaller customers.
= sy The term "transmission® is'aoplied to those sections
. of the®system that operate above 13,800 V. Distribution
.'Sections\of the.system operate at 13,800 V or below. Most e
1ndustr1a1 dlstr1but10n systemsm(ln plant) have voltages
between 600 and 13,800 V. Commercial and residential dis-
K tribution is at 120 and 240 V. C

- L4

N




ENERGY LOSSES IN ELECTRICAL POWER SYSTEMS

Sources of loss in the distrdibution system include
the resistance of the wires and switch contacts, hysteresi
(magnetic) losses in transformers, and some radiated power.
Even .when Egmpohents are designed for most efficient opera-
tion, some losses oécuf} since loss is dependent upon the
system's current. Lower current paoduces‘less loss and'

. higb?r efficiencies. In all cases, it is best to deliver
necessary power at the lowest current — and, thus, the high-
est volfage:— that is practical. ' ) ‘

, Transfgrmers’, electric motors, and transmission lines
‘all have some inductance. Unles$ corrective measUxes are
'taken the distribution- system behaves,as a series R cir-
cuit, w1th the current wave' lagging behind the voltage\h .o
Greater amounts of lag require larger currents to supplyawk
- the same power at the load resultlng in_ larger losses.
The amount of lag is 1nd1cated by the  power factor described
later in this module. Capac1tors are used to correct the
R power factor by bringing current and voltage back into_phase..
1

Y ? N -

VOLTAGE CONTROL IN‘ELECTRICAL POWER. SYSTEMS ‘ \
1y ‘ - . f,&‘,{'& P v

-~

Voltqgé delivered to the customey varies with the load.
When little current flows, voltage drop along the tranéi
ﬁission.liﬁés is small; the customer receives almost the
full rated voltage of the system. When current is hiéh,
the vgltage dfop along the lines is greater; the customer . %'
experiences.a vo¥tage “drop. Since €lectrically-operated
dev1ces aresdesigned to be most efficient at their rated
voltage, voltage drop. reduces the efficiency of the customer s

\ . — .

»

installation. .

Page 8/P1-01
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‘tomet_is the use of voltage regulator transformers.

&

One method of regulating voltage delivered to the .cus-

These

transformers have output taps that provide a range of volt-

ages. When current 1nckease reduces the output voltage,

voltage ‘regulator transfh\mers automatically change to a

.higher voltage tap to compensate.

Another method that may

be used at the end of long transmission-lines is to install

a series capatitor to correct the power factor and boost

delivered Voltage.

The remainder, of this module discusses the power factor,

of an a.c. powedr system and the use of capacitors to increase

efficiency\and reduce voltage drop.

Y 2R

The current flow through an a.c. 01rcu1t with a constant

REVIEW OF A.C. CIRCUIT ANALYSIS

w

-

voltage is dependent upon the 1mpedance of tﬁe circuit as

given by Equation 1. : ‘

N
"

The impedance
ments:
redctance.

Current,

in amperes (A)

i
A A}

Equation 1

Voltage, in Volts (root-mean-square, [rms])

Impedance, in ohms (Q)

<

of an a.c. circuit 1is composed of three ele-,-

-

resistance, inductive reactance, and

capacitive ¢ -

PI-01/Page 9
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A.C. CIRCUIT ELEMENTS S L :

Figure 2a sho&s an a.c. circuit with a pufely resistive

load. The yoltage and current are in phdse, as shown in
Figurg 2b. Figure 2c is a vector diagram showing the cur-
rent aﬁd\volxage of this circuit. Resistance heaters and

o
\\
) N ' 90% LAGGING
™~ VOLTAGE .
+ \\\‘K 1 ]
£ R 24\ N TN
LA L
O -t |
, ) .
CURRENT
‘ - TIME ———
) ) - - -
a.m Clrcuit ‘Schematic ‘b, Voltage arid Current in Phase:
A 3 a . .

- v o - ‘. B .
” ' . . Figure 2. Resistance in an A.C. Circuit. \\\\\ ‘

incandescent lights are purely resistive loads. The imped-

' ance of .a.resistive circuit is equal to the resistance.
Equation 1 may be used to relate voltage, impedance, and
N current — as illustrated in Example A.
- T -\
* d .

A} r . . . o

% o
' f. Ad ? S

¥s " '

: . .
S 18 .
' Page 10/PI-01’ ' A
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EXAMPEE A: CURRENT IN A RESISTIVE CIRCUIT.
Given:- In Figure 2, the ,applied voltage is 115V and
the resistance is 10Q. C ~
Find: Current ‘ - . 1
, Solution: T -
I=% (=R ’ =
_ 115 V .. ) )
= oo <
= 11.5- A,' . “ 5 ¢
3 . )

N\

In an 1nductor (Figure 3),. the current lags behind
the voltage by 90°. Inductance is associated with the storage

‘ .
- ‘ | r
. : ¥ ) 80% LAGGING
: + \ VOLTAGE A
' . /\\ ; ] b
~ N 1 4

y \\ N .// -, . 1 [ L
. A N

ta Q L\ o > 0%

4
- ’ >
\-CURRENT .

- TIME —
@

o ) 90% LEADING

>

XL =21rft

a. Clrouit Schomaflc b.Current Lags Voitage By 90% S. Vquor Diagram

Figure 3; Inductance in an A.C. Circuit.§
of energy'ih magnetic fields. All Zev1cgs employlng magnetic
fields have some inductance. " The 1mpedance of an inductor

is called the inductive reactancg and is given by -Equation 2.

B / o

- ' , ' PI-01/Page 11




= Inductive reactance
Frequency of a.c. wave
Inductance, in henrys

Example B -shows the use-of; Equations 1 and Z in determining
the current in an inductive circuift. S '

I

o

EXAMPLE B: CURRENT IN AN INDUCTIVE CIRCUIT.

Given: In Figure 3, the applied voltage is 120 V,
60 Hz, and the inductance 1is 0&5 H (henry).
Find: Current*
Solution: X = 2nf¥ .
27(60) (0.5)

\ 1

) ‘
There are: no purely inductive circuits 4n practical
appkications. = However, many common circuits contain a com-.
* binhation of inductance and resistance. These will be .dis-

. .cussed later in this module. ~

?

133
’

_Page 12/PI-01




Figure 4
current leads

[N

shows a capacitive a.c. circuit in which 'the

the voltage‘By QO%TJ The‘impeaapce of a capac-

itor is given by Equation 3.. ' ’

“s
/ x -

; 90% ueequ

, 4
b i J e /VOLTAGE
.
c, .,
‘ y ’ NN s
L d / \ a
@ T |°T N 7 o' =
. ~. -
. . N
: \/ CURRENT
- TIME ———>
' Xc 2-rrfc - »
( a. Clrcuit Schomaﬂcé b. Current ,L.'eads Voltage By

- .1
‘2

9Q°*

-

-

LEADING

"Figure 4.

Capacitande in an A.C.

.5 . 2rfC .
) e ’ A ) ‘
» N " . . b .
, LI *
‘ %
wher'e: — L
XC = Capa@itivé reactance
\ , f.= Frequency
\ C = Capatltance, 1n‘farads

Exdmple C 1f1ustrates the use- of Equatlons 1" and
mine qhe current in a capacitive circuit. .

. .~

. . 3
’
.f )
»
v [ ’ h—
. . [} - .
- . - . . ° ¥
4
>
- b -
. - —
. . . . ¢ »
¢ o .
. . A —_ ~
, ® ¥
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- ’ ? ‘
'
¢ Rd
» . ~
« {
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ERIC ~ ' ’
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%
90°] c..Vector Diagram
Circuit.
Equation 3
y

3 to'dqter-
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. EXAMPLE C: CURRENT IN A CAPACITIVE CIRCUIT )
- - o
Given: In F1gur,e 4, the applied voltage is 110 V ) /.
60 Hz, and/‘ the,. capac1tance is 500 {if (micro- i
farads). # f -
Find: Current. e ¢ » *
Solution: h 1 e o '
. X = . s
C 2nfC. . s
N 4L : ‘
= Eo3 f' .
2n (60) (500 x 10-¢) ., )
: Al
= 1 ¢ A '
0.1885 . . ! .
, Xe =.5.30 ‘ \
= E = 'a‘ 4 ) o » ’ )
I 7 '(Z XC) )
, !
2110 v oo - d
5.3Q : -
I =20.7 A3 ) _ “
» o “ 3
. . N - ) /o . -
], . R . s & -
There are few capacitive”loads., but capac1tors age
routlnely "added to c1rcu1ts to offset the effects of induc-
tive loads. Although 1ncrea51ng the re51stanc§ or 1nductance
of a circuit decreases current 1ncr¢a91ng the capacitance
increases current. . o, " o ~
i . = ' ( v
. f ) | \ K e, N T ‘ ‘ ) ‘ ’ .
SERIES CIRCUITS . . g » ,
~. Figure [5a is the circuit schematlc of a series c1rcu1t ‘.
contamlng a re51stor 1nd:uAct_Qr,,§lld_ capac;.tor_.,- Slnce - ]
‘the same cuﬁrent flows through a11 three components all . .
7 ) . - e
’ ' ’ l'\ ’ ‘4' [ - ‘ '
. - » . o ) £ .' A . -/;
Pa’ge 14/PI-,41 A ¢ 22: v ‘
VL =f‘.~:’ T s | IR
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v

o

currents must ‘be in phase.3

¢

\ v

Figufe S5b is a vector.diagram
of- this circuit. The total c\\cult impedance is given by

Eﬁhatlon 4. . -
/ . :
o M ¥ )
% -
L\\P\ »
o Er= VER+E-Ec?
l , l
!
L * e 1
b ﬁ‘fL
¥ EgR
~_
Eg
- —— X, - Xg) €L - Eg)

a, CIrculi Schematic

b. Vector Diagram of
impedance 7

¢. Vector Diagram of
Voitages

Figure 5.

.
cuit .

capaciti¥e reactance are equal,

by Equation 5.

<

2 = VR + (X - X)?

/ .

(4 .

.
—_— — - i
)

Figure S5c is a vector dlagram of vg;zages 1n)the cir-
Voltages on the inductor -and- the capac1tor are 180°
«out ‘of phase with oné another..

Series RLC Circuit.

P

Equation 4

~

~

If ;nductlve reactance’ and
.the" two voltages cancel™
one another; the-voltage ‘and current of the source\aré in
phaée with the total voltage applied to the resistor.
inductive feh;tance and capacitive- reactancé are not equal,
“the phése\aqglé betweén the current and woltage is givén\

If §

PI-Q1/Page 15
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t'rilt'rl
-] |

COS o

o

Equation 5

*

& : - .
M - "

The relationships between the voltages in the circuit are\;

given:by Equation 6.

“\

e

" “
/' v ’ ‘.

E. =\/E

2 - 2 s . .
T Rt (EL ét) /’Equatlon‘G

e Example D illustrates the use of Equations 4 and §
to solve for the current and voltages of a series RL cir-
cuit. / v .
EXAMPLE D: -SERIES RL CIRCUIT. to -
Given: A .series RL circuit has the following values:
- E =120V : -
R = 109 .
=" 1
‘ XLJ = 4Q
Find: g. Circuit current
. b. Phase angle *
e o .
. Voltage on each component
3 - = e
” : ,
L]
‘t" ) L9
N
'y - L



\

Example D. Continued.

Sol&@&on: a. 7 =+ R% +7X;? (Equation 4)
- Vao™= o -

o - = V116 ) T

.Z'="10.77Q , )

Nll'rl‘

b I = (Equation 1)
f_ 120V
10.77Q

N I = 11.14 A. B \ /’

_R
b.. COS 8¢ 7

_ . 109
- ‘ 10.779

Cos 6= 0;9285 ’ .
6 = COS™! (0.9285) -
& = 21.8°. ) - .
" Current lagS'the voltage by 21.8°.

o ’
c. Voltage on each component may :be deter- v ]
mined .using Equation 1: !
s . Resistor - —— Inductor
; B TIR B, = IX
T = (11.14 A)(49) ='(11.14 A) (49)
. Epr=i111.4 V. *Ep, = 44.56 V. .
1 - * P
¢ <
". o ' ).’. ) *
25 PI-01/Page 1?




-——

?
- Example D. Conti

~v

\

S A The probl¥m may be checked by u51wg Equatlon S
‘ for voltages. j . ‘ _ .
\ Eg. | . ! '
' ET S 5 “(Equation 5) . o SR
- _1114V '
. ~ 70.9285 T ’
E. = 120'V " Problem checks. B

)

Equation 6 may also be used to check the .
- . ) _(E

problem.

ET —-V/Ehz + (EL - EC)2 ' (Equation 6)

1ﬁ111.4)2 + (44.56)° . ‘/\p
1 C /14,396 . e

120 V. Problem checks. -

™
3
"

)

PARALLEL CIRCUIT S \ 2

{i:?\/*.‘ : - \& | : ‘ ‘ |

A

’\

- . Figure 6a is the schematic diagram of E?parallel RLC -

\e

circuit. In this c1rcu1t, the same voltage s app11ed to

alllcompohentsn Voltages for all are in phas Currents
are out of phase, as shown in Figure 6b. If 1 ductlye.yeac- -

tance and capacitive reactance are€.equal, curr ts\ere of . o

equal magnitude. Slnce inductive reactance a YC&p&Clthe .*%?

reactance are 180° out of pﬁase, they eéncel each other, ;” .

and the source current is that required by the resistor. jf ) i
_only. " o ’ . L I -

. ~ o

\ ) . . 'r . . \ * y "": . - ’l
- ">‘ / " B \ * - ) o
Page 18/P1-01 \ - - <b : :
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o
&
9 g —
- 1
A/ t
I,
1]
"v
R L c

@ . :b 4'9 ’:

. 1 (Ie-1) i

i

‘;‘ B ¥
2 2
) : IT‘\/&'R"'(IC"’IC) &
. i —
y
I
a. “Cireult Schematic b. Vector Diagram of GCurrent
o Figure+6. Parallel RLC Cizcuit. "

A

mining the current of a parallel RLC circuit.

s

L 4

1

Tﬁe rJ&ationships between the currents of the parallel

circuip—are~giveﬁ“By'fhuation 7. -

¢

, I ='\/ER2 +.(IL - IC)2 Equation 7’

5

Example E illustrates the use of Equation 7 in deter-

/
— — ” .

“/

PI-01/Page 19
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EXAMPLE E: PARALLEL RLC CIRCUIT.

Given:: A paraile1<RLC circuit has the following values:
k . . ’ .
"E_ =1
o T 120 V
R = 5@ = ' .
X, = 209 . '
Xo = 150 -
. . b4 .
/ﬂ%ind: a. Current through each component
"b. Total current Y // )
c. Circuit impedance J
Solution: a. Thé current through each component is deter-

mined using Equation 1.
o !

I, = & I, = & I, = &
R "R L X c X ’
. 120 V + _120v -~ _ 120V
50 200 150
¢ Ip = 24 A I, = 6 A Io = 8 A.
-
' ' = 2 . 2
b. I "f\/ER 3y - 1) (
= ez (6 - 82 Ve
4 Tp = 2008 A

c. Find total impedance using Equation 11

y_E_ ) ‘

I f
- _ 120V ",
. ' T Z8.08 R -
Z °= 4098 Qo LS
3 L
e 29 -
Page 20/PI-01 : -
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POWER, FACTOR AND SYSTEM EFFICIENCY
Y, > \

. -

L /- N .

The paewer factdor is the ratio of the average (or active)
power/?B\the apparent(power (root- mean- square voltage. times
rgot-mean-square current) of an alternatlng current circuit.

S . 4 »

POWER IN A.C. CIRCUITS o o

- Power in a circuit Jis the product of cygyrent and voltage.

Figure 7 shows the voltage, current, and power of a pure

c1rcu1t as functions of time.” Since the

resistive a.c.
current and voltage are in phase, power is always positive.
The area under the power curve represents the energy trans-

ferred to the resistor.

o
INTO RESISTOR ~
+ .
L]
0.
A \ /
9 \_/ -
: CURRENT :
voLTAGE” —

. TIME ——> .

.
-

Power in a Resistive Circuit.

»

Figuré 7.

v
3

Figuré 8 is a similar diagram for a pure inductive

cirtuit.. When current and voltage are both positive or

bdth negatlve, power is positive and energy flows into the

- - /\\

—

PI-01/Page 21
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inductor, esIablishing a magnetic field. When one of these
quantities i; wositive and the other is negative, energy
flows from the inductor back into the power lines, décreas-
ing the magnetic field. Although current is flowing through -
Jthe inductor, no net power is transferred to the inductor.

]

The same is true of pure capacitive circuits.

-

.| . VOLTAGE ENERGY INTO INDUbTOR
CURRENT

POWER

ENERGY OUT OF
INDUCTOR

»

. Figure 8. Pqwer in an Inductive Circuit.

-

Most a.c. circuits include both resistance and induc-

tan¢e in series. ,Both electric motors and fluorescent light
behave electrically as series RL circuits. Figure 9 shows
tHe voltage, current, and power in such a circuit. ‘The

true power 1A the circuit is the 3‘wer of the resistor.

The power re%ultingff;om the energy flow into and out of
the inductor is called reactive éB%er and accomplishes no

work. This'ﬁower increases current flow through the con-
v . L
ductors of the system and, thu 1ncreai§s losses and voltage

drop. .

>

.

.

Page 22/P1-04
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. 5
E 4 <

- ’

ENERGY INTO INDUCTOR
AND RESISTOR

- " "N ENERGY OUT

- CURRENT
. OF INDUCTOR

vou;AGE/ ‘

Figure 9. Power in a SQFies RL Circuit.

©

POWER FACTOR

5:-@ -

e )

The apparent power of a circuit is the product of the
circuit voltage and amperage. Figure’lo shows the relation-
ship between apparent power, .true’ power, and reactive power.

’

P3

v s

. A o 3t
REACTIVE' | . ;
power | ot | POWER FAGTOR® — = FOWER _ 54 o
(VARS) | _on¥&X g ! ) APPARENT POWER .
> R |
. :.L— s v
TRUE POWER

~ .




ol ' ) " . I
The anglé‘Q is the phase’éngle,béiween the current and yolt-
age in the circuit. The power factor is defined as the
fatio of true power to_apparent power and is equal to the
cosine of the phase angle. If the voltage, curréﬁt, and
_power factor of a circuit are known, the true power may :

be calculated using Equation 8.
4 \'./ Y

- Y
TP =ExIxPF - § Equation 8 ) \
where: .

= True powe;///// - .
PF Power factor

Example F illustrates the use of Equation 8 to deter-

n

mine true power. .

. EXAMPLE F: POWER OF A MOTOR.

Given: A 5-hp electric motor operates at 220 V with-
a current of 19.3 A and a power factor of 0.09.
The wires. carrying current to the motor have
' . a total resistance of 0.5Q. .
Find: . . a. Apparent power
b. True power of motor.
c. Voltage drop in power lines
d. Loss in power lines

32



Example F. Continued.

Solution: a. Apﬁarent power ... AP

= EI
) = (220 V)(19 3 A)
: ' AP = 4,246 VA.
’ " b. True power ... TP. = EI (PF) R
R = (220_V)(19.3 A)(0.9)
TP =3,821.4W.
- c.  Voltage drop in lines
E. = IR
= (19.3 A) (0.59)
\ E = 9.65 V. a
There will be a voltage drop of 9.65 V in
P ’ the power line. To 'deliver 220 V at the
L motor, the source must have a voltage of
’ ' approximately 230 V.
d. Loss in lines
P = I%R .
“ = (19.3 A)2(0.5) ,
. P = 186.2 W.
' IMPROVING POWER FACTOR WITH SHUNT CAPACITORS
p .
A power factor of }.0 is the most efficient for an
a.c. poyer distribution system because it prqguces the mini-
mum line current. Figure 11 shows the most common method
of correcting.the power factor of an a.c. circuit. A shunt
capacitor is added just befpre the RL load, ‘as shown in
o | v ) . ¢ )
i .
) : ) .
. ’ ‘ 353 PI-01/Page 25-
O
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N
A N—1§
. A ).
. ‘d S S .
. \\'\ : - ]
. . R |
. \ | L
\ E ! 1) :’ LOAD
®- oL N
» l .
l .
I L |
| i
|
b—- = - AN
( ) ‘
P2 .

Figure 11. Power Factor Correction
by a Shunt Capacitor.

&h
the ‘load, but will reduce the current through the distribu-
tion lines amd the resulting voltage drop. Example G illu-

Figure 11. This will not greatly change the current throu

strates—-correction of power factor using a shunt capacitor
to provide reactive power, to offset that of the inductor.

[ . N . ‘a
b

i

EXAMPLE G: CO§RECTION OF POWER FACTOR
WITH A" SHUNT CAPACITOR.

Co Given: . ., The load in Figure 11 is the motor. of Example F
with an operating voltage of 220 V, a current .
19.3 A, and a power factor of 0.9. The resis-
tance of the distribution system (Rd) is 0.5%.
Finﬂf\\ a. Value of capacitor to give a power factor
’ of 1.0 .
b. Voltage drop in power lines .

~

c.” Loss in power lines

Page 26/PI-01 ~
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Example -G. Continued. . e~

e

3

Solution:

»

a.

Capacitaﬂﬁe (£rom Figure 10) K

.

. RP'= AP? - TP? L

(4,246) - (3,821.4) (from,Example F)

-

3,425,418 ~

1,851 VAR ° (Volt-Amps Reactive).

v

]

RP-

The shunt capacitor must sSupply a Teactive

power of 1,851 VAR.

The reactivé-power of the capacitor is
given by ... ’

— < ..
RP = IcE °

" ~

€ ‘ s
_Thus, the capacitor current must be ... :>

RP

1. = RP .
C —E
C -
_ 1,851 VAR
ST R
L Ig = 8.41A. - " "
The capacitive reattance is then ...)//
> Ec
X. = =%
) C . IC
220V
8.41 A
X, = 26.16q -
)
OC - Il ’
anxc -
f -— P : .
| " 77 (60 (26.16) @ -
8 . 1 . ,
9,862

S C = 101.4 wF.

4




|
|

b

Example G. Continueﬁ

A

f
J
|
b

A shunt capdc1tor nf 101 4 uF W111 correct

, )the power factor of the’ system to 1.0.

P
’

Voltage drop ... - .

*With the power factor'corrected the deliveryl}.

system must prov1de only er enough current to

p{oduce the true -power.
_ TP
~ E.(PF)
3,821.4 VA

1220 (1.0)

17.4-A.

r

The Vbitage drop in distribution system is
given by ... | ¢ . d .
E = IR
(17:4 A)(0.50)
8.70.V.

Line igss
) - ¢
= I°R .-
(17.4 A)2(0.5Q)
P = 151.4 W.

Compare the answers for parts b and c to the
values obtained in Example F. Both voltage
drop and power loss are reduced by the
.addition of the capacitor. ‘

-

[ 4

Page” 28/PI-01
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IMPROVING' POWER FACTOR WITH SERIES CAPACITORS

The use of shunt capacitérs is the most common method
of correcting power factor. _However, in"some.casps,.it
- is desiraBle to improve the power factor and increase the
delivered voltage. This is mbst often necessary at the
end of long distribution lines carrying relatively small
currents. Flgure 12.shows a capac1tor connected in series
with an RL load to correct thq power factor and increase
the dellvered voltage? gxgmple H illustrates this method -
‘ pf power factqr correction.
A) . L

Rg

—{
J

¢ . .
J : - NN

Flgure 12, Power Factor Correction

by a Serles Capacitor. . ot
<
—— - - bl
J ( EXAMPLE H: CORRECTION OF POWER FACTOR '
WITH A SERIES CAPACITOR. ' :
Given: The motor from the previpusiexample is operated

at the %pd of a long power 1iné witN a resis-
-tance of Rd = 1 5Q. Motor specifications are ...
E = 220 V, I = 19,3 A, PE = 0.9, TP = 3,821 W,s

AP = 4,246 VA, RP = 1,841 VAR. Because of the ,
voltage drop in the lines, only 200 volts are . | .
availabég at the site of the motor. o

\ - L
- . . )

' . ‘ . PI-01/Page 29
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“Example H. Continued. ™ \
. ~ " 1 M
Find: a. . Series capacitance to\ give a power factor
. of 1.0 ) ot .
X b. Voltage at mot tefmi als with capacitor
- . in place ";\L oL '
~ . lSolution: a. Capacitance \ ‘
’ In-a series RLC circuit, the power factor is ,
170 when X, = X;. Determine the value of X, -
The reactive power of an inductor is gi&en
by ... » . .
; RP = Ip Ep
Thus g, =X 7 .
L C
_ 1,851 VAR .
19.3A d -
. B = 95.9 V. ,
During normal operatiqn, the inductor voltage
is 95.9 V. 'x "EL ’ -
‘°L IL
_95.9V _
19.3 A . ’
. LY .
X, = 4.97Q. :
,,L L — CE

-t - . ! R N .-
The capacitive reactance shoqlggthqﬂ Be 4.97Q.

. ® h . : 1 . . = B B
“ C = . - .
2'“"EX('_: Q
v A - = A : 1 = {
T .97Q

C = 534 uF, °




L]

Example

H. Continued.

b. Voltage at motor terminals ...

!

{

.

" The true power of the resistance load is

‘Lgiven By ce N c ‘
", -TP=Ip B )
Thus,  during normal operation ... .
- ' TP “«
. Ep 7-12
‘ RTT
: _ 3,821 va ¢
, : TI19.3A : 4
'ER = 198 V. . C
.The resistance is then ...
-E . ..
R = _I_B. . . .
o R : . .
_ 198V c
19.3 A R _
. -~ R = 10.269.
t -

The .circuit with the
capacitor in Series

‘may be represented. _
-~ by the diagram ‘at Xg =4.970
»
. the 'right with a
source voltage of R=10.260
200 V. The voltage \
“delivered to th o
e11Yere to the. motor X §4.970
is the voltage (Vm) . VoY
PO ” .~
" acrQss the resistor

and indﬁctor'ina
seRieg (Em). Solve
. for Em. . v o C %




3

Example H. Continued.

¢
)

-
) *Circuit impeddnce :
1 }
Z_=:N/R2 + CXL‘- XC)2 B (Equation 4)
= A/(10.26)% + (4.97 - 4.97)2 °
\ ; . N
‘ Z = 10.26Q L ! .
X ' ‘
N I = %, . (Equation 1) . ’
. _ 200V
. . 10.26Q
» I =19.5 A. '
- T - Galculage voltages on-resistor and ‘inductor.
- . ; ’
. , - \/\ -
‘ Ep = TR™y ) Ep = IX, .
.- = (1915 A) (10.26%) = (19.5 A)(4.97Q)
ER = ?00 V. EL =;96.9 V ©ooa
Determine Em. &
Em ='W/ER2 + EL2 + (Equation 6)
\ = 1/(200)2 + (96.9)% ,
| Em = 222 V. '
(.3 - . ' °
,\\ Adding a capacitor in series corrécts the
. \ power factor and increases theyﬁoltagg deif' -
livered to the RL part of the circuit. The
motor has an applied voltage of 222 V, even
¢ i 8 o
> though the total voltage actross the RLC
series gircuit is“only 200 V. ' .
- Fu :

-
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THREE-PHASE POWER

Electrical power generators produce three-phase power
and all distribution is three-phase — except the final dis-
tribution circuits at 120 and 240 V. Three-phase power
results in a more efficient distribution system and a smoother
power delivery. Power factor correction of three-phase
systems with capacitors requires three capacitors (or sets
of capacitors) with one cgnnection between each pq}r'of
phases — or with a connection 'in series with each phase. -

Current in a three-phase system is the-current flow-
ing in one of the three conductors. Voltage is the phase-
to-phase voltage. 1In this case, the trué power is given
by Equation 9. .

L4 ’

P =1.73 IE (PF) - Equation 9

True power
Current, in amps
Voltage
Power factor
T '1.73 = Cgnstant
‘Example I illustrates the use of Equation 9.
. ?

-




Given: A 10-hp motor has an efficiency of 92% and a
; "~ power factor of Q.9. It is operated on 220 v,

EXAMPLE I: CURRENT OF, A THREE-PHASE MOTOR. ‘
3-phase power at 85% of its rated load. I

) (1 hp = 746 W) RN
Find: Current <:;Z}

Solution:' First, determine the true power consumption of !
the motor. . "

(10 hp) (Z%Q-E)(o.ss)

6,341 W
_1.73 IE (PF) (Equation 9)

P

P
P

~ N

P -

4
4 ' I =737 om) \
\\\ - ' _ . 6,341
' = t1.73)(220) (0.9 .

18.5 A.

—
n

SUMMARY

Electr1ca1 power distribution systems are RL cirduits.”
Inductance 1s present ‘in motors, generators, transformers,
and in transm1551on lines. .Inductance results.in a lagging
power factor. i )
‘ The reactlve power of the system dées no work, «but
does increase current through the conductors of the distri-
bution system. The power factor can be corrected to 1.0 ..‘/;;>
for the minimum current .(maximum efficiency) by including’ -

1
v o capacitors .in the’ circuit near the load.
. e - M
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This reduces voltage drop in the power lines. The

capacitor is chosen to provide‘the same reactive poﬁer as
the inductance of the circuit. Power lines must then carry
only the current necessary to deliver true power. —

The capacitor is usually connected in parallel. How-
ever, series capacitors are used at the end of long lines
to boost the voltage delivered to an inductive load.

Power factor correction is an important technique in
1mprov1ng electrléfl system eff1c1ency

-~
‘¢

——
R -
o
‘./
.
N .
4 -
' ’ L
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?
[
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~
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CL - EXERCISES

1. . A series Ri c1rcu1t has a r851stance of }OQ, an ‘'in- - c

ductance qf 0.2 H and an applled vo&Fage of 120 V. '
«+ Find the following:. - . 3 . 1 - .
a. Indictive reictance S -
., b. Impedance _ ' . | a .

c. ~Curre?t ‘ E4120V . Q R=100° _—
d. Voltage on resistor ' (52) : ' ’
e. . Voltage on inductor . ) ~
.. Phase angle T L0.2HO s
g. Power . factor ) - .
h. True powen
i. - Reactive power e ‘ i

2. A parallel RC circuit has a resistance of 10Q, a )
- capacitance of 100 pF, and an applled voltage of
110 V. Figpd the following: o ‘ " -
a.” Capacitive reactance ‘ ' \
b.  Current through resistor Es110V] g9 | ;__w“'#_;mﬂ
Ce Current through.capécitor ' g = o .
d. Source cﬁrrent 4 G=100uF .
e. Circuit impedance ~ '
f. Powé}afactor” ' _ _ y -

‘3. A’single- phase motor has-a power factor of 0.86, a -

current—of 9.2 A and a voltage of 120 V. Determine -
the followxng

"

} . a. True power
. b. Reactlve power )
. c Shunt capac1tance for a power factor of 1.0
I SerléEAEapac1tance for a power factor of 1.0° ]
. e Voltage applied to a motor with series capa&ltor '
4

A

in circuit

e ’ ’

T . PI-01/Page 37 ‘,
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4, A three-phase motor rated at 5*hp operates on 230 V
. with a power factor of 0.92 and an efficiency of 87%.
- - ) What current does the motor draw at.full load?
5. Amotor is rated at E = 120 V, I = 12.2 A, PF = 0.9
It is operated on a long distribution line with a spurce
voltage of 120 V and:a line resistance of 1.5Q.
_Determiné the following ‘

a. Resistance of motor
b. Valtage available at motor w1thout power factor

, correction ‘
. c. Series cépécitance necessary for power factor
correction’ ‘
d. Voltage available at motor with power factor . /
correction

>~

LABORATORY MATERIALS

120 V a.c. outlet, with switch — " =~ - e
229, 1-W resistor '
1, 00097 15-W resistor

2-H (henry) 1nductor, 120 mA (m1111ampere), maxigum current
Several capac1tors in the range of 1.0 uF to 5 5 uF,

120 V a.c. . ) ’
. VoM. :
AC. milliammeter,“0~1oo mA ‘ J ‘
Connecting wires ) ) 3 ’ \\/
” -. . ‘ “' .'2 . \ - N ’ |
- | Y
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oo 7 LABORATORY PROCEDURES

1. Connect the components
as indicated at right.
The 22Q fresistor will
. represe the resis-
( tance of the delivery
- system. The 1,000Q
< resistor and 2-H induc-

L22H

. tor are the load.

2. Measure the resistance.bf the load (resistor and in-
ductor in series) and record the value in Data Table 1.
3. Glose the power switch and measure the voltage of the
source, voltage en the load, voltage dr0p in the power
- line (229 resistor) and the currentl’ Record these
.- values in Data Table 1. Open thé poger switch. .
4, Calculate the circuit parameters to Egﬁplete the first
section of Data Table 1. Calculate the value for the
T - -—-series capacitor for power factor’ corre;tlon as- 111us-v
‘trated in Example H. Calculate the value for the
parallel capac1tor for power factor correctlon as illus-
trated in Example G. . ‘
5. With power removed from - 7
the” circuit,. select the

proper capacitor for . ’ Ry *
parallel connection to E) ‘
give a power factor <% . |
1.0. .Install jt in . L
, circuit as showh at

H

. [
o -
-+

"right. Record the capac- . (™A -
,itance in Data Table 2.

PI-01/Page 39
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6. Energize the circuit and measure voltage on -the load,
" voltage drop in the line, and current. Record in Data
Table 2. Open the power switch. X
s 7. Complete Data Table 2 following the previous procedure.
’ 8. Wlth power removed from the circuit, select the proper
capacitor for S series con-

"/,""JV\AW"":L Cs nection to give a power factor

. k ] ] of 1.0. 1Install it in the
, 2
‘ (EE) . circuit as shown at left.
' . Record the capacitance in
- Data Table 3.
(ma) :
. S . ‘
} 9. Energize the circuit. Measure and record the vadues
specified in Data Table 3. ’
10. Disconnect the circuit. Complete this sectlon of
Data Table 3. . J
11. -Complete Data Table 4 to compare losses in the three_
N / - — ...~ circuits, . o e
- N
” ?

17

. . \
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. - DATA TABLES

DATA TABLE 1. RL CIRCUIT WITH NO POWER
FACTOR CORRECTION.

MEASURED:  Resistance of load ... R, =
Voltage of source ... \Es =
Voltage on load ... EL =
Current ..: I = -
Voltage drop in line ...

[N 2 ) Ed=
CALCULATED: Apparent powér .o
AP = EL I = @

True power ... TP = I? RL =

Reactive power ... )
RP = \’APZ - sz =

Power factor ... PF = %%

Phase angle ...
' 8 = COS™! (PF)
VALUES FOR POWER FACTOR CORRECTION:
' Series capacitor ... Cg-=

L]

Parallel capﬁcitor . CP =

-

o




<

DATA TABLE 2. - RL CIRCUIT WITH
SHUNT CAPACITOR

L
Capacitance: '.. CP = ’
’ - . L] '
MEASURED: -Voltage on load ... E, = :
' Voltage drop in line ... Eq = ;
i Current ‘ I= {
CALCULATED: Apparent power ... AP =
True power ...- . TP =
Reactive power - RP =
Power factor ... PF =
hY - .- Phase angle ... : 6 =
. * == ’
, . : "R \\
" DATA TABLE 3.° RL CIRCUIT WITH
. SERIES\CAPACITOR.
Capacitance: Cg = £ -
MEASURED: Voltage on load ... E, =
; ‘ . - Voltage drop on line Ed =
Voltage on capaC1torm$$g. E, = ‘
Current ..& A o '
. . - ° ’ M“"% -~ .y
TN CALCULATED: Apparxent power ... AP =
. ' . True power ... . TP =
‘ f/ T React’ve povwer ... RP =
' PF = {
6 = -
T A ) "\
a5 ,
. ﬁ .
: S v 49 “ B
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DATA TABLE 4: COMPARISON OF,CIRCUITS.

i @
. % Loss
o . > True Line Loss Total Power Pl
ircuit R ower . P, = I TP +°P ’ x 100
) . A
R O B TP+,
- [
RL Circuit W\~
~Parallel Capacitor . ) i
Series Capacitor/' 2 R .o ‘ ’
< ' . ¥
y REFERENCES
L4 g
%) ‘ N - .. . . "4 Lt N - -

@ -

. s % - .
Commonwegl%h Edison Company. Power Plant Electrical Funda-

B mentals.: Books 1 and 2.

Commonwealth Edison-Co.,

1979, -

-

Pansini, Anthony. J. Basic, Electrical -Power Distribution,

—~ Volumé I. Rochelle Park, NJ: H

e

a
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. .
- Y s,
.
Bt - s
-4
.
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< . .
~
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_ N . TEST
Please circle the appropriélszanswer.l\\\if\\«
1. In-the circuit a¥ the right, the voltége on the in-
- ductor‘is ... ; : ‘o
. ) . RS 500,
a. 120 V. © o BY et
b, 117 V. Es 120V Re100
‘c. ' 88.3 V. F=60Hz @ Coon
. .02H
do 6‘2.2 Vc'
, e. 41.6 V.
2. In thé circuit at the right, the total current is .'&
“r . a. 1.2~ Ao £ - —

. Fs80Hz .
3.6 A. .

2.2 A,

L

b
c
d.
e

J3.— A single-phase motor with an efficiency of 86% delivers

” )
\\/' . 3.4 Ao * .v} )
. E=120V \ * Re1000 ==
. 4.6 A. (EE) ‘ CaTut

€ Corr™

.

T 7~

a power of 2.63 hp (1 hb =.746 W) when operated at
}%é V with a current of 11.5 A. Determine the pewer

factor.
. a. 0.88 )
" b. 0.65
c.” 1.14
‘d.- 0.85
N e. 0.94 . S
- ~
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4. A three-phase motor has phase-to-phase voltage of 440V
~and a current of 132 A. (It has an efficiency of 91%
_and a power factor of 0.89. Find the output horsepower.

~ a. 119. hp
. -b. 78 hp Ny
¢ 80 hp .
) d. 76 hp | ) / )
, e. .109 hp '~
5. A motor has an apparent power of 4 kW and a power factor

of 0.9. Find the reactive power.
a. 3,600 W

b. 400 W
) c. 1,144’W“
d. 1,432 W ' .
T e, * 0
) 6. A single-phase’ motor operating at 120 V with a ¢urrent
R .7 T7of 17 A has a power factor of 0.91. What value of
. shunt capacitor will correct the power factor to 1.07

a. SSOUF - B S
b. 1,560 uF :

£7 15.6 wF . "

d. 5.5 uF : .
) (e. 1.67 uF . o : /)
7. The same motor in problem 6 is installed with a series

capacitor to correct the power factor. The value of
the series capacitor is ...
- a,---380 pF.—— - - .

b. - 905 yF. ’ ,
) c. 38 uF. - . T
d. 90.5 wf. = -
, e 1,560 .uF.
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. 8. \\ﬁsing*a series capacitor‘for power factor correction ‘
| - will ... | ‘ DS
. \ ‘a. increase delivered voltage. _
.0 b. \ increase line current. : o
A c. increase power loss in transmission lines. v
\\ d. increase efficiency of power delivexy system.
v e. All of the above are correct. §, -
R £. Only a, b, and d are true; c is falsew v

N

9. 'Using a parallel capacitor for power factor correction

-

will ... C e
a. increase line current. - o
" b. decrease power loss in transmission lines.
1 “c. reduce voltage drop.
g d. All of the above are correct.
e. Only b and c are true; a is false. .- °
f. Only a and b a}e*grue; c is false. d
10, ~ Th most practical applications, power factor correction ,
is ... ' ' .
a. an unprofitable waste of time. o -
4 ~
. b. accomplished by shunt capacitors. '
c. - accomplished by -series capacitors. - ¥
d.. unnecessatry as .inductive and capacitive loads ’ ’
) in most systems tend to balance. .
! \ - ’
. . . % \\
- | )
’ - [ :
PR - . \ - Y ) - #i
: v ’ \ . a o ’ }
N , . R \ . L b . .
AR ; K N\
- & . . ‘. “ - hy
> - . ! ,
; . o
v ’\} ) -
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o o ___INTRODUCTION

+ . -

Electrical power is such a common convenience in this
countyy that most peop1e never think about what is requ1red
to deliver power to the customer. ‘Electrical power trans-

" mission and distribution systems are complex gand_ sophisti- -
i cated networks. .Networks spread throughout the area served
. . and interconnect to’ other areas, prov1d1ng reliable power

at proper voltagegs arnd the hlghest e££1c1ency possible.

- u.,m,,PI 02, "Electrical Power Transmission and Distribution,"

describes the major components of transmission and distri-
Jbution system% — including transmission lines, transformers,
circuit breakers, switches, voltage egulators, and controls.

¢
e

to " It'is not .the intent of this module %o promide a detailed

e descrlptlon of the entire system.or its operation. Hundreds
' of books haye been writt®n on the subJect and new ongs are
publlshed continuously. Slnce the e1ectr1ca1~power industry
is in a cOnt1nua1 state of development as new produtts and .
- procedures become available, current information on thé

state of the art may - be i%und in.a var1ety of spec1a11zed

periodicals. . ) ' R
v This module is intended to 1ntroduce the student to

<
the basic.components and practices that are common through-
. out thé 1ndustry ‘and .to prepare theé student for a more

deta11ed description of the equ1pment used in industrial,

- o

commerc1a1, ‘and re51dent1a1 Settlngs. o -

The laboratory section of this module consists of a
field tr1p, to one or-more substations, where the student
; 'w1ll observe the equlpment descrlbed

. - -

’ ' ‘ L \ 55 PI-02/Page 1~
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PREREQUISITES -

- .
¢ .
LI

The student shodld have completed Module PI-01, "Effi-
ciency of Electrical Distribution Systems."

. B /.—'

S ) |
OBJECTIVES

L3

Urgn,aompletigg;giixhismmqgglgl the student should be

.

able to: _ <

_ 1.! Sketch a diagram of an éeléctrical power “transmission 00 77
-and distribution system — 1nc1ud1ng generating statlons,
switching statlons, di'stribution substatlons,_tle lines

. N >
’ to other ut111t1es, and distribution c1rcu1ts. .State .
» " the approxihate voltages present in ‘each portion. of the
F4 T ~ ’
. System. X - , . .

2.  Sketch, describe, and explain the functlon of the fol-
low1ng system components:, - )
- a. Lightning arresters
b: * Transformers- . , .
c. Voltagé regulators - '
d. 0il circuit breakers
e. Airblast circuit breakers

f. Gas circuit breakers.

g -Di S‘C“O‘n'n‘e_C‘t—’SWi gch'e‘s oo e e e

h. ~ Motor-operated disconnects —_—
. i. Voltage'transformérs .-
. 1 .
j- Current transformers .

3. Explain the factors resulting.inia leédding or lagging
’ pﬁh&r factor in the distribution system 'and the methods

AN used to correct the power factor at the substations. .

- J .
4 - - e




- B i
¢ - * t s . ~8
- 4
4, Describe the construction of the towers and cables
r used for electrical power transmission. , )
5. Given a schematic of a substation, identify the symbols -
for the major components — including transfermers,-
°. circuit breakers, switches, and voltage regulators.
6. Visit a substation and identify and sketch the-compo-
nents. Describe the operation of the station.
. s ’ N\ -
“~ ‘ i
. ' . 0
A . .
<
‘ *
. | " L
. ' Lo
— T " A . L] L4 - * A
, .
* , N
- . . T
/
’ )
‘ ¢ - </ ‘ .
- s . . . - i ’
\ . . 3
’ '] P ‘ - ¢
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{ | SUBJECT MATTER

- ]
~ TYPICAL TRANSMISSION-AND DISTRIBUTION SYSTEM

o

~

Figure 1 is a diagram of a typical electrical power

transmission and distribution system. This particular
system contains three generat1ng statlons,Lpach produc'ng
an electr1cal power at 20,000 V. This voltage is raiged

r e e v e oo

*to 138,000 V for transmission. At switching substatibns \\\\
this voltage “{$ Teduced to 69, DOO”V’for transmissIon t6
d1str1but10n substations.

_In some cases, subTransmission voltages of 35,000 V

S0 be used. The actual voltages -used in any system,

ot

in any part of a system, depend upon the distance the

« " power %s 'to be transmitted, geographical considerations,
climatic conditions, and government regulations. D{sﬁri-
bution substations further reduce the voltage to 13,800 V
for distribution to customefs. ﬁ

The figure also shows a tie .line to an adjacent utility.
Eléectrical power~systems are not isolated, but are connected”
in a power grid that covers the country. The lines connect-
ing these systems together are usually operated at high '
voltages because of the long distances involvéd. Some extra

‘high voltage (ehv) lines “opérate at voltages or 735 kV.
These lines are used to supply pod%r from adJacent companies
when the local ut111ty cannot meet demands. .Utilities usu-
ally-do not like to take power from these tie lines unless
the power has been contracted for in advance; rates are,
h1gher on a short- -notice basis. -

Qf’However, in some cases, substant1al amounts of power

are\dellvered by these lines on a routine basis. Often,
N\

\
A

L ' ' N . ’ 9
' PI-02/Page
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R Gen. Sta. 1t B ' |
20,000V, '
LN = [ Dist. Sub. “E”
"‘ ’ * i Ly <l T ) ‘
.+ Dist.Sub."A 138,000 V. . 138,000 V. /7 —_—
. . Dist. Sub. "8 . // Dist. Sub.."G" - ’
(] . - \\ / ' v
~ 7 P ) Switching ,'. .
. ~ r AT 7 Station C Pas
: ~ “  138,000V. 7 250
v Switching Station A_ - - b
e e Ld N ced N e N
P ’6’!0 . Switching Stotion 8 SoN
~ 00 ~ —00
” SNy \] 0 v R
” -~
. ) ~
. . 5 ’ weee  Dist. Sub. "H”
Dist. Sub. “C” i ‘ Diat. Sub."F LY
. : ou:&m'®"| 18
C oyt <
- l @ m——— o e Dist, Circuit No. 101
= - ! o e Diss. Clmm No. 102
229,000 'S l
' Underground Coble
Inférconnections with . ' .
odjocent Utility 138,000 V. l *
\ . Company . e
: Gen. Sta. il ", ! \3:“0 Yoo pim. Circvit No. 103
. ' o~ r~ .
' N ‘ 20,000 V. ‘ . * Pole Top Transformers
. . _ ) 1207240 Volt
. Secondary Moins
138,000 Volt Lines !
—— cvn wn w 69,000 Voit Lines .
- e e 13,800 Volt Lines
- mpeembeny  120/240 Voli Lines

120 or 240 V. Services - Services —=

Abbreviations:
Dist. — Distribution . . .
Gen. Sta. — Generating Station Wott-Hour Meter
Sub. ~— Substation
- ’ .= Volts-..._ K Customer's Wiring

Figure 1. - Diagram Qf a Typical Transmission
. and Distribution System. .

‘e
s
VT
’
¢
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‘utilities purchase large amounts of power from companies .
that are large distances away. Thi; power may be trans-
mitted over the lines of several companies that are located
; between the producer bf the power and the user. California,
for example, uses large amounts of .power generated by abun-
dant hydroelectric sources in Washington and British Colum-
- «bia. In other cases, such lines are run for hundreds of
miles frdﬁ.power plants at coal mining sites to cities.
High voltage tie lines may also be used to bfing power td
an area when the local systém has experienced a generator. ..
failure.,

The electrical power transmission and distribution
system 0f this country is actually one large inferlocking
grid made up of many individual utilities. The power is
directed through the system by switching stations and dis-

7 -tribution substations. This module will describe the major
System components used to transmit and control that power.
. ’ ‘ : \
{ o TRANSMISSION LINES

Trans issioﬁ lines may be eithetr overhead or under-
ground. Oig}ﬁgggglinqs'areﬁmore common because-of lower
construction cost and higher efficiency. However, 'in high
population areas and for many lower voltage distribution
systems, undergrodnd lines are popular. This discussion’
will deal with overhead lines only. Underground cables will

be discussed briefly in Module PI-03, "Industrial Electrical
Distribution.” -

6V

. : : ' PI-02/Page 7
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POLES AND TOWERS
{bverhead'pbwgr lines may be supported by poles made
of wood, steel, or concrete, or by structural steel- towers.

" Wooden poles are used méinly for local distribution systems,
but some older transmiésion lines have wooden poles. Newer
transmission lines use structural steel towers or steel poles
almost exclusively. Figure 2 shows several types of gteel“/

poles and towers that are in common use. These structures
- - - ¢

b '

rﬂ
P 7 % CaleLele ALY SICACRCA
b b K] )
T 3
= ‘ . ‘/ - o
> s -
« 5
] A bl
- . o
a. b. c. f.

: . ~NA . & Double-Clrcuit Square-Base Tower
© f"i'ﬂ NP1 . b, - Single-Clrcuit Rectangular -Base Towec‘{
F: ] N €. H-Frame Tower
et ot d. Guyed V-Tower
-;1 e. Wood-Pole H-Frame Structure
' . 1. Slngle.:Clrcult Wood Pole -
‘ L ] g. Double-Circult Laitice-Type Narrow-Base Tower
g. h. ' h. " Double-Clrcult Steel Pole R
’ - B
. Figure 2. Types of Poles and Towers.
- .
Page 8/PI-02 _ 61 ) ) .
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-
carry either one or two three-phase circuits; that is,
either three or six conducting cables. These cables are
arranged to produce the minimum power Ioss due to corona. .
Cables are spaced far enough apart to reduce capacitance be-
tween the cables angd to prevent arcing. A-grounded shield
wire is strung at the top of the structure above power lines .
to divert lightning strikes to the ground.

@

CABLES

Most transmission cables are made of standard aluminum
and have a stegl core, Steel provides strenéth'to’support
the weight of the cable; aluminum provides good electrical
conduction. Copper is a better conductor than aluminum,
"but copper 1s more expen51ve and heavier and is seldom used

for transmission. Cables are not insulated and depend upon
the air gap for electrical isolation. Cables e attached
to the tower by ceramic insulators.

LIGHTNING ARRESTERS .

ﬂightniog strikes are a common occurrence on many powe:\\
lines and c1rcu1t components must be protected from the h1gh
voltages and currents produced by such strikes. Figure 3
shows a valve lightning arrester. This device:consists of
a. series of spark gaps'and a resistor calledlthe valve ele-
ment. The top terminal of the arrester is' connected to the

power line; the fpottom terminal is connected to ground.
Line voltage is insufficient to ionize the air in the gaps,

. R
.. .
. ” /_/\
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SPRING .

GAP CHAMBER SR . - .

GAP ELECTRODE

. . VALVE ELEMENT
(COLUMN OF PELLETS OR
OTHER SUITABLE MATERIAL)

. : -~ Figure 3. \Lightning Arresters.

but a lightning strike breaks downvthe air and is transmitted
to the groﬁnd through the resistor element. When the surge
is over, the resistor reduced current to the level that arcs
are extinguished and no line‘energy is.lost. Lightning ar-
resters are used on all transmissid#n and distribution lines
in areas where lightning poses a'problem and are uspaliy

. installed at substations an%ldistribution transformers.

- - .

O | “ B

i

SUBSTA:TI,O?Ns .

’ Control of the transmission and distribution system i
is applied at switching‘stations and substations. . In some

«

P} a

‘Page 10/R1-02 T 63
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systems, all substations are controlled from a- central
dispatcher location by means of radio- frequency signals
carried on the power 11nes. In ‘other systems, only parts - ~<
.are controlled from a central location, with some parts
under’ local control or opéerated automatically. In all
cases, the function of substations is essentiafly the same.,
Substations perform the following functions: ¢
- Switching networks direct power from incoming lines
___to several feeder lines that carry power to other
parts of the system. \
- Transformers reduce the voltage for distribution or
increas®e it fof‘transmissien to other areas. .
« Tie lines connect one utiliey to amother at high
voltage bulk stations. . ° )
. SwitEhes'may be used to de-energize secfloge of thet?
system for maintenance or repair.
- Metering devices monitor and record data that are
essential for the proper and -efficient operation of -
the system.' : .

Substations normally include transformers, switches,
voltage regulators, capacitors, or other devices for adjust-
ing the power factor and meabureﬁen§§eQuipment.. A battery
bank is ueually included for fhe'operation of switching and
monitoring‘equrﬁment during perioés when‘a cszower is dis-
.connected. The remainder of this module dlscusses components
tRat are employed in substations for -the control of the
transmission and distribution system. .

54 " PI-02/Page 11
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) / ’ _ SYSTEM COMPONENTS :

System components include transformers, voltage regula- ./
tors,.circuit breakers, disconnect switches, instrumentation,
power factor correction, and protective-.relaying. '

' TRANSFORME®S

" A wide variety.of transformers are used throughout elec- !
trical power systems. Their sife varies from large three-
< phase transformers for ehY transmission systems — that can
handle thousands of megawatts = to 5 kVA single-phase dis- -
tribution transformers. Figure 4 shows a typical-three- .

f a small distribution su ation. Most

phase transformer’
power transformers hake the same basic components and all
perform the same funcPion — to increase or decreasg voltage.
. Only 30 years ago, transformers weighed about five pounds
per kVA and had efficiencies™of around 95%. Modern trans- -
formers weigh only one pound per KVA and have efficiencies
of 99.5%. The secondaries of perr transformers have several
‘ taps for adjustment of the outpuf voltage. Typically, volt-

__age may be _changed in steps of abou§~;i%wbx_changing taps. A

. . \ _
Such adjustments must be made with the transformer de-ener- :

>

gized, as the tap changers are not designed to operate.under °~ l
load. A discussion of the theory of aperation and the con-

Devices, Module EM-03, "Transformers.:"

nection of transformers may be found in Electromechanical I




INSULATORS

' °
. METAL-CLAD ] ° . {¥r N
. SWITCHQEAR : BUSHINGS .

TEMPERATURE GAGE

OlL COOLING TUBES

. DRAIN VALVE

-

Figure 4. Substation Transformer.

VOLTAGE REGULATORS

-

Increa51ﬁg the currenf‘fﬁ?ougn a transm%/ﬁlon ilne
results 'in an,increased voltage~drop across the line. 1In
many cases, this increased drop is sufficient to reduce
the delivered voltage to an unde51rab1e value. A voltage
regulator may be used to boost the voltage to the proper
level and to reduce it later when th? current demand dropsc.
Figure 5 1s a 51mp11f1ea\schemat1c of a voltage regulator.

. . e ,. \

pu
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Supply Line

éxcltlng Winding
Auxilary A Winding

p Fp

Series Regulating Winding
Tap-ChangingMechanism —— - - -~

_ Reactor

s 0

]
b oty
s e

g. LoadLine

‘ ® " Figure 5. One Phase of Single-Core
Step-Voltage Regulator.

3

Only one, phase of a three-phase regulator is shown.
is essentially a ‘transformer with multiple taps and a
ap changer that operates under load. One end of the excit-
. ing winding is connected to one phase of the incoming power.

“The other end of thistziyding is connected to the exciting
.¢ phases to form a Y connection of

. s .

’ ©  winding of the other

the transformer.- T

<

The ‘aukxiliary 4 winding allows a third harmonic current
(A R T T T Tt T T T T
to c1rcu1ate in° the transformer and increases #ts efficiency.
"The output is ‘taken from the series, regulating w;ndlng by

. means. of multiple taps. This voltage is added to the input

.

%

voltage to produce the desired output.
A reversing switch may be used to change the polarity
o " of the series w1nd1ng,\resu1t1ng in voltage subtraction if \
. a voltage reduction is desired. The 1nductor in the tap-

-

Lo changlng mechanlsm limits currermnt flow through the portion

’; " of the series w1nd1ng that is short- circuited durlng the

cnanglng of taps. ’ . -

-

- .
.

\

) -

I L4 °" . . ¢ - .
|
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. Voltage regulator Jontrolled automatically by a
voltage transformer ses the output voltage of the
,. . regulator. Figure © s a typical substation voltage
regulator. #

The appearance is very slmllar to.that of an
ordinary transformer. Voltage regulators of this type are

used throughout the transm1551on and distribution systems,

——— -——as peededs In many cases, voltage regulators- are added to !

o existing substations as power demand increases. S

. . LY ) >
-1 ' - . 4 ’ M <
" ——— BUSHINGS a
& % . » ’
r\ 5 e ’
)
OIL GAGE TEMPERATURE' - .
- GAGE - .
1 - ‘ ' "
./ NAME AND ;
* DAT® PLATE S .
‘ / [ . < N
EXTERNAL - .
COOLING TUBES- ]
DIAL SHOWING POSITION
/ | )
CONTROL PANEL

-

. Figure 6. Substation Vol&age Regulator.
. .
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CIRCUIT BREAKERS

When a circuit carrying a large amount of power at high
.voltagé is interrupted, an arc forms between the switch .
" contacts. Circuit break-
“ers are used'to. break the
cqnnéction and extinguish
the resulting atc without '
damage ‘to the equ%ﬁment.u
2&&E¥ngﬁ%- . or dgnger to the operator. .
Three types of nigh volt-
.age circuit breakers are
in cohmon use. ‘
- Figure 7 shows the

/
OPERATOR ‘components of an oil cir-

LINKAGE = cuit breaker_commonly used
\ for transmission and dis-.
‘tribution service. When
this circuit breaker opens,
] the main contacts open
. CONTACT first and the current is

ARC ‘carried by the arcing con-
CHAMBER )

' tacts. As they open, an
MAIN

CONTACTS arc is formed inside the

arc chamber. This arc is

%3 MAKE - AND- quenched by the inrush of
4 BREAK - . .
CONTACT 0il as the arcing contacts

are withdrawn from the arc
. &

chambers. The circuit is

—-—

- ‘ . interrupted in about: five

. . . ( to eight cycles. .
Figure 7., Typiéal 0il Breaker. ‘

.o

’
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- Flgure 8 shows a typlcal 0il circuit breaker used 1n
" . a distribution substation. . This model con51sts of thr e.
. separate’ breakers in separate containers. Smaller modqls.
may h@ye all three breakers in a 51nole tank. The tank is
usually at ground potential and is 1nsulated from 1gh‘volt- °
age by oil. Some oil circuit breakers have smﬁTf;i 01H tanks . .

N and the tank is not at ground potential. This was the 'first
type of circuit breaker developed and it remains rhe mqst ‘ -
popular. - ' o
.t . ‘
o - OIL GAGE TERMINALS

BUSHINGS

. OIL-FILLING CAP

POSITION INDICATOR
. CONDUIT

« &

r\j\

TANK HOIST PULLEYS ‘

o -
' DRAIN VALVE FOR '
OPERATING MECHANISM ~ § | CHANGING OIL
‘ Figure 8. Substationi Oil Circuit Breaker. ° ' i

- o ¢
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Figure 9a shows the components of an a1r -blast c1rcu1t

breaker. In this deV1ce, a blast of compressed air is used
to blow out the arc. The

air-blast circuit bréaker

“is actuated by a cyﬁinder‘
driven by compressed air.
When the contacts open, air
is also allowed to travel
up the blast tube. This
CONTACT blows the arc into the arc

. splitter, as shown in Figure
9b. The length of the arc
incre%ses until it is extin-

guished. Air-blast circuit
breakers are capable of in-
terrupting a circuit in %

three cycles or less. Air-

blast breakers requigg\iim-
pressed air for operationm,

BARRIER

PNEUMATIC .
MECHANISM

CONTACTS — // ARCING
’ . . o sewrs; HORN _

ARC' CHUTE ~

#

a. Blast of Alr Released Simuitaneously b. Interruption of Arc
with Opening of Contacts Jd

.

Figure 9. AlrlBlait Circuit Breakers.

Page 18/PI1502
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.but contain no oil to be contamindted or present a fire
hazard. Air-blast breakers have become, popular for indoor
installations and are used in manyuoutdoor.substations..
Figure 10 shows air-blast circuit breakers for extra high
voltage (ehv) operation.

.

3

—
Ky 4

b

g,f a, Sectlons Of Circuit Breaker

b. Current Transformer

Figure 10. Air-Blast Circuit Breaker Rated at 375 kV. ‘

\ Figure 11 illustrate; the operation of a gas circuit
- breaker.. This device con3\jsts of two sets of contacts
mounted on a rotqsing arm iﬂ yde a chamber filled with sul- ’ E
phur hexafluoride (SFe¢) -gas at abou# 60 pounds p6T square
) inchJ{bsi). As the contacts open, a blast of gas at about
240
arc. SFg is used because it has a very high dielectric cur-

. -
si.is forced through the contacts and blows out the

rent that increases with pressuré. It conducts less than

) 'y .
oil and extinguishes the arc more rapidly. ' -

Figure 12 shows a gas .circuit breaker used to remove & -
generator from the power grid. These breakers are egpeﬁsive
* and require a compressor and filtering systea.for the- gas.
’.They are used b;imarily for high.voltage, high curraent service.

\
Al

; ‘ ' oo 7o . )
e .
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ARC FORMS AS HIGH-PRESSURE BLASTS |

. .

) CONTACTS BREAK OF 8F, EXTINGUISH ARC
Figure 11. Dual Pressure SF¢ Gas Circuit Breaker (GCB).
W i .
4 !.."
AP N
QY '
i~ '
I "}“ -
1
- ’ 9
2y -
</ ) q
R
A\ ¢
: i .
o
kS
1
Lt s

-

. ,,"-/ y Figure 12. GaanirCL&it\Brea'{cer..
h) . N ) "' of . .
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DISCONNECT SWITCHES . ' ]
. N ' : - e
Figure 13 shows a disconnect switch used to disconnect
. circuits manually. ' The stationary switch contacts are
supported by the insulatoy'sfack on’the right. The S&Etch
blade is supported by the center stack. The’left stack 1is
the driving mechanism. Rotating the driving stack causes
the switch bladg to rise vertf§ally5 assuring that the cir-
N cuit opens. This type of switch cannot be used to break an
energized circuit. It is always used with a circuit breaker
+ and is opened after the circuit breaker is opened. Purpose
of the discldgnect switch is to ‘make the circuit remain de- '
energized during maintenance or repaif. .Vertical-break :
disconnect switches are u}ed widely throughout transmission:
and distribution systems:to isolate system components.

a, Switch Blade

b.‘ Jaw ,
" e. insulator Stacks
d. insulator Stacks . -
e

., ‘Switch MecKanism ‘

\ f. . Driving insulator Stac

Figure 13., Vertical-Break Disconnecting Switch.

~
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Figure 14 is a motorized disconnect switch that can be
used to interrupt a current in a circuit. It is operated
in the. same manner as the previous switch, but is powered
by a motor and incorporates a nitrogen blest to eitinguish
the arc. This type of switch is used in many distribution
substations for normal switching applications. The motor-
operated disconnect switch is not a reﬁlacement for a cir-
cuit breaker for circuit protection, as it operates only at
relatively low currents.

~

23 LARC PATH
l‘{\

?igure 14. Nitrogen Blast Helps Extinguish "Arc
) in Motor-Operated Disconnect (MOD).

j ) H N ) ) “

’INSTRUMENTATI ON

\

Substations 'include a varigty of monitoring and record-
N !
. . . . 1
ing devices., Quantities measured include volts\ amps,
power in watts, reactive power in vars, (volt-amp active),

- N ]
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frequency — and perhaps, power factor. Most of the meter
* movements used operate at 120 V‘d 5 amps, although their _
calibration is.in terms of quantities measured. Signals

-l

are provided to substation meters by «<urrent and voltage .
transformers designed for use with specific meters. Figure
15 is a potential.-transformer that steps_the transmission ‘Q%

line voltage down to, approx* : A )

imately 102 V. 1Its prlmary

o

winding ¥ connected across
the voltage to be measured.
" Its secondary is connected
to a meter that is -calibrated
" to indicate the true trans-
mission 11ne voltage:
Figure 16 shows ‘two types
of current transformers. The ,.,  |.
primary of the current trans-
former is in series with the
line carrying the current tgy

_be measured, and the outpud

of the transformer is propor-

tional to the total current.

The secordary of the current . N .
€S naary © Figure 15. Potential
. transformeg-is connected to , * (Voltage) Transformer.

an ammeter that is calibrated - - ., - -

S

r/to indicate the:line current. X
Flgure 17 'shows current and voltage transformers in a
measering cgrcult. These transformers also provide the 51g-
nals used to operate relays that open circuit breakers in
case of faults, change faps on voltage regulators, and switch . ,
in reactors for powér'fagtdr correction.

st

) ‘ PI-02/Page 23
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( b. Indoor Current Transformer

a. Outdoor Current Transflgrmer T, .

V4 )
Figure 16.__Current Transformers.

] . ' | CURRENT
TRANSFORMER

POTENTIAL
° e} m— TRANSFORMER
, supPLy ¢ b4 /LOAD[

.
. »
A N P )
.
. B ~ P . - - T - .
3 : .

Figure 17. Connéection of Instrument Transformers.
g - . ,
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v POWER FACTOR CORRECTION s
. ’ +
Most leads and most transmission systems have more in- 'y
< .ductance than reactance, resulting in a lagging power factor.
» . ‘ -

This is often corrected by capacitors. Capacitors are lo-
. +cated in substations, hqunted on poles, or placed in under-
ground vaults along the tyansmission lines. Capacitors are
switched inte the circuit automatically when needed. When
large amounts of poweft _are 1nvolved a device called a syn-
chronous condenser 1s/ﬁsed A synchronous condenser is a
rotating machine that\\s similar to a synchronous motor with
no load. The synchronohs condenser has a (continuously ad- -
justable power facpor’fhat can provide either leading\or I )
’ lagging reactive power.

In underground cables and ehv transmission lines, the

" capacitance of the lines may be so great_that a Jeading
_power factor is produced. This is.conrected by installing )
a shunt reactor. Thid is an inductor that offsets the '

<apacitance of the line. . .

- ) . - . ‘

PROTECTIVE RELAYING =

2

e

Relays are used in -conjunction with current and voltage =

'r

transfowmers to control circuit breakers to prevent over-
current and over-voltage conditiens. +The design, character- .
istics, and applications of protective rélays for transmis-
51on and distribution systems are the same as. those far in-
dustrlal appllcatlons\ These are described in Module PI-03,
"Industr1a1 Electrical Dlstrlbutlon. .

. -

-

o <$.° . ,"/, ’ - .

7
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A TYPJCAL SUBSTATION | ‘

N .. Y

’

Figure 18 is a*schematic diagramﬁof a typicalfdistri-

butlon substation. Figure 19 identifies the symbols used

u

in such schetatlcs .

\

SUMMARY
.
. ' kY
Electrical power.transmission and distribution systems
do not exist in isolation, but are tied together in a power-
grid that connects each utility to its neighbors. .The
transmission system con51sts of overhead and ynderground
cables to carry the power and sw1tch1ng statlons and sub- <
stations that contain the monitoring and control equipment.
These statiens must direct power to customers %nd .assure
tifat power 1is de11vered at the proper, voltage and power
factor. They must also prov1de protection fer the system.
Substatlops/;yplcally\1nc1ude the follow1ng comp@nents:

. Poyer transformers for changing the voltagﬁ'level.

.- Voltage regulators for adjusting the delivered voltage
as changing current causes changes in the voltage drop
in the transmission lines. . ‘

+ Circuit breakers ‘for connecting and dlsconnectlng cir-
cuits. - ' .

“ . Disconnect switches \for disconnecting lines or compo-
- ( nents after the circuit breaker is opened.
. Voltage‘and current transformers for monitoring and
-controlliny the system. ' ‘

« A vatiety of measuring.and recording equlpment.

. page 26/P1-02  ° . :
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' ¢ - _ -; N + N ‘ -
o et J B stoo A\ 69 KV/600A Lo : h
| g " )
, . . STATION_
LSTATION | e it
4 69KV/600A 3 \ *
. - 600/SA : MO ) -
. . 69KV/600 A % L STATION_ .
F————— 1 600/5A Fe————mn .
' 5A ,
\ ! I 69KV /600AY GSKV/800A * 600/ LI 4 -
* ' T A M
' STATION ! -ﬂ»--ﬂ} o WLV/5A %5% ) STATION
—————— . Bank No4 lBank No. 3 - T T
‘ ¢ STV S0A it 66-23 K.V. | 66-13 K.V. feeite ’
37 KV/600A
34, 5KV/600A . 1200/5 *
1200/5A 34.5KV/12004 | 0/5A -
3TKV/400A 3 Holders ¥ 1200/54 ! ?246:;(5‘;/1200"
3 Fuses
500VA 23, 00/usv 34 5KV/1200A 23KV/600A
) 23 KV BUS 3. sstooe ;golg‘; $ 24, 5Kv/600A
. . 600/5A 23KV /600A 1200/5A
-]
. 34, 5KV/60QA = 1200/5A.
. 35 34, 5KV/600A . .
~3 .
A 23KV/600 / Y 3 93K 1KY / wa)” S 1 o
. g D
o ——— e ——
Bank No.1 Bank No b4 r I ., !
2313 KV 2313 KV S ~—
N8 L 1skv/i200a ‘
. J2kv/s00a | 23kv/a00a | % ' staTon | -
. L ! -
Z € 1200/5/5A ==
“h o e 15KV/400A a s
» o 2 -
ISKV. 2 15Kv/1200A - . -~
Hae 140VA 7620/120V ) =
‘ 13. 8KV/1200A
2 BeKV/I00AF A — 15KV~ 3. BKV/120
13KV 8US 3 > s X N
= 13. 8KV 25 B 13.8KV & @ 13. 8KV/1200A
. e /1200A S o © /1200A, F
12KV 300/5A $ % & €058 kv E600/5/5A
18KV 5KV = 5KV[e— —
15KV S 15KV 4" Cond . .
4 Cond, > / \
A ) i/__,,o
‘ COMMUNITY ’
. .
Figure 18. Typical Substation Layout. °- .,
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. TRANSFORMER AT —— T3 oo busmng Type .
Yy

with Tertiary Winding Current Transfarmer
U.lAJ Two Winding . Zig Za'g Gro.u.nding
T Transtormers olui)d’rrauiormer OCB Two-bushing type § .
= Current Transformer
uJuu Transformer with - -
- W\ Tertiary Winding —{JJ- Current Transformer ""m’" Step Regulator .

. m‘ Jo 'E’Qmmﬁmdo:::: -+-.3 Poiential Transformer @ Inductton Regulator

Control Power or

P Constant«current (treet i
Ligh ¢ Station Light 7555 Air Core Reactor
. )T ormer Power Trand{)‘rmer
/) A l , Auto Transformer E_‘E: Outdoor Metering Outfit ff—“—\ Iron Core Reactor <
. olL ClRCUlT'BREAK? [@ Motor-operated OCB I:D Dummy OCB
) ° 01l Circuit-Breake Pneumati ated A
: rcuit-Breaker eumatic-oper: _
[j (0CB) o OC_B @ Draw-out. Type OCB .
Solensid ed OC Street Light Controller
G] ¢ Operat B Sprlng-ope—nted oce &nwuh Time Cldck Contrdj~
e -
E‘] Hand-operated OCB Hand-operated OCB Kyle Automatic
with Trip . ) without Trip - Circuit Recloser
‘AIR  CIRCUIT-BREAKER > Alr Circuit-Breaker I) Dummy ACB
: (ACB)
A
> Solenoid-operated ACB ) Draw-out Type ACB
XZ PA
SWITCHES } Motor-operated ¢
) — Air-break Switch —o - Bayonet Switeh
{r” o Mck-operated o Load-break sidtch _F%—Reguwor Bypass Switch
Disconnect Switch | Swite Ypass Switc
Sick Operaid«bllconnect Doub.le break s
- - ngle-Pole
/T 3-::—3:2‘::: open.| -'/ * Load-break Switch =* (= pouble-Throw Switch
< ir e Double-Blade A o’
Air~dreak Switch ]/ . w4 o— Fuse m-wed.Swltch - Y. ._Dimble-‘l'hrov Switch - A .
A ~Fe3).Draw-out Type ’ ‘
< &~ Gang-operated Ntfh .»_Fuu Disconnect ’ N
- M‘SCELLANEOUS P A Q Key Interlock |> Roof Bush
/—\ Equlpment -—_‘ll' Ground shing
' ! \
—>—<— poreads ——a— Hot-tne Tap —<foF- m;ﬁﬁx "o
o @ Generator ——-H'—' Capacitor +-4 ""Hl‘ Lightning Arrester
, - (T) - Indicates Time Control on ACB or OCB
. Figure 19. Symbols for-Substation Equifment.
,
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- - EXERCISES

~ -

’ \. -
1. Use the symbols shown in Figure 19 to identif?.each com-
' ponent in Figure 18, R%g;aw the substation schamatic

showing only circuit bredRers, power transformers, volt-

r— . - age regulators, and disconnect ‘'switches. .
2. Explain the operation ¢f the following types of circuit
. ‘breakers Lo ) )
©,, 011
b. Air-blast o N
c. Gas O - »
3. Diagram the operation of a lightning arresger. Explain
the diagram. ; 'u -~ v
Y Explain the app11cat10ns of the” follow1ng 'types of .
! transformers: . e -
N a. Power transformer 6

~-

b. & Voltage‘regulator transformer

c. Current transzrmer ) S .
d. Voltage transformer ,
5. ., Explain the difference in the ,opératiop of\theltap
changers of a power trahsiormer and a voltage regulator.
6. Explain the function of dlsconnect switches and how this
differs from the function of ‘circuit breakersq .
7. Explain’ how to correct-the power factor at a substatldh
if ét,ls. . _‘ N
*, a. Leading , ) :
b. Lagging ' i Tooow
. o
- ! ;\_ J y
’ v - - S
L ~ L] .
o .
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' LABORATORY MATERIALS

<

-
>

.Spirai ﬂotepook o{ clipboard. ”

~

_Pen or pencil. - ; . R

Camera (optional).” -

'LABORATORY PROCEDURES

s
e

This laboratory exerc1se consists of a field trip to h
at least one — and preferably two — substatlons The purpose
is to acquaint the student with the equipment, controls, and _
operatiod of such facilities. If“posswle1 the stations
v151ted&shou1d be different 1n function as to the transmis-

‘'sion afdd dlstrlbutlon system. One should be-a dlstrlbutlon

substation supplylng residential or small commerc1a1 custom-
ers.. Thesotﬁer substatlon should be a switching station oT
a power plant trarsmission station. .

’ . L

1y Observe,the station components during the fam111ar1za-

:tlon tour. Observe all safety precautions.t As much of
{ the laboratory as possible should be completed from
outside the station compound. ’

-

2., Sketch the transm1551on€?1nes enterlng and leaving the

station. Record the voltage and «xated current -of the
. lines and the\tYpe of customer served by the dlstrlbu—

. tion system. . . ) : ' ’

- 3. _ Sketch the-layout of the station- and 1dent1fy the fpl-
- . low1ng coyponents . o o . f,.
. a.?! Power transformers"" : . Co e N
_ “ b, Circuit ‘breakers ll ) )
'{qeff: Voltageumeguiato}s* . j . .' .l
f’ d. ¢ Disconnect %witghéso”‘ o ?1\ ' .
. e}x, Capacitqr' banks, if pfésentlfi . ot
. - e Y 3 . .
Co - L ”: Ca T R .
) - h 3 - ~ 4,
. .
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10..

List the ratings and specificatiens of: the above equip-

ment in the Data Table (in sprial notebook or on clip-_

N

board paper) 1
Sketch the bus system used to connect the stationfcom-

\

ponents.
List the quantities monitored by the station monitoring

v

equipment. . .

Sketch any additional cqmponebts that are present, such

as lightning arrésters% current and voltage transform-
_ers, fuse$, and controls.
¢* List maintenance procedures for the station if this
information is available. <
Repeat the procedure for the second station. .

*Prepg%e a report describing the station and its opera-

tion. ¥

NOTE: Several options may be used in fulfilling this’
. lébo}atory procedugg. One ﬁossibility is to
take a camera and Eiotograph the statior and

its components. Another-oé;iontﬁs to tour ore

stationagnd'then divide into several groups and

visit several substations in the area. Much °

0 1nformat10n may be obtained from observatlon of

substatlons from outside the fences surroundlng

them. In.this manner, a pumber of Substaxlons

&

’

- . DAT&\TABLES

. Lo
L 3 ¢

Eist all available data and make all field sketches u@

a splral ﬁatebookv— or 1nclude this information in a fdlder
t® be turned in with he flnglflaboratory refiort,
S ) . 84 ' pi- OZ/Page 31
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: : Please"circle the\appropriate angwer. - % ° et o -

o0

¢ \I. Power. transforme¥s’ . .; B S : . ;
s a. have multiple output taps that can usually bé : ‘
changed under load, - . ’ . _ . N T
N ‘b.. have- eff1é1enc1es ofgqpout 95%. , }
. must be disoonﬁected. om power befdre their o
. o output taps can be chapge&-» ' o Tt
. d. have no proV151ons for changlnthhe output . Q
voltage. ‘ ,
e. Only b and-c are true. . a . - _
' 2.7 Extra high voitage transmission lines ... . . ;», S .‘ .
S a. usually have ‘more capacitance than 1nductance. S
. b operate atsvoltages in the 735 kV range. s La
' c. ,are used for long dlstance transm1551on onf§ ) )
’ ..~ d. ALl the. above are true... ’ - . oL
_e. Only b and c_are true. T oo - : °
. 3. The cables used for overhea& transm1551on lines are, R .
L. usually made of e et L . <7
) " a.  copper.’ e SR |
b.. aluminum. . ? i ) |
e. steel. o _& LT |
d.’ a’dompinati f copper ahd~a1ﬁminumf ’
. e. a cohbinatﬁgf:Zf aluminum,and steel. ' ..
<4, DLétrlbutlon substations probably Wlll not include ... | o ﬂ
. - a. ~oil C1rcu1t breakers. * , ] |
T " b. air-blast circuig breakers. ' S, ,
c. gas circuit breakers. S .
d. voltage regulators. T . ~ g
’ ! . . et . | T, « - |
) _e. disconnect switches. - \ A
- . ) “
e . “ < ~ ‘f. . \‘ . : q‘.. ‘ - .

P
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‘5. . A leading power factor of a long transmission line
' may be corrected by connecting ... )
a. a shunt inductor. . T
b. a,shu t capac1tor.
‘ c. a ronous condenser.
d. ' Either.a or c is true.-
e. Either b orgc is true. '
6. ' Current transformers ...
a. , a}e connqc;gd across two phases of a three-phase
) circuit. - . .
b. are used to .increase the current in a distribu-,
gstion line. '
c c. are used to monltor the current in a single con-
. ductlng wire. ’
. d. are not used in pretective relaying as are voltége
* transformers. ' '
g e. None of the abgve are correct.
7. _A 35 kV line is classed as a ... .
a. distribution line. . ‘-
b. transmission line.. - - -
c. subtransmission line. . . )
.o a) - extra high voltage line. oo N
e. generatgr supply. line. _ o
8. Motorizeéd di'sconnect switches' ... _— :
) a. are an 1nexpen51Ve replacement for oil c1rcu1t :
- * breakers for circuit protectlon.,
be  can never be used to open a c1rcuixpln which,
X . current is flowing.
c. often-lncorporates SFe gas to quench the arc
formed when they open. .
d. canqpt be used 4t normal dispribﬁtion foltages.
e. None of the.above are correct. )



9, 011 circuit breakers .Qﬂ .

a. ~ usually have an 0il tank that is at ground poten-,

- b.
c.

C.

d.
e.

Q
ERIC
s

ERa

"

None of tnej!bore are correct.

tial.
are tﬁe most co%mon type in distribution system§. ‘
may be controlled by relays operated from current.
transformers. \ )

All of the above are correct.

last circuit breakers ...

do not operate as quickly as 0il circuit breakers.

may be used either for indoor or outdoor installa- :
tions. b
can be used only ‘at subtransmission ‘and distribu- ’/'\\‘?5

tion voltages. \ ;
Only a and b are true.
None of the above are true. .
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INTRODUCTION
' _ . oS

" The purpose of an industrial plant is to produce a prod-

-uct as eqonomlcally and eff1c1ent1y as possible.-"Sinece

electrical energy plays an 1mgortant role in the produc
and packaglng of virtually every product. produced, the{elec-

_trlcal power delivery system is always important in ewve
plant. ]

The size, voltage, and complexity of the systems em-
ployed vary\wgdely ith the type and size of instalLation
served. However, all systems must deliver adequate power to )
the point of application — .

‘. at the proper voltage * '___,/

- with minimum power losse . 2
‘ *» and an acceptable reliability,

.. while providing adequate protection of equipment

and insuring the safety of personnel.

This module discusses the design of systems to provide
such service in‘industrial settings and the components used
in such systems. Topics presented inclode basic design of
primary and secondary substations, the selection of distri-’
bution voltages, grounding schemes, circuit protection ‘
schemes, and the equipment employed fot ‘circuit protecdsion.

The laboratory Segtion”of this module is a field trip %
to an industrial plant. where the-s;udent% will examine the

!

electrical distribution system.
: s -

' PREREQUISITES

»
“

The student should have completed Module PI-02, "Elec-
" trical Power Transmission and Dis;ributionv? : .




- OBJECTIVES .
- ‘ \
’ Upon completion of this-module, the student should be

able to: ‘
1. Draw and\label-a diagrameshowing basic components of

%

the primgry substation of a typical radial distribution
system. [Explain the purpose of eachi component.
2. Draw simplified diagrams of three. other equipmeht
arrangements. that may be useq in primary substations

) to increase reliability. ' )
3."7 Draw and'label.diagramé showing the foiloqing types of
secondary distribution substations:
a. Radial )
b. Primary selective: " N
c. Secondary selecfive
d. NFtworks o .

v

4. Specify the distribution voltages indicated by the.
terms "high voltage," "medium voltage," and_'"low volt-
age.'" List the common dlstrlbutlon voltages in the
/ low voltage range ,
i s Explain the term "480Y/277 V" and "the reasons ‘for .the
‘ . popularity of this distribution’voltage.
' ' // 6 Draw a diagram Shoﬁing the connections o the trans-.
\\' former secondaries’ for a 480Y/277 V system. Indicate
. the phasé\to -phase voltage and ¥he phase to-ground
oltagej Show the cornections for solld groundlng of v

the system.
Explain the fol}ow1ng grounding séhemes and the appllca-

tion of each: — Q ¥
a. Equipment grounding
. 'b. Systeﬁ grounding »
' c. Solid grpﬁhding e ) ;
f.“ ib_ “ . vx«
: Page 2/PI-03 o 97 . Do \




10.

11.

1

Id

~d. ‘Low resistance grounding

- d.. Current-limiting

)

® . . .
e, High resfistance grounding ‘ ..

List and explain the five factors that must be éon=
sidered wheff selecting circuit protection dev1ces

~

Describe the characterfstics ,and appllcatlon of the

.fpllow1ng types of fuses: -0
a. One-time B ) oo
b. Lag ‘

c. Dual' element

r——————— - - ’

<
-

. . LS
Describe the construction, operation,®and voltage ranges-

of air-magnetic circuit breakers and molded-case air
circuit breakers. Vf_“ !
Describe the characteristics and operatioﬂ‘df the fol-
lowing type§\of/}elays: .
a. Plunger : .

- . ,

b. Time-delay induction- disk e
c. Balanced beam differential o

,

e s . .
/12. -Exp<§zn selective tripping and, cascade trigpingapf over-,

13.

~current protéction devices. .
Visit an industrial electrical power: dlstrlbutlon system.
Examine the system and its components and prépaﬁe a re-'
port describing the system. S
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, ~ SUBJECT MATTER-

. e C o .
ownéd by either th¢ utility or the customer;;ﬁgp/the trend
e

- are out51de, also. This is betause of the d1ff1cu1tres.€n.

wDB,PRIMARY SUBSTATIONS.

°

The primary substation is the point of entry of the

electrical power into the p%ﬁnt. The substation may be N

is toward custom specially for

-owned primary substftion
. )

larger plants.

Voltage upp11ed to the primary substation depends upon

the power requlrements of the installation. Smaller plants
are supp11ed with the standard 13, 800 dlstrlbutlon voltage.
Larger facilities can be supplied d1rect1y from subtransmis-
sion lines .at 35 kV, or transmission lines at 69 kV or 138
kV. The primarygsubstation contains Brotective devices and
power transformers to reduce tife voltage to the plant dis-
tribution voltage. DlstrfButlon voltages are usually clas-
sified as low voltage ‘(600 V or less), medium voltage (601 V
to 15,000 V) and h1gh voltage (above 15,000 V). -

Voltage regulatlon is usuaahy accomp11shed in the pr1-
mary substathn if it 1s required. For most smaller 1nsta1-
latlons thls 1s accompllshed at previous stations in the
transm1551on system. .

The prlmary substations of plants with h1gher voltage
service are outdoor facilities 51m11ar to switching substa-
tions in the transmlssion system. Plants w1tﬂ’!3 8 kV pr1ma-

ries may have outdoor primary substatlons, ‘but most of these

.

~

bringing higher voltages than.pecessary ‘into buildings.
Most smaller primary substa ions are preasseﬂbled with ¢
metal enclosed switchgear: ThlS .allowk standard deslgns and

.components afd reduces 1nsta11at10n cost.’ - \

3




PRIMARY SUBSTATION ‘DESIGN.

>

The de51gn of the primary substa@ﬁon depends upon the
plant load and the reliability of electrlcal service neces-
saty.. Figure 1 shows the basic components and layout of a
typical prlmary substation used in most plants. This scheme
is called radial.distribution, becguse all power is supplied .
radially from a single distr;bution point and one primary “,

¢ L
' .

- — o et AU

HIGH VOLTAGE LINE The high voltage side
r— — = . of the substation includes .

line.

DISCONNEGT ° a circuit breakér capable
SWITCH

of interrupting the short cir-

CURRENT ; L i .
TRANSF ORMER protECTIVE CUlit current of the installa .
_ a RELAYS:"  tion. This is usually an oil
CIRCUIT . i i
SHESRER circuit ?reaker, but air-blast .
g circuit breakgrs may be used, )
TRANSFORMER especially in indoor in;talla-; L e
. ) - MR ’ tions. A disconnec¢t switch = .,
) CIRCUIT : _ i -
/ BREAKER .- is also provided- to remove .
. .o ,
Ty~ : r*,é power from the substation- ‘
ACB AéB . L e e .
$) ,*) after the circuit -breaker 1is
¢+ 'DISTRIBUTION CIRCUITS: - ..OPBned~ .?he secondary Sfde “
Figure 1, Prlmary of the transformer is con,-
Substation’of Typical nected to another C1rcu1t
Rafligl Distribution
» Scheme. " breaker. At voltagé%sof
' 13,8 kV and below, this is |
- v & * * . . .
S . ’ - usually an air circuit breaker. S
o ”Jz* - - Tgis type of circuit breaker =~ |
is descrlbed later in this module. . From,thls breaker, the ~ , |
. N i
‘power 1is cgnnected to the main.feeder lines. These may . v ‘
’ 3 ’
- - «
. ' hd




a A ° . / ’ 3

/ ' -
A\
. ‘ —~ & .
s 1
. . &
__be insulated cables in condults or ;acks, orT . busses enclosed N 1;
in busways. Each takeoff from the main 11ne is usually

= equipped with its own circuit breaker. . .

The radial distribution substation is the simplest ‘and —
' least,expensive, but has the lowest reliability. Failure . ST
of any. compdénent in the primary station results in a power» ' ° A

- loss 1in. the entire plant.f This is*adequate for most appllca-
tlons, but some industries experience major }osses .as a re-

sult of &ven a momentary power failure.

.
- ~ » < .
> - .
. Xl ) . : . _ . : . . ’ -

e ;’INCREASING RELfABLIT¥ OF PRIMARY SUBSTATIONS

) . < Wany schemes may be useo to 1ncrease the re11ab111ty of
E ) the pramary substation. Three possibilities are shoﬁn in
Figure 2. - K .

. ' Figure 2a-is a)primary loop station. It is efsséxmt}al«l‘y ;

two radial distribution substations in parallel, with.each r
, carrying half of the load. If a failure BE€CUTs in one ‘half
of the station, a breaker in the main feeder bus that. is nor-

. ) mally open may *Be closed to supply the entire load from the -
“other half until the fault can be repa1red If a single
transformer is not rated high endugh to carry the entire
foad, its capacity may be increased temporarlly by a water

, _ spray. The currents handling capacity of almost®, any self-
« cooled, transformer may be increased by*67% by this method.
Flgure 2b shows an6ther method used to 1ncrease reli--
ability when two supply lines are available. One of the v
lines normally carries all of the load. "If a failure occurs
on this 11ne, the station is switched to’ the second 11ne W1th .

.

only momentary 1ntérruptlon of service. . . .

. 1

3 N
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" . ‘niques. Th;s arrangement is thg most, experisive tolinstall, ©~ .~ =

; ;- but’ twin feeds with,a tie- breakei on”the main secondary. bus ’ T
. o afford max;mum rellablllty y Lh N ,5$§ " -l . -
7'(" ... 5 s

© =4
( C . “ ., P
' ‘ oo, * A . i
} L ’ . X
. - - I

Page 8/PI-03 " o °~

- .

N . ~
nqj' - e M . . <ol




e

'
H 1

. SECONDARY SUBSTATIONS ’ ¢
/ . .
Plants w\th_relatlvely small power requ1reménts and

distribution line lengths of less than 200 feet may have
only a primary substation that; supplies the distribution
sySt m with the voltage that is utilized by the equipment.
Inllarger plants, or plants with longer distribution lines,
the dLstrlbutlon system often carries a hlgher voltage than
is used by the equipment. Thls allows .the same amount of:
power to be delivered to the point of appllcatlon at a lower
current, reducing both the power loss and the voltage drop
under load. The distribution busses or cahles Lead to sec-

ondary substations, often called load centers, bec

serve.

A2

S

SECONDARY SUBSTATION DESIGN .
’ ’ . : .
4 -
! Secondary substations are scaled-down versions of the
primary’ statlon, are usually located in the area served, and
are completely enclosed in metal cabinets. As a minimum,s’

secondary %ubstatlons conta1n a stepdown transformer with

. . an air circuit breaker on the output, internal busses to

branch c1rcu1ts, and smaller circuit breakers for the branch
c1rcu1ts. . ’ S ‘
Dependlng on the 51ze of the.load,: the Aransformer may
. be either oil-filled or dry Switchgear jis typically mounted
in~ rasfs and can be easily disconnected and removed for ser-
v1c1ng Smallet load centers consist of an enclosed, dry .

transformer mounted on the floor (or abov‘»the work area)
and a wall-mounted circuit breaker ﬁox.

. 3 . N ¥ 4
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SECONDARY SUBSTATION CONNECTIONS

e

+ . . ) ~
As with primary substations, secondﬁry substations can

be connected to their loads in a yariety of ways.. Figl 3 .
shows - four commoh distributidn scheﬁes. o h
The radial scheme shown .in Figure 3a is by far the mdst
common. Each load center takes its power from a singie feeder
and serves several’ branch circuits. For most applications,
- this system is sufficient, the least expensive, and the most )
simple. 1
Figure 3b shows the arrangement of a secondary selective
substation with increased reliability This load center con-
tains two &fansformers and is served by two separate feeder ¢
lines. Under normal- conditions, each half of the station
- serves half the load. If a fault occurs in oneé of the feeder
lines, a tie-circuit breaker in the distribution bus may be -
closed to supply power to.the ehtire load from one half of °
the station. ) | 7
Figure 3c shows two primary selective load centers
Each may be suppyned by either of two feeder lines. Thus, if
a fault occurs in one feeder, the other may be used by beth
stations. In some cases, additional reliability may be pro-
vided by including, two primary selective load stations in a
single installation with a distribution bus-tie circuit
breaker similar to the secondary selective system in Figure -
3b: . > \
g

—
The greatest reliability is provided by a network dis- .

tribution system of the'type shgmn’in Figure 3d. The system

shown has only one feeder line, but two or more feedﬁr—laneS"”—*”’ﬂ'
‘may be used. The’distribution busses of this system may be
conpected to provide power to any part of the load from any

by
3
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‘one of the dlstrlbutlon transformers Fuses or circuit

greater circuit~ protectlon N ' . . ' \

breakérs between the Sections of the dlstrlbutlon bus provide ) ,I
DISTRIBUTION VOLTAGES i

JPrimary distribution voltages are usually either
13,800 V or 4,160 V, althoughrhigher voltages may be used in
larger facilities. The.output phase-to-phase voltage at the
load centers may be 600, 480, 240, o¥.208 V. Older plants
usually—have 600-V systems.
Few new 600 V systems are_ installed today.- The 408Y/ - . =~
277-v sy§£éﬁ§”£¥2 by fa% the most- common They use a Y-
conhected secendary, illustrated in Figure 5 of this module.
Such a system has a phase-to-phase voltage of 480 V and a
phase to-ground voltage of 277QV for each phase.
The 480-V, three-phase is the most* popular voltage, for
. motors, and the 277-V, single-phase is ysed for fluorescent
" lighting. There is seldom any reason‘to use lower distribu-
%u ': tion voltages, and'lower voltages require larger currents  for
the same power delivery. This means-higher current ratings 4
for breakers. and larger conductors. Lower dlstrLbutxon volt- .
ages usually’ result in greater losses and h1gher voltage
drops along the distribution’lines. B “

he: lower voltage e of. 240 ' systems affords greater safe- -

damp environments like dairies and slaughter hpuses

tric furnaces often operate ‘on. 240 V and are sometlmes'
pplied by 240 v dlstrlbution 11nes A more common pract1ce
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Many smaller plants‘find 208Y/120 V systems prhctical.
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motors and is dlstrlbuted to, load centers throughout the
"plant. At the load centers, voltage is’ reduced to 480 V for
the rdmalnder of the equipment. The 277-V, single-phase ser-
vice operates the lighting; additional load centers provide
120 and 240-V, single-phase service as needed. This type
system is typical for many industrial applications.

<

\
SYSTEM GROUNDING

System grounding' is the intentional grounding of the
electrical system at some point to increase circuit protec-

"tion. This must not be cohfused with equipment grounding.

Equlpment grounding is a safety feafure consisting of ground-
1ng all non-current-carrying metal parts of the system such
"as motor frames, condu1ts -and control boxes. Equipment

'~ groundlng is requ;red for the safety of personnel. Equipment

groundlng connections should be of a low resistance, both to

_insure safety an%»pedguse high-resistance- junctions in equip-

ment ground paths might result in arcs that ignite fires.
‘System grounding is sometimes a controversial subject
and nog all systems are grounded. HoweveT, most low voltage
systems have some form of .system gxound.“Figure 5 illus-
trates the transformer secondary connections of six systems

W1th system grounding. This flgure also illustrates the se?-

ondapy connections for obtaining all common secondary distri-
‘bution voltages. Figure'S5c is the 480Y/277 V system used in
most plants. (In a groufided Y system, the phase-to-ground

. voltage is the phase-to-phase voltage divided by the square

—reot—of-3.) This system pr0V1des 480-V, three-phase for motor

operation ‘and 277-V, single- phase for 11ght1ng

-

, " Page 14/PI-0%
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a 2 or 3-Wire Si b. ' 3-Phase, 240Voit Delta-Connected
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~ Service, . Seryice.

.

2

Figure 5. Transformer Secondary Connectlons
and System-Grounding.

-

° .

Systems with de'lta-connected&zcondaries may also be .
grounded through a grounding tran rmer. This provides a

System grourg\that is*not directly codnnected to one of the
phases. ’ )

IS

The maJor advantage of .system grounding is the ease with
whlch ground faults may be located. in the system. ff a ground
fault occurs in a system without grounding, an unbalanced cur-
rent is present in one of theé phases.‘ .If 'this current is much

o




. . <
Y

smaller than the phase current, (and it often isj, it is dif-

ficult to detect. In grounded systems’, ground fault detec-
tors in the ground line can detect even small. grgund currents.
This is because, under normal operating conditi®ns, the ground
current is very-small:or zero. ) , N '

The system may be connected to ground directly or through
resistance. The direct connecfién is called, solid grounding
and is used on most low-voltage systems.’ This systems allows
large ground'currents for the operation of single-phase sec-
tions of the system and for ground fault detection.in other - .

parts. A low resistance in the ground connection reduces the

. grdund fault current, but allows a current hiéh enough to op- |
4 -

erate protective relays. Low-resistance grounding is used
mainly in medium-voltage systems. ~

In high-resistance grounding, the resistance is chosen
to 1imit 'the ground .fault current to a low value, usually
less than O.i% of the short-circuit‘fault current.,‘This is
usyatty~n the range of. 1gto 10 amps. This current indicates
'the presence of a ground fault, bug is not large enouiﬁ to
require %mmediate systeglshutdown. This grounding system 1is-

-used in low-voltage systems that require high reliability.

In low!voltage systems, an guddmatic shutdownsdue to a ground
fault could cause equipment or product loss. Typical examples

are paper mills and textile plants — where even a momentary

~interruption of power on high-speed equiphent causes a major
“ shutdown. Resistance grounding is 1fmited to three-phase op-

eration’and cannot be used if the system is to poweér single-
phase equipment. . .
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T © CIRCUIT PROTECTION DEVICES
. . ¢

Two distinct types of circuit protection are required
: in all-electrical “delivery systems. One\bverload is moderate,
capable of damaging the circuit if it persists = but not
) dangerous: for a short;time. The other overload is a large
- current surge, such aé a phase-to-phase short, that can cause
major damage in a fraction of a second. Daﬁage_from these
. — two types of overload may be avoided by a single device — o¥
' - by two separate protective devices.‘.”v . ) ) :
“. In selecting protective devices; five factors must be
con51dered ‘

1. _-Voltage rating of the system. The protective device

+ . must be capable’ of 1nterrupt1ng the rated voltage.

. " 2. - Rated load current of the equlpment. The device must.
-conduct the rated load current without interruption.

"3, oad tzge, whether steady or fluctuating — or subJect <

e to surges, such ag:motor-smartrng. The protective de-
. * vices for circuits with normal surges must conduct those
surges without opening —7but must open at the same .cur-
rent levels if the over- current-per51sts.
A Short-circuit currént of the system. Many, devices that

T can 1nterrupt moderate overloads cannot’ interrupt short-
acircuit currents thzf may be hundreds of times greater

than the normal circuit current. Thgy must be used in’

series with othetr devices that can interrupt the short- -

circuit current .

5. Coordlnatlon with other protectlve devices. WAll cir-
cuits will contain, several protect1ve devices. These
‘ must be timed to operate in a particular‘sequencéf -Thus,

delay time between the fault and the opening of the cir-
5 cu1t protettlon Hev1ce is an 1mpo§:ant con51derat10na§

- -

‘4

¥ B M e *
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Fuses are the least -expensive protective devices. Sev-:
eral. fuse types are widely-used. Figure 6 show¥ three common
1 . ~ .
use types. o : ' i '

t
o
.

?

a, One-Time Fuse

v

.
™

b. Lag Fuse With Replacable Link

»

X c.. Dual Element Fuse .
. R o) o A .
£ Figure 6. Fuses ‘for 600°V and below." ' :
- T e S o
v . One-time fuses (Figure 6a) have the shortest delay time.

They are the simplest and least expensive fuses, but they are

- not suited for_?pplicationsrin circuits with brief, but heavy,

_ overloads..- A one-time fuse that would withstand ‘the starting’.
. 4 ‘ . ! 7 . . .
surge of a motor would be rated too high to provide protection

LY

from moderate overloads.

» .

> ) Lag fuses (Figdure 6b) have longer timeidelays to allow
for momentarx surges. The wider portions of the fuse element '
. act as heat sinks ‘for the narrower portions and q€1ay blowing '

. during the surge. If a large current .surge occurs, the heat

v

»

.+ . cannot be cohduc;ed away fast enough and the fuse blows.

\ . . oy R |

.
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- .Persistent moderate overloads heat- the éhole fuse element
until it-blows. The fusés have repIaceable 11nks and are.

wommonly used +in motor circuits.
~ Dual e1ement fuses (Figure 6c) contaln two elements in
sérids.. A time- delay element on each end does npt respond
to surges, but will. opén if- moderate overloads persist. A
fast- actlng,element in the center w111 carry moderate over-
loads$ without bloWlng — but will open qu1ck1y in case of a
large current surge. This fuse prov1des both types of:cir-

- cuit protection. ‘ ) ) . ,

Special current- llmatlng fuses (ndt shown) are de51gned

“to open very quickly in ‘case of a very, large current surge

®

resulting from a short- circuit. They:are used .in-series, with '

.+ other protective devices, usually c1rcu1t~breakers, when.these

devices are incapable of interrupting the short-circuit cur-

rent befone/the circuit is damaged Current-limiting fuses' L

are commonly 1nstg11ed 1n bokh primary subsxatlons and load

/%eniers . 2, . . g . .

’ Fuses ‘are always installed. in c1rcu1ts with either cir-
*cuit breakers or drsconnecf switches before the fuse When
the fuse blows7_1he dlsconnect dev1ce is used to. de-enérgize

'the circuit in front of the fuse, thus the fuse can be safely
raplaced w1th no voltage hazard Fuses should never be.in-

stalled in a circuit before the dlsconnect device.

3
-

CIRCUIT-BREAKERS. .. , -

‘ Pr1mary “substatjons. may incorporate 0il 'ar alr blast
circuit breakers described in Module 'PI- 02 ”Electrlcal Po%er
Trangmission and’ Distribution." At voltages of 13.8 kV and

. .. ' 7 . .
) o - . \ :
S S 107 PI-03/Page 19
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. uUséd in residential distribution systems.

below, two types of air circuit breakers may be used — depend-
ing on current and voltage.. - ' e .

At )oltages up to 600 V. and current up to 800 A, molded-
case air circuit breakers may be used. These devices are
avilable in a wide range of sizes and in several configura- -
tions”’ A . .

\

Figure 7 illustrates the ‘construction and operatlon of
a typical air c1rcu1t breaker. ‘This device contains two* pro-
tective elements. A bimetallic thermal element<is heated by
durrent flowing through the device. It does not respond to
momentary overloads, but opens’ if moderate overloads persist.
The magnetic element does not respond to moderate overloads,

o

. - MAGNET!C

. ' ELEMENT —

CONTACTS

/
El
‘.

CONTACTS

i

BIMETAL ELEMENT

’ ' -

3 “ LY

R ‘Frgore 7. _Thermal-Magnetic Molded-Case ' T

N Circuit Breaker.. . _

[ W . CT T e
\ * — - - T T .
- .
-~

.o P
but opens quickly if a short—circuit occurs. _Most molded-case .
circuit breakers are of this type, although some contaln only
one element or the other. These breakers are also commonly

[

: A . . ° - . : .
Figure 8 shows the construction and,operation of an air-
magnetic circuit breaker. This type breaker is-available in

'Vvoltage ratlngs up to 13.8 kV. Larger models carry rated
. currepts of 4,000°A and can 1nterrupt currents as high as

60,0000 A. - N \ ' , N

\, ] - o I3 . B ' -
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a. Closed Position of Breaker With
Current Flowing Through the Studs
and the Main Contacts

B

-

out

BLOW-
ColL
b. Starting to Open Main Contacts

i

ARC RUNNER
7

Part and the GQurent Shifts to
Arcing Conta and Flirst Coil

N

ARC RUNNER
[
AR
. BARRIERS  pNNER

BLOWOUT

con

/' ,

\ -~ .
e Intorﬁr/ptlon Occurs as Arc -is Driven Against Arc
Splitters by Magnetic Action of Blowout Coils .

. ) C e .
Figure 87 -Operation of an Air Circuit Breaker.

.
.
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¢
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As fhe contacts of the ;i;-magnetie breaker open, an A2
arc is forﬁed Current flows through this arc and through
the first blowout coil. The magnetic field produced by this
coil .exerts.a force on the &lectrons and causes th& arc to
3 expand into the a¥c chute. As the arc exp ds, the current.

’ path 1nc1udeQ additional blowout c01ls. The arc chute. con-
ta1ns arc splitters similar to the air-blast circuit breakers:
Lgrger ‘models also, include a ‘cylinder called a puffer that

. directs a momentary:puff of air into the arc chute to assist
in- quenching the arc. Air-maé;etiiﬂgircuit breakers may he
_actuated by an internal current transformer or by a remote

¢ reldy. ~" i - .

,

RELAYS .o -

L]
~ (4

‘ RN ‘ .
Y T Relays are used with current or voltage transformers to
. operate circuit breakers from remote locations. Many types

STATIONARY CONTACTS are available for a wide range
Y ”{g:} of applications. Three common
) h'17153—797 \ types are discussed here.
. MOVABLE CONTACTI : NN Flgure 9 is a piunger type
A COL * relay, consisting of a coil '
. with a movable plunger. ‘Adj%é;::fa
o f L~ . ments are usually provided to
ll set the relay to close at a de-
. \‘//”\‘“/“\\‘ sired cprrenf. When that cur-
‘» A | ( } Y rent is reachedf the pluhger
n , === ' moves upward, closing the sta-
PLUNGER ——= ,“‘ tionary contacts. Dash pots
. ' Figure 9. Siggger- "may .be added to provide a time‘
o Type Rejay. : delay. A dash pot is a piston °
‘ Page 2?/Pr-03 . Lo .
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. ‘ /
¢
N
~ .
’~ wvith a hole that moves inside a cylinder that is filled with

aitr or liquid., The dash pot's resistance slows the action .
of the relay. )
- . Figure 10 is a timé~deldy induction disk relay. The -.
¢ eoperating‘mechanism is wery similar to that of a watt-hour
“ meté}. Current-carrying coils induce eddy currents jn an
aluminum disk. The magnetic fields of these curren(é inter-
act with the fields of the stationary coils to produce a
torque on the disk, causing the movable contact to rosate
against the stationary contacts. These relay$ have adjust-

N ments -for operating current and time-delay. Both this reiay
A ‘and-the plunger-type relay are used for overcurrent and over-

voltage protection. ' Some relays, called definite time relays,

"

i _ ) 2 SHAFT
hed . ~ . ' [l =

n

o3 R
. STATIONARY Q .
. > MOVABLE
. CONTACT§ CONTAGT
7 ‘ cso,PNérRNgL (] ' Fi )
N ] TIME ADJUSTMENT
Figure 10.  Time-Delay .
- s .~ MAGNETIC -
Induction Disk Relay. OAMPER CORE
: MAGNET, )
» . { ! ';";l_. —_-— - o
'\ :t”’ N -, =5
- NN q
Y g
. _ \ 5 1
® ® T\\,.! \f"
- . ~ g
: i S %
¢ Hl
, DISK - 2
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7 “are de51gned to close after a . delay for any value of CF
/////,,overcurrent/'//nverse time relays are more common and close )
faster, for higher currents. . .

Figure 11 is a ‘balanced beam differential relay. ° This
relay compares. two input signals and closes if the currents
are out of balance. The application of a d1fferent1a1 relay

- .
. e ’ ' o

CONTROL

. MOVABLE . 8P
. "CONTACT ?ﬁeg/ PIVOT /ARMATURE . o, -
'srg*nom\nv j \ \
~CONTACT Q;?D /
‘ - ' T 7| C2 N - -
” \ 3 \\
. ~ - OPERATING S~ . R
RESTRAINING ™~
' coiL oI \
! - - : " \‘
Figure 11. Balanced Beam Rifferential Relay. -~
- ‘ ; . ‘ '
for transformer ground fault detectlon is shown in F1gure 12, .
T A current transformer on the primary side of .the transformer
s, . . -
1s connected to the operating coil. The restra1n1ng coil
receives current from a current transformer on the secondary
’ .side of the power transformer. . . "\
s .
o ’ DIFFERENTIAL
. < c Y RELAY - I

1 PRIMARY -
Aq:secommv \
F L1 N . I
NN

X - .
CURRENT TRANSFORMER ) s
DRIVING RESTRAINING olo' IR

CURRENT TRANSFORMER ~

DRIVING OPFEBATING-COIL

. kaure 12. Differential Relay for Transformer /7\5x\\-l
‘ - o Fault Detectlon.

¢ Page 24/PI-03 ° —

\‘l w ! * B N ) ’ ' ' I
. L ’ *
.
.

P
b~
——

oo




e \ . L. A
-During normal ‘transformer operation, the restraining.

FHEAY

'coil holds the relay open. If a fault occurs in the trans-u
former, the primary durrent increases and the secondary cur-=.

R

rent decreases or rené*gs the same. The operating coil of
the relay then.receives more current and the relay closes,
tripping ‘the circuit breaker and disconnecting the power

transformer from the power line. -

~

OVERCURRENT PROTECTION -

¥
1

\ -

The most commoniapplication of~relays and circuit break-
ers is overcurrent protection. All electrical power distri-
bution systems have more than one overcurrent protection de-
vice in series, as shown in Figure 13. Two types of time
sequences may be used to trip these protectlve devices.

-

In a selective tripping .o -

arrangement, only one relay SELECTIVE L. ShBCATE

is expected to open in cases , Erory &

.of a fault. Each breaker or

~ fuse in the system is capable

of 1nterrupt1ng the. short-
circuit curxent of the Cif-

cuit. If a fault occurs’ past
circuit¥breaker C, this .cir- )c
cuit breaker will open to .£

isolate the fault. In selec-

. S - SHORT : SHORT
tive tripping, the breaker CIRCUIT _ CIRCUIT
nearest the load operates - +~ Figure 13. Selective
and Cascade Tripping
the fastest. Each succes of Circuit Breakers.

éive breaker going back

.
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toward the primary Substation has a longer time delay. This‘

is the preferred relay scheme for most apblications because
it isolates the fault with minimum disturbance to the rest
of the system. _ ) t

In a cascade system, the' length of time‘delay for short-
circuits is reversed. Breaker E'opens to protect the circuit
from moderate overloads, but is not capable of 1nterrupt1ng
the short-circuit current of the system.- In case of a large
current surge, breaker D operates more quickly than E- This
reduces the cost of the breakers — but results in a power

loss in a larger pj}tion of the system if a ground fault

s ‘ » S

SUMMARY

o . .

.
3

Industrlal electrical power dlstrlbutloh systems usually
1nc1ude a prlmary substation and several secondary %ubsta-
tlons, or load centers. Prlmary dlstrlbutlon is accompllshed
at the hfghest voltage feasible in order to reduce current

.and, thus, reduce 1qsses and voltage drop in the lines under

ate- 51ze, three -phase mthrs an

load. The most common dlstr'

tion‘voltage‘is 480Y/277 V.

This- system prov1des eff1c1ent power distribution for moder -

the 277-V, single-phase ser-
&~
vice prov1&ed may be%used for uotescent righting.  Plants

with h1gher power nee s may us, higher voltages, and smaller

plants may use 240 V or oA, ¢
Raﬂlal dlstrlbutloﬁ‘sthemes axze the most ‘common, but
systems incorporating mu1t1p1e branches and. networks hay be
, used to ‘incregse re11ab111ty In all cases, circuit protec-
tion must be provided for both fgoderate overloads and high-

?
I3

. o
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A

current surgeE resulting from short-circuits. This is accom-
plished by the use of fuses and air circuit breakers.
Equipment frames and conduits are grounded for protec-
tion of personnel. In most low voltage systems, the powef)
system is grounded. This provides more protection of equip-
ment and circuits by making the detection of ground faults

easier. °

-
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EXERCISES

)
Draw and label diagrams of the following types of pri-

.

mary substations: .
a. Typical radial distribution station

b. Radial station with twin feeds from two power =+ 7~ )
lines . v

c. Primary loop with a.secondary tie circuit breaker
d. Twin feed with a secondary tie -

Draw and label dlagrams of the following wypes of
secondary substations: N

’

a. Radial distribution
b. Secondary gelective gl -
c. Priﬁary selective ’

d. Network \ ) )

Draw and label the transformer secondayy connections

of a 480Y/277 V system with a solid gtound. .
Explaln the reasons for the popularlty of the 480Y/277 v
system in industrial plants

. Describe circumstances in which a lower voltage dis-

tribution system is preferred.
Explain the follow1ng terms:
a. System groundlng '

b. Equipment grounding
c. Solid grounding
d.. Resistance grounding X ‘ )

1Y
Explain the advantage of,resistance grounding.

List -and explain the five factors-to be considered
when selecting circuit protection devices. .

‘Describe the characteristics and appllcaflons of the

follpw1ng‘types of fuses:
a. Lag .
b. One-time N




¢ Current-limiting
. d. Dual element - , -/ : . ‘
10. Describe the constructlon, operatlon, and 'voltage
ranges of the follow1ng types of ‘circuit breakers:

a. - Air-magnetic circuit breakers®
b. Molded-case circuit breakers oo .
11.- Describe,the construction and operation .of the follow-

«

v ing types of circuit breakers: ) , -
: o~ )

a. Plunger ,

b. Time-delay induction’ dfsk N

c. Balanced beam -differential = . - /
12. Explain the difference in selective tr1pp1ng and cas-

cade’ tr1pp1ng of circuit pr?tectlve devices.

~ . w»

v
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LABORATORY MATERIALS co L

Spiral notépook or clipboard . - i ) .
Pen or pencil '~ i ‘ )

4

P
-

LABORATORY PROCEDURES , . * -

e

A

The 1aboratory for this module consists of a field
trip tq an 1ndustrlal 1 power dlstrlbutlon system. The purpose
is to observe the app11catlon of equlpment and techniques
describe4 in this module in an- industrial setting. Areas
to’Ee examined include pr1mary and secondary substations,
protective deviees and system! groundlng methods, and loca-

s

tion and types -of conductors. =~ .

1. - Observe the prlmary substation dur1ng the familiariza-
tion tour. Sketch all components of the station and - 3&

< T - — . ,
T —ﬁ‘" e - T, T ” /_.V_‘,"TiA ¢ " B
( . ‘

I'd



list the spec1f1catlon ofg;ach componeret . Include
the current and voltage carrying capabilities of all
protective dev1qes and the current - interrupting capa-’
‘bilities and time-= delays of all. c1rcu1t breakers. Re-
cord all data in the f1eId notebook.
Observe and sketch the compon?ﬁ&s and arramgement'of
_,/secondary substatioms. fnclude all equioment specifica-

tions and connectlons. . . .
Describe the type agd Bayout of conductors lead1ng
from the primary substation to the load centers.
DesEribe the type and layout.of conductors leadlng
from the load centers to the equipment - served.
Describe the grounding System used’ and the methods
used to detect ground faults.. . Lo
‘After the cbmpletlon of the- f1eld trip, preparewa sche-
‘'matic diagtram of the* power dlstrlbutlon system "In-
clude’ the voltages qu rated currents throughout the
system and the "equipment served by each branch c1rcu1t
Discuss the follow1ng topics as they apply to this
system and descr1be how ‘they might be 1mproved

Rellabllity B

Efficiency

Circuit oroteztﬁoh

D‘ATA TABLE%’

~

Include all field notes in the f1eld notebook or folder
and turn them in with your completed report.-.

L4
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4 | i TEST

Please circle the appropriate answér.’
' L S

In comparing g 480-V and 240-V.distribution system,

for the same load, the higher vdltage system ...

a.: operates at lower current. ' : N
b. has lower_voltage drops along the distribution

]

d. is included in most_dist;ibufion systems, but may
be eliminated.
e. Only c and d are true.
. .

[N

v

N

lines. . _
c. provides 120-V, single-phase for the Qperation ;
of hand tools. _ e .
d. All of the above are correct’ -
E. Only a and b are true.
f. Only a and ¢ are true. ' .
In primary distribution substations, the major component
immediately preceding the large air circuit breaker
is usually the .., ‘
a. discornect switch. ¥ ' ' ) {fﬁ
b. transformer. ° " N
c. oil circuit breaker. )
d. high-voltage line connection.. ’ ,
e. wvoltage regulator.
A tie circuit breaker on the ﬁain‘secoﬁdary distribu-
stion bus ... -
a. is normally closed, so two transformers in‘'parallel
" supply power to the entire load.
b.- 1is usually an oil circuit-breakerS
C. . may be.closed to power the entire load from one
t%ans%ormer if the other fails. ' ;,




.

4. A secondary selective load ‘center 1ncludes~ ..

a, ~ two step-down transformers Te
\Q\ b. ' a normally-ope ircuit breaker in the sec:
\ ondary distribution bus. - ) ‘
. c\ air circuit breakers on both tMe transformer ' - '

, Pprimaries and secondaries. '

d. Onlvfaland b are true. L
T, €. Only b and c are true. e

- ]

o 5., A net\ork distribution system with multiple feeders ... .
a. 1S the most common distribution system.in industry.
b. is less expensive than thETprsmary selgctive sys*-

tem, but provides lower reliability.

N requ1res at least two transformers in each load
o . ‘ center- '
d. reduce§\the need for c1rcu1t protective devices.

4 . e.r None of the above are correct

6. All industrial electrical distribution systems in-
« " clude ... ‘g - € 2
a. solid grounding. ’ * c
b. eouipment grounding.
.:‘ c. system grounding. ) /
d.- equipment and system grounding. "
e. resistive or solid grounding. v

7. A. 480Y /277 V distribution system Cie
‘a. ‘has a phase- -to- phase voltage of 277 V.

v b. has a phase-to- ground voltage of 480 V ,
- T c. requires a solid ground for the bperation of :
fluorescent 11ghts.(. K

d. "All of the, above are correct.
e. None of the aboye ‘are correct.

’ -~

o
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. 8. A7A curgent - I1m1t1gg,£use—v———” ' v v R P
— s . )
a. prov1des protection from both moderate overloads
~ of long duration and ‘short-circuit currents.’ s
b. is used’ in series, with air- breakers when the e

9.

-

breaker cannot 1n%errupt the short c1rcu1t cur-

-

’ - rernit. . ) - . . . . N
c. has replaceable fuse links. ' ‘
d. . is used in series with air breakers when the .

breaker cannot respond to long-duratien moderate

» ®

overloads. o
e. None of.,the above are correct. : : i

* .

Which of the following fuses is never used in motor .

.

circuits? | ' ) , .
.a. .Lag ' " : | ('géﬁﬁf
b. Dual element _ L SR + v

c. One-time: . 1 ' X LR ,
d. Curreht—limitin% . S . ’
e. - All may be used. ' e . )

. . -

Molded-case cirguit breakers ... : -
a. usually protect against both moderate overloads -

and short-circuits. S -
b. can be used only at voltages of 480 V and below. b
c. are less ‘common than a1r magnetlc breakers.

d. Both a and b are true,
e
e. Both a and c dre true. _ ., .
Time-delay induction disk relays.... R 2 T ‘%?
a. are used for overcurrent proteqfion. : L
b. are less complex than plunger relays. . .3
c. do not require current transformers. ' - ‘% -
~d=  usually have no adJustments for current tnip
—~Tevel-or time-delay. T T C
e.. Both a and d are true. , X ‘
. ' - - . T - PI-OS/PagéTSS
L . 122 .
% L ¢ , . . \. . ‘: - Ve




Air-magnetic circuit breakers ...

) a. are~avaiIablé in voltages up to 35 kV. ﬁ . I
- ' b. depend ‘upon a blast of compressed air, as well . |
- . ‘as magnetic blowout c01;s for their operation. '
1 ) c. are the most common typés in industrial and ] "4J
residential switch boxes. v Al
) d."" must be used in series with current-limiting , ‘
' fuses. ‘ ‘ ': . e
. ‘ e. None of the above are correct. , =~

.

«Q‘ Al . ’ .
ERIC Lo ‘ '
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IN-TBOIf)UCTION .

.This module, "Residential.Electricai Distributfon;"
-describes the'charaéterisfics of safe wiring systems based
on’?ﬁé National Electric Code and 1nc1udes additional infor-
mation oh the selection of wire 51zes for efficient opera-
tlon. '

' The National Electrlc Code is a complete listing of all
w1r1ng practices’ that are acceptéd as safe. Obviously, this
listing is lengthy and cannot be discussed in detail j§n this
module. The intent of this discussion is to familiarize the
student with general requirements of the code and common
practices used in residential in;tallations.‘

Topics include circuit protection, circuit grounding,
c1rcu1t devices and their installation, wire sizes and types
and acceptable wiring practlces.

5 In the laboratory, the student will construct a resi-
dential branch circuit in accordance with the requirements
af the National Electric Code. .

—._ . PREREQUISITES
< :

The student should have completed Module PIZO0
trial Electrical Distribution."

¢

, "Indus-

- 1

- OBJECTI

o

°

Upon completion.of this module, the student should be
able to: '
1. Describe the intent and purposes of the National Elec-

tric Code and Underwriters Laboratory.

< S ‘ ~ . PI-04/Page 1
. < 15z .
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2.

3.
4.

10.

- and explain the operation of each:

— 2 -
<
-

.Draw circuits containing the following switch types

a. ;Sdng}é-polé switch

‘b} Double-pole Ewitch

c. . Three-way switch -

d. °. Four-way switch ' -

Descrlbe the color code of the terminals of outlets.
Describe theoappearance ‘and application of the follow-

- _—~—~ing ‘types of fuses in residential circuits:

a. Edison-base fuses. ‘ -

-

.b. °Type S screw-in fuses

C. Type SC cartridge fuses

Explain the meaning of the following symbols in the
designation of wire types '

a. ' T-coded wire b .
b. - H-coded wire .
c. W-coded wire
d. - N-coded wire
e. -~ R-coded wire
Explain the importance of voltage drops in residential
distribution systems. . Delineate droﬁs in voltage that
are considered acceptable.

Identlfy the composition and uses of common cable types,
glven their identification Tumbers. s Py
Descrlbe the general requx‘?ments for condult and boxe% '
used in residential electr1ca1 systems. -
Expl%inwthe color codes used for wires in residential
systems and the uses of wires.of. each color.

Expléin the characteristic¢s of the grounded conductor
of residential systems and the dharacteristics of con- .

ductors used for equipment and component. grounding.

-

[}
L
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11.. aDescribe the tharacteristics of acceptablé splices and .
_— connections.. ' .-
12, Draw circuit diagrams show1ng the connections and
colors of conductors in the following circuits:
a. | Single-bole switch cont ollihg an outlet with
. ] the source at the switch ' ' L .
C {x b. Single- pole switch controlling an outlet w1t? ’ .
. ' . the source at the outye . )
B ) c. Two three-way switches tontrolling an outlet with
_ the source at the outlet. ¢
. ' - d. Two three-way switches controlliﬁg an outlet with
e B . the source at the first switch. ) .
13. In the laboratory, construct a residential branch cir-

‘cuit consisting of two three- -way switches controlllng

an outlet. -
. .
<
A
. .
» .
_ b
, .
?
s e
-
.
! -
. R
’ \\\ ) .
/ —
. .
» L
. . R
— .
~ e *
. T .
k] \\\\
.y ‘
4 ’
[
.
.
R ,
- kY \ d ‘
[
~ L, <




. . A R ' ) T, \,

i . t - r
, 3
!

L

. M '

| ( l / -
- NATIONAL ELECTRIC CODE R

SUBJECT MATTER

¢

, TESTING LABORATORIES
"

Re51dent1a1 electrlcal 'strlbutlon systems are re-
qulred-to meet certain standard for safety and must be
approved by local authorities. Sgﬁ‘ approval is‘usually

based on tﬁe‘ﬂational Electric Code and the Iisting of'

,circuit components by Undérwriters Labo;atp;y Approval = ~.

assures the &afety of the.system but does ﬂb\ guarantee
the system s eff1c1en;y

4

The National Electric Code (NEC)'isﬁa.lis; of rules

\\

. 5 .
and regulations that establishes safe methods of installing.

electrical materials! The NEC is published by theé National
Fire Protection Association and is the accepted standard
governing ail’ele;tnidal work. The code is intended to
assure ‘that the installation is free of both-eiectrical and
fire hazards. It does not assure that the installation will
be efficient, conyenient, or adaquate for the pﬁrposes in-
tended. These tasks are the responsibility of the‘deaignepu
: The NEC is not the law. It becomes law-'only when it
is adopted as such by local governmental enforcing authori-
ties. Almost every loqallty has "an electrical code. Some
adopt the NEC, while other state and Iocal authorities pro-
hibit some practices that are acceptable in - the NEC or 1mpose
additional restrxctlgga. The practices descr;bed in this

*module ‘are in accordance with thé National Electric Caodef

\ﬁ& L ] . ’ ' . :
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To be sure that all these'practices are acceptable in any
locality, it is necessary to check with local authorities.
The NEC is rev1sed and updated each, year. To‘ensur&~/
compliance, the most recent edition of the code should be
'.consulted The National Electric Code As available from-
the Natlonal Fire Protection Assoc1at10n, 470 Atlantlc Ave.,
Boston MA 02210. e -

.”o ‘. 3 .

¢ N ‘w‘
UNﬁERWRITERS LABORATORY
" The approval—of'all installations is the responsibility
; of the authority having Jurlsdlﬁplon in the particular 9
% locality. Materials used are usually approved on the ba51s
of listing by an accepted testing laboratory. “Several such Y
1aBorator1es exist, but by far the most widely accepted is
“Underwriters Laboratory, Inc.
) Materials-and equipment items are tested by the }abora-
v - tory. Items that pass tﬁe tests are listed as safe and bear
- the 'words '"listed by Underwriters Laboratory! or the svmbol
"UL." The laboratory does not approve items and does not
certlfy them as to eff1C1ency, convenience, or durability.
A UL listing certifies only that the item is safe — if used
as intended — and presents no electrical or fire hazards if

1 .
~

in proper working condition.
. Two similar 1tems/’?‘unequal quallty may beMisted if
eath presents no hazards. UL does not Plst any products p
. that are in v1olat10n of NEC requirements. ' Many product’s
| are not listed by UL; these products .should not be used
Moreover, most. 1nspect1ng author1t1es ‘'will not approve 1tems
"that are not 1i ed S > ¢ '
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~ CIRCUIT DEVICES . AT

s -
+ .
° <

C1rcu1£ dev1ces:1nc1ude switches and outlets. Types

-

) , of toggle sw1tches 1nc1ude the single-pole, double-pole, \
three-way, ground(ﬁ/duplex outlet, and th€ screw sockeh.

v

’

SWITCHES

N C ,/7/—-J RN
By far, the most common type of switch in residential \

circuits is the familiar toggle switch used to control \

lighting circuits, outlets, and certain built-in appliances.

While all of these switches ltave the same external appear- 4

ance, four distinct types are used. The internal’ connec- . SR

tions of these switches and their applications in circuits . .

-

are'shown in Figure 1. )
. K " The single-pole switch shown in Flgure la is the most
common switch. It has two! termfnals that are connected in
the ON position and disconnected in the OFF position. This
type switch is used to control most 120-V c1rcu1ts thgt have co
e only one switch. It is always installed 'in the hot’ conductor.
‘ ‘ Single-pole switches are nkver installed in the neutral
. ' (ground potent1a1) conductor. | ‘
' Flgure 1b shows a double-pole sw1tch that disconnects
» botH conductors leading to a load. ThlS switch is employed
: —ae only when neither of the conductors 1s at ‘ground potential.
S This pe sw1tch i's almost never used in 120-V circuits but
’ is cg:§on is 240 \' c1rcu1ts, sincé neither of the conductors
. is grounded “The words ON “and OFF appear on the handle of
. " both single-pole ‘and ,double-pole switches. o , . -
The SWltCh shown ‘in Figure lc is called a three -way \ ‘

* switch because it has three termlnals and three conductors

. . : : v PI-04/Page 7 -
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SYMBOLS : * SWITCHESIN CIRCUITS

2

> NEUTRAL .
SOURCE ’
®  HOT 7

| 3

&P . »

b. Double- -
Pole

NEUTRAL

NEUTRAL

FOUR-WAY
p )
I3 \‘,
—_— 2
. N ,’ (\
d 0——' g o o
7" THREE-WAY ..o THREE-WAY
©---0

-

Figure'l. Switches. -
- 4
- " _ »
connected to it. The name i's somewhat misleading, since it |

?hplies that the switch has three positions or can be used
to control a circLit ?rom.tpree locations. THings’not‘the
case.. This switch is actually a, doublé-throw switch that
copnegts one conductor to either of two other conductors.

.

]
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Such’ sw1tthes .are uagd to control a circuit from two seéparate
\ ' locatlons as shown’ 1n the c1rcu1t alagram.. In this circuit,
. elther switch §an‘turn the c1rcu1t ON or OFF regardless -of
the posxtlon'bf the other sw1tch The position of -the ter)
" minals varies with mhnufacturers. In most casés, the termi- -
«nal connECted to the.movable portion of the switch is a.dark
or ox1dlzed color (for identification). Three -way switches
‘are used only in }he hot conductor,”-and- an’ ‘incorréct connec-

‘ *tion will ‘make the switch inoperative (elther ‘ON_ or OFF all
" the time) -but will-present no hazard. '

.~ . The four- -way switch shown in Flgure 1d has four termi-
nals like the double-pole switch, but like the three-way
switch, the words OFh,and_ON do not éppear.on the handlé.
This switch conhécts~eithér teminals A to B and C to D or
A to D and B to C. Itcis used w1th»three -way switcles when
a c1rcu1t 1s to be controlled from three!&};atlons as- shown
in the circuit diagram.’ T . ? .

Additional(fourfway“switéhes may be added-between the
¢ . two three-way switches for. more control locations. The -
location and identifiéamibn schemes €or four-way switches
vary with manufacturers, but there is no hazard involved in
an incorrect connectlon. If the terfrinal arrangement is
'unknown, trial and error may be used untll the c1rcu1t func-

,9

tions properly T

- Ey

tn

In éddltlon to the terminals 1nd1cated in Figure 1 all
new switches have a terminal (that is color keyed green) for
groundlng the switch. mechanism (for, safety). This terminal

' is always ¢onnected to thé system ground. However, some
‘ older models may not; have this tenmlnal:% ’, ‘

¢ . r

\,. . .\" -

"0
)
-
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OUTLETS . I ' .
An outlet is defined as '"any point at which the elec-
trical energy is taken from the wi}ing system for applica-
tion." - Figure 2 shows a common grounded duplex outlet. The”
,two vertical slots in #he outlet carry the current. The
rounded lower opening in the sockei‘is for a ground connec-
tiqn'aﬁd qgrmailf does not carry current. It is connected
~ to the green ground terﬁiﬂal that is connected to the system
.o ‘ " ground. As explaiped previously, many-older outlets do-not
. . include the ground connection. . When such an older outlet- - ---- - -
o f is. replaced, it éhou?i bg'replaced with a grounded outlet
h

if — and only if — t groynd "terminal can be connected to

-

the.system ground. ’ ’ ' X / .

*

o

~N C. . . '
Figure 2. Grounded Duplex Outlet. -

. - . - -
i
' .
. . -
v . ’
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ewith color-coded screws like duplex outlets.

‘\ ' -~

8

The current-carrying conductors of the circuit are . .
connected to the terminals on the side of the outlet. The iR
hot (black) wire is connected to the brass screws. The
neutral (white) wire is connected to the screws that are
plated—with—a—silver or‘whlz;sZimetal**‘rrr"*—“

#Most outlets have two ferpinals on eac¢h side so that
wires may be run from one outlet to %Qether. These termlnals

-

are usually connected internally. However, in some outlets,

‘terminals are separated so that one portion'of the outlet is .

wired directly to:the power source, while the other is con-

tréfled by @ swifch? |
Although not reqhiréd by the NEC, it is common practice

to mount the outlet with the ground opening at the top. -

When a power cord’ is plugged-into an outlet only part way,
the upper conductors are usually ‘exposed. If the currentv*
carrying conductors are on -top, a metal object could £fall
across them and result in a short circuit. Placing the
grounded conductor on top prevents “this. . ] ,/( .
Another common outlet type'is Ehe serew socket used .
for incandescent lights. Screw socket outlets have terminals

N

-~

"
f . [
- - . 84 . <

CIRCULT PROTECTION ] .- e

» . . it

K e . N
t N

,

Circuif bretéctien ‘devices are requiréd-gér the main | N -
service entrance and for each bran€h circuit in residential -

1qsta;1at10ns. NEC rules requirg that all electrical power ' l
be disconnectable hy not more than six disconnect devices. . : ‘
Many local codes require that all power feed through a single {
main Qircudt.breaker or fuse switch combination, and this is ‘

the moTe usualPractice/ The code also requifes thlat not ~\\

~ | lézl PI-0%Page 11
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more than.42 overcurrent .devices be contained in one panel-
board. However, most residential distribution systems con-

sist .of considerably fewef circuits.

.
0

Circuit protection can consist of ‘fuses ar circuit '
breakers*~ Many older installations employ Edison- type fuses ‘
with screw bases that are compatible with an érdlnary 11ght i
"bulb. These are avallable with ratings of 15, \ 20, 25, and I
30 A. The code requlres that fuses rated at 15 A-have d *

:hexagbnal face or window 4 Larger sizes must ha&e a round '

- face or window. These fusesrare permftted only in existing
instalilations. Edison-tYpe fuses dre'never installed&in.new . ]

A S—
systems. ' ce N
Type S fuses are also screw-in fuses, but the base of

N
Y
.

'each rat1ng is a different size to prevent replacement w1th/’~

the improper size fuse. Thege fuses screw into adaptors ) L
that are permanently 1ns¢a11ed in ‘the Edison- type fuse
holders. Type S fuses are available 1n the same amperage ‘ .

~

_“,Latlngs with d1fferent adaptor and base sizes ‘(except- f0r
~ 25 and 30 A fuses, ‘“Which have the same size base). .

‘Cartrldge fuses are used jor\rﬁg;ngs of over 30 A ‘and .
are also popular for ldweruratlngs These are available in -

several types, ‘as de&wrlbed in Module PI 03 "Industrial, - .t
‘Electrical Distribution.” Cartridge fuses may be used 1n

series with switches or in pull-out blocks that dlsconnect S

the circuit when the block is removed from its socket. ﬁ ‘ I
’ Branch circuits are often protected by type SC cartrldge
fuses in series with disconnect swifches. In such cades, the
disconnect switch-always precedes the fuse in the c1rcu1t | I
The switch and fuse holder are often contained in 3a 51ng1e . .o
housing with a nebn bulb that 11ghts to»lndlcate a blown '
f'use~ Like type S. fuses, SC fuses hdve different sizes for . -
d1fferent ratings; they cannot be 1nterchanged . -

’
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*been uFed in the past and are Stlll approved for a few

‘when uSed w1th~standardﬂconnectors and are no longer in-

~cussed]1n this. module. R . ) “ .
.“ ’. ) [N h
! AN
1 A
- . i (,e‘é' -4 »
4 e e . )
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The most common circuit érotection dericés in residen-
tial use are thermal- magnetlc air circuit breakers, also
descr1be§ in Module PI-03. THese breakers are mounted. so — L4
that the handle is in ‘the UP position when the circuit is
complete, as shown in:Figure 3.~ When the breaker trips, :
the handle moves to the MID position. To reset the breaker, ’
it is'né;essary to move the handle- downward pa§t’the'OFF
position qu then back up to the ON p051t10n. These breakers
are available in sg;ndard sizes from 15 to, "200 A that are ~

designed to snap into standard breaker bores

%

- ~
.

.
\ N ° ‘.,
.

Figure 3. Operation of
Single-Pole €ircuit Breaker.

A

v
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WIRES o o .
f . , ) f . "

Three types of wires have been used id residéhtial in-

s
.
»
.
.

-
.

stallatlons Alumlnum and coppef clad alumlnum wires have
appllcatlons. However,,these w1re types are f1re hazards

stalled in residential circuits.~ All new.: ‘construction
employs copper conductors.” Only copper W1res will be dlS-

* // ‘ P
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.WIRE SIZES

Wire sizes are measured in terms of the American Wire

Figure 4 shows the diameters of the conductors of

Gauge.
Even-numbered sizes_from 4/0

several common wire sizes.

2 BB s ae o o .-

10 12 14 16 18

Actual Diameters of Typical Sizes of
Electric Wires, Without Insulation.

Figure 4.

(pronounced "four-naught") to 14 are commonly used, in resi-

dential distribution systems. Larger sizes are standard

for greater flexibility. The current rating depends, in
 part, upon the size of wire. However, current rating also
depends upon the insulation type and method of installation,

as\gpown in Table 1.




. N
/ N .
. , TABLE 1. AMPACITY OF COPPER WIRES.
In conduit,. cable, or buried Single conductors
directly in the earth in free air
Types Types RH, ~ Types Types RH,
T, TW, UF RHW, THW, USE T, TW RHW, THW
Wire™—
. Size (A) (B) (9] (D)
14 15 15 . 20 20
12 20 : 420 ' 25 25 4 -
10 30° 30 40 40 \
8 ‘40 45 55 65
~ 6 ss | <~ 65 . 80 9K v
4 70 .85 105 1125 : .
\\\\ 2" 95 - 115 140 170
. i . . ’ /i:
' 1 .1/0 125¢ 150 | " 195 230 —
2/0 - 145 ¢ ‘ 175 225 265 o
3/0 165 200 - 260 310 _
’ ! '
-~ INSULATION TYPES

Many types of insulation are used gn wi;es. Only common
types are discussed here. Wire types used in residential
appjiF?tions are rated for 600 V. The current rating of a
wire.is proportional to the insulation's re51stance<to heﬁt
This is.because 1t is 1mp0551ble for an electric current to

s .

" flow through a wire without heatlng the wire. The heat of
the wire can damage the wire's insulation.

' q

~ | 133
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hach wire type is also rated by the maximum temperature
that the wire can w1thstand Ratings are from 60° C (140°F)
to 90°C (194°F). These are the actual operating temperatures
"of the wires and not- the amb1ent temperature. Wires with
the symbols H or HH *in their designation have rated tempera-
tures of 75°C or greater. Those without these symbqls are
:rated at 60°C.

The NEC defines three types ‘of locations for the in- ~

. stallation of wires. Lecations include .those that are dry,
those that are damp, and those that are wet. Dry locations
are not normally subject to moisture, such as interior wir-
ing. Damp locations, such as basements, are partially pro-
tected Qut may be subject to dampness. Wet locations, such
as underground cables, are subject to saturation with water.
Wire types with the symbol W in their designation may be

' used in any location. Those without this symbol are used
in dry locations only. \

The most commonly used wires are types T, TH, and THW.
These w1res have thermoplast1c 1nsulat1on. Typés THHN and
THWN have plastic insulation with a nylon covering. The
nylon provides better insulation and greater mechanical

strength results in a smaller diameter for the same con-

ductor size than type-T.

W1re types heginning with the symbol "X" have synthet1c
polymer insulation\ and require an even—th1nner layer of in-
sulation. At one Aime, all wire for general wse had rubber
insulation designated by a beginning symbol 'R Although
this wire type is not pOpular today, some is st1ll used
Several other types of 1nsulat1on may also be used, but they
are less common. The SEC contains tables specifying the
conditions and limitgtions of use of all types of approved

wire..

A
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CABLES

.
~

Two or more wires grouped together in a single covering

are called a cable. Cables are popular for tresidential in-

.

£ 2

stallations because they are usuaLly easier to install than
~ single wires. and do not require the use of conduits,  for many
applications;‘ ) . '
B ‘ Cable size is designated by the size ‘and number of con-
\ ductors it contains. Thus, a 12-3 cable has three size-12
condu&tors, tach with individual insulation. Many cables
contain two insulated current-carrying wires and a bare i w
ground wire.. A 10-2G cable has two 1nsu1ated number 10 con-
ductors and a. bare number 10 ground wire.
Flgure 5 shows three common types of cahle. Nonmetal-
lic-sheathed- cable, type NM (Figure 5a), contains two or
three insulated conductors and may or Jmay rot have a bare

Y4 __

) v —
PLASTIC
SHE%I}H
PAPER
OVERWRAP :
BARE
enounome—r 14 - 2G TYPE NM
. WIRE _
' L a. Nonmetailic-Sheathed Cable for Dry Locations
) PLASTIC >
ené’uugme 14 - 2G TYPE NMC ,
L b. Nonmotamc-smathod Cablcforwa Ltocations -
’ /souoma STRIP
’ N \J
' }
- ‘ -~
“{ e Armored Cable ) )
/ . =k .; IS : ’/ ~

Figure 5. Cable Types. '

:. ~ - . . -~ :’-/ )
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ground. The wires are wrapped together with a paper wrap
~and covered with a plastic sheath. This is the most common
type of cable for dry locations. It is used ‘for mest resi-

dential installations. , : *?\\\
“» . Type NMC (Figure 5b) is another nonmetalllc SQEEtQ\f N .
1\ .cable. This cable type has conductors that are embedded“in \
\\\1 a, solid plastic covering.\ Nonmetal}ic-sheathed cable, type ‘
. NMC, can be used in either dry or damp locations. It should
N o not be used in wet locations or buried 1n the ground. Type

- UF underground feeder cable is similar.in comstruction but
may be buried or used in wet locdtions. oo
Armored cable (Figure 5c) has two or three, conductors

~

inside a spiral armor of galvanized steel. Each wire is
wrapped in a layer of paper to protect it’ from abrasion by
the metal armon\‘\ﬁrmorEd cable does not contain a bare
conductor, but 'a strip—of aluminum_is included inside the
- armor to improve the grounding capability. Armored cables
are designated as types AC or ACT, although the trade symbol
A BX is also commonly used. |

SELECTION OF PROPER WIRE SIZE - \

.. It might seem that the only consideration in selectihg .
wire size is that the wire be rated to carry the current
“ %
expected in the circuit. However, several other factors

o must be considered. . x . - o
X ' %4For continuous loads of three hdurs or more, the NEC
limits the current of any cdnductéquo 80% of the rated
current. : s

Ve
’
L
.
3
*, SR

“

. N = 14 '
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excgeds 30°C (86°F) — the ampacity of the wires is also
de-Nated. ‘Therefore, larger conductprs may be required.
There is always some voltage drop along conductors in

any distribution circuit. A voltage drop of 3% on the

branch circuit conductors at the farthest outlet, or a total
drop 5% on both the feeder and branch conductors, is con-
sidere exce551ve and leads to inefficiencies. Not only is

a signi 1cant amount of power consumed in heating the con-
ductors, but most electrlcal devices are less efficient at
lower voltages./ If an electric motor is operated at a volt-
age,5% bellow its rg}ed voltage, its power drops almost 10%.
At a 10% voltage drop, the power drops by 19%. An 1ncandes—
cent bulb pperated at 5% below\qts rated voltage produces '
16% lessfll ht; at a voltage drop of;}O%, the light output
drops over b o ) - -

ential circuyits, the, feeder 11nes are sized to “

imum voltage drop of 1 to 2%. Bganch circuit
> normally sized to peruce a maximum voltage
drop. of anothelr 2%, and the total drop should not exceed 3%
For brénch cir uit lengths of more. than abdut 50 feet, the’
voltage drop. ‘
The Nationa

\Electric Code contains tables for deter-
mining the}proper?size of conductors for a variety of appli-

— -——---cations and branc\~cifcyitv1engths{ - ) S e e
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Box with Two Switches.

i

BOXES AND CONDUIT .- L

<

The following discussion centers on boxes, conduit, .
and sizing cenduit and boxes.

A A

BOXES

All circuitidevices, such ‘as switches, outlets, and
breakers, must be mounted inside metal boxes. -Figure 6
shows two switches rmounted in a box.with the cover plate
removed. Such boxes are available
in a large range of sizes and shapes.

These boxes have knock-outs of
several standard sizes for connect-
ing~condaif-0T-e%ble~e}&mpsv~71

conductors leading to the box’ are

contained in E;iduit’ the conduit is
electrically conpected to the box
.to provide a grodnd.

I1f cables are used, cable clamps

hbld the cables securely in place

Figure 6. A Square and the ground conductor of the cable
is connected to the box. 1In either

' case, the greeﬁ grounding.perminéls

pf the cqmggggptgwggﬁtained in the box are grounded to the

box. .Any knock-outs that have been opened but are not in

use must be plugged with caps. All wire and cable connec-

tions are made inside such boxes. Wires to be connected in

boxes must extend six inches into the box for easy connection.

7/ A : o,

<
]
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s conmui U
TYPES QF CONDUIT .
In many cases, the current-carrying conductors are .

contained inside metal conduits. Three types of conduit.
may be used. o '

Rigid metal conduit may be made of iron or-.aluminum.
Iron and aluminum should never be ysed tbgether because the
junctioﬁs of dissimilar metals may result in corrésion and
poor electrical contact. Rigid conduit is available in stan-
dard lengths of ten feet.with threads on both ends. '

When the-&onduit is cut to lengtli, the inner surfaces
must be reamed to. prevent damage to the conductors. Conduit
may be -connected only with approved connectors. It myst be
firmly mounted within three feet of each outjlet box. The
code allows no mbre than the equivalent of fdur 90° bends

(360° total) between outlet boxes or fittings. The restric-
tion on bends is to limit the stress on the wire during this
operatlon. . Y &- .
Conduit is 1nsta11ed f1rst .and the wires ‘are pulled
through ,it. The conduit 1s connegted to the boxes by spec1a1
connectors, as shown in Flgure 7. A locknut on the out51de ;
© .7 LOGKNUT NOTE
. . ) BITING INTO ROUNDED
/ . BOX SURFACE .
e conpuIT \ -
Flgure 7. Cross- Section Showing =X BN
How a Locknut and Bushing are ' ]
Used to Anchor Conduit to any
Box or Cabinet., .
$, - e
, ‘ .
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of the box assures both mechanicai‘strength‘géd geod elec-
trical cdntact. The ihternal bushing has a rounded surface\;ﬁ
to prevent damage to the 1nsu1at10n of the wires. In all
systems employ;pg metal condult,.the conduit provides the '
Nelectrllal ground path.. - ’ . .

ET

and may be used in most of the same appllcatlons. EMT has

ctrical metal tublng (EMT) 1s similar to condult

a thinner wall tham; rigid conduit and cannot be ‘threaded.
Connectors for-EMT apply pressure to grip the tubing. Only
\éonﬁectors designed for that purpose may be used. All the
es applying to the use of rigid conduit also apply to .
the tubing.
' Flexible metal cOnduiu‘is similar.in cgnstrubtion to
the outer covering of armored cable. It is used where ] -
vibration exists — such as-in connections to motors and

- cuits to occupy the same conduit as long as ,all voltages . ~ .

maehiﬂefy;—»aﬂé—may—&}se—be—ased~te—makee%heet—¥aé%us—benu-

that cannot be _made- w1th\£i§;e conduit. Liquid-tight flex-

ible conduit for’ wet locations has an outer plastic.covering.
. IS

¥

v : . Y ‘ .
SIZIVG CONDUIT AND BOXES ) : .

» .

-

)
s

The NEC allows conductors of different electrical cir-

are 600 V or-less. Thus, a single conduit may contain sev-

eral circuits‘with everal different voltages. 1In all,caEes,_
ased onr a maximum fill of 40%. This

oss sectional area of thb wires in

the conduit size is
means that the total

. the conduit, 1nc1ud1ng insulation, cannot exceed 40% of the X

area of the conduit. -In many cases, the condult is over- W
4

51zed to allow fon easier pulling of wires. and to provide ¢

for the addition of futute circuits.

e

-
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: Junction boxes ire sized to preve&t ing of the
conductors in the box. The size‘uéed depends on the number |
and size of conductors in the box. A «conductor passing
through a box without a splice or tap is counted as one
conductor.and each conductor that is tapped or spliced to
another conductor is* counted as one conductor. Tables
specifying the sizes of boxes for various applications may

be found_in the NEC. « . —

. .t*«m ) - ?

A=

WIRING PRACTICES

The discussion about wiring practices “that follows
concerns color codes, grounding, splices and qennectlons,
and d%rcult connectlons. . : ¢

~ / ©

- > . .

[

< - -
7 3 K -

X L E. \ .
- + 3 wires ,— white, bl ~7'red

'COLOR CODES *

s "

° i - ""\ ‘ -

SN 3

Wire for re51dent%al use is color- coded for easy iden-
gification eof 1nd1v1dua1 wires when several conductors are
bundled together. The following col combinations are
commonly used when 1nd1x4hua1 w1res are placed together in

‘a 51ng1e conduit dnd forfi-e individual conductors w1th1n

cables o
- 2 wires — white, black - A

4 wires —iuhitei blg red,,blue ‘ ‘
« 5 wires — white, b;AcK,'red,‘blue, yellow ' !

Insulated grounding W1res are always green (or green with

-

a yellow stripe) -and shohld be used for no other purpose.

i -
* ' . H M
v ’ 9

C :
"~ PI-04/Page 23
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GROUNDING
’ All residential elézz\ical systems are grounded systems.
(System and equlpment grounding are discussed in Module
PI-03, "Industrial Electrical Dlstrlbuxlon.") In 120-V cir-
cuits, one of the conductors is always at ground potential.
This conductor is .grounded both at the diStribution trans-
former and the service entrance. If the grounded wire is
size 6 or 'smaller, it must be either white or gray thzbugh-
out its length. If larger than number 6, it must h&i: the
same white or gray color, be phinted white at each t€Tminal,
or be taped with white or gray tape at each-terminal. The
only exceptlon;to the use of the wﬁlte wire as the grounded
wire is in sgme switch loops as descrlbed later in this

module. N

The’ grounded wire—-is—mever—interrupted by acircuit
breaker, fuse, switch'or other device. 11 grounded wires
in a system are connected directly to the system ground.

Grounding wires ‘for equipment and /switch and outlet

" Woxes are usually bare. If they are insulated, they must .

a————
be either green or green with a yellow stripe. In systems

employing conduit’, the conduit acts as ‘thewgrounding con-
ductor. All outlets and switéhes in new construction must
be connected to a continuous groundlng system that is tied
to earth ground y : . - . -

—_

.
/ : .
g

SPLICES.-AND CONNECTIONS-

. . <
—~ »

" All splices and connections in the system must be both/.
mechanically and electrically secure. The emphasis is usu-
ally on mechanical strength, as this also assures good elec:

-

trical connections. . !
PO, - : S

Al -
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spliced, as shown in Fighre 8. Splices

must be contained im boxes where they are accessible and

Wires may be Cj/‘°
In all

must be both electrically and mechanically
secure without solder.

cannot be located inside condufit or cable rumns.

cases, the splice
. Solder is applied only to prevent, L
oxidation of the conductors. The conductor must be entirely

"covered with an insulation equivalent to that of the conduc-

tors. Plagtic tape may be uéed, or e splice may be wrapped
with rubber tape with a covering of friction tape. ‘

-~ ‘ L3

- N

===

{  SMALL WIRES SPLICED
WESTERN UNION
) SPLICE AT AN OUTLET

» , _—SOLDERED JOINT o

Figure 8. Splices and Joints Mechanically
‘and Electrically Secure.

Y a 3

‘The most common way of connecting wires in residential
systems is with wire nuts, as shown in Figure. 9: These are .
plastic caps containing a

threaded conductor or a spiral .
spring. The straight, bare
ends of the conductors are .

held together and the wire nut

is screwed onto thefm. Wire C ey
nuts are available several Ei 9

. . .. igure 9.
sizes. The pack%ge containing * e »

-~ -
< - .

-

Wire Nut.

. T \J ' PI-04/Page 25
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’

each size specifies the sizes and number of conductors for
.which that wire nut may be used. ) >~ L
. Pegure 10 shows how tQ connect conductors to terminals.
\ere must be looped in the'proper dlrectlon so that tighten-

ng the screw will tend to close the 100p Wire must extend
at least two-thirds of the

distance) around the screw — -

- but may not overlap itself.
The bare conductor may not
- extend more than one-quarter

I4
inch from the screw. The .
insulation should be cut

o
a. Hot WI{os b, Ground Wires| - at an angle of about 60 ’»

4

as shown in both Figures 9
and 10. The screw must be\
tightened until it .grips

_Figure ¥0. Connections of -
Wires., ¢o Termihals.

g

the conductor securell. Wires may end at thé terminal or

be looped around one terminal and extend to another terminal.
: . p

CIRCUIT CONNECTIONS | :

All circuit outlets must be connected with a white wire
as the ground wire and some other color (usually black) as
‘the hot conductor. Duplex outlets are usually made-with ’
two screws on each s{de S0 that wires camr’be run from one
outlet to the.next in the c1rcu1t. * In such cases, hot wires
may be,connected to the terminals, as shown in Figure 10a.

.Y The ground wire may not be broken at the dutlet. It may be-

connected as shown 1n Figure 10b. ,
~ »

an

. -




. , L ety
o " A better way to céagéct the g ound wire is sthn in
Figure. 1lla. Thls\flgure shows a duplex outlet served :hy
two separate hot wires and a single groun& wire. The cir- .
cuit also 1nc1udes other outlets. In all cases, the ground
wire must be unlnterrupted by any circuit dev1ces. -The

connection shown in Figure 11b is forb1dden~- .

- .

: ' N BLACK PR L\ BLACK -

. WHITE.
a. . . NEUTRAL | °u, :
L] ) . - .

- v - . ’ * .

Figure 11. Connecting the Neutral.in a Three-Wire Circuit.

N -
.

The only case in which - the ground wire may be any colér
other than white or gray‘ié in switch lopps. Figufe 12 shows
two methods of conneEtiqg.swi£¢h looﬁ§ Containing a single
switch and outlet. ) ' ,

I1f the switch is located at the source as shown in figJ
ure(lzaﬁ it is installed in the black "(hot) wire. The con-
tinuous white wire extends to the outle;/y'The:hot wire is~
interrupted by the switch, but the ground wire is continuous,

-

Figure, 12b shows the connection of this circuit when ‘
the 11ght is at the source. The switch, loop of thlS c1rcu1t

ins a wh1te wire-that is not a ground wire. This is
acceptable when cable is used for the switch loop. At the
. outlef, the ground wjre is White and the hot wire (from the

switch) is blagk.® R ’ ®.

St SR . 150 P1-04/Page 27
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BLACK WHITE
c'.mnn,,'
N sounce X A
WHITE 2
. ’ 2
LAMP Z
&‘ é
Z
= -
- — '
S84
SOURCE ) WHITE
a. Feed at Switch - ’ b. Feed at Light
o
.. L « R } « el i -
. Figure 12. Single-Pole Switch Connedtions.

This conforms with the rule that the ground wire must

.be white_at each ousgqt\pnd the hot wire must be another .

color. The cable used for the switch loop contains one

white wire and one black wire, but neither” O0f these wires

is at ground ptential. Ali wires to switches in~res;§ential

cireuits are_hot wires, regardless, of color. This arrange-

méht‘aliows the use of atanda#& cables ‘in switch loops.
Figure 13 shows a circuit connection with threg-way

$witch contrel. The source is at the first switch. In'this

case, the continuous white conductor extends to the lamp

outlet; the switcH loop is comprised of the black and red

conductors. o ' ‘

- -

<l

-

‘e

.
.
.
’ A M
¢
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-~ - « \
CABLE i
WHITE 4 WHITE WHITEf WHITE
/i ‘ :
vav ‘ '
‘ | '&0 ) i S8OURCE
WHITE RED  BLACK
. BLACK .

Figure 13. Circuit with'Three-Way Switch Control,
Feed at the First Switch Control PoiRt.

> ¢ ' '.
Figure 14 is a similar circuit with the source at the
lamp. -At the lamp outlet, the white wire is the ground wire
- and the black wire\is the hS‘t.conduc’tor from the switch loop.

CABLE ®

BLACK / .
]

Favvinwwn iy

A

, J
.\\\\\\\\\\\\\\'ll "II
SOURCE Q*'

%

WHITE

: AY

Fiéurev14. Circ‘uilt;wi:th Three-way Switch Control,
. Feed at Light.

.

As in Figure. 12b, the white wire is used as a hot wire in’
the switch loop. The circuit is connected in such a way
that the outlet is sérved by a white ground wire and a hot

~ wire of énother color (usually black).

¢

The ,only situation in which White wire may be used for
any purp'ose‘ other than' a ground wire is in switch loops.

. ) 152 PI-.O4/~Page 29
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SUMMARY

r
\

The Vatlonal Electric Code specifies the methods of

. 1nsta111ng e1ectr1ca1 equipment to ensure that* the finished
' job is safe. Underwriters Laboratory tests equipment and
lists equipment thaq’passes minimum safety standards. Local
' codes are usually based on the NEC and will certify for use
only the equipment listed by UL."N | :

Important safety features of a11 re51dent1a1 ‘electrical
systeéms include the following: ‘ A
« The main service entrance and éach branch circuit are
‘ protected by either fuses or circuit hreakers in the .

ot line. ' ' .
-+ All switches and protective devices are installed in
“he hot wires. '
L . The ground wire is wh1te and contalns no circuit de-

vices. -
. Each outlet is served by a whlte ground wire and a hot
. wire of another color (usually black).
. Each 51ze and type of wire is used only for applica-,
tions for which it, is approved by the NEC. . ‘

. All circuit’devices must be contained in approved boxes.,
P *« A grounding system composed of bare wire, insulated
wire that is green or green W1th a yellow stripe, or
continuously connected condult, is used to ground all

‘

.circuit devices.. . .

- - .

« All sp11ces and connectlons must be made in an approved
manner to assure_safe operation of the system.

e

%

o - ‘ ‘
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EXERCISES

Draw circuit diagrams of the following switches in’

. . . . S
residential circuitsz
a. Single-pole

b. Double-pole - ) -/

c. Three-way . I

d: Four-way

Describe the application of double-pole switchds in =~

residential circuits.

Sketch a diagram of a duplex outlet. ‘Identify the
colors of the terminals and spegify the colors of wire
that may be connected to each terminal.‘ '
Describe each of the following fuse types and their
appIicationé} '

a. Edisori-base

b. Type S. ’ \;),

c. Type SC

Describe the characteristics and uses of-the following
wires and cables: ¢

a. T (
b.  THWN ) ‘

c. 12-2G type NMC -

d. 10-2G type UF , . ,
e. ©14-3 type AC

‘Explain how voltage drop affects the efficiency of
residential circuits and the devices used on- those
circuits. ' ‘ |
List the conditions under which the ampacity of a con-
ductor must be de-rated. a— ) L.
Explain the dffference in a grohnged qoﬁductor~and a

grounding conductor in a residential circuit. -

: X
154  PI-D4/Page 31
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e = — == g~ -~ —§ingle~ pole switch- contrblIlng”an*but1ét*vﬁth

-—
9. . Describe three types of conduit that may be used in-
residential circuits. ’
10. Describe the characteristics of acceptable splices in

conductors. .Include the purpose of solder and the
insulation requirements of splices.

% -

11. " Draw c1rcu1q diagrams of the following circuits. In-
clude the grOundlng conductors:

the source at the switch. .

b. Two three-way switéhes controlling an outlet»with
the source at ‘the outlet.

c. Two three-way switches and a four-way switch con-
trolling an outlet‘with the 'source at the first L

— switch. Assume that four-conductor cable is used

to connect the four- -way switch and 1nc1ude an
acceptable conductor arrangement.

LABORATORY MATERIALS L

Grounded power cord (14-3)
Three boxes for mounting-one switch or duplex outlet-“eacir ¥
Two three-way switches

v

One duPlex outlet ' ’
Five cable ¢lamps for boxes .

Five feet of 14 26 type NM or NMC cable ; ’ =
Five feet of 14- 3§ type NM or NMC cable -

Wire nuts for connecting two number 14 conductors

4

Screwdriver . ’

Wire éutters and strippers -

Desk lamp, radio, or othgr 16w cu}rent device to be operated
on the ¢onstructed circuit . e

v R . . s )
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S LABORATORY PROCEDURES

1. Construct the circuit shown in Figure 14 using the
materials provided and following the procedures out-
lined in ‘the Subject Matter. The source for this cir-
cuit is the grounded power cord. Install the end of
the cord ‘without the connector in the lamp as if it

e e WO TE--3- Standard -€able. - o o e o e o @ e = e

2. Connect the green conductor of the cord to the bare
ground conductor of the cable.and securely ground each
circuit device in an acceptable manner. '

3. Check all terminal connections to be sure they are made

in an acceptable manner and that the correct wires are

installed on the proper terminals. et

| W Follow thexground (white) conduct?r through the circuit

to the outlet. Be sure the ground conductor is unbroken

and contains no circuit devices.

5.° The instructor should check the student's circuit before

' ;2;~23Ei§:gord %s plugged in. .
6. | After the, instructor approves the circuit, plug the

{ powe¥ cord\into a 120-V outlet and plug the device to

D& _gperated-into-the-duplex:outlet. Operate the cir-
.- cuit and check for proper operation. '
7. Draw a detailed circuit diagram in the Data Table.
Include the connections of' tHe grounding wire and the
power cord. '

8. Describe the operation of the circuit and each circuit
component in the Data Table.

' ‘ ' " PI-04/Page 33
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- DATA TABLES
DATA TABLE.
CIRCUIT DIAGRAM: ,
~
o |
[~ A T T T e T T e T e - h - __. - - >.-’ //A
t
DESCRIPTION OF CIRCUIT:
) A

REFERENCES

Mullin, Ray C. Electrical Wiring — Residential. Albany,
NY: Delmdr Publishers, 1978. o
\ Richter, H.P, and Schwan, "W.C, ‘Fractical Electrical Wiring.
New York: McGraw-Hill Book Compény, 1978.
'National Electric Code, 1978 Edition. National Fire Prote.c~
\ tion Association, 470 Atlantic -Ave., Boston, MA 02210,
1978, . ]
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. | . TEST

‘Please circle the appropriate answer. . .
1. The National Electric Code is ... ‘
3. concerned with the safety and efficiency of the
complefEd installation. '
N b. concerned with the approval and testing of indi- -
. . vidual compopeﬁts and the safety of  the fimished
installation. ’
c. the established law governing all electrical
. installations. ‘ '
d. concerned only with the safety of the finished
. ‘ job. . .
e. Both c and d are correct.
. 2. Which of the following 'is not acceptable as the grounded
conductor of a residential elecgn%ggl system?
. a. A gray wire
b. A black wire, number 4 or larfer, with® the ends
painted white
c. A white wire i
d. None of the above are acceptable.
T L e. All of the above are acceptable. -
3. A green wire in a®cable may be used ... )
a.  for any purpose, if the system is not grounded.
! b. as the circuit 'ground conductor. ‘ '
c. for €quipment grounding only.
d. as a hot wire only. . '
) ‘ e. -for none pf tpe above purposes.
' 4. . Double-pole switches are used in residential circuits ...

“a. when it is desirable to disconnect the grounded

conductor as well as the hot conductor.
b, to control an butlet from two locations.

‘> ,

T . ¢ :Q e )
g ‘ 158 PI-04/Page 35
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‘ c. only in 240-V circuits in whigh neither of the
’ current-carrying conductors is grounded.
d. for most common applications. '
e. None of the abo?e*are correct. °
~ 5. A cable des;gnafed 12-2G type NMC ... B .
.a. actually contains three conducé%rs.
b. cannot be used:in wet locations or buried in the’ ’
ground. o ' e
c. .is acceptable for damp locations.
dt‘ All of the above are correct. ‘
e. Only a and c are correct. .
. 6. Which of the following is not an accepfable connectiomf
of a wire to the terminal of an outlet? . '
i a. A bare wire cornected to a’'green screw W
b. A black wire connected to a brass screw
. c. A gray wire conngcted to a 511ver screw
d. A red wire connected to a brass screw
e. - A white wire conmected.to a brass screw .
i 7. Wires often cérrf a lower current than their nominal. °
‘ © rated current when ... ’
a. {wo current-carrying conductors are contained in
e “* a 51ng1e conduit or cable.
] b. branch circuits have runs of over 100 feet.
c. wires are sprecg'to'a continuous load of more
than three hours duration. X /
. © o d. All of the abongaré correct. . § ‘ )/
e. Only b and c are true. N ]
. 8. When switch loops a:g composed of cables ... / i
a. the white wiré%féading to the switch may be a
grounded wire, but this is not required.
b. the white wire leading to the outlet may b¢ a §
A grounded wire,.bﬁt this is not required. '
/ «
3 _Page 36/PI-04 o, '



d.

€.

. ¥ -~
.

the white wire leading to the switch is always K '
a hot wire. . . o '
the hot wire leading to the outlet may be white.

Both ¢ and .d are true.

Splices in wires and cables ... -

a.
b.

d.

€.

.are not allowed in residential c1rcu1ts. "

may be made only inside bdxes or straight condult %%
Tuns.

are Lsually soldered to assure goﬁﬂ electrical
contacts. T ’

may be made with Vire nuts only. *

«None of the above-are correct.

Voltage drops in residential circuits ...

a.

are usually of no cancern, since voltage drops

~

. rarely exceed 1%. ) >

produce losses in the lines, but do not adversely.
affect the.operation of equipment.

should always be calculated and reduced to not
mofe than 5%_iﬁ any branch circuit.

are uSually held to not more than 2% in any branch

circuit.
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INTRODUC,TION

. For many years, cheap, abundant energy fostered wésteful
energy practices. 1In recent year$, increased dem ds and
dw1nd11ng supplies have driven energy prices up and made con-a
servation essential for both residential and industrial con-
sumers. This modulé describes methods of, electrical ene*gy
management.. Industrial and commercial customers can use elec-
trical energy management techniques to reduce their expendi-
tures for energy. - . ’

PI-05, "Electrical Eriergy Management,'" begins with a de-
scription of the costs involved in produc1ng and, distributing
electrical energy and an eXplanantlon of how these costs vary
with fluctuating demands for power. Electr1c1ty'product10n
‘and distribution costs are the basis of the utility rate
schedules defcribed later in the module. Other topics in-
clude energy conservation in industry, power factor correc-
tion, descriptions of industrial loaéé, and the use of load
management techniques to reduce the'maximum power demand.

The most, common method used to calculate industfial electric
bills is also explained. .

In the laboratory, the student Will calculate a series AN

of electric bills and explore the effect of energy conserva-

A w

tion and.load management on-utility costs. ,

o . .

o~

., ' The student should have completed Module PI-04, "Resi-

dential Electrical Dis{Iibution." | . o

° ' PREREQUISITES
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Upon’completion of this module, the student should be - i
able to: , 5
1. raw and explain a diagram showing the vafiations in
demand for electrical energy during a 24-hour period.
2. Explain the inefficiencies in electrical power produc- ,
-- tion -during minimum.demand periods and peak demand, <o
periods. ) T, '
-3, Explain the basic characterlsiﬁcs and efficiencies of
the following classes of industrial electrlcal loads: .
a. Lighting > '
\ b. ° Heating B - . -
\. C. Motors ’ \
4, Explain how each of the fOllOWlng may be used to Neduce
electrical energy consumption: . \
\E. Energy awareness \
by Maintenance programs ‘ , - 1 -
"¢\ Power factor Correction _ \
~d. \Alternate’ energy sources R
S. Eprhln the follow)dng terms asr they are applied té\i‘ .
- ——_industrial electrical loads: . B = . .
a. Df&ersity ’ ) ‘ L ya
. b, Diversity factor N
c.. Demand . " . ‘
.d. Demand factor "
e. Connected load . ,
-f. Load factor . ) ' ‘
g. Hours u§$'of\demand : \ \
~ h. Coincidence facter ; -
i. Demand interval
6. " Explain theé punPose of electrical load management -
. \ .
Page 2/PI-05 ., _ : '
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7. Calculate the monthly ectric bill for an industrial(__,—'
o installation; g utility rate schedule and the
following data vfie month: '

a.- Energy consumed v . .
b. Demand . > ¥ ' ‘

-

-~c. Power factor - X - —
_¥8.  Explain the term "load shedding' and describe loads - .
* that are — and are not — considéred for load shedding. g

.

9. Describe the following. methods of load management: :
a. Timed method x .

b. Manual method 4 ;o .
c. Ideal rate method . C
] ¥ a. Instantaneous rate method > ’

e. True forecast method _
10. ° Given data for an industrial electrical load before and-

after the implementation of an energ ,management pro-

9

. gram, det™rmine the following:
’ A a. Savings due to power factor correctyon

<

' b. “Savings due to conservation ) . &
c. - Savings due to'load management e
: d. Total savings - ;
- o - L N -
\ 3 ! -
-4 - ‘a 4
. /7/ - ?
7
-w
» . ) ~
\
Ve i
» s
N — - .
1 8’.‘1 ¥ - e *
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- . _SUBJECT'MATTER

o o ECONOMICS OF‘ELECTRICAL POWER PRODUCTION

) Managing electrical power for industrial and commercial
appllcatlon to reduce both energy consumption and. utllltx
bills requires an understandlng of fattors that contribute
to the cost of produc1ng and dlstrlbutlng electrical energy.
Industrial utility rates are based on several cost factors.
This section explalns how those factprs' increase the cost of
electrical energy production and how those costs are met. - ‘

-
’

] ' - - -

«
. ' .

°  VARIATIONS IN ‘DEMAND , o

. ‘ ¥ 3

Figure 1 shows the typical varf;tion in demand for eiec-
Co. trical energy during a day. The shape of this curve changes’
. . somewhat with the-geographic region, season of the year,,and
preHominént‘load type. However, the general shape will usu--
aily be similar %o the shape in Figure 1. .

The lowest loads usually occur during early mornihg
. hours when most-people are'asleép During pre-dawn hours,
some industries and commerc1a1 operatlons are using power,
and some indoor and outdoor 11ght1ng is required. Demand
fypica}ly begins to rise around 6 a.m. as people get up and
=~ more commercial and industrial users require power.. Power re-
quirements ris€ to a maximum early in the working day and re-

»

main h1gh until lunch time. ,
0 At'noon, there is a dip in demand as many commercial and”
smaller 1ndustr1a1 consumers reduce consumptlon during lunch.

- After lunch, vdemand rises agaln and usually reaches 'its daily

M
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Figure 1. Typical Electrical Utility Daily
e Demand Cycle.

' . ‘

¢ ‘-

peak during-fhe afternoon. At Scplm. there is a sharp drop

when many busineéses close.for the day and employees head for

home . o ' : ’

Demand rises agaln between 6 and 8 p m. ‘as residential
use increases. Many-commerc1a1 and 1ndustr}a1 demands con-:
tinue." Qutdoor lighting is turned on. After about 9 p-m.,
demand drops steadily-until the eariy,mo%ning mindmum 1is

reached } TN :

.
'

. There are also weekly, monthly,,and yearly demand
cycles, and the, shape of the daily- cycléQmay-change consid-
erably during the year;‘ In colder climates, demand is higher
in winter and the peak load may otcuffearly{@n:thé working
day Qhen the need for heat is greétest“w In hot climates,
demand is, hlghest in the summer when air conditioning loads
are h1gh - Peak dally demands occur in late afternoon. High

I

demands may continue wé1l into the nlght. . .o

LN
-
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Figurefl also’ shows the minimum demand, the peak demand,
! and 'the.average demand. Since electrical power is generated

at the same rate at whlch it is consumed the utility com- -
pany must coprdinate power productlon with demand.. The over-
all power system must be capable of meeting peak demands and
have extra capability as a .safety margin. Production must
also be reduced to coordinate with diminishing requ1rements
during minimum demand perieds. ‘ -

‘
-

COST OF MEETING PEAK DEMANDS

. EleCtrical power system generating and transmissfbn | ,
’ ( capabilities must be capéble of produciﬁg the necessary peak : ]
+ power and distributing it efficiently to customers. Trans-. '
missjon lines, transforiers, and control equipment must be < -
‘sized according to peak 'demand. During peak defrand periods,
: many generating plants in the System will be in operation.,
‘ Older, less efficient facilities' that are not us;H\3{ . ‘
other times are brought into service when Jdemand rises. Gas ’ v
turblnes are. often used to boost productlon.durlng peak loads )
because they’can be brought 1nto operation quickly. Gas tur-
bines are not used at other times because they are ineffi-
cient and gas is usually the most costly fuel. Thus, peak
+ demands increase the overall cost of electrlcdl power. Thi's . ;
is becéuse more expensive equipment is needed .to transmlt the

“peak power and this additional powet is produced by less ef-

K\ - ficient means.: ’ ~
. P ‘ ! . . t

— . v




INEFFICIENCIES OF MINIMUM DEMANDS

Electrical energy production als¢ costs more nPr kllo-
watt-hour during minimum demand periods. Only-the 1argest
and most efficient generating plants are in operatlon, but N
these plants are operating a% reduced capacity and, thus,
lower efficiency, Transm1551on line losses are reduced be-
cause of lower currents; but this is affset by other factors.

" Transformers operate most efficiently at — or near - their

rated load. At reduced load, transformer efficiencies drop.
All energy-consuming control devices must continue to operate,
and personnel are still required for system operation. The
periods must be paid for by the utility company through the ‘'
sale of power. During minimum deméﬁd periods, much.of this
equipment is idle or operating far below its capacity, thére-
by not producing a profif or even paying for itself.

i

-~

INEFFICIENCIES OF POOR PQWER FACTORS .

The power factor of an a.c. circuit wég discussed in
Module PF-01, "Efficiencies of Electrical Distiﬁbution Sys-+ \_
tems.'" Recall'that at J‘power factor of 1.0 e system is
most efficient. Lower power-factors result in higher cur-
rents for the same useful power. This increases both line

losses and voltage drop on thé lines. Lower power factors

" alsé reduce the efficiencie§ of transformers and generators.
<_Utilities°inc;ea§e the power factor through the use of capac-

itors and synchronous- reactors and, thus, increase systéem
efficiency. e .



WHO PAYS THE PRICE? ) ’
N~ -
The customer always pays — not dnly for the power con-’
sumed but also for system inefficiencies — either through
Y " higher rates or *special charges.. The cost of equipment to
meet peak demands is recovered by demand charges to larger
consuners. The electrical energy costs of larger consumers
depend on energy used ‘and the ma&nmmhrate of use. Discount
rates are often avallable on energy used during low demand
_ peridds to encourage a moré even distribution of the demand.
The poyer factor is always corrected in the transmission and
rFibution system. If the customer corrects the power fac-
"tor, the utility has to do less correction and charges a
lower rate.
In one way or another, the customer always pays for peak
‘ capabiiitigs and inefficiéncies, and the price is aiways less
if both peak demand and energy waste can be reduced by the
customer. Tﬁus, an effective electrical energy management
program has two major objectives: (1) to reduce,total energy
consumption, and (2) to distribute the’'load as evenly as
possible. ~

L

. SN INDUSTRIAL ELECTRICAL LOADS .
/ . | P
Industrial electrical loads are usuadlly classified as
ligﬁting loads and power goads‘ Power loaggipay,bg sub- s
divided into heating loads and motor loads. This section

briefly discusses each load type. .
’ r
N - ¢ -~ -
y : . 189 PI-05/Page 9




IS

LIGHTING LOADS

&

.

About 20% of ‘the electricaikpbﬁgfmﬁrdauééd’iﬁfthé u.s. — - -
is gon§uméd by lighting loads. Lighting loads arewusually
the least efficient type. For example, incandescent lamps
convert between 7.5% and 15% of the energy they consume to
useful light, with larger-wattage lamps having the highest
efficiencies. Fluorescenffﬁights have an efficiency of '
slightly over 20%. High-intehsity discharge lamps have effi-
ciencies in the range of 50%'and 70%. 'Therefore, most of the
light that is produced is w?sted.\
: Many areas have iflumination levels that are higher Ehan
necessary and much of the light is directed to places where
it is not'needed or is absorbed by surfaces. Significént en-
ergy savings can often be achieved by more efficient lighting
systems. The power factor of incandescent lights is 1.0.
Other types have a lagging power factor becauge of the induc-
‘tance of the lamp ballasts. The last three modules of this
course discuss lighting systems in detait. —

K

HEATING LOADS

Electrical power is coﬁmonly dsed to heat buildings,
water, and materials in industrial processes. Electric heat-
ing is seldom the primary heat source for large buildings,-
.but electric duct heaters and rehgat units may be used to <~
supplement other more economical types of heat. Smaller
structures may depend entirely on electricity for heating
needs.

Water may be heated — either for use as hot water or
steam — by two types of heaters. Emersion heating elements

B4
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convert electrical energy to thermal energy in metal conduc-
tors that are immersed in water.sElectrode heating elements
pass a current directly through the water to produce a~heat-.
ihg effect.- .. )

Ovens are heating devices that operate at temperatures
of 1,000°F or lower. They employ resistive elements similar
to those used for space heating.” The efficiency-of all elec-
trical resistive heaters is close to 100%, and the power fac-
tor is 1.0.

Furnaces are heating devices that operate at temperatures
above 1,000°F. When the material to be heqted is a nonconduc-
tor of'electricity, resistive heating elements may be used.
Capacitance, or Qielectric heating, 1is accomplished by plac-
ing the nonconductor between the plates of a large capacitor
and applying a high-frequency electric field. This Causes
distortions in the molecular structure of the materi:T\qggg

produces heat. - i

Conductors are usually heated by passing a current
through the material itself.- This may be done as simple re-
sistive. heating of the material due to current flow, r by ‘
using electrodes above the material to produce’ arcs fo heat-
ing. In induction furnaces, a coil of wir® around the furo
nace (or in a core within the‘furnace) broduces a stroné
alternatlng magnetic field in the conductor to be heated.
This 1nduces currents that do the heating. All furnaces with
resistive heating have power factors of 1.0 and efficiencies

of close to 100%. Capac1t1ve and 1nduct1vp heaters have

. lower efficiencies and power factors. .

1 . 8 .

-~
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MOTOR LOADS . .,
: 3
Industry s chief power requlremenf is usually for the
power necessary to operate electric motors. For instance,,

- the power consumed by air condltlonlng systems is used to

operate motors that drive cémpressors, pumps, and fans. In
addition, all 1ndustr1a1 facilities require motors for pro-
duction processes. . Y _ :\ :

Induction motors are the most common motor type and are
available in a wide ?ange of 51zes and speeds from about~450
rpm to 3,600 rpm. Induction mo;ors up to about 700 hp can
operate at one or more speeds within this range. Larger in-
duction motors — up to 10,000 hp:r usually operate ‘at 1,800
rpm or 3,600 rpm. The efficiency-of induction motors‘varie§
from 88% for smaller models to 959:for large models. Maxi-
mum efficiency occurs at, or near, full load. There is ysu-
ally little-drop in eff1c1ency at 85 of. full load but be-

low that figure, induction motor eff1c1ency drops consider-

-

ably. The power factor of induction motors is about 0.9.
Synchronous motors are available in the same general
power and speed ranges as induction motyrs, although few
operate at more than 1,800 rpm. SynchroYyous otors may have
speeds of 360 rpm or less. Synchrohous mpto ﬁre used for
most applications where the‘powef is above\ 700 hp,ahd the

speed is 1,200 rpm or lower. The ‘power fadfor of éynchronous

motors may be adjusted for either leading o1\ lagging power.
Most synchronous motors are operated with a power factor of ©

1.0, but if installed with induction mgfors, fynchronous

motors can be operated with a leading power that offsets the
lagging power factor of induction‘motorél Synchronous motor
efficiencies areé slightly higher than those of induction

moters of the same power rating. . ’

[4
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- REDUCTION. OF ENERGY WASTE

-~ .

Obvfously, the bést way to lower'energy_costs and con-
serve ‘energy is to use less energy. \An‘abundant supply of <
low-cost energy has contributed to energy waste. However,
- as energY.becomes less abundant and more expensive, conserva-
tion ggforts become important as an- economic necessity. Sev-,
eral energy conservation techniques'are discussed in this

section.

ENERGY AWARENESS

The first rule fof electrical enqggy conservation is:
I'f the electrical device ‘is not reeded, turn it OFF. Most
electrical energy waste occurs when electrical devices con- -
tinue to Bperate when they are not being used. Muchsof this

waste can be eliminated by energy conservation awareness prQ-
Y

grams. Ener conservation can be particularly effgctive;in
reducing ligiézyg loads. Lighting levels should be reduced J

when high lev€ls are not required and when natural light sup-
. ‘ — 9
plies some, or all, of the necessary light.

- ¥ >

‘ EQUIPMENTGAND FA%{FITY(MODIFICATION .
/ ' - .‘ . o
. ,‘Sigﬂificant long-range savings can often be achieved by

- replacing older equipment with ne ne.gy-efficfént equipment,
even though the old equipment is 'stil} functioning.
Electrical distribution systems with a total full-load
voltage drop of 5% should be upgraded. o
‘ - ’ ‘ b - -
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, Motors oberatiﬁg at well below their rated power should
be replaced with-smaller motors.
Pncandescent lighting shauld be.eliminated, and high-
inténsity discharge lights should be used whenever possible..
Increasing building insulation, installing heat — TE-
flecting‘glass, an@oempfoying heat recovery systems can re-
duce heating and qool%pg requirements. -

R

MAINTENANCE PROGRAMS

T 4 N

_Bodrly-maintaiﬁed equipment 1is lass efficient than‘well-
maintained equipmeﬁt and malntenance programs that take en-
ergy eff1c1ency into account can save both energy and money.

The useful life of mechanical equlpment can also be extended

-

by better maintenance practices.

POWER FACTOR‘CORRECTION
Since most loads have lagging power factorg, power fac-
tor correction must be applied somewhere-in every power dis-
‘tribution system. If the ut111ty comﬁany does the correcting
in the distribution .system, the utility company charges the >
. cusgomer a fee. Moréover, the poor power factor ,and result-§
ing inefficiencies are still present at the customer's facil-
K ity. It 1s to the customer's advantage to correct the power
factor 4t the point of origin. Although 1t is usually eco- .
‘nomical to ‘correct the power factor to 0.95, correction to-
' 1.0 is seldom justified. o
Figure 2 shows several possible iocations for. capacitoys

’

to correct the power ﬁabtor. Capagitors for large motors -
' : - AN

' .
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T

Figure 2. Capacitor Locations for Power
Factor Correction. o

7
should be located‘near the motor and should be connected to
the circuit only_ when the motof is in operation. 'it.is pref-
erable to connect the capacitor directly to the motor (Cy).

',1f this interferes with motor protection devices, the .
cdapacitor can be connected at the motor ‘controls (C.).
Both éfrangements'allow.the capacif&r;to be switched by
the motor contrgller. The capacitor can also be connected N
-at the breaker %&nel (Cs) and controlled by the circuit .
*breaker thdt controls the motqr. Any other arréngemeﬁt re-
quires separate control switches “for capacitors. ¢

-

-

»
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In systemavwith a large number, of smaller loads, capac-
itors may be connected at load centers (C4) on the primary
feeder lines (Cs). The least eff1c1ent method is to include
,the,caﬁacipofs in the substation (Ce) .

[§ . ‘ ’ {

| - g
ALTERNATE ENERGY SOURCES

Tn many cases, alternate energy sources may be used to
reduce both electrical energy consumption and peak demand
This is most frequently accomplished by alternaje heat™
sources. The waste heat from lights and industrial proce;;eg/—
may be used to provide part of the heating requirements. / So- ‘
lar collectors -and f05511 fuel heating fac111qles may also be
economical.” The.energy eqddrements of HVAC systems may be
reduced by installing heat exchangers between the exhaust and
ventilation ducts.

A \ 4

» """ ELECTRICAL LOAD CHARACTERISTICS

Both electrical energy rates and electrical energy mangb—\
agement techniques depend upon load characteristic¢s. This
.section describes im ortant characteristics of electrical
loads and the.terms sed in ‘those descriptianps.

~

;

DIVERSITY =~ .

i ’

- The connected load.is the sum of the full load contin; \
uous rqglngs of all e1ectr1ca1 devices 1n a comp051te load

~
&

“Page 16/P1-05 ‘ Lo



Rarely does the entire load operate at the same
A system with a varylng load is sa1d to be dlver51f1ed

. system.
time.

"Figure 3 shows a composite load made up three individ-

ual loads.

Load 1 1is contlnuous and is not dlver51f1ed at

all.

Load 2 has con51derab1e vdrlatlons and is diversified.

Load 3 has ‘even larger variations and is more diversified.

The composite load is also hlghly diversified.
load for this time period is also shown.

The average
Load management is

applied to diversified loads to reduce the peak load and

bring the instantaneous composite load nearer the average

load at all times.

<

Effective load management requires diver-

sified individual 1oqd§\and results in a composite load of

low diversity.

[

~

POWER —>»

”,
i

L

- — PEAK LOAD ) .

AVERAGE LOAD

COMPOSIT LOAD

»

“QI
\ - \/ LOAD 3
LOAD 2

\

>
“.
l

Figure 3.

Y

TIME —> '

Composite.Load with: Diversity
Factor of 1.0.

The diversity factor of:a gquosite load is .the ratio of
“the sums of the maxjimum demands of the individual loads to-

-
T

L4
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the maximum demand of the system., If the -maximum demands of
the individual loads occur at the same time as'%hown in Fig-
ure 3, the diversity factorkls 1.0. Thls'resgltsrln the
highest possible peak dem for the system and the highest
demand charge on the electric bill.

Figure 4 shows the same individual loads except that .
load 3 is delayed slightly. This increases the diversity
f@ctor to greater than 1.0 (about 1.2 in the figure) and

lowers the peak demand of ghe system. A furthet reduction of

peak demand could be achieVed at the same average demand if
the ﬁlver51ty of load 3 could -be reduced by dlowering its 1n-

—

dividual demand at time T, and by 1ncrea51ng its 1nd1v1dua1 9
demand at time T,: - . - - : &
9
] —~ ——— PREVIOUS PEAK LOAD A -
- ) \ v ¥
-4 - -
A —m— FEAK LOAD : )
M COMPOSIT LOAD
oy \AVERAGE LOAD .
~ . it \ ~
S
, e At .' t” LOAf
- SRR I IR h .
w \—\ . | (§ ’, ‘ .
a; N ‘o..’ 4 “‘ o~ ] LOAD 2 e
g J N gk v/ Y 4 , |
- \J ! .\oﬁ \‘l \ o -
_____4__;-____;74_- ~
y * e tesnsess N . -
° . | . \'/ \L0A91 .
} 1 . T
T1 N 72
' TIME ——>» "y . . .
. ./ NIPUEN
Figure 4.\ Composite Load from Figure 3, with '
Diversity Factor Increased by Delaying Load 3. @ ' .
\d . .
. - h 1
, Ao .;\‘i ~ ’ <
! - ae * "" }?:-l N . “ ’ z
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DEMAND .

.?he demand is the a{erage load imposed~on the electrical

supply system over & period of timé& called the demand intes-’

val. - . . .

&

If Figures 3 and 4 renresented one demand'interval, the

. demand would be the power level indicated by the average load .

Jline. The demand interval is defined by the utility .company
and is usually 15, 30, or 60 minutes. !

Demand charges are based not on the instantaneous peak
demand but’ on the h1ghest average demand achieved.in any de-
'mand interval,during the: b1111ng periods. - A billing perlod
of 30 daxg ‘or 720 hours, with a ‘demand 1ntervak of 15 minutes, -
contalns 2, 880 demand intervals. The demand charge is deter-
mined by the demand of the interval during the month having .

. ‘the hlghest\demand (average for 15 minutes). ) ‘ .

Dur1ngsa b1111ng cycle, the demand factor’ of a system is j

defined az\the ratloﬂpf the maximum demand to the connected .

load. Tt denotés the max1mum percentage of the connected
.load that is operated at any one t1me4during=the=br1irng cy-
clé Reduc1ng:the demand factot for an 1nsta11at10n alsn, re;
duces the demand charges. Q - N -

. The c01nc1dence ‘factor 1s the ratlo of the max1mum de-.
mand of the comp051te load system to the sum of the max;mum
demands of the nnd1V1dua1 or comp051te loads. It 1s the. din-

verse of the daversaty factor ‘and, thus,.is always 1.0 or

ﬁss. "‘ '

A e
d‘._d
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LOAD FACTOR

_— -
‘.

The- load factor is the ratio of the average .load for a:
particular time interval to the peak 'load that is achieved

during that interval. - .
For'billing purposes, the time interval is nsually the
billing period. The peak load is the maximum demand during
any demand interval. Theh{oad ﬁactor indicates. the extent
"to which the system capability was used duriné the billing
. period. Load factor i$ the ratio of the energy actually used
‘during a time interval to the energy. that would have been
used if the load: had been operated continuously ‘during that
interval at- the peak demand. Higher load factors »indicate
great%? use of system’capabilities. A constant continuous
1oad has a load factor of 1.0. ! ¥

, The phrase "hours use of demand" may also be’used to.
express ‘the load factor of a'system. Hours use of demand i%
determ1ned by d1v1d1ng the ilowatt-hours actcumulated dur1ng
a- t1me interval. by the maximum demand dur1ng that 1ntervaf\1n
kllowatts. The resu1t is expressedgln hours and is the time= -
that would have’ been requlréd to use the total energy con-
sumed during the interval if it had been used cont1nuousiy at
the maximum rate. For a constant contlnuous 1oad th¢ hours

’ of demand for an interval equals the duratlon of that 1nter-~

va1:1n héurs.

v

* POWER FACTOR *

»

@
{
S A e
M

. The power factor of a system is the ratlo of the ower
consu?gd by the system in.watts' to the product of volts ahd

~
B 3 R ;
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T ‘ 1 .
amps of the system. \A complete discussion of power factor
is‘found in Module PJ-01, "Efficiency of Electrical Distri-

bution Systems." ~ . -

#

*+ UTILITY RATE SCHEBULES' ‘ ol Lt
In planning an electrical load management program, it
is necessary to know the rate'sehedules of the Jlocal utility
company. This section discusses*tfpical'rate schedules.
Rates used as examples are 1977 rates of a typlcal Midwestern

® » L

utility. ! ) ; '

0

DEMAND CHARGE .. - o X .
. Demand charges are usually based on the maximum deméand
‘durrng the billing per10d Some utilities employ a ratchet\ - @

rate to dsmand charges. In this system, ipe demand charge
is based on the maximum demand in a period greater than.the

billing period. Thé charge may be b%sed on the maximum de-

mand during the last twelve-month period. - |
Typical demand charge: o - ‘ ) { .
First 25 kW of-demand | = $2.15 per kW per month _
Next 475 kW of demand . $1.90 pe¥r kW per month. ) A 2
Next 1,500 kW of demand .7+ §I.75 per kW per month .~ .
Excess over 2, 000 kW of demdnd $1.47 per kW per month o
Yy , C e . s
SN ‘ S - ¢“’
BNéhGY CHARGE I el : | _

-

. The emergy charge is based on the total energy consumed

5’per menth Rates are cutrrently- sef"so that larger customérs .

...‘_Q -x;«:° ’ v L ' e - . ' . '

- RPN : > J[ ¥ - ) \ .# ’ -t > 5 . )
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pay 1ess per kllowatt hour This practide tends to discour-

" age- conservation efforts and may be altered in” ‘the future to

reduce'sav1ngs to’ larger “customers and, thus, encoutage
greater conservatron-%?forts ‘ . CT

¥ A .

_ Typical energy charge . R . ’ ;
_ - First 2,000 kWh per.mpnth $0.02 per kWh
Next 18 000 kWh per jonth . $0.015 per kWh.
Next 180,000 kWh per' month ©*  $0.011 per kWh .
‘Next 550,000 kWh per month. - ° '$0.009 per kWh. **°
Next 250,000 kWh per month. $0.0085 per kWh
Excess over 1,000,000 kwh -+ $0.0082 per kWh
¢ per month \ )
= N - - R \ . ‘. . _3\/‘
JLOAD FACTOR DISCOUNT - L o

.
@ - T s
-

Charges for poor load, factor may take sevé?al forms
Customers who ma1nta1n a certa1n load factor are usually
given a dlscount Thls dlscount 1s often éxpressed in terms.
of the hours, use of demand" Typlcally, this dlscount applles
only to customers who have a load faptor greatep—than 0:5;

~that 1s/'an hours .use of demandfln excess of 360 hours for a

}
720-hour billing perlod Only'larger customers can achieve
this crLterlon A constant 1 okd would have to be operated
for 12 hours per day for the entiré nonth’ before the discount

.would be appli Quallfylng customersy usuafly operate for

{
24 hours per day and employ a good eriergy management program?.
A typical lead factor discount policy,is: ) v

A discount of gg$0 0015 per kWh is allowed on that °
portion of ‘a cultomer's monthly. consumption in ex- °

cess jof 360 hours use of his b1111ng demand for' -
the month : . . S -
- ' q _J Tooe . X h‘
4 ’ .
y . N i} v

: . *, o
P . . R ’ .~ \
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POWER FACTOR PROVISIONS
- <

Rate schédules always include penalcies for poor power
factor for larger customers. These rates are based on-aver-
age power factor for the month ahd may take several forms.
The most common rate scheduile bases energy charges .on a power
factor of 0. 8 and pro?ldes discount¥ for h;ﬁher power factors- )
.and makes additional charges for lower pow factors.
-The following "is a typical power provision:

In the case of customers with maximum demands S?
150 k¥ or more, the monthly rate shall be decreased -
_0.2% for each whole one percent by which the monthly °
« . average power factor exceeds 80% lagging, and shall

be increased 0. 3% for each whole one percent by -

¥ §h1ch thé -monthly average power factor is 1ess than
% lagglng ) "

FUEL CLAUSE ' s ,
Fuel-clauses allow utility companieé to adjust rates
according to the fluctuating costs .of the fuels- they use tgQ *
produce electrical power. Es§entia11y; this means that the "
2
¢ustomer = not the ut111ty — pays the cost whenofuel prices ’

. go up or when more expen51ve fuels must be used. Fuel -

clauses are.not normally used when most, or all, ftthexﬁower

v Q

consumed in a system is generated by hydroelectric

tions. Falling water 1§ assumed to be freeg
» . .!

TIME-OF-DAY.METERING, . e .
— Some utilites offer. discounts for power consumed during .
system.minimum demand‘periods. This hsually.take§fthe.form; n

; , - . :
' ' - R | .
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» of a discount on demand charges.

a customer must operate so that the maximum demand occurs
during the-late night shift. This method is not practical
for most customers, but results in considerable sav1ngs if it
can be used. The method is p%actlcal for example, fof water
companies that operate large pumps durlng late night hours to
pump water into storage tanks for use the next, -day.

aExampLe'A illustrates how to calculate a monthly electric
bill using the given rate schedu}e.

L)

To dualify for such demands,

EXAMPLE A: CALCULATION OF ELECTRIC BILL. -

17

Given:

Find:

. ~3))§ ')39

¢
4

Solution:

A large industrial plant had'the following
electrical service dataifor one month:
. Maximum demand: 1,356 kW
_ - Energy consumed: 640,320 kWh
Average power factor: 92%
The electrlc b111 for the month, based on:the

rates stated as examples in this module. - Assumet

no fuel clause and no time-of-day discount.
N . - / -
Demand Charge ... . , .

First ,25 kW ‘(25) ($2.15) = §-> 53.75
Next 475 kW ,(473) ($1.90) 902.50
.Next 856 kWa (856) ($1. 75) 1,498.00

Total 1,356 kW - "$2,454.,25.

000




Example A. Continued.
) Enefgy Charge ... !
First 2,000 kWWh, (2,000) ($0.02) =§ 40.00
Next 18,000 kWh - (18,000) ($0.015) = 270.00 °
Next 180,000 kWh (180,000) ($0.011) = 1,980.00
* Next 440,320 kiwh (440,320) ($0.009) = 3,962.88
Total 640,320 kWh - $6,552.88
Total bjill = $9,007.13. J
Load Factor Discount ...
~ " Hours use of demand = ?ﬁ:;ﬁ%ﬂ;iﬂ;ﬁﬁi? «\\T
. 640,320 kih '
el 1,356 &KW
HUD = 472 hours /
-360 hours %
]

(112 h) (1,356 kW) =

7
~or

o

. °

-

Power.Factor Discount

92% - 80%
(12)(0.2%)

* Discoeunt

. 117 hours of demand
qualify for
discount.

151,872 kWh qualified
for discount.

(151,872) ($0.0015)
$227.81.

T .

M
N

12% qualified for discount
2.4% discount from monthly rate

/|

($94007.13 (0.024) = $216.17 discount
¢ . e

~Total discounfs = $443.98.

.

$

~

Bill before discounts
) Discougts
Net bill for month .

-

'
°

$9,007.13
— 443 .98
- 5

x

o4
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. “ELECTRICAL LOAD MANAGEMENT \

Load management. is the process of schéaﬁliné the indi-
vidual cgmponent loads of a~cohposite%10ad to reduce the
démané,éz .
not greatix.affect the amount of energy consumed; it evqnsf.

d, thus, the demand charge, Load management does

out consumption, thereby reducing .the inefficiencies of peak
and, minimum depand periods. This reduces the need for new

genéwating‘facilities. In addition, the running time of less-

efficient generating plants in the power system is also re-

duced. ~The customer xealizes these savings in lowerg_ demand

charges. Load manageme\t /Also reduces the demand on customer-
€S ._ \ \ f C

owned electrical di;}ribution equipment, resultirg in more .

. efficient operatiqn and delaying the need for increasing,iﬁ-
" plant distribution capabilities.

\

ELECTRICAL" ENERGY AUDITS

\ -

!
The first\step in a load

(-
.

anagement program is to con-
duct dn electriﬁfl energy auﬁit~to detérfiine the char;ctefis-
tics of the composite load. “Power companies willaprﬁ?id%————-
data 'on the total load and will usually assist the stomer

in performing the.audit. ’ ] .
of the indivigual loads
of .the componénts of the

It is necessafy'to monitor ea
in the system to asses$ *hé behavio
total load. The sur%ey should last at least one full billing
period‘(month) and syéuld include data on night and weekend

loads even if the facility i's not in full operation at these

Energy audits should not be'conduc; d once and forgotten.

.Load mon¥iorin§ myst continue to determing the effects of the
5 , ]

) - ) 5\ I

. 1sg .

page'zsypl-os;



load management program and to determipe methods of making

* further improvements. < r
\ « . .
. .. y e 4
TIMED LOAD CONTROL

3

" The simplést method of load control is to reschedule
certain prdcesses or to install timers that turn certain
ejuipment items ON and OFF at set’ times.

This simple method often produces the most dramatic re-
sults. For example, a metal coating company in Hamburg,
Pennsylvania, re€duced its demand by 1,000 kilowdtts for an
annual saving of $40,000 on demand charges by gescheduling .
furnace loading from its first shift to the second. Timed R
:load control can easily be applied to a wide range of indus- %

C®

a 3 o ‘ /

. iy 4
trial processes.

"‘LOAD SHEDDING AND RESTORING- ‘ h
. . ? . T
Doad shedding is the process of monitoring electricdl
power consumptlon and . turn1ng OFF certain loads when the de-
mand approaches a predetermlned 1eve1 Loads that are shed’
are restored later when_the total load has- decreased Some
loads will consume the game total energy with load shedding.
The_energy that is. saved at one t;we fs consumed at a later
1mef\\lhese loads are called recoverable 1oads and. include -
euipment such as air’conditiomers. ¢ )
Non-recoverable leads are those that do ‘not consume the"
enexgy thdt wa¥ saved and, thus, represent a saving on both

demaRd charges and energy charges An example of such a 1oad

T 187 PI-05/Page 27
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o )
is a ventilating fan that can be turned OFF or operated at a
reduced powewr for Certain periods ‘of ,time.- ‘

-

Many loads are’“b{\ellglble for load sheddlng Many -
industrial processes must continue on a fixed schedule until
completed tﬁ avoid rulqlng the batch or gamag}ng the‘equlp- )
ment. ., Large motors are not usually considered for load shed-
ding bécause the major factdr limiting motor life is 'the to-_
tal number of motor starting operatidns. The following. loads
are often considered for load sheddlng/restorlng operations:

. Arc furnaces : ;- ————— -, )

)

<« Battery chargers
+ Chillers'
- Compressors ‘
« Grinders ‘ ‘ S
+ Incineyatory . ‘
+ Pumps ' ’e ;
+ Water heaterg ) ‘ .
- HVAC equipmeﬂt A S

¢ 3
Load shedding may be accomﬁlished manga@ly‘by the oper-
<ators of certain major equipment items. Technicians, must

-monitor e total demand. and switch OFF high consumptlon

equipmént when the demand reaches a predetermlned p01nt.~
Manual load control is effective only in smal\Jen operatlons,
where the total load is composed of only a few componenf
loads with one or more components that may bexea511y.shed.

e Lqrger fac111t1es employ automated load’ _contxol. Auto~ A~ .

matic load sheddlng is based on the demand 1nterva1 stah+, - °
lished by the utility company. Its objective is to* achieve

a demand just under a predetermlned target demand,during each o
demand interval. Flgure 5 shows the energy consumed versus

time for one demand interval. ) . " "1

»



- TARGET
LOWEST RATE - A DEMAND
IN INTERVAL .

HIGHEST, RATE

IN m'réavm.

"IDEA
CONSUMPTION

ACTUAL
CONSUMPTION

=

g———————— DEMAND, INTERVAL _,__)‘

TIME —— > %
i .
t Flgure\§ Iéeal and Actual
Rates of“Energy Consumptlon.

~ ~

The ‘rate of energy consumptlon is the slope of the cong

]

consumptlon.rate and produces a straight-line, or 1dea1 con-

sumptlon curve. A constant cogtinuous load has a constant

*sumption. Demand charges are based on, the average demand durr
.ing the demand interival. This is equlvalent to *the total en-
ergy consumed durlng,the interva R
Variations 'in consumption rate durlng an 1nterval do not
affect the demand charge; only the total en"ky consumed dur-
ing ‘the 1nterva1 is 1mportant Loads are shed ‘and restored
during the interval in orden’to achleve the .target demand.

Loads are shed dand restoredtln a prlorlty sequence, itth suf-

ficient dlfference.between sheddlng restbrlng crlterla to pre-'

vent undeslrable system OSCIIIatlonS.

i




I.DEALRAIEME_THOD o o ‘

A The 1dea1 rate method of load control is illustrated in
< P Flgure 6. This method employs an ideal rdte line that Ts ¢

» 2

generated within ‘the controlling loglc. This* 1ine is offset

] suéﬁﬁne _ s
: : . IDEAL L
. : ] . o RATE UNE - . :
* ( ) U v - ) :
‘ LOADS SHED, §\\ s / ;
| LOADS ° A S
= ) - - \ i
o - g R ™\ RESTORING ,
’ Vs IR UNE -+ /
- o T 7 . }
-7 LOADS
. » <.~ RESTORED
Bl [~
7] “. ¢
50T : ”
[ e Y o
!
TIME —> ‘ e

’

Figure 6. Ideal Rate Method of Load Control, -

' B fhgm zero at the'beginning of the demand interval'to prevent:
’ premature load shedding. The control logic- compares, the: *
actual energy co;sumed at any time during' the demand inter-
val W1th the amount that would have been consumed 1f the 1oad
‘matched the ideal rate line. If the difference is small
1ea@5'are shed; if the differencé is 1arge, 1oadsﬂare Te-
‘'stored. The logic réceives an end-of- 1nterva1apulse from

the utlllty meterlng qulpment that tells it when to beg1n

?. e L, a new,&nfE}Val All loads are‘%sually restored it the begln-

¥

... ‘ning of each- 1nterval.ﬁ " : - <

ex o . .. 7




-

- g INSTANTANEQUS. RATE METHOD - v [“ .
. ¥ , . ) - . / . . . ¢ - .

, Figure 7 illustrates the instantaneous Tate method of
load control. This method compares the instantaneoqs rate
of epergy,eonsumption»wjth an established ideal rate:. If

Ny

<

£ o ~
.

~ '
N . o
- o *

INSTANTANEOUS
¢ /54"". RATES

° - ¢+ TIME——> .
\ . R . . . -
= ! \ 2 ! t , s .
L . Fjgure.7.. Instantaneous Rate Method - .
Y : \ of boad‘Control. -~ , : . -

. N -
.- v B

the instantaneous rate'exc%eds the ideal rate by a preset
' amount, loads ate shed,xxf the- 1dea1 rate exceeds the in-
) stantaneous rate by ta preset amount loads’ are restored N . .
S . Sheddlng and restoring rates selected depend in part on.
" the duratlon of the demand 1nterva1 but the loglc of this
system‘measures ‘rate’s only and requires no end-of- interval ';

4~"f pulse from the utility company equipment.. Both the instan-"

. ‘“ gﬁtaneous rate method and the ideal rate method may~be applled , o
x w1th fa1r1y srmple coptrdl ‘equipment. . S i
T P w191 {PI 05/Page- 31 o




.set&emount loads are restored.

TRUE FOREGAST METHOD

The true forecast method of load control (Flgure 8) "is
the most efficient metho&yénd is accompllshed by tomputer
contrel in large load centers. The demand interval 1s«par-
titioned into several smaller intervals. At the end of each
interval the ‘computer caicUlates the ac&umulated enérgy, to

thaf point and determines the demand for the interval if “the
load is maintained at the same average rate’. - If the pro- N \\\\§f’
~ 5’

if

jected demand q&ceeds the target demand, loads are shed;

the projected demand is less ‘than the target “demand by a- r??-

* 2 - ;, . « . \
o + ) ‘ T
LY 2 M o
% .
C\ g »
. . ® a
[=]
3 ¢ . %
- . ‘ . { . _ /A =

.::“$<"'

»

. LOAD .2 , 2
1
) % LoaDs
. . +1 " RESTORED , ..
oy "™ e PROJECTED —>- -
: . | -~ - e g
“ g ~ - o2 .
. U : ,
LT TIME —— Cn "
1 = o . \ N ’
. Figure 8¢ [True F recas Method of ’ L
oo -t Load Co tro v : -
) A . s T ! . T
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~
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: SUMMARY - . \
N | .
Electrical energy production systems ate most efficient
if the energy deflvery rate is -near the average rate. During
' h1gher demand perlods, less efficient equipment and more ex-
pensive energy sources are used to meet the higher demand.
bPistribution equipment must be sized for peak dgmands. At
. lowered deMands, this equlpment is less eﬁflclent. The costs -
of system rnefflclenc1es are passed along to the customers in
in the form of demand ‘and fuel charges. Industrial electric
utility rates are constructed to encourage the most efficient
operation of‘the entire system.. _ ' .
" Electrical energy management progtams are de51gned to
reduce energy costs by two major means. Conservatlon mea -
sures\reduce the total energy consumed and, 'thus, the energy ¢
écharges. V.10ad management programs distribute the loads more
evenly to reduce the peak demand and the ensuing demand : .

charges. K
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" EXERCISES -

« 1. Dray and explain a diagfam showing the variatioﬁS'inﬂ
\4 demand for electrical energ}~during a typgtal'day.
. 2. Explain the costs of producing and distributing elec-
trical energy, how these costs vary with fluctuating’ \\ £
_ demand, and - how these costs are reflected in industrial /
utility rates. ‘ )
3. List three types of ,industrial electrical loads and
describe the characteristics of each.
4. List and explain four methods that may be used to re-
duce energy consumption. (‘ .

5. Define and exblain the following terms:
a. Diversity , v )
b. Diversity factor ° ‘
c.. Demand '
- d. Demand factor . ) X
e. Connected load ‘
f.

‘Load factor . ’ 'J N
Hours of demand )

Goincidence factor

i. Demand interval

o .
/
B D09

‘Describe five methods of load management.

© T Explaip the difference in load management and energy
BN copservation. )
8.. Explain how.alternate energy sources may be used to

reduce both energy—consumed and demand.
9. Explain load shedding and restoring and describe loads '
that may be shed and loads .that cannot be shed. e

Use the rate schedule given in this module to solve the
following problems. Assume no fuel clause is used.

.
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10. An 1ndustr1a1 cdgtomer operates for 22 days in a month
:-f», from 8—-a.m. to S f.m. only. Durlng the month the energy
éonsumption is 52,800 kWh; the maximum demand is 600 kW;
and the power factor is 9.80. Determine the bill for
the month. '

11. The same customer is considering an :energy manageme
program. Determine the savings in dollars — and as a\
percentage of th@'aboue_monthly bitl-=-if the’ follow1ng‘

-

. méasures are emﬂioyed separately:

a. Correctlon«of power factor.to 95%

Fa -~

b. Reduction 1n energy consumed by 10% . \\
c. Reduction in demand by 30% ’ .

12, Calculate: the,new monthly bill and the percent savings

., if all three o% the above are employed
13, Based’ only on. *the information g1ven in_ Problem 10 what

. 2
. is the most likely method for reducing demand?

¥

' ABORATORY MATERIALS N

Péencil Y '
Paper v o

Calculator .

LABORATORY PROCEDURES

The laboratory. for this module consists of a series of

calculatibn; of ronthly electrical bills for industrial cus-
tomers. - T ' b e

Demand factor, locad factor, and hours of demand are a1§3\
caipulated. The laboratbry instrictor will provide the local

&
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-.utility .rate schedule -to- be used in all- calculations-and =~~~

. .
. . -
4 .

\

load data on a local Jndustrial customer.

1. List the local electrical utility rates jn the Data -
Table. . \\
Z. Enter data on a local industrial customer in the Data .

Table in the column labeled "Customer C."

3., - Determine the electric bill for the month for each

[y

Custgmer. .
4. Compléte the Data Table.

P

OPTIONAL LABORATORY SUGGESTIONS
L L

1. Use the current localhumility rates to,solve.Problems
10, 11, and 12 of the Exercise section. Compare present
energy costs with 1977 rates. o

2.. Contact the local electrical utility and request that
a representative make a presentation deScribing the load
rate schedule, methods used by the local utility to meet
peak demands, and assistance the cpmpan; provides to

. customers in the area of conservation'and load manage-
. ° )
t

ment. .
4. Contact local industries and.arrange for°a representa-
tive to discuss load management techngquéé thdt- are
Jbeing employed locally.. . °: ’
v o ’ \ . R .
’ t
- = i '
L j »
4 ‘ - ’ !
. ' L .
J . . o
\ i . . ) \ ’ ¢ 4 .
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DATA TABLE. -

" DATATABLE . ... . __ .

Demand Charge:

[ mam o e e i

)

Energy Charge:

LOCAL UTILITY RATE SCHEDULE

Load Factor Provision:
Power Factor Provision: .

Fuel Clause (if available):

Customer A

Customer B

Customer

Connected Load

Ener;y Consumed

Maximum Demand

quer Factor

Demand Factor

2 o

Load Factor

-Houfs of Demand

Demand Charge

Energy Cha;ge

Load Factor Discount

Power Factor Discount
for Penalty)

Total Monthly Bill

®

N
Page 38/5}505 .
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v - - T.EST"' .

Please circle the appropr{ate ahswer.

The purpose of electrical load management is to ‘... ’
a. Teduce energy consumption. . ‘
b. reduce peak demands. -
c. improve power factor.
d. Only a an'dpt'~ are -correct. ’;
e. - All of the above are correct. ‘ ;
Which of the following is the first load management
- technique to be’considered for small installations?
a.- True foregast method ' “*
'b. Instantaneous rate method . : ,
c. Idéél rate method ’ ’
d. Manual load shedding LS
.« €. Process-rescheduling and timed load control
Which of the following gechﬁiques is most effective .
for large”load centers? N ‘
'a. Timed load control, kcombined with process re- .
Lcheduling ° . €
b. Ideal rate method =~ — ' .
_c. True forecast method ) e .
d. Instantaneous rate method | ‘
e. Manual load shedding * : ‘
Which of the following load management methods restores -~
all the loads at the ieéinﬁ?ng of each demand intérvpi?
a. Manual load sheddipg . . ] . N
b. Instanfaneous rate method o ‘ '
c. In§tantaneous'restoring_ﬁethod . :
d. Timedﬂgoad control , /

,.*Ei”“TﬁéaI‘;ate.method

v




+
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A

.

-

’53 ) Whicb of theffol}owing&loa&s is'least likely to" be |
considered for load shedding? . ' ‘ -
a. ‘Water heater . B — . '
. b. Arc furnace = °
c. Battery chargers ) h
d. 250-hp -electric motor - - oot L e
e. Air conditioner compressor motor R -
6. Which of the following are true of demand'charges?
a. Demand charges are based on the greatest tnstanta- _ Y
. neous demand during the demand interval. . ¢
b. Demand charges are usually an insignificant portion ‘
of the total electric bill. : . .
c. Demand. charges go down if the load factor goes uﬁ,‘
with ng change in energy consumed. S g
d. All of the above are correct.: . -
e. Only a and b are correct. .
7. Power. factor correction of industrial systems ...

a. reduces‘the demand charge. . Lo
» b. 1is economical to asmorrection of about 0.95, but _ g
! not to 1.0. ‘ . ., -
c. usually represent§!a greater overall savings than
}oad'managemént. o K .
d. All of the above are correéct. \ -
e. Only b and ¢ are true. ‘
8. A non-recoverable load is one ceen
’ a. that cannot be considered for 'load shedding because ' o
’ of possible damage to equipmen# or materials being
processed. ' \ .
b. such as a large electric‘motor,‘whdse lifetime is
limited by the tqtal numbBer of times it is started.
C. thgt‘results in no net saving in ‘energy chayges when

|
\

\ .
¢ \
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d.. that results in a reduction in' both eneréy cha;ges
) . and demand charges when load shedding is applied to
it.

e. from which no savings can .be recovered by load shed-

ding.
B R S ————t e e . . . § .
) " 9. The most effective method of power factor correction
is e..o ® ‘

a. to let the power company do it at the Substation.
- b. to locate capacitor banks at major load centers.
c. to locate -separate capacitors at every major in-
. .ductive Yoad. -
d. true forecast load managemént.
e.' to reschedule the operation of process equipment

© . to better distribute the power load throughout the
- < " day. ‘ .
cL 10.° »Thé‘;onﬁecféd load is 600 kW. The power factor is 0.95.
- . ." The demand Is 400 kiW. The billing perjod is 720 hours.
‘- The hours use of demand is 300 hours, In this case, the
L 16ad factor is ... T '
a. 0.417. ) \
. b. 0.667. ' ,
» 7. c. 380 kW ‘
: d. 2.4 .
% e.Y cannot bé'detprminég from the data given.’

11. . In the above problem, the average load -for the billing
period is ... ’ C
~ a. 400 KW. : e
b. 120,000 kwh. ' .
c. 167 kW. s
d. 250 kW. . .
e. cannot-be determined from the data given.

et .

. .
* . A
4 . .
-\
\ . ., ¢ ’

.
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<« . .. . INTRODUCTION
i v ‘ ¢ . . . .(( .

Illumlnatlon is the process. of prov1d1ng adequate light

to - perform a given task "The type and\amount of light re—f
qulred depends upon the nature of 1light itself, the 6harac-
te:}strcs of the human eye. and the visual process and the
nature and dlfflculty of the task to be performed This mod-
ule dlscusses each of these factors and its effeqt on illumi-
nation systems and the process of see1ng ’ o

Topics’ 1nc1ude the nature of light. and. characterlstlcs
of light sources, color vision, and .the mixing- of colors,
factors affecting the visual process, units of measurement
of‘Tlght measurement technlques, and the quality, and quan -
tity of light provided 'by good 111um1nat10nﬂsystems © PI-06,
"Fundamentals of" Illumlnatlon,f is de51gned to acqualnt the
student with the properties of good 111um1natlon and intro- |
duce terms and concepts used to describe .light Sources and
illumination'systems. o \ ’ )

In the Iabonatory, thelfthdent will perform several .il-

o

luminatdion measurements.

© .. "— . .7 . PREREQUISITES

~ 1 » L4

I'4

7" The student should'have mastered basic: physics and d.c.
and a.c.-circuit analysis. The student should have also

.
~¢

taken, or be taklng, Electromechanlcal Dev1ces.

~—t ' ) e " ‘ 4
' d . ’ , / .
aK v /’ ) ‘
- 2T, s ' .
. D y “
- . \
g , ' ' \ P1-06/Page: 1
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~  .OBJECTIVES * .- S

y Upon completion of this module, the student~should be -

able to: ' : ' ‘
1. Descrf%e how light is produced in each of the following‘

types of light sources and describe the spectral output -

of each type:

a. Incandescent - e -

ko

b. ‘Gas discharge _ " v e -
. . c. Fluorescent L ‘ -
2., + Describe esach of the follow1ng characteristics of 1jght
“behavior: ' o . : '
" a. Reflection ' g : ?\\\\
b. lefu51on ’ ' o
‘ c. Transmission ¢ . ) ~ ! if\
. d. Refraction
., Absorption R \ s
f. _The inﬁerse square law ’
3. Draw a graph showing the relative response . of the human
eye as a function of wavelength , : -
4!_‘ Bxplaln additive color mixture and subtractive color

-~

mixture. . ) -
: 5. %xplaln the follo&lng terms as they apply to vision:
a. -Accommodation . Lo
b. Adaptation . o Ll
c. Visual capacity .,
_ d. Visual acuity . . o
. i © 6. Explain the terms "visual task" and "visual environ-
‘- ment." c - . : :

7. " Define the following terms: .
) " .., &. Luminous intensity. ‘
' .o " b. "Luminous energy

" c.* Illumination .

o pagi 2/P1-06 - L 20




. .Brightness L, .

d
, 'L h¢
e Gﬁndlepower o’ N .
T " £.7 Lumen X . \\\\__’_//f v
\ : é‘ Footcandle o Ve '

. . -
- . . . . , . N

h. Footlambert .
8. ‘£ Explaln how to make the following measurements with a
’ footcandle'meter. Include other, measurlng equlpm /’- ~
“that may be required in .each case. o . 7“
,a. Illumination of a surface
b. Candlepower of a light source
c. Reflectance of a surface
List the four facftors that determine the difficulty. of
a.visual task. ,
Draw a curve shoﬁing visual performance as a function
of illumination for a typlcal visual task. X '
Deflne the follow1ng terms: .
a. Quality of illumination
/b. Direct glare : ‘ :
c.. Indirect glare Co. . '
d. Atmosphere :
In the laboratory, use a footcandle meter to measure the
following quantltles.
a. vIllumination of a surface

b.- CandIepower of fa light source as a function of
+ direction . * i
c. Reflectance of a surface

S
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3 - " SUBJECT MATTER

4 ® . ‘

THE NATURE OF LIGHT

v “
. R ~
. * <
.

Vision is the -process by which information concerning_
« 4 /
the surroundings is received as . optical signals by the eye,

converted to nervg impulses, and interpreted by ®the brain.

The visual process depends on. the light reaching the
eye, the functioning of the eye, and the activity within the
bra1n Each of these tOplCé\WlIl be discussed in PI-06,

-_ )

"Fundamentals of Illumination.' L
Illumlnatlon may be defined in bréaH/terms as ''providing

-the necessary 11ght for. the visual process. Since the illu-

4

mination process begins with light, this module begins with a
brief discussion of the nature of 11ght.

.

DEEINITION ‘OF LIGHT - . . oy

(3

Light is radiant energy: It travels through space at a
constaafxspeed of 3 x 10% m/s 1n the form of osc111at10ns in
electric and magnetic fields. Thus, it is also called '"elec-
tromagnetic radiation.'" The ba51c nature of light is de-
scriped by ‘the use of two thearles that seem to be contradic-
tory However, both.theorles are necessary to fully exp1a1n'

@

“light's behav1o? N . S ;

' The wave theory of light Says that 11ght behaves as a

wave as it travels through space, or through (or around) ob- -

jects. Light has a wavelength and frequency, and the product
of these two duantiti%s is the speed of light. Since speed
is constant, an increase 1n frequency is accompalned by 'a de-
crease in navelength. The dlscu551ons in this¢module will
invoLye'the waveleng&h only.

s
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.Visible 1igﬁt is not the only kind of radiant energy.
Flgure 1 shows t§§ entire electromagnetlc spectrum. The
wavélerigths are given in meters on- the top chart and in nano-
. meters. (10°° m) on the bottom chart The only differences in
;, dlfferent types of electromagnetlc radlatlon is 'the wave- - ,

. e length and frequency. The basic nature of X rays is the same
-as the basic naturg of visible,Klight ahd radio waves.
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Figure 1. Electrdmagnetic and Visible Spedtrumg.
Visible light is actually only a tiny slice of.thé en-
tire spectrum. Defined by the limits of the receptors in the
human, eye, visible light has a typical wsyelength of 400 nm
(nanometers) to 700 nm, although there are slight individual

‘.

- - '

N
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variations. The ‘ultraviolet (UV) portion of the spectrum is

a much broader spectral region, with wavelengths shorter than

those of visible light. Agbther broad region, called the in-
frared (IR), has wavelengths longer than the wavelengths of °

visible light. Infrared radiation is detécted by the-skin as

radiant heat. Light sources that produce visible 1light also
produce UV and IR, although these wavelengths cannot be seen

by tﬁe,human eye. ) ' v <
The particle theory of light says that light behaves as

o

a particle when-it is produced or absorbed. The pafticle of .

light is called-a photon.

lIndividualthotons are emitted by indiﬁidugl atoms in
the light sourcé. Each travels in a-straight line, unless
dev%atéd (as deScribed 1#wer), and has the amount of energy
given up by the ‘atom to create the photon.- Photons are also
ahsorbed by individual atoms. .The result is an increase in
the atom's energy. The energy of each photon is proportional

" to the frequency of.the light and, thus, inversely propor-

tional to the wavelength. Shorter wavelength photons (blue)

have mere energy than longer wavelength photons (red). -

. Boih the particle and wave theories are necessary to de-
scribe the behavior of 11ght The wave theory is used to -de-
scribe the‘travel of llght through space, the particle theory

is used,to describe.emission and absorptlon processes.
IS . . -

* &

o

GENERATION OF LIGHT

.

ﬁight is produced when an atom in a high-energy state
drops ;o a lower state—amd gives up some of its energy 1n the
form of a photon

) : 2{)8 -
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v [’ ;iéht.§ources var& bdfh in the type of atoms used apd

" the method employéd to add the necessary energy to the atoms.
Most light sources- employ incandescent elements, gas dis-
charges, or phosphoresgent materials.

‘Asvthe tempe;aturé f a\méterial increades,, the' atoms:
in the material vibrate v}oggntly. Co}lisioﬁ§ between thesg
' atoms result in energy transfers that plgce'some atoms in
‘ Higher éqergy states. These atoms emit their excess energy
in ‘the form of photons. Hotter materiais emit photons of
shorter hayelengfhs.

Figpre 2 show§<the emission spectrum of a typical in-

candescent light operating at 2,800°C (60-watt bulb). This

-~ - .light emits 1light over a broad region of the spectrum; most .
~ .
v . s 0
b
h - .
]
z .
w
=
Z
4 w
>
=
35
&
'-
, ' < .
., WAVELENGTH IN &~ 0.5 1.0n 150 2.0

€

Figure 2. Spectral Energy Distribution of Incandescent

< Source. ‘ .
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of the energy falls in the infrared regioﬁ‘ . Such sources
appear. yellowish because the_light they produce contains more
of the longer wavelengths. TAt higher temperatures, incandes-
cent sources appear fimst white and then 'blue because the
peak of the emission curves shifts toward the blue end of the
spectrum. Practical incandescent lamps cannot withstand the
temperatures necessary to produce a large percentage of blue
11ght ) ‘
Electrlc current is carried thrgugh a gas discharge by
free electrons and positively charged ions. Energy is trans-
ferred to atoms and ions in the gas by collisions. These
atoms and ions emit their excess energy as photons and drop
to @ lower’ energy state. This process occurs oﬁzy between
fixed energy levels that are characteristic of 'the atoms in-
JL voived. Thus, most of the light is produced ‘at a few predom-

" inant wavelengths. This results in poor color characteristics
of most types of gas discharges because the light is not well-
distributeQ'in the visible spectrum. Much of the -light pro:

. duced by gas discharges often falls in the utltraviolet por- -
tion of the spectrui. ] '
Fluorescence is an energy transfer process by which atoms

* absorb light. of one wavelength and emit light of several-
longer wavelengths. ‘F%uorescent lights are tubes ctontaining
a4 gas discharge and lined with materials called phosphors
that absorb ultraviolet phot§ﬁ§ and re-emit the’ energy in the
form of two or more visible photons ‘(or bossible visible and

) IRQ)"‘ . ‘ . . ) .
Figure 3 1is the emission curve of “a typical fluorescent
lamp. The smooth portion af’the curve represents the light
emitted by the phoephor. The spikes are visible light em1t-
) f/ ted by the mercury-vapor dlscharge inside the tube. The ul-
trav1olet light. fromtthls dlscharge exc1tes the phosphor.

L
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Fluorescent lightiﬁg is popular because it offers higher ef-
ficiency than incandescent lighting and better color qualities

e

than gas discharge lighting.’
All three types of light sources will be discussed in

s detail .in Modqlg PI-07, "Light Sources." ‘
~ CHARACTERISTICS OF LIGHT BEHAVIOR
o’ \ ‘7 '

Figure 4 illustrates five characteristics of light be-
havior that are 1mportant 1n illumination appllcatlons Fig-
ure 4a shows the reflectlon of light by a shiny surface such
as a mirror or piece of glass. The normal line is a 11neﬁ
”Eerpendiculaq to the surface from whicﬁ the angles of inci-"?

e aence and reflection are measured. 'These two angles afe al-
ways the same. Such a reflectdon is called a spécularireflec-
tion and does not scatter or d{sperse the light.

Figure 4b shows the diffuse reflection of 1ight (also

! ) called aiffusion) f;om a rough burface sg§h~as paper or wood.
These surface are made up of many tiny reflecting surfaces

el

/ | ]
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'+ at different angles and, thus, .

\ ‘ spread the reflected light in
all directions. Most interior

sur faces in buildings are dif-

fuse reflectors.
Figure 4c shows the trans- a Reflection
mission of light through a clear
mhterlal such as ordinary glass.
A little of the light is scath
tered and reflected at the sur- , b. ' Diffusion’

¢
vl it l sy ’ ¢

faces. However, most of the
light is transmitted.

- If the light strikes the
transmitting material at an

A

angle, .as shown in Figure 4d,

. the light bends.toward the sur- | cuasy //// .

face normal. In this case, the u i \;muo'

angle of refractions is always NoRwAL [ ReFRACTION )
less than the angle of 1nc1dence' InCBEncE ’ i )

’ . v

when the light enters the mate-
rial. When the light leaves the
material, it is refracted., The

d. Refraction .

angle ié'increased Refraction-
is the basis of lens operation.

F1gure de shows the absorp-
tion of light by a “material, ‘ . e, Absorbtion .

~ White light’is a mixture of all -  Figure 4. Diagram of
L1ght Character1st1csu

wavelengths (all colors). Most )

materials absorb some wave-

-~ lengths but not others. In Figure 4e, the red glass absorbs.
all the shorter wavelengths, leaving only the red. Reflec-
“tive matérials, both specular, and diffuse, reflect some

> ' -

: . M -
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wavelengths, while they absorb others. The color of all mate-
rials depends- upon what wavelefigths are either reflected or
transmitted. St T ' ’

LN

THE INVERSE SQUARE LAW ' )

1 . -
- 1 .

The illumination provided by.a light source on a surfate

" depends on both the amount of light the source emits and the

-

distance from the source to the .surface being illuminate
Figure 5 shows a point source eﬁitting the amount of light
térmed a "standard candle" (candela) in the d1rect10n of a
surface oée foot .away. T N

¢

»

POINT SOURCE
| CANDLE

= Figure 5.
Invérse Square Law.

°
°

- 2 .

&

The 111um1natipn of this surface is one footcaﬁdlg (fc),
the amount of 111um1nat¢on provxded by a standard candle one,_

-
P

‘foot away.. .° . L P .
At a dlstance of two feet, the same amount of light is
spread over an area four times ds large. This produces an
111um1nat10n of one-fourth as much ogiOiZS fc. '
. At a-distance of three £eet the illumination drops to.
one nlnth tHe illumination at one foot. Thus, the illumina-

tion provided by' any light ssource decreases in proportion to

v
. ) . .
LY - -

ﬁ " - ) . . ' = .1

", N 27( B :.
S o . . B i3 *

.

_the inverse of the square of the dlstancq from the source. ‘B
s . ] N 4
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S ‘ _LIGHT AND COLOR . .
&

As previously iﬁpli@d; the color of any material as per-’
ceived by human vision depends.ypon both, the light*absorbing ‘
properties of the materialﬂand the” spectral distribution of
the incident light. This section discu¥ses how thesescharac-

~ teristics of light‘and material —ianq the response of the
“human eye — result in color vision.

»
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HUMAN EYE RESPONSE - .y
ﬁigure 6 shows the spectral response curve of.a typical
human eye. The eye is most sensitive'at»a wavelength -of §55 .
nm, and the response drops off ‘to efrectlvely zero near 400
nm and 700 nm. T ] . ’
If’ llght has an even diitribqtion of energy‘acroséﬂthe
v151b1e spectrum, it is seen as-white light. Light contﬁin-
_ing a predomlnance of one wavelength 'is seen as some varia-
tion of the color corresponding to that wavelength \ B X
‘ Figure 6 also shows the spectral characterlst£?§ of twq
11ght sources indivisible.’ Incandescent sources give all *ob-
jects a slightly yellowish appearance., This is bec&use of - "

" the high content of longer anelenths " Natural dgylight

g1ves objects a more bluish appearance because dayllght con- - ;‘ -

tains more light of shorter waveleng%hs. : ' K
, M “ . . "_ 6'5 » . ”..d‘- . - °
~ N . ' ’ / -
- k‘ . Y : \ ‘

4 - ‘ . ’ :

» . .
. ' * . e

e N P1-06/Page 13
P 214 - \
- ¢‘< N * - .




> \

. sensors. . . \
. ] o .
< o~ Rods operate only/at very low light Tevelsy and have a .

_ peak sensitivity at'510 nm. Rods are?responsible for night
vrslon and cannot dlstlngulsh betweep~Colors. )They operate
only a3t 1llum1nav on levels below the. sensitivity of color
thus, are of Iittle "interest in the field of illu-

© vision and
' mination.” * 7/ ) . N
‘“ /ﬂ« The receptors ﬁpr color v151on are three ;ypes of ‘cones
 with peak sensitivities at 44 gm (blue),'535 nm (green), and

. 570 nm*-(red). Each’ of these cones also responds to other
‘ wavelengths but ats lower sensitivityf Even a -puré color -
.’ ] . . . 1 - . \
—\\ ‘ ? »
. . ’ 1 . -
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* NATURE OF COLOR VISION ’

*The eye actually contalns four dlfferent types ~of light :"

o»
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§ 0
results in some activity in all cases. The sensation of

color is the.result of 'all three types of %ones working to- .
Icd ¢ ’ [

géther. .

[

s -

—

ADDITIVE COLOR MIXTURE - . \ o

~N

.

Additive color mixture is the creation of a new color )
by projecting two or more colors of light. onto the same sur- | s
face. , . - -

For example, red 11ght and green 11ght shining on a
white card together will appear yellow. Red and a '‘weak green
<will produce brown, since ‘brown i% actually very weak yellow.

The additive primary colors are red, green, and blue. A

white surface may be made to appear to be any color by mixing

- combinations of these three colors. Equal quant1t1es of each
. produces-light that’ looks white, although it does not contain {/“
all wavelengths in the visible spectrum. . .
Lighter colors, cdlled tints, are produced by adding a-
little more of one or more of the primary colors., Pink,” for
example is~white Mght ‘With a little extra red:
Color televisions contain three phosphors that produce

the three additive primary colors and create all other colors

by additive color mixture. Add1t1ve color mixture is used -

to pnoduce "white light in fluorescent and gas dlscharge 11ght &

sources. Figure.7a 111u3\rates add1t1ve.COlor mi¥ture. N

N
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a. Additive Prlmarles b. Subtractive Primaries

. \\\\ Flgure 7. Additive and-Subtractive ~
: Color Mlxtures ;

'SUBTRACTIVE COLOR MIXTURE ' ‘

s b -
" Subtractive eolor mixture is the creation of a new coloz
b} f;}teriné whiterlight threugh two or more superimposed
pigmeﬁts or dyes.‘ In this case, @ll colors may be created by
comblnatlons of the three subtractlve primary colors —.magen-

ta, yellow, and blue- -green. )

v

R

Figure 7b 111ustrates subtractive color mixture. This
is the process that produces the colors of all reflectlve ob-
jects. Subtractive COlor mixture depends upon the use of
white incident -1ight. ~If some combination other that white
light is ‘used for 111um1nat10n, the colors will appear dif- .
ferently. ThlS is-one ogh%he chief problems~encountered when

using gas dlscharge 11ght1ng . o !

~ .

Black and white pigments are not con51dered true colors.
White plgments reflect all colors strongly, and black plgments

-absgrb all colors. A pure color i's a pigment that reflects -

only a narrow range of wavelengths well and absorbs all oth--
ers. ‘Pure colors appear to be bright, or vibrant.

Ba'ge'/l.6/P_%-O6 : 21 ~ a RN



—_ Wﬁzte anq black Eiéﬁgpggjgzéfﬁikgd with ﬁure colored PR
{ pigments to produce tints, as shown in Figure 8. Black and- °
white mixed together result in-gray; which may be-mixed ﬁiph

a pure color to produce a tonéyof that coio;. Ihe~interio} tT
surfaces of most work areas are painted in lLighter tints and

tones t6 reflect most of the light for maximum illumination _ .
efficiency. o . ‘

Q::\J»‘ _ Figure 8. .The Color Triangle. ' : .

! v ©

, THE VISUAL PROCESS -

o . - , N

. Iy N . . °
(_Obviously, the human eye is an important consigeration

K . an®

-

=

when making illumination decisions. Of ﬁarticuiar signifi- .
cance are the eyes' ability to adapt to var&ing 1i 1eveL§%'t
the eyes' capacity to assimilate*input, and the eyes' ppwer.\?,x L
i “to distinguish fine detail. I
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Atfention,muSt also be paid to the problems associated

~with aging and/or abnermal eyesight. The visual ¢nvinonﬁent

'carl be — and often fust. be' — manipulated to accommodate the
eyes' physiological structure. .
. Pl ]

i s . &
~

THE HUMAN ‘EYE
e : .
Figure 9 is a diagram of a human eye. Light enters tire
eye through the cernea, aqueous humor, and lens. Focusing of
the eye is accomplished by both the aqueous humor and lens. -
The shape of the lens changes sllghtly to focus the images of
obJects on gbe retina. according to distance. This process is
-called accommodation.

DQUEOUS HUMOR

l

SLIND SPOT

Figure 9. The Human Eye. NN
At rést, the human eye is focused at about 200 feet.
Today, most seeing tasks are pérformed approximately 14 inches
from the eye. Long ‘periods of glose work fatigues the muscles
that contract the lens of the eye and result in eye strain.

~ - _ — -

. - A

! LS
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The iris of the eye is' a ring of muscle just in front of
the 1ens -This. is the part of the €ye that is, responsible
for eye color. . The pupil is the hole in the center of the
iris. [The muscles of the iris increase and decrease pupil .
illumination levels. The pupil also shrinks when the eye is
focused on close objects. The smallet opening results in a

diameter to allow more or less light into the eye with changing

'sharper ‘image ‘on the retina for near objects. This adds to
é€ye strain for close work under high illumination.

The' imaging system of the eye produces images on [the
retina, a thin layer of cells on the back and side walls of
-the eye. The retina contalns the rod and cone cells that
change light signals into nerve signals. The highest concen-
tration of cones is in the area called the fovea. N

The fovea is the area of sharpest vision and is only a
small part of the visual field, correspondlng to the image of
a circle 2 1/2 1nches in diameter viewed from a distance of
10 feet. The clarity of vision drops off outside this area,
but the total visual field for each eye has an angle of ‘about
150°F. The total visual field of both eyes together is 180°
in a horizontal plafie and 140° in a vertical plane.

/
ADAPTATION

Adaptation is the .ability of the eye to adju§% to dif-
ferent levels of illumination. The: pupil controls the. amount
of light entering the eye, but it can vary ‘the light level by
a factor Jf only about 16 to 1. '

The most important parfaof adaptation takes place in the
retina. Chemical changes in the light sensitive cells vary -
their sensitivity by a factor of about 1,q60,000 to 1. This

- v
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. o
process involves the depletion and restoration of the 11ght-

' absorblng pigments of the cells and -is trlggered any, time the
" i{llumination level changes. . , , :
v //E\r abrupt thanges, such as enterlng a dark theater from

asunny—street;—theadapt ation of fhe cones takes about two

minutes. Adaptation to lesser changes is accompllshed more‘
quickly, but this .adgptation still involves a small t1me lag.

Rod adaptation for night vision réquires 30 to 40 minutes.
. Adaptation becomes important in thé performance of visual

tasks when the visual field contains areas of greetly varying
brightness. . : 4

o

’

VISUAL CAPACITY

. The eye does not respond instantly to a light stimulus,
and the sensation of vision does not-end abruptly when the
stimulus is removed. Some time is required to build up an
image and each image persists for a short time. Human vision
actually consists of several still images sent to the.braim
each second., The rate at which the eye can assimilate infor-
mation is called the visual capac1ty. Visual capacity is
measured in assimilations per second (APS). The visual ca-
pacity automatically changes with changes in illumination
level.

"If a light source pulsates at a rate greater than the
visual capagity, it is seen as a continuous source. Televi-
sion and motion pictures consist of still 1mages projected

at a rate that eXceeds the V15ua1 capac1ty of the eye. Flu- '
* ’ orescent and gas discharge lamps pulsate at 120 cydles per
: Second, but this rate is too fast to see. , Visual dlscomfort

4
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and reduced-visual acuity occur if the rate of light pulses

is near the visual acuity rate. - .

VISUAL ACUTTY .

Visual acui%y is the ability ‘to discriminate fine de-
tails of objects within the central field of vision. Normal
acuity is-considered to be the ability to resolve details of
an object that have a visual angle of one minute of arc.
This is the angl% created when a one-inch target is viewed
from 160 yards.

Visual acuity is usually rated according to a test per-
formed at a disténqe of 20 feet. A resolution of target§
(openings in letters) of a little'less than 0.1 inch at this
distance is netessarx;for 20/2Q7yision, or an acuity of 1.0.
A person who can.resolve at this distance only those details
that a normal eye can resolve at 40 feet has 20/40 vision, or

an acuity of 0.5,

AGING AND ABNORMAL EYESR" : '
[N ¢ -~
Although very few people are born with defective vision, ‘ 2
about one third of the population wea corrective lenses. ) T
The performance of all eyes degrades with aging. - //~— ,
N The lens of the eye never stops growing, but aging'of |

the lens starts before birth. The lens becomes continually
less flexible, The functioning of the iris also degrades
with age and other parts of the eye are often affected.
 Visual acuity’begins to drgp at about 20 and Zontinues to do

PI-06/Page 21
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sovthroughout life.“Several ;gpes of abnormalities may occur
in which visual acuity decreases at a higher rate.

Most tables of required illumination levels are based
on minimum levels for the normal eye. Practicél illumination
design should always consider the below normal eye as well,
and increase light levels accordingly.

THE VISUAL ENVIRONMENT

The visual eﬁvironment consists of everything within the
visual £ield. Even when a pefson concentrates on a particu-
lar task, the eyes constantly flicker away from the task.to'
other 'portions, of the environment. This extends the }ange of
the péripheral vision to include the entire sa}roundings dur -
ing -every few minutes, even though people .are seldom conscious
of this. ‘

Thus, the visual environment is usually considered to be
. everything that can be seen from a particular location. For
optimum work efficiency, the illumination system should con-
trol the entire visual environment and not. just Srovide the

necessary illumination of the specific task.

OF LIGHT MEASUREMENT

13

The pyeceding sections of this. module have.diécussed -
the charafteristics of .the visual process that acutally deter-
mine the’ required illumination levels and conditions for all
visual tasks. This section presents the units of measurement
used to describe anaﬂépecify light quantities that are impor-

tant in illumination.

’
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LUMINOUS INQENSIT

Luminous intenéity is the amount of light produced by a
source in a specific direction. It is also called camdle-
power and is properly measured in units called candelas, al- =«
though many.feferences use only the term ‘'‘candlepower.'-—---

Orfginally, one candlepower was defined as the amount -
of light emitted by -one ordinary candl%. The more constant ’
modern standard is based on thL light emitted fqpm heated i
platinum. , ® ' ‘ ¢ \

Fifure 10 shows—a source that produces a luminous inten-
sity of one candlepower in all directions. If a mirror were

placed behind thf source, itsg;gp&Iepower would be zero be-
hind the mirror and would be eater than one in the‘forward

SPHERICAL SURFACE
o ILLUMINATION
) v
_ SPHERICAL SURFACE A7 wx ;12 .
2 LUMEN /m2=
1:' AREA A‘ee FOOTCANDLE .

"1 FOOTCANDLE

_—" =1 LUMEN / 112
] =10.78 /LUX

UGHT SOURCE
1 CANDELA, 12.57 LUMENS

. .

Figure 10. Units of Illumination.

N
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direction. Candlepower is used to describe the directional

qualltles of both lamps and lighting fixtures. All light-
measurlng units are based on the candela.

?E> T TLUMINOUS ENERGY ~ ~, ~ ~~= T s oo

o Luminous energy is the time rate of light flow. The
unit of 1umihqps energy 'is the lumen. The total amount of
. light produced by a source is measured in lumens. .
A lumen is defined as the amount of light falling on a
one-sqﬁare—foot surface area where every point on that sur-
. - <ace is one foot away from a source with a uniform luminous
intensity of one candela. This is illustrated in Figure 10.
g ,The.tota1~li§ht energy falling on the one-square-foot N
area is one lumen. The total amount of light produced by the
durce in the figure is the amount falling on a complete
sphere with .a radius of one foot and the source at the center.
SR ' The area of this sphere would be 12.57 square feet.
Thus, a unlformly*dlstrlbuted source of one candela in
all directions has a total luminous energy of 12.57 lumens.
This does not mean that one candela equals 12.57 lumens. The
candela is a measure of the strength of the light in a partic-
ular dir;ction The lumen is the measure of the total light

~

emitted by the source.

ILLUMINATION ' : *
- - ' Ilfﬁmination js the density of light falling on a sur-

face. One footcandle is the amount of illumindtion produced
L]

Ay

. \ 4
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by a one candela source one foot away, as illustrated in -t
Figure ‘10, Thus, one footcandle is equal to one lumen per
squafe foot. . )

. The Interndtional System term for (metric, or SI units)’
unit of illumination is the "lux." Lux is the illumination
level produced by a one candela-source-at a distance of o
meter. Illumination meters may be calibrated in either fo
candles or lux. Most modern meters have scales £6T both units:

' The most important single fatctor in any illumination

system is the illumination-on the work surface. This is the

total light striking the surface independent of direction.
Minimum illumination levels are usually specified in foot- ~
candles..‘The illumination in footcandles provided by a

source &t any point can be determined by dividing the candle- ,
power of the source in that direction by the square of the

-

-

distance to the source/;n feet. o

L} v

-

BRIGHTNESS ‘ . . .
. . ' B

The un1t of brightness is the footlambert and is Jeflned
as one lumen uniformly emltteﬁ or reflected from a surface of
one square foot. The direction of the emitted light is unim-
portant. } ’
Footlamberts are used in descrlblng varla}ions in brlght-
#ss in the visual environment and in measurlng glare. Foot-
lamberts are not as commonly used as the other 111um1nat10n

units. '

. L]
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’ - : - MEASUREMENT TECHNIQUES . ~ ' E

. The most common types'of field measurements involuing
illumination systems are measurements maMe with an“illumina-
t10n meter, also called a footcandle meter. ’This meté} em-

- - pioys a photocell that is—equipped with a filter that ﬂlves it

. the same fesponse curve as the human eye. A diffuser plate

‘ .in frontvof the cell spreads: the incoming light over the face
of the -cell. This gives an accurate illuminatipn measurement
independent of the direction of the incident light. Such . .

. s ‘petegs are said to be color 4nd cosine-corrected.. This sec- ;

tion explains ‘the use;of such instruments for field measureé-
. A Y .~

ments of illumination. ‘ w ]

MEASUREMENT ILLUMINATION
/ Footcandle meters indicate the illumination. of the detec-
T tbr surface in footcandles. Thus, for an accurate indication
of the 111um1nat10n of a surface, the.-meter detector/;héuld
ibe poS:tloned so that it~is as nhear that surface as possible
land is parallel to the surface. Thus, if the illumination of
a draftlng taple is to be measured w1th the table mounted at
an angle of 30°, the meter should also Be held at an angle of

30°.

. . ° »

MEASUREMENT OF CANDLEPOWER .
S intensity 0£F

‘ The luminous intensity ¢f'a source in a particgaar direc-

" tion may‘also'be measured using a fdotcandle meter. The meter

- -
«
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is held'at;a convenientﬁdistance‘frqg,&?e source with its de-
tector facing the source for normal inecidence of light. The
1llum;nat10n at that polnt is measured 1n footcandles. The’
distance from the detector to the source is measured in. feet.

The candlepower of the source -(in the direction from the
source. tocthehdexecxor) is the illumination’in footcandles‘

divided by the square of the distance 1n feet. By taklng a
series of'measuremen#srat-severa%—angles around a source, a
graph of candlepower vérsus direction may be drawn o

-

MEASUREMENT OF REFLECTANCE ' -

The reflectancé of a surface may be eStimated by the
use of a footcandle meter, although more sophisticated tech-
niques are requ1red for great accuracy. ,

One measurement method 1s to détermlne surface illumina-
tion by placing the metér as close to the surface ‘as possible

- with the meter detector - para11e1 to the” surface The illu- *

mination produced by light reflected fron the surface is then
measured by d}recting the meter toward the surface, while be-
ing sure that no shadow is' cast on the stirface by either the

meter or the person holding it. The meter detector must also
be *shielded from light from any direct sources. The approxXi-
nate reflectance of the surface is the second reading divided

by the first.

A more accurate measurement of reflectance can be accom-

plished by comparing the ‘reflected light from a surface of
unknown reflectance with the light reflected from? a surface
of known reflectance undex similar conditions. -.*

» . ~

? ~ ‘ .
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The meter is first positioned‘to indicate .the illumina-
tion produced by reflection from the surface of unkhown re-
f1ectance With ‘the meter in the same p051t10n, a card of
.known reflectance is placed -against the surface and the illu- . .
mination prcduced by.llght 5eflected from the card is mea-

sured. The card must be large enough to effectively fill the

__field of view of the meter.

le
* . ‘
.

If-an 8~Py 10- 1nch card is, used, the measurements should
be made no further than about two inches from the surface.
The reflectance of the unknown surface is calculated by di-

viding the 111um1nat10n from that surface by the illumination®

from the card and mult1p1£&ng the result. bﬁ~the ref1ect1v1ty

of the card ‘ - /

1

- . QUANTITY OF ILLUMINATION N

3 © em
- . .

»

The illumination system for any visual task&muﬁt;produce: .
the necessary level of light on the task. This section de-
. . . . . L N
scribes factors affecting the illumination levels necessary

to accomplish various visual tasks.

»

N

A

THE V}SUALfTASK b

3

. The visual task is the sum total of all the things that
must be seen at any given time. . . . '

/ Complex tasks/lnvolve several v1sua1 asks, ‘and the 'illu-

mination level required is based on the most difficult task.

The difficulty of the visual task is dependent on four fac-
tors: the size of the detail to be seen,® the time available, '

4

/ . IS
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for the seeing, the\contrést between tﬁe,detail(and its back-

i ground, and the brlghtness of the task. L ) )
The brlghtness of the task depends ppon both the level

~ "of illumination and the reflectivity of.the task. Figure 11
. ‘shows the'illumination level Lfootjzndlbs) necessary for a

‘ person with normal eyes to assimi he required ihforma-,

-

tion at a rate of five APS. RN .
SEEING TASK .. FOR S APs ,
o 2 PENCIL — MAT WHITE PAPER - 63
: 3 PENCIL — STENOGRAPHIC NOTES - 76
FOURTH CARBON TYPED COPY . 133 .
- * TRACING CLOTH OVER'BLUEPRINT . 266
ORANGE CHALK ON BROWN .TWEED ) 400 .~
~ ] - BROWN STAIN ON GREY CLOTH ' © -1100 '
' "BROWN STAIN ON RED" NECKTIE 2400
' BROKEN BLACK THREAD ON BOBBIN, * . 2900 °
\.j*"\ Figure 11. Footcandles Required for S5 APS -
te) © - . Representative Tasks. -

o

. . - t v * A
' VISUAL PERFORMANGE
E ' -t - . o e e .

Visual per%orménée furves, Such as thase shﬁ%n in* Figure

12, indicate how the performancé of visual tgsks improves

_with increased 111um1nat10n. All visual. task curves have

the same shape. Curves for tasks of hlgher d1ff1cu1ty are

- located farther‘to the right in the figure. For each task
there is an 1llum1nat10n level below which the task capnot

e . be. perforé@d and a/ievekbabpve which increased 114um1n§t10n

(Y

makes no dlffere%ce.
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Figure fZ. Effects of Lighting Level on - .
Human Performance. - -

' N . . .-
H
.

Between these two extremes 1s a range over which perfor-
mance rlses w1th 111um1nat10n. Illumlnatlon <ystems should

be d351gned to prOV1de llght levels giving the highest per- .
formance 1eve1 for the task Tables of minimum recommended .
111um1nat10n are avallabie coyerlng hundredg of tasks. The '
'f0110w1ng ate a few representative retommendathns [
Corridors, elevators, and stairways . 20 fc
' 4 Cafeterias 50 fq/:
.Classrooms . . 70 fc . N
" Detailed drawing and drafting 200 fc _
. . Fine_ inspection and assembly . Tl %00 fot -
- - - i . i
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. L. QUALITY OF ILLUMINATION
\ . ‘
~ ”»
v Illumination quality is also a factor in the performance

of visual tasks. Quality réfers not to the amount of light
present -on the task, but o, the dlstr1but10n of ‘-brightness

in the visual env1ronment and the color of the llght and sur-
faces presernt.

X e

A

LY

*BRIGHTNESS DISTRIBUTION o —

>
. __ _ - _The distribution of brightness in the visual enviranment
has an éffect on the' performance of all visual tasks. Both
d¢ark areas and light areas may have a detrimental effect.
< This is because momentarily locking in each direction Tesults
in the adaptation of the eye to that brightness level, in-
stead of the brightness of the task. The person ﬁust then
wait for adaptation back to the brlghtness level of the task
The brightness ratio of the task to the 1mmed1ate surroundlngs
of the task should never exceed 3 to:1l. The brlghtnessozatlo
between the tasy and any part of the visual envitohment should
never exceed 10 to 1. R . < !
Glare is produced by areas of high brightness in the
) J&sual field. Direct glare results when the light source is .
" in the field of yiew; indirect glareAis the result of reflec-
tiohs of the light froff the source by shiny surfaces. Glare
may not interfere with the. lighting on the task but it re-
duces visual perfarmance because it causes discomfort. Good
lightingYsystems are always designed to reduce glare to a

v -

. minimum. v . g . -

. .
.
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ATMOSPHERE . . . C3
The term "atmosphére'" -refers to the "feel” of the visual

environment. It i; not #§\ measureable quantity and depends

on the psychological efffects of patterns of brightness and

color. The maximum lighting efficiency is achieved when all

surfaces are white. This also reduces the brightness ratio

* between the task ahd the surroundings. ‘ T

.-, However, the sterile appearance of a colorless environ-

ment is usually unpleasant after a short time. Light tints

v
|

e and tones for walls and areas of color increase environmental
" pleasantness without a great reductlon in reflected light.
The seléction of surface colors in interior spaces 1is a com-
mon method of setting a partlcular mood Other factors are
the selectlon and placement of light sourceg and the overall
.—-level of illumination. Each lighting system must be deslgned:

.« to provide the proper level of illumination within the envi- R 4
ronment in which it is installed.

SUMMARY ¢

Illumination is concerned with providing the proper. - L
visual environment for the performance of a spec1f1c visual °
task. The most important aspect of the 111um1nat10n system
« 1is that it provides adequate illumgnation of the task, but ,
% ~other. factoFs should also be coné2§ered. : <
. Illuminhtion should be delivered to the work surface
without the présence of objectionable glare. The remainder
of the.environment should be designed to have a brightness °

near that of the task, while still providing some variagtions.
(¥} . .

L X

- r
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The following specifications are the most important units
.used in in illumination.
+ Illumination is measured in footcandles. One floot-’

candle is ‘the illumination provided by a candle at

a distance of one foot. It is a measure of light
grstance

per surface area.

-
8

- Luminous intensity is measured in candelas or candle-

power. It is a measure of the amount of light leav-
ing a source in a particuiar direcfion,
« LumAnous energy is the total light energy produéed
. by a light source measured in lumens.

3
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S EXERCISE

-

Draw graphs showing the following as functions of wave-
lenths: . .
a. Colors of the visible spectrum
b. Human eye response - .-
c. Output of an incandescent lamp

d. Output of a fluorescent lamp *

Bxplaln the following terms Aas they apply to. human
vision: '

a. Adaptation -

b. Accommodation

c. Visual Capacity

d. Visual acuity

A light source as a uniform luminous intensity of 100
candlepower.~ Determine the following: o

e w o a—Light —output_in lumens - . .. ___.

&

b. Illumination on a surface 5 feet from the source
c. Illuminatibn on a surface 10 feet from the source

d. Total luminous energy striking a one-square-fopot

area 20 feet from the source
Define the following characteristics of }ight behavior:

?

‘a. Reflection ‘ .,
b. Diffusion ] | v

c¢. Transmission ° a

d. Absorption ' . i~

e. Refraction , o : ' .

Describe additive and subtractive color mlxture List

.the primary colors of each. Give an example of each.

e

Define the following terms:®
a. Diréct glére’ \

b, Indirect glare »

c. Atmosphere

P1-06/Page 35
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Footcandle meter .

@

- 8 by-10-inch card of known reflect1v1ty (wh1te paper may be

13

used with an assumed ‘reflectivity .of 90%) ) , .

- s ’ 2
.

’
! v
/ ‘ ‘

|
l
Ny LABORATehY MATERIALS - l
| !
|
. . LABORATORY PROCEDURES, = | !

|
This laboratory exercise consists of measuring the illu- I
\ mination levels and the reflectivity of surfaces in a variety,, 1
i of visual environments. . ' I
1. Use the footcendle meter to measure'the illumination on ;
a variety’of°surfaces.' Record the nature-.and location
of each surface and the measured illumination in Data
'Table 1.° Take‘measurements on a3t reast 20 surfaces in ’
a varietxiof environments. Include measurements in ’
following locations if possible: . : “j;
-4 ] ‘ - Outdoors in direct sun ‘ . 4
o . Outdoors in shade
+ Hall : ' - ‘
' . Several points in laboratory A
+ Office space . .
R Bhop’facility _
< 2. Use the footcandle meter, the wh1te card, and the com-
: parison method of reflect1v1ty measurement to measure 4
./) : the reflectivity of at least 5 different surfaces under . .:i
different lighting conditjons. Record the nature of the ,
. . surface, its location, and its reflectivity in Data o i
_ Table 2. ® ‘
|
‘ )
- . - -
‘ ! Py ¢ ’ . \ .
' Page 36/PI-06 ‘ \ 236* ‘ .
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DATA TABLES

|
I DATA TABLE 1.

ILLUMINATION MEASUREMENT.

Surface and location

Illumination (fc)

~—~

PI-06/Page 37
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I .

DATA TABLE 2. REFLECTION MEASUREMENTS.

Surface and location Reflectivity (%)

1.

2 ] ) N

3.

REFERENCES :
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Nuckolls, James L., Interior Lighting for Environmental De-

signers.' New York, NY: John Wiley and Sons, 1976.
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TEST

.

-

3.

Co4,

W~

Please circle the appropriate answer.

The total light power produced by a source may be mea-
sured in ...
a. footcandlqs or lumens.

b. 1lumens or candelas.
c.., footlamberts.
d. 1lumens. .

e. None of the above are correct.

A light source produces an illumination of 100 fc at a
distance of 10 feet.' The illuminatioh produced by the
same source- at a distance of 20.feet is

a. 100 fc.

b. 50 fc. “ ,

c.’ 25 fc. .

d. 100 candlepower. ' . ,

e.. The answer cannot be determined with the data given.

" In the direction towards the surface with an illumina-
tion of 100 fc, the light source in the above question
had a luminous intensity of ...

1 candlepower.

1:)

. 10 .candlepower.
100 candlepower.
1,000 candlepower.

10,000 candlepower. S y

o A0 oW

Incandescent light sources usually .

a. roduce a spectral distribution that closely épprox-
p pe

imates daylight.
produce,very little ultraviolet light.

None Yof the above are correct.

b,
c. prod%;p very litt%e infrared light.
d.
e.

Only b and c are true.

7
.
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5. Subractive color mixture ... .
a. 1is the process used in color television.
- b. depends on the primary colors red, blue, and green.
) ci is effective, regardless of the incident light.
* d.- ‘produces white light when all colors are mixed
: together. .
: e.. None of the abové are correct. '
‘_6. Adaptation of the human eye ...
a. 1is the change of shape of the lens for focusing on
near gbjects. ' .
b. is accomplished primarily by changes in pupil
diameter. .
c. is accomplished primarily by chemical change§ﬁin
the retina.
d. refers to night vision only, .
‘ e. None of the above are correct. )
—7~ Quali%y—e£—i%}§mina%ien-is-nez—a££ec$ed_bygﬁjﬁ____l_im_ P
a.  large variations in .brightness in the, Vvisual '
énvirgnmen{ that are not near the location of the
visuai task. ‘ . . ¢ ‘
b. 1light sources within the fiéld of vision. .
‘c. a reduction of illumination on the task.
- - d. painting all surfaces white. - ' .
' e. None of ghe above are corréct.
8. The proper 111um1nat10n in a typical classroom is
approx1mate1y A
a. 20 fc. - ' )
- b. 100 fc. - ' .
-~ 'c. 500 fe. ‘
d. 10 fc.* '
_e. 1,000 fc. ' )
/ .
. ' Page 40/PI-06 j( ) } ‘ 2‘1() 
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9. The difficulty of a visual task is determined by ...
. a. the size of details to be viewed.
"b. the time available for viewing.,
c. the reflectants of the objects:to be viewed.
d. All of the above are correct.
e. -Only a and b are correct.’ - .-

10. ‘ Light with a wavelength of 450 nm is the color ...
a. blue. : _’
< ' b. green. ' .
c. yellow. .
v d. red, ' ~
e. The resulting color cannot be seen by the human e&e.

=
< -
. . »
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- INTRODUCTION "

. Increasing energy costs in recent years have led to .

greatef awareness of the costsh;;§bciated with illumination. £

Spiraling costs have spawned” an ever-increaéing interest in

more efficient-illumination systems. Several_néw types of

light sources have been developed amd become po?EEg;. Addi- -

tional light sources will be available shortly. .
PI-07, "Light Sources,' discusses’ the characteristics

of sources that affect the overall cost of illumination sys-

tems. Cost characteristics include the eff1c1ency of the |, .

“source in producing light, the 11fet1me of the source, the

rate at which the source degrades with t%pe, and the color
dharacteristics of the light produced
.Incandescent, fluorescent, hlgh intensity dlscharge, and

low-pressure sodium lamps are discussed and evaluated accord-
ing to these criteria. The advantages and disadvantages of . \\\V

each source are also discussed. In the laboratory, the stu- .
.dent will measure the candlepower of several sources and plot . )

candlepower distribution curves. B ) )

. .~

s / N
. / .
- v

- o ! PREREQUISITES

i
4 i

i n . [}
= 7

.The student should have completed Module PI- 06, "Funda-

mentals of Illumlnatlon. / i .

PI-07/Page 1 .
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OBJECTIVES: \

Upon coﬁpleyion'of this module, the student should be
-

able to: _
.1. Explain the following terms applied to light sources:
N a. Efficacy i
bx Efficiency - ‘
t. Spectral energy distributio?///
d. Luwmen depreciation - -
e. Lifetime z
2. Describe the lamp conftruetion, spectral energy distri-
bution, efficacy, lifetime, and lumen depreciation for
each of the following lamp types: '
a Incandescent
b. Fluorescent
c glercury-vapor )
d. Metal halide
é. High-pressure sodium
f.  Low-pressure-sodium T
3. Describe the changes that occur in the output of each
‘ of the above lamps w1th variations in line voltage. .
4. Explaln the purpose of a lamp ballast.
5. Explaln the startlng procedures for the foldowing lamps:
a. Mercury- vapor .
) p~ High-pressure sodium vapor S
c. Rapid-start fluorescent
6. . Explaln the term "light control" as it applies to
. 111um1nat10n systems.
7. In the laboratory, measure’ the candlepower of several
; sources, as a function of angle around the source.
3 “ \/\ . .
L ’ , ~
Page 2/PI-07 N : 2N
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SUBJECT MATTER

CHARACTERISTICS OF LIGHT SOURCES - >~

Four characterlstlcs may "be used.to compare the’ operatlon

hf Varlous light sources. These characterisfics are spectral

ehergy distribution, &fficacy, lumen deprec1at10n, and mortal-

r o

llﬁ{ . . Z’ ‘ -

\

T
3

SPE(f‘l\‘RAL ENERGY DISTRIBUTION ' J .
The spectral energy distribution (SED) curve of a 11ght .
source is a %raph of relative light output Versus wavelength.
This cufgve shows the strongest wavelengths 1n the output

light and indicates the color characteristics of the ‘source.
Sources lpprox1mat1ng white light are usually preferred over
strongly-colored sources,for\most applications. The spectral
energy;distributipnﬁcurves—of?a}l~commonulight—seﬂreesware

v

included in this module.

v 2
4 ’ v,

EFFICACY

© ¢ hd l

’

The light output of a source is measured in lumens. Thef
electrical input energy-is measured in watts. Theiefficacy
of a source is, the ratio of[}umens to watts and-is stated in
lumens per watt., ~Efficiency of the source is output power
at visible wavelengths (in watts) divided by the input elec-
trical ‘energy (in watts). “ T
‘ Efficacy is a good-indicator of ‘the’ performance of 11

sources, since the lumen is defined according to the r
of the human eye. A sourceq;hat converts most of its fnergy




'l

to v151b1e 11ght ?t eltﬂer the extreme red or extreﬁe blue -
wavelengths has a h1gh efficiency’. However, its efflcacf is
low, since thg eye does not resbond well to thosée wavelengths.
Thus, efflcacy — mather than eff1c1ency — 1s a better measure
of the useful light produced by the source for each watt of
electrical energy consumed. Both the efficiéncies and effi-

cacigs of a11 “cqmmon light sources are giyen in thlS module.

v

.

-LUMEN DEPRECIATION

Pl

The output of a 11ght sgurce is specified 'in lumens.
ThlS spec1f1cat10n may “Be the initial luminous energy of a
new source, 'or the lumlnous energy of the source after a spec~
1f1ed length of Qperatlon .

In either-case, the luminous energy produced by a sdéurce,
and thus its efficacy, decreases with total operating time.

This is called lumen d eprec1at10n “and the rate varies with
the type of source. Typlcal lumen depreelatlons of common'
" sources are g1ven in this module.

u'\/«‘

Figure 1 is a typical lamp™
curve for incémdescent tamps. Curves for other
lamps have the same general shape. The ra;ed life
icular lamp is the time in which one half of the
lamps.of.that'rype have failed durﬁng normal operation during.
testing. Thuﬁi half of the-.lamps are expected to fail bef
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‘ Figure 1. Average‘Mortality Curve for a Group
' ' f Incandescent Filament Lamps. -
- .
beyénd their rated lifetite. About half of the failures nor-
mally occur within 20% of the rated lifetime. Lumen de recia-
tion Q?ten indicat%s lamp replacement before the fated life-

time. The rated lifetimefjof common lamps are given in this
module.

-~
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INCANDESCENT LAMPS 4 |~

-

) - - k
The following material centers .en the congtruction,

4

spectral energy.distribution, and lamp characteristics of*
. . . ' .
incandescent lamps.

. - - X
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_LAMP CONSTRUCTION |

Figure 2 shows the basic construction of a common incan-
descent lamp. This is the oldest type of electric lamp and
the 1ncandescent Tamp 1@ still the most popular lamp for re-
sidential use. Ig produces light from a tungzﬁen filament '

‘heated_by current flow. The‘filamenxjis coileéd to reduce
"~ heat losses to the gas filling the lamp.bulb; the filament is

o ‘

< .
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Figure 2. Incandescent Lamp..
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cradled by the lead-in and support wires. fhe light output
and spectral energy distribution of the lamp depend on the
filament temperature.

The bulb: ofﬁtHe lamp is lime glass in general illumina-
tion lamps, but gther materials are used for\‘pec1f1c app11-
catlons. The bulb may be clear, but the unobstructed view
of the. tungsten *filament offers objectional glare. Most
bulbs have a diffuser surface. This mayNbe achieved by etch-
ing the"inner surface with acid, coating the inner surface
with white §ilica, or coating the outer surface with a white
ceramic. % N

' The glags bulb contains gas that reduces the evaporation
of the filament material. In common lamps, the gas is argon.

Extended life and improved efficacy may be achieved with kryp-~

ton, but thl? rare gas is so expensive that only 'specialty
bulbs employ'it. Each bulb also contains a small amount of
nitrogen tb eliminate internal arcing. . -

‘Lumen depreciation occﬁrs because of deposits of filament
material on the glass bulb. ' Lumen deprec1at10n is greatly
reducegfln quartz- halogen lamps. Quartz- halogen lamps
contain a small amount of iodine that vaporizes durlng opera-
tion and causes most of the filament material to.condense
back on the filament. . .

Incandescent lamps are ava11ab1e in a w1de range of
types,.sizes, and shapes. Some are equlpped with internal
}eflectqrs that gonceﬂtiate most ofuthe light in a spec1f1c

direction or pattern. .

’ / : PI-07/Page 7
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SPECTRAL ENERGY DISTRIBUTION D . '
Figure 3 shows the spectral energy distribution curves 1
for two incandescent lamps with two different filament tem- I
peratures. Most incandescent sources fall between thes¢ two
extremes. . ! >
: $3 15183 8 (3|8 B ' ‘
S5 |31 e o [21S
T 1 T 1 1 1T b e
el
@ w
2 |- -
: g
- Figure 3. Spectral Energy
. z Distribution for an
a Incandescent iiﬂp.
é .
1)

300 350 400 450 500 550 600 '650 700 750

WAVELENGTH (nm) . - 5

. ’ .

In all cases, tﬁe output contains, considerably more red
light than blue. 1hus, incandescent sources jproduce a yel-
. lowish- or "warm" atmosphere. Even so, incandescent lamps
' provide acceptable color rendition. Incandescent illumina-
tion is so common that most people accept. the colors produced
by it to be natural, even though the light produced is con-
siderably different from daylight-

.
7 .
- . . . .
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LAMP  CHARACTERISTICS |

¢

M ¢

The characteristics of incandescent lamps vary greatly
with the size and design.of the lamp. The efficacy genérally
increases with lamp wattage. The efficacy of a 60-watt bulb
is 14.3 lurens/watt. The effi¢acy of a 100-watt bulb is 17.5
lumens/watt. Large wattages (1,000 to 10,000 watt) have ef-
ficacies in the range of 20 to 30 lumens/watt. Lower:voltage
bulbs generally have higher efficacies. This is because lower-
voltage bulbs have larger diameter filaments for the same wat-
tage and, thus, more light-emitting area. ) .

. N Light output of incandescent bulbs usually decreases by
about 20% during the bulb's rated lifetime. Lifetimes vary
ffom as short as'75 hours for large special-purpose lamps, to
as much as 2,500 hours. Lower-wattage lamps usually have '
longer lives. A typical 100-watt lamp has a rated life of
750 hours; the life of a 60-watt lamp is usually over 1,000
hours. '

Krypton fill extends the lamp's life to about 3,000
hours. Quaffz-halogen lamps have aboyt twice the lifetime
and half the lumen depreciation of ordinary incandescents.

- Lamp efficacy increases with increésed:voltage, but the life-
time of the lamp drops. Low voltage operation reduces effi-
cacy and iﬁc;eases'lamp life.

Figure 4 shows the eﬁergy distribution of an ordinary
100-watt incandescent bulb. Only 10% o#an incandescent

, _bulb's input energy appears as visible light. Efficacy is

further lowered because most of this light is-on the red end

of the Spec;rhm and not in the green-yellow region where the

eye is most sensitive. Seventy-two percent of the input en-

ergy appears as infrared (heat2 radiation. ?he remaining 18%
heats the bulb and #ts fixture. ’

’
-
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Figure 4. Eﬁ%rgy Distribution of an Incandescent Lamp.
All 'energy consumed by the light source eventually
appears as heat in the lighted environment. Even that part
of the energy that is converted to visible light is changed
“to heat when it is absorbed by surfaces.

»

N . FLUORESCENT LAMPS

: } . .
. The following material centers-.on the construction,
eléctrlcal characterlstlcs, spectral energy dlstrlbutlon,
and lamp characterlstlcs of fluorescent lamps.

LAMP CONSTRUCTION

Fluorescent lamps are long glass tubes filled with mer-
cury vapor. A small amount of argon or argon-neon gas is
added to increase electrical condu¢tivity before the mercury

Y
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is fully vaporizéd. Atomic trqnsitions in the mercury atoms
produce light at several visible and ultraviolet (UV) wave
lengths.* ¢

The inner wall of the glass tube is coated with a phos-
phor that allows the visible l1#ght to pass through, but ab-
sorbs the UV and converts it to visible light by fluore$cence.
The electrodes of the lamps are called cathodes and may be
either 'cold" metal plates or "hot'" coils of wire. ]

Most fluorescent lamps employ the heated cathode. This
cathode may be heated by a separate heater Circuit or by cur-
rent flow through the gas. Fluorescent lamps are available
in a wide range of sizes, but.the most common are the four-
foot-lamp, rated-at 40 watts, and thé -eight-foot iamp, rated
at 110 watts. High output models proviae higher wattage and
more Light per foot of length, but hlgh output models -are

. . usually less efficient.

ELECTRICAL CHARACTERISTICS ' - '\/

~ All gas dié;harge devices'rehuire a ballast to limit the
turrent. Otherwise, high current surges would soon destroy
the device. The most .common type of ballast for fluorescent
1amps is an 1nductor in series’ with the lamp. This produces
a lagging power fact r for many fluorescent lighting systems.
Some modern lamp ballasts employ both inductors and capacitors
in the ballast circuit to provide either a baianced power
factor or a slightly leading power factor.

Several methods may be used to start fluorescent lamps.

Older lamps employed a separate starter that heated the cath-
ode to operating temperature before the operating voltage

»
'

®
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was applied' to the lamp. Once the lamp is in operation, <the
cathode heater circuit is turned OFF. Instant-start 1ambs N
' have no separate cathode heater éircuit To start the lamp
1nst5nt1y, a high-voltage pulse heats the cathode and ini-
tiates the discharge. -+ ) ' -

) The latest type of .-lamp starting, and the one used in
most modern installations, is rapid-starting. Rapid-start

lamps have low resistance cathodes that cin be heated con-° e

tinuously during lamp operation with low bower losses. The
heater circuits of the cathodes  aré éurned ON at the same
time as the main discharge. The lamp dose not light until
the cathode temperature has reached the proper level. This
‘usually 'takes,one to two seconds. Lamps designed for one

« type of starting. system shoﬁld, in general, not be used with
another type of starting system, although there are some ex-
ceptions.

I

SPECTRAL ENERGY DISTRIBUTION

A
r

Fluorescent lamps are available with several different

‘ spectral distributionSEereHding on the phosphor used for the
Yo tube coating. . Figure § shows the spectral energy distribu- ‘ I
» ‘tion curvé; of six of the most common lémp types. All.types ‘“i
contain the strong spectral lines characteristic of mercury-
vapor discharges. ’ | , |
Cool white lamps, are often selected for offices, factor- I
«ies, and commerc1aloar¢aa where a psychologjcally cool working i
environment is desired. This is the most popular fluorescent ﬁl
lamp. ’ '
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Figure 5. SED Curves — Typical Fluorescent Lamps.

- .

’

The deluxe cool white is used for the same general appli-

cations, but produces more red light and is, - therefore, more

flattering to the appearance of people and merchandise. It

v

has the best color rend¥ion of any fluorescent. .
Warm -white fluorescent lamps are designed to have a colot

spectrum close to phaf of incandescdent lamps. These lamps

are used whenever a'warm;socialﬁeﬁy}ronmenf i3 desired.

* Deluxe warm white lamps havean.additional red element
that more closely approximates the appearance of incandescenix
lighting. Deluxe warm white lamps more flattering to the ap-
pearance of people and are recommended for use in homes and

social areas.

/
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White fluorescent lamps are used for general lighting
purposes when neither a warm nor a cool atmosphere is to be
created. They producé more light in the green, fellow, and
orange portions of the'épectrum?;nd are a little more effi-
cient for genefal illumination. Daylight*bulbs are designed
tp produce an effect close to that of natural daylight. The .
spectrum is fairly well-balanced, but Contains more blue-

light than red.. i .

L

LAMP CHARACTERISTICS )

\
R

The efficacies of allvfluorescent lamps are ﬁ}gher than .

for any incandescents. They. rahge from 40 lumens/watt to 80
lumens/watt with an average of about 60 lumens/watt The
-1ight output of fluorescent lamps drops by about 10% during
"the first 100 hours of operation. After that, the drop is
much more gradual. For this reason, the lumen output of
these lamps is specified at 100 hours of operation. ‘Lumen
depreciation depends primarily on lamp current. Standard
lamps will typicglly dépreciate.only about 10% in 10’000,
hours of operation."Higb-eurrent_modpls may;dyop by 40% in

the same time. -

Page 14/PK-07

¥ Fluoresceht lamps are not as sen51t1ve to voltage varia-
tions a%-lncandeécents, but fluorescent lamps are still af-
fecteg by voltage variations. Overvoltage opération increases
\Fhe current in both the lamp and the ballast. This overheats
the ballast and increases the lumen depreciation of the lamp.
Undervoltage operation reduces light output and efficac}.
" If the voltage is low enough, thé cathode may run too cool
.and be damaged. Fluorescent lamps are designed to. operate, .

L
.
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most efficiently with wgll temperatures of 100°C and’ lamp -
- . -efficacy drops on either side of this tempetature. Fluores- to.
cent lamps must, therefore, be protected from drafts and a}r \;//
- flow from air conditioners. R
] The lifetime of a fluorescent lamp is limited priﬁarily
by’ the number of ITamp starts. Starting the lamp'degrades.ihe - -
thode coating, and after a sufficient number of starts, the
lamﬁ will no longer function. - Lamp startirdg also degrades

the phesphor coating and incréases lumen depreciationm. - -
In most cases, the lamp‘is‘degraded to an uneconomical
light output before it actually fails. Lifetime ratings vary
with the average time the lamp is ON each time the lamp is
started. At an average of three ﬁours of operation fof each .

S

start, most fluorescent lamps have a 11fet1me of 9, 000 to
12,000 hours.\ ThlS is much greater than the 11fet1me of any
incandescent lamp . Special precautions must be taken if
fluorescent lamps are to-DBe operated in an<env1ronment where. )
. the relative humidity exceeds 65%. ) !
Figure 6 shows the energy dtstribution of a typical 40- .
watt fluorescent lamp. The nonradiative losses include the
power necessary to heat the cathode and losses in the ballast.
About 22% of the input energy is converted to visible light.
Since the spectral distribution is usually better than that . N
of 1ncandescents, efflcacy is generally three or,four times . S
as great. Thus, a 40-watt fluorescent lamp produces aImost
40% more useful Tllumination than a 100-watt incandescent.
A 40-watt fluorescent lamps also lasts abeut 20 times as long

\ -~

as a 100-watt.incandescent lamp. v
other attractive advantage of fluorescent lamps ig
’ thelr ﬁ\xg llght-emlttlng area at.low brightness. This
greatly re ces discemfort glare. Fluorescent lTighting is

b
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the most popular and economical type for indoor areas jhere
color rendition is important. ' - -

! ) Several manufacturers have been conducting r‘kse.a\rch on |
fluorescent lamps that are direct replacements for incandes-
cent bulbs. These are small fluorescent lamps with internal
ballasts and screw bases to fit ordinary lamp sockets.- ‘Small
fluorescent lamps that fit traditional lamp sockets are ex-

: pected to.be available in early 1981 in sizes from 9 to 26
- . fii iS'aboutJSO lumens/watt and the rated
lifetime is 5,000 to 7,500 hours.

Input power %
© 100%
N . ﬂ - -
. | |
b Discharge radiation N°':g"’s‘::“"°
60% .
| ’ s% - o
2| 20% 36% 4% 38%
\ -y ) . j 4
’ ’ Visible Infrared : —
. radiation radiation POw:rz‘I%ossas
L 2% 36% ° s

.
‘a

. Figure 6. Energy.Distribution for a Fluorescent Lamp.
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HIGH- INTENSITY DISCHARGE (HID) LAMPS
The following material centers -on high-intensity dis-
¢harge lamps. Topics include mercury-vapof lamp constructidh,
metal halide lamp construction, spectral energy distribution,
and lamp characteristigs of HID lambs. .
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APOR LAMP CONSTRUCTION

.

re 7 shows the construction.details of a high:intenn
sity'discha ge, mercury-vapor lamp. -The arc tube of this '
lamp contains a small pool of liquid mercury that is vapor-
ized during operation to produce a metrcury pressure of sev-.
eral times atmoshperic pressure. The grc tube is made of
quartz to withstand the operating temperature of about

71,000°C. Like all gas discharge lémps;‘Ehé“ﬁé?tufy”Tamp"TEf"
quires a ballast to limit current. Some ballasts include
transformers that change the line voltage to the lamﬁioﬁér-
ating voltage. Others incorporate capacitors for power factor
correction. ‘ -]

. " SUPPORTS

RESISTOR

i > ARG TUBE SEAL

STARTING ELECTRODE
° « ARC TUBE —

! , ELECTRODE

<

.-y

. PHOSPHQR COATING”

e OUTER BULB

+ .. F

. B < -

R4 ’ Figure 7. Mercury-Vapor Lamp and Arc Tube..
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“#ween the starting
. ..
- This heats the ,(lamp @

; faporize the mercury and ignites the
main discharge. Lamp warmup takes ¥rom four to seven min-
utes. The outer bulb of the mercury lamp serves - several pur-
poses ~ It absorbs harmful ultraviolet wavelengths, retains
heat to maintain the proper operatlng temperature of the arc
tube, and may be coated with a phosphor that converts some§§f

" the UV Tight into visible Iight. Mercury lamps may ‘be oper-

ated in any position, although vertical mountlng results in '§'

. three to four percent more 11ght output.
‘ ‘a: ) - . a
’, : \ T
. N\ '
: ME?%L HALIDE LAMP CONSTRUCTION i
> Q‘
T - \ 2

N\

Metal halide lamps are\flmllar tom TCury-vapor lamps .in

ion ghd operation. ‘The arc tubes~of these lamps "con-

construc,

ta n.megsury, ut they also .contain halldes, Mually iodides)

dlum, scandium thafllum %né indiu ma§

3‘ W zs’

" of other metdls.

be used.

Because of a plore compllcated arrangement~of the start-
ing_electrodes, tal halide lamps n be operated in only
one'position Models for“horlzontal ountlng hage arc tubes
49 ) that curve upward.ln the mlddle to bet T dzd%rlbute the heat -
of .the arc over their surface. The Star"lng and operatlng
characterlstlcs are slmllaryto those of" the mercury lamps

. - Y ’
. v \ . o
' \ \
SPECTRAL ENERGY DISTRIBUTION - \\ g\ T

‘wF

Figure 8 shows the §$ectra1 energy distribution curves
of two types of mercury-vapor lamps. The mercury vapor

f-3
°
>, % - . ¢
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discharge emiFs most of its‘light on the four strong visible
wavelengths shown and on six waVelengths in the UV.

In the clear mercury lamp, the UV is absorbed by the -
outer bulb and only the visible light is used. " Several types
of mercury lamps are avallable that employ phosphors 'to con”*
vert some of the UV into visible radiation fbr better efficacy
2 and color rendition.

~

1]

If the total lumen output and color-feqﬁition dré the

9ﬁ1¥ factors considered, the coated gamps are far superior.
However, if the light source is a large distance from°tﬁe sur-
face to be illuminated, light control becomes important.

Clear mercury lamps are small sources and their light can be
easily”contrbllgd for long-distance application, such as in
outdoor sports stadiums. Coated mercury lamps are much larger,
sources and can be used only for more d1ffuse, more close ap-

plications. b ) ;
Figure 9 is the output spectrum of a typical metal halide |
lamp. These lamps produce some light at ail wavelengths in
the visible spectrum and, thus, prov1de goad color rendltlon
when the? are operafing properly. Metal halide lamp color
cﬁaracteristics vary considerably gl}h»operatlng temperature|
and, thus, with voltage. At lower than rated voltage, the
lamp temﬁerature‘is below normal %nd less of the sodium is
‘vaporized. This results in less.red and yellow light>and a .
strong blue appearance. At overvoltages, too much sodium is,
vaporized "and the'color becomes pink. Color also varies w1th .

lamp age, and if color characteristics -are 1mpbrtant all
lamps in a system should be replaced at';he same tlme. SN

. H . *
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Figure 9.  Spectral Energy | -
Distribution for Metal
' Halide Lamp.
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HID LAMP CHARACTERISTICS o . <

\\" « Like fluorescent lamps, the output of HID lamps is rated. R
at 100 hours of operation because.of early, rapid, lumen de-
creciation, The efficacy of mercury lamps is usually 50 to
60'}umeﬁs/watt.; Metal halide lamps have efficacies as high
as 80 lymens/watt. Mercuny lamps have rated lifetimes in ex- . .
cess -of 25,008 hours. Metal halide lamps have<lifetimes of

‘ 10,000 hours, or a iittie less. 1In both .cases, lumen depreci-

“ation is g more-likely reason for replacement than lamp fail- -

ure. . - .
. The output of mercury- vapor lamps drops to about 80% of
the rated value after 10,000 hours of. operation. After .
20,000 hours, output is only about 60% of the or1g1nal Metal

hallde lamps reach these same values 1noabout haif the t1me

‘ -
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.
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Some mercury-vapor lamp systems have automatic light
A photo-
When the lamps are new _

level control that adjusfs for lumen depreciation.
cell controls voltage to the lamps.
and have the highest efficacy, they are oﬁerated on reduced
voltage. This saves energy and increases lamp life. ’ .
As lamps age and efficacy drops, the woltage needed to

In such systems,
all lamps should "be replaced at the same time. Metal halide

lamps cannot be used in mercury-vapor lamp systems because of

"maintain desired 111um1nat10n is increased.

their sensitivity to voltage changes.
Eigure 10 shows the energy distribution of a .mercury

' ® .
“lamp. * The mercury lamp actually converts less of its total
» - ‘ *
Input power
100% .
- " .
Elect(rodc . A
Power to the arc
v losses } 92.5%
1.5% :
. ] ] )
; N°';"di’“"' Discharge radiation )
Lo gsses . . 48.0%
44.5%
t ~ o
. J— Ultra-violet
] " radiation
18.3% )
“ . - . 1 ’
1 { 1 y =
v o
. Visible Infrared
P’nv;!gsl;nes 5 radistion radiation
. : . 14.7% 15.0%
: o .
Figure 10. Energy Distribution-for Mercury-Vapor Lamps.




‘input energy to visible light than the fluorescent lamp.
However, mercury lamp efficacy is higher because most of its
light is at wavelengfhs to which the eye is very sensitive.
ThlS further illustrates the need to consider the efficacy
of the source, rather the eff1c1ency

Flgure 11 is a similar chart for a metal halide lamp.
Its energy conversion eff1c1ency of electrical energy to
visible light is only sllghtly‘greater than that of fluores-
ceﬁt lamps.
metal hide lamp Is such that the light it produces is more

However, the spectral energy distribution of a

"easily seen than the light of a fluorescent lamp.

i Input power
100%
o f ' /
Ellectmde Power to the Arc
osses 91 ¢
o %
7 [ !
Nonradiative Discharge raduanon ’
losses 52.5%
38.5%
/ -
Ultra-violet '
radiation
3.7%
o / 4 2 [ ’ '
Visible Infrared
Pov;e{;:z!u | radiation radiation
‘ . 24.3% 24.5%

Figure 11.

Energy Distribution for Metal Halide Lamp.
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HIGH-PRESSURE SODIUM LAMPS

The following material explains the constructioﬁ, spec-

tral energy distribution, and lamp' characteristics of high-
~pressure sodium lamps.

’

LAMP CONSTRUCTION a2

The construction of a high-pressure 'sddium lamp is simi-
lar to that of a mercury lamp, but the sodium lamp contains
no starting electrode or resistor. THEJ;¥§ tube is made of
a special form of translucent aluminum oxide that can with- ’
stand the corrosive sodium vapor at high temperature (up to
1,300°C). The small diameter of the arc tube helps to main-
tain the high temperature ne;essary,ebut leaves no space for
a starting electrode. Starting is accomplished by a circuit
in"the ballast.

Iﬁ addition to sodium, the arc tube contains xenon gas
and mercury. A pulser circuit in the ballast supplies 2,500
V pulses that ionize.thé xenon. The xenon -arc slowly heats
the arc tube to the point that the mercury begins to vaporize.

At this point in the starting process, the lamp has the
bluish-white color of a mergury lamp.’ As the temperature in-
creases, the sodium vaporizes and the spectrum shifts to the
monochromatic .yellow that is characteristic of a low-pressure,
sodium discharge. When the lamp reaches its normal operating
temperature, 'its spectrum broadens to include other wave-Q
lengths. The operating pressure is about 200 mm of mercury.
The lamp is.térmed "high'préssure" because- its pressure is
mpch greater 'than that of the low-pressure sodium lamp dis-
cussed in the next section. ) \

®
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The starting process requires about three minutes. If
a sodium lamp -is turned OFF, it may B restarted in about one

and one-half minutes. A mercury lamp, however, has a re-

strike  time of about five minutes. 4.

/
SPECTRAL ENERGY DISTRIBUTION

Figure 12 is the spectral enpergy distribution curve for
a.high-pressure sodium iamp. These lamps produce light at ,
all visible wavelengths, but most of their radiation is in
the yellow-orange range. This gives them their characteris-
tically high efficacy (140 lumens/watt), but results in poor

color rendition.

v
-
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o2/l 2] & 3|8 °
R B L v {>]|0 o

— F T 1 T T 1

- . < Figure 132, Spectfal Enegéb\
- . Distribution for High- -
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»outdoor and zfreet illumination.

Blue and green objects appear very dark. Red objects
appear orange. Tints of yello@hand orange cannot be distin-
guished from white. Therefore, the color characteristics of

-4

high-pressure sodium lamps make them unsuitable.for most in-

door illumination applications. ,

»

‘LAMP CHARACTERISTICS

.3

High-pressure sodium lamps have typical efficacies of .
110 to 130 lumens/watt, with some models reaching 140 lumens/
watt. The lifetime ratings vary from 15,000 hours to 24,000
hours. -As the lamp ages, its required voltage rises.  Even-
tually, the lamp exceeds the voltage capabilities of the bal-
last and the lamp will no longer operate. The lumen depreci-
ation is the lowest of any high-intensity discharge lamp. .,
Most high-pressure sodium lamps produce 80%.of their rated
output at the end of their livest ‘

Figure 13 is an ehergy distribution diagram for a high-
pressure sodium lamp. 1Its high efficiency and spectral dis-
tribution -gives it the highest ‘efficacy of any’lamp that can
be used for general illumination. The long life and retention
of highrefficacy of a high-pressure sodium lamp makes it a
popular light source for any applications for which it is
suited. The high-pressure sodium lamp is widely-used for -

«
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-

- Figure 13. ﬁnergy Distribution for the High-Pressure
¢ Sodium Lamp.
Y

4

LOW-PRESSURE SODIUM LAMPS '

- + The following material explain§ the construction,.spec- *
tral energy distribution, and lamp characteristics of low-
pressure sodium, lamps. °* Lo

—— ¢
.

-

LAMP CONSTRUCTION . ’

‘.

’ —

: A
Figure 14 shows the basic construction of a low-pressure

sddium lamp. These lamps are available in the power range of

35 to 180 watts, with lengths of 12—to 44 inches. The U-

. shaped discharge tube is lined wish porate to withstand the
sodium vapor. ) -

' N * -

.
) - ‘ . -
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DISCHARGE TUBE U-BEND NON-STAINING TRIPLE COIL EMITTER- .
SUPPORT , ASSEMBLY GLASS DISCHARGE TUBE  IMPREGNATED CATHODE PR%—FOGUS
) ] ASE

. \
. j -

q  — .
. " o’ s r @
7 / N
OUTER GLASS VACUUM &NVELOPE WITH SODIUM-RETAINING DISCHARGE TUBE

INTERNAL HEAT-REFLECTING LAYER RESERVOIRS 4 SUPPORTS

2 . .
Figure 14. Low-Pressure Sodium Lamp Parts.

P

Swellings in theftube contain small amounts of sodium.
The tube contains a néon-argon mixture for starting. The N
outer tube of the lamp\is iﬁternally coatgd with indium oxide.
This allows the visibié’light to escape, but reflects infrared
light back into the lamp to maintain heat and conserve energy.
A vacuum between the two tubes prevents heat loss through con-
duction, as in other gas_discﬁarge lamps.

B

SPECTRAL ENERGY DISTRfBUTION

All light output of low-pressure sodium lamps is produced
at approximately 589 nanometers (nm). Light™is a slightly

orange hue of yellow. This wavelenth is” seen easily by the .ﬁa
human eye, resulting in.a high efficacy. However, 'the mono-
chromatMc (one color) characteristic of this source makes it A S
unsuited for applications that require an ability to distin-
guish between colors. !

. ’ . .
¥ S -

' »
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LAMP CHARACTERISTICS N ) .

-

applications.that require no color discrimination.
L} .

LowApressuregsodiuﬂglampsehaveian~e££icaey_of,183 lumens/ .
watt (lamp only) and maintain this efficacy throughout their

rated lifetime of®18,000 hours with little lumen deprec1atlonu

Figure 15 is an .ﬁergy distribution® chart for a tYplcal low-

pressure sodium lamp. The low-pressure sodium lamp has the . )

. . b . :
highest efficiency and efficacy of any light source khown. -
These lamps have existed for about 40 years, although not C . )
with the present efficacy. - RN
input power T . S )
100% , -
. l . ¢ - N
O _‘__Ef:::dg Power to the arc 3 N
9% ’
8.3%
No::radimve Discharge radiation 7 .
osses 40.0%
51.7% . .
' . Y Y Y &
Visible Infrared - -
POV:&&;”GS radiation radiation
5 35.5% 4.5% .

<

Figure 15. Energy Disitribution of a Low- Pressure
-Sodiym Lamp.

~

&

[,
Low-pressure 5odium lamps have been largely ignored be-

cause of their, poor color- -rendering characterlstlcs. Receént
concerns w1th energg costs have sparked renewed 1n§erest in
i storage area

~ 3

" . ' ’
equipment rooms, and television monitbring areas. -Low-pres-

sure sodium lamps are the most economical light squrce for

@»

k]
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LR . . COMPARISON OF LAMPS
.‘\;x:c ¢ ‘ .
o ‘ : . o
o Table 1 lists the specifications for several light .
sources that are availabe. Values for efficacy are calcu-
lated using the input power to both lamp and ballast fon all
gas discharge .lamps. " n '
“ Corrected efficacy values for the lamp lumen deprecia- E
- tion over the lamp lifetime are also given, as are values

with respect to a 100-watt incandescent lamp as 1.0. The
v rated lifetime of each lamp has been included.
‘ . This table compares only efficacy and lifetiye‘and can-
not be used alone as a lamp. selection guide. Color-renderin )
qharéqteristics of iamps are usually of great importance. /g///\ ’
These chhracterisxics are not included in this table.

= 3
'
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TABLE 1.

LIGHTING EFFICACY OF

VARIOUS .LIGHT SOURCES.
\ .

<,

.

‘ / Corrected
Lumens/Natt Compared To
Ve Initial Lamp Lamp and Corrected 100 Watt .
Lumens  Only  Ballast For LLD Incandescent llours Life
25-Watt Incandescent 235 9.4 "NA "8.5 .54 2,500
100-Watt Incandescent 1,750 17.% NA 15.8 1.0b 750
100-Watt Incandoscent 130 v € 120 V. 1,330  14.9 NA 13.4 .85 2,025
1,000-Watt Incandescent 23,%0 23.7 NA 19.7 1.25 1,000
500-wWatt T3/CL Tungsten tlalogen 10,950 21.9 NA 21.0 1.33 2,100
35-wWatt Fluorescent * s~ 3,050 71 63 4.0 20,000
40-watt Fluorescent bt 3,150 66 58 3.7 20,000
110-Watt Fluorescent *** . 9,200 73° 63 4.0 12,000
400-Watt Mercury ##ss 23,000 s1 40 2.5 24,000
. 1,000-Watt Mercury #%## 63,000 s8 38 2.4 24,000
400-Watt Metal Halide 40,000 87 65 4.1 15,000
1,000-Watt Metal Halide ###a# 110,000 100 80 5.1 10,000
400-Watt High-Pressure Sodium 50,000 111 100 v6.2 24,000
1,000-Watt High-Pressure Sodium 140,000 131 117.9 7.5 24,000
. 180-Watt Low-Pressure Sodium §§5000 150 131.7 8.3 18,000

[E

* 48" Lite Whité — 2 Lamps Per Ballast (Rapid-Start),

#% 48" Cool White — 2 Lamps Per Ballast (Rapid- -Start).

or with energy savings Hallast 82. lumens/watt.

1]

art 96" (800 na) Cool White — 2 Lamps Per’ Ballast (Rapid -Start). - e

#sas Mercury DX (Deluxe White).
aaa%s Other 1,000-Watt Metal {alide Lamps available now
Sylvania's "Super Metalarc" — l}S,OOp lumens.

-

’

art: GE's “1-Linc Plus" — 115,000 lumens; and

.-

O
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LIGHT CONTROL %%

- C e ! 3 o
"Light control" is the term applied to the process of
directing the light to the ¥sired docation onc® it is pro-
(~ duced By the source. A luminary‘'is a lighting system compo- - ) :
nent that houses the light source and its electrical compo-
nents and provides for light control. Light control may be
accomplished by reflection, by diffusion, or through the ap: \
plicatibn of lenses or pTISﬂftlc elements. . i st
A range of luminary types is available for each type ‘
of light source. They are usually described in terms of
candlepover p¥ovided in specific directions wag specific - ,J
light sources. The candlepdher distribution curves, of six’
types of luminaries used for general 111um1naf10n:are shown

in Figure '16. Luminaries’ play a ke? rqle 1n,every lighting, .

PN ¢ Y

system. - , - , T ' ,
'—" ° - -A - .

. - v - -
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SUMMARY
The selection of light sources for any application-is
. based on four major Characteristicd of ‘light Sspurces:

1. Efficacy isithe ratio of light output to electrical
input and_is expressed in:lumens per wdtt.
2. . The spectral energy distrihution describes the relative

: ) porportions of.different visible wavelengths that are
present in the oﬁtput and indicates the color rendition
L. _ of the source. g . .
& 3. Lumen deprec1at10n descrlbes the rate-.at whrch the 11ght-

producing ab111ty of the source decreases with. time.
4. Ligetime is- the average useful operdting life of the
source. . . . : »

~ff
o Incandescents offer the lowest eff1cac1es and shortest

11ves of dny sources. o .o
‘Fluorescents have a muc greater efflcacy and 11fet1me :
and, thus, provide more ‘econdMical illumination. ' ”\ !
High-intensity dlscharge lamps af several types offer» L
_high efficacy, kong 11fe and high dintensities*— although the
. color,rendition is not as good as that of fluorescents..
o Low- pressure sodium lamps are the most eff1c1ent method
T of illumlngtlon_now know . Hoyever, ‘their monochromatic
| nature makes them unsuited for most*aeéllcat1ons. . T
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{ 2

2.

'

“c. Mercury-vapor

' the follow1ng lamps:

. ‘nagies. A e e

-The follow1ng lamp types are descrlbed in this module

a. Incandescent J

b.  Fluorescent’ ' . . ‘ - I

d. Metal halide . ' - ’ o Lt :
e. High-pressure sodium < ;
f. Low-pressure sodium ‘

. .
Write a‘paragraph comparing all of these lamp types: ‘ .
according to the follOW1ng characterlstlcs . -

a. Efflcacy .o . .
b Lifetime

‘c. Lumen deprec1at10n " i

d. ‘Spectral -energy distribution .

Describé the general construction and method of-produc1ng
11ght»1n each lamp type.

Descrlbe the lamp start1ng mechanisms used with each of

7 .

a.  Mercury-vapor ’ . ' : .
b: High- pressure sddium . o .
.c. Rapid- start fluorescent >

Descr1be the changes that occur in thé& output of the.
follow1ng 1amps~when the’ applied voltage ‘is 1ncreased or

decveased- ‘ ’ . . ‘

,- 2. Incandescent - .

b, Fluorescent . .
c. Mercury yapor ] :
d,. Metal halide _— . -
e ngh pressure sodium i L

Explain the need for .a ballast with some lamps. .
Explaln the _term "11ght control” as it app11es to lumi- _

\

° - ¢ .
* ’\—',t ‘?‘b.’ 9 . ) .
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LABORATORY PROCEDUREsf L

~ &.
. ‘ . ot _

c e N L 3
LABORATORY MATERIALS -~ - | .
Footcandle meter . . I ‘, "

Yardstlck or«tape measure’ "calibrated in feet« . —,
Sevgral 11ght sourcks’ . Tt , |
Circular graph paper,'one p1ece for each- sourte,measpred .
Poster board with radial lines from the center at,10® .
1ntervals NN .. . )
e v, ’ . 'k. R L. 0

- v

The purpose of this laborator? is to make the necessaryr

o
19

~

measurements and calculations and draw candlepowéredistrlbu-' -

2

tion curves for a nuMbér of light sources. . ‘
Sugge%ted sources are a bare 1ncandes¢ent bulb a‘desk -
lamp, a fluorescent luminary, and spot11ghts or: flood lights.
In all cases, the measurements must be made ih a darkened -
room. - Care must be taken.to ensure that only d1rect 111um1na-"

tion from the source belng measured reaches the footcandle -
meter. Reflected light and light from other sdurces.must be

‘minimized. If thlS is. not practrcal two measurements may be
- made: one with the source to be measured ON and one with it .

Y
OFF. 'The difference can.then be entered 1n the Datal Table as

the illumination pr ed. ' . -
Make a Data’ Ta similar to the one given as a sample C

for each source. _ Follow ‘the steps utliﬁed'below for each.

a

1. . P051t1on the"source in a ﬁbrizontal ﬁlane'over the poster .
: board so the Q¢ 1im® of the board is perpendlculat tp the
Lface of the light source. All measurements may then be’ i
made* in a horlzontal plane at.the helght of tHe séurce.\ . -
If other geOmetrles are used, all measurements must be
made in the same plane and- the geometry s%ould be identi-
- . fied ip the‘Data Table. . ' . .
¢ e .[\\\ . ‘
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3.

4.

LY

6.

7.

Y

“

Use the footcandle meter ,to measure the direct illumina- .

tion provided by the source along the 0° line at a.con-
venient distance from the source. Measure the distance
,to the center of the source. Record both the distance
and the illumination in the Data Table.

Move horiiontally to the 10° mark on one side and mea-
sure the iliuminati®h provided at the sam} distance.
Record the dlstance to the source and the3

in .the Data Table

Continue thls process until measurements have been%aken

illumination

every 10° through an entire circle. Be sure the face of',

ctheofootcandle meter is pointed directly at the source
1n every measurement. .
D1V1de the illumination in footcandles for each data
point by the square of the distance in-feet .to obtain
the candlepower of the source in that direction. Record
thls in the Data Table '
Draw’ a graph~on a piece of circular graph paper with the
radial scale calibrated in candlepower. Choose a con-
ven1ent radial scale to show the candlepower dlstrlbu-
. tion of the soutce. .
C1a551fy the distribution of the source accordlng to the

" criteria given in Figure '16. : P

€

v

£




R34

DATA TABLE ,

" R DATA TABLE.
T (Sample)

‘Pescription of source:

Sketch of source:

-

Illumination
(footcandles)

Distance
(feet)

Candlepower

3507 S

+

*Note: Ellipsis denotes missing numbers.
e . . ~d°

.
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TEST
Vd
"Please circle the appropriate answer. *'.T\ = u
. 1. The reasons for the popﬁlaritybof incandescéﬁ; lamps .
~—\\J " for many applications include ... .. . . .
a.’ their close approximation of natural lighting.
'b.; their relatively long lifetimes. )
“c. the lowest lumen depreciation of any lamp except
the low-pr¢ssure sodiuh.
) . d. Both.a and c are correct. ?
. e. None of the above are correct.
2. If a lamp appears as abright blue point source, .
‘ it is a "aﬁ\\v/ , :
~a. deluxe white mercury lamp- . —— -
‘ ' b. - high-pressure sodium lamp. ' '
'c. quartz-halogen incandescent lamp.
d. clear mercury laﬁp. '
e. metal halide Lamﬂ. !
‘ 3." Characteristics of the low-preééure‘sodiumflamp include ‘
o the ... ' )
" a. highest efficacy of any lamp known. R

b poorest color rendition of any lamp .Fnown. ‘

c. highest electrical energy to visible conversies ’
‘ ‘\‘ efficiency of any lamp. : : A

d. 1lowest cost illumination'available. : R

e. All of the above are correct.
) PR, YN




4. When comparing metal halide'lampsﬂ.and high-‘pres.sure

sodium lamps, the metal halide lamps are superior in

a. efficacy. :
b. lifetime. ‘ :
. L »

_c. lumen deng;la;ion. ‘
d. colorfrendition. - .
e. Both @ and d are correct. ) S |
f. Both b-and ¢ are correct.
g. Both a and d are correct.

5. /;he lamp with the greatest change in spectral character-

istics as voltage changes is the ‘
a. low-pressure sodium lamp. 5
b. 1incandescent lamp. ~

"'c. metal halide lamp. ~
d. mercury-vapor lamp. -
en high-pressuse sodium lamp.

6. The efficacy of a high-pressure sodium lamp is 1
a. almost 30%. Ce ~
b. about 130 lumens per watt. RN
c. more than twice that of a mercyry-vapor lamp.
" d. All of the above are correct.

Te
// 7. Most fluorescent lamps

a.

o Q. O o

Only b and ¢ are true. .

’ .
startégn about two seconds.
have éxternal (lamp starters. )

start insantly when power is tapplied to the lamp.
employ- cold cathodes for rabidzftarting.
Both a and d’are true.

[} R v

- ——




8.

10.

lamps in ... *#
a. lifetime.

b. color rjzdition,

c.\light c
d.. ‘efficacy.

trol.

2

N

N\
A

. Both c and-d are correct. -

Clear mercury lamps are superior to deluxe white mercury

*

-

Which:of the following is aiways a function-of the lamp

ballast?

a. Lamp starting
b. " Current limitation

a

c.. Power factor_correction

d. Voltage regulation

e. Both b and c are correct.

Which of the folléwing is true of fluorescent lamps?

a. The lifeth
starts. °

is dependent-.only on the number of

A

* ]

Pa—

.

v

b. Lamp efficacy is moré dependent on the-ambient tem-

~" perature than for incandescent lamps.

c. The lumen depreciation is greater than that of in-

lifetime.

e. Bpth a and b are true.

~
LS

f. Al of the gbove are true.

}225%1-:

P °
’

. candesgeént lamps. ‘ :
d. Operdting at an.overvoltage has no effect on lamp

.
-
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S INTRODUCTION

- » ’

<

3 p .
Increasing energy’costs have stimulated 1nterest in
enefgy conservation in every facet of American life. One
of the most common — and most ine$ficient — uses of energy
is the production.of light e@ergyxfrom electrical energy.
Module PI-07, "Light Sources," compared the.efficiencies
; and characteristics of all light’sSources in common use.
This module, PI-08, "Efficiency in i}lumination Sys -
tems," discusses~eﬁergy—efficient ifTﬁQ?nation systems that ' -
. save eneray-and—money~for-the OwWner. — - e —
Topics include efficient lighting de51gn, the efficient
use of 11ght sources and 1um1nar1es, maintenance progranms, Vs
and energy- sav1ng t1ps for 11ght1ng system operatlon ’ ‘

B ) The cost.of 1ncandescent "and fluorescent 11ght1ng for

residential appllcatlons is discussed and illustrated, and--
the methods: of calcu1at1ng 11ght1ng costs most often used
< by 1ndustry are presented ThlS module also explalns the - .
. ‘relatlonshlp "of energy wasté in 11ght1ng systems to ‘the
" overall energy shortage. . - T o,
In the laboratory, the student will examine an 111um1- '
nation’ system and del;neate ways in which it might be- made

« % ‘more efficient.

S PRERE_QUI’SITES

THe student should have completed Module PI-07 ~".\&ght
Sources. . . i ) / .‘ s




'OBJECTIVES

-
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abie
1.

4.

14

i
‘c.“ -

m‘%

F

6."

&

7.‘

9.

Upon completion of.this module, the student should be
to: ’

State the percentdges of electrical energy and total
‘energy that arerused for lighting in this countryi
State twvo reasons for the high interest in eff1c1ency .
of lighting systems. ~
Discuss how lighting systems may be deslgned for, more
eff1c1ent use of the light that is actually produce
Inrclude the effects of light control, task 1llum£

and the color of interior surfaces..

tion,:
¢

List the six major 11ght sources presently used and the
maxlmum efficiency that can be ach1eved with each.
*Descrlbe “the factors affectlng the efficiencies of .

1um1naf1es. T ‘ ! . e =
DeSCrlbe the operation of three types of}gluorescent . -
luminaries u51ng thermal control and the relative . C
effectiveness of each. ' ) \_- o
Describe the circumstances when a net f1nanc1al sav1ng : .
may be achieved by turning OFF each of the followlng )
light' sources and when they should be 1€ft ON — even '
if not i use for a period of t1me. ;i ‘
a.- Incandescent lights_ ‘ . . . .
b.  Fluorescent lights - ‘ : A
c. High-intensity dlscharge llghtS . / \
Describe the. procedure that 'should be fd&llowed for the .-
maxlmum energy sav1ng when delamping fluorescent® 1um1- ) ‘e
‘naries. , R . B
Describe the two prlmary functions that are ‘part of _ e 9%?3
evéry malntenance program for. edergy- eff1c1ent 1],1un;1--€l :;:;:
5 . c L ,’”"‘Nh . . ’
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. 10. Given the cost of electricjity, the wattage ofvlambs
. "“sin an illumination system, the average yearly use of
the system, the rated lifetime-of. the lamps,'an& lamp

cost, determine therannual-cosf of system operation.
11. leen a sltuatlon where a more efficient lighting sys- .

. tem is ‘to replace an existing system (and all gost C

‘ n 1nformat10n on both systems), -determine the time ré-
t ° . < 3 3 o' . . ‘
& quired for the neWw system to repay its initial cost ..
- through savings in operating costs.: : ¢
¢ . . he .
12. Given all cost information on -a lighting'system and
. the expected f?fetlme of the system calculate the o
- I?Setlme cost of the system and the annual cost of the ég@h*
system. v . . ~ '
13. ° Examine a,llghtlng system and prepare a report describ-
: : ing methods that could be: used to make the system more
- - efficient. - f”7 . °x
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- “ SUBJECT MATTER

- \
LENERGY REQUI_R’EMENTS FOR ILLUMINATION
. . .-, ‘ 4’

‘ ] 289 . .

'\\~ENERGY AND ILLUMINATION -

. /.
-

. I - /
The energy crisis has brought about increased awareness

of eneﬁgy use, waste, and conservation. Every segment of
soc1ety is encouraged by either government regulatlon or
economlc necessity to reduce energy consumptlon and use
energy more efficiently. o “ : X

One area that has attracted much attention is lighting.
judging from the emphasis‘sometimes placed on entrgy waste

in lighting, 1t mlght seem that the only way-to solve the

. energy crlsls is to turn out all the lights. That, however,

is not the answer. .

This section discusses the energy used. for lighting,
ﬁhe relagionship of lighting to the energy crisis, and the
economlc factors that are the reasons for renewed interest
in- 11gH%1ng eff1c1ency

. . ’

14

-
. -

b3 A\l .
About 25% of the energy consumed in this country-is
used to-generate electricity. Approximately one-fifth of
N [
the electrical energy produced is used for light'ing. Thus,

* lighting accounts for only 5% of the total energy consump-

tion of the country. _ ' \
Table 1 is a breakdown of 111um1natlon‘energy use by

eonsuﬁervgroup Both pércentageg of total illumination and

total national energy consumptlon are listed for each con-
-sumer group. This table illustrates th podint that a great

; reduction in the use of illumination is .not a solution to

. , / .
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the nation's energy problems. More .efficient jlighting is e
certainly a part of the ,solution, but much gregater energy '

“savings may be attained in other areas. ; B
. . 5

" TABLE 1. USE OF ENERGY FOR ILLUMINATION.

K2

Percent of Lighting Percent of Natiomnal

Customer Group Energy Used : Energy Consumpn1on. .
Residential 20% 1.0% ’
Industrial 204 1.0% ’
Stores 204 .1.0%
Offices and Schools 20% : 1.0% N
Streets and Highways a3 , T 0.2 ) a
Commercial Outdoor - 8% 0.4% R !
All Others X R R 1 ) 0.4%
Total 100% > 5.0% '

- 1

- > -

?

~ Lighting has been emphasized in energy conservation
for two reasons. First, lighting is a highly visible form
of energy use. Electric light is su¢h a common part of life
in this country that it is one of the first areas to come
to mind in association with energy waste Many pegg;e,Leuen
politicians) assume that. was{ed'llgﬁ”'ls our greatest energy
problem. It is not.

COST OF LIGHTING |

o

The second reason for great interest in the eff1c1ency ,

of lighting systems has a more practical basis. Lighting 1
|
|

-

> -
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is one of the areas in which energy conservation is easiest
to apnly and in which conservation efforts are always re-
warded by substant1a1 financial savings. ’

Efflciept lighting is less expensive "than inefficient
lighting. Since '30 to 50% of the cost of operating a build-
ing is usually spent for lighting, a modest increasé in

illumination efficiency can have a 51gn1f1cant effect on

3 » t

overall operatlng costs.
Rediced energy consumption for lighting brings with it
another energy saving. All the energy used for lighting
eventuaify appears as heat in the illumindted area. If the
space;reduires heating, lighting provi&es part of the neces-
sary heat energy. . If the space requires cooling, additional
B} energy is requ1red to remove the heat energy 1ntroduced by
the 11ghts In an air condjtioned space, approx1mate1y one
wattthour of e1ectr1ca1 energy is required by the a1r .con-
ditioner to remove the heat»produced by each three watt-
hgurs of energy used for 11ght1ng .
»:

+ S

L

e e

P e e b
——F=—""""Tn 1972, the Illuminating Engineering Society (IES)
offered twelve reqommendations for' the better utilization

~ " of energy éxpended for lighting.

. 1. Design lighting for expected activity. (Light for seeing
- tasks with less light in surrounding non-working ateas.)
2. Design with more effective luminaries and fenestratlon
(Penestratlon is the arrangement of openings, espec1a11y
of windows, in the wall of*a. building.) -
hU§e.effidient light sources ‘(higher lumen/watt output).
14

¥
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4.. Use more efficiént luminaires. - . .
5. Use thermal-controlled .luminaires. " )

6. Use lighter finishes on ceilings, walls, floors, and ~
furnishings. ) b

7. Use efficient incandescent lamps.

8. Turn OFF lights when not neede9.  ‘_. - .-

9. .Control window brightness. ,

10. Utilize daylighting as practicable. .

1. Kéep lighting equlpment clean and.in good working ‘
condition.

12. Post instructions covering operation arnd maintenance.

N

v ‘

This section discusses practical application of these
suggestions.

7,

ENERGY EFFICIENCY IN LIGHTING DESIGN

. \
The IES has published minimum recommg¢nded illumination
levels for thousands of ‘tasks and areas. In each case, the

recommendat1ons"arembasednonw%hemmxnrmum”leVel “that " is

acceptable for the performance of the v1sual task by persons
"with normal vision. , , :

Illumination systéms are'normglly designed to provide.
a higher level of illumination to aggommodatg;gbhprmal'eyes
"and lumen depreciation of;the system (agreéult of age'of

sources .and accumulation of"dirt.on luminaries).

In gases, recommended levels are greatly'exceededu.
. Thf esults in hlgher 111um1nat10n 1evels than are requ1qu~
Deg{gning a.system for a lowet 1n1t1a1 11ght output and im-

. prqvedN\lumen’ malﬂ%enance often prov1des adequate 111um1na-'

tioh at an overall reduced cost. /
' f L ¢
+ - - ?
} ° .. '
\ ’ ' S
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Light épntrol is a ﬁrima;; concern in the désign of
efficient lighting systems. The recommended iiluminatéon
levels are for light on the task. In the past, the tendency
has,been to illuminate the entire area at the level.fequired
for the task..

Current recommendations state that shrround@ng_areas

should receive only about one-third the illumination of the
task Surface. This significantly reduces total illuminatign.
redpirements, wﬁ{}e.still providing a comfortable visual -
environment. The on-task design method requireg that the ’
designer be familiar with tasks and task locations in avail-
able space. ‘On-task lighting methods mdy reduce the flex-
ibility of the space for other uses. 'Some illumination
needs may require mqgular systems agd auxillary tésk‘light-
;ing. .
N The color of interior surfaces should always be con-
sidered in the design of lighting systems. Whites and .light

tints reflect more light and increase the overall efficiency

of the System. Light colors also p£9y1§§ a more even illu-

e i o i e e AR R 2 A e R AT T it 5 S 20 e . s AmA o A

mination of the area ahd reduce the effects of glare and,
.shadows. Under these conditions, slightlky less light is
actually required for the performance of many visual tasks.

°o -

.

EFFICIENCY AND USE OF LIGHT SOURCES

Module PI-07; "Ligaf Sources,'" disecussed'the chafhcter:
istics of all conimon lighf sources. The~efficécy~of impor-
tant light sources 1is indicatéé by the chart in Figure 1 of
this module. Vplu%s giyeﬁ are the maximum attaipable'valueé

¢ » ' 5

for each source. - T

.
¢ o9
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1 . !
300 400 o& .
LWUMENS PER WATT

\ Figure 1. Relative Efficacies

,of Lamp Sources. ' /

_ The theoretlcal maximum efficacy is 673 lumens/watt.

ThlS is base&*on a source that is 100% efficient in convert-

ing all its input energy into visible light at 555 nm, the

wavelength at which £he human eye is mdst. sensitive. 1If a

source converted all its 1nput energy to whrte light with

e v oaa s

an even wavelength dlstrlbutlon throughout the visible

spectrum, its éfficacy would be 220 lumens/watt. Obv1ously,

such sources do -not
comparison.

exist. These values are given only for

The most efficient source is the low- -pressure sodium"

lamp, but it ‘produces all its light at a single wavelength

and thus, cannot be used 1n any application that. requlres

any color rendltlon.

! .

- The h1gh pressure sod1um lamp has a broader spectral :

output and only a sl:ght1y~lower,eff1cacy. Since most of

its 1ight is in the

yellow-green portion of the spectrum,

it also provides poor color rendition.

-

v
.
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Metal halide lamps are the highest gfficacy sources
that provide reasonably good color rendition. Mercury-vapor .
tamps have the lowest -¢fficacies of any - high-intensity dis-
chérge‘(HID) lamps. Their popularity stems primarilysfrom
the fact ‘that they have been available longer than any other
HID lamp and thus, have been accepted for many applications
that might now be served better by another HID source.
Fluorescent and incandescent lamps are: by far the most
popular for general illumination. The fluorescent lamp '
offers both higher efficiency and a much longer laﬁﬁ‘llfe
It is a far more economical light source than incandescent
lamps in most applications. : ,
' Incandescent lamps are still widely-used %in residential
ilkumination and are common in other areas as well. In most N
cases, incandescents should be replaced by fluorescents. '
Howevér, if inéandescents are,used, they should be used 'in
the mo®t efficient manner possible. The éffiéacy of incan--
.. descent: lamps 1ncreases -With_lamp_wattage..--A-100-watt e
candescent bulb produces. 2.2 times the light as, a, 60-watt
bialb. Thus, the mdst economical’ use of incandescent 1amps ¢ -
fs to use fewer and larger lamps. . ‘

In selecting light sources, ‘the efficacy of the source
is almost never the primary consideration. Spectral .char-
acteristics are most often the first criteria to be .satis.- -
fied. "An effort is then made to degermine the most efficient ’
source that pfolides the necessary Kgflity of- light. '

EFFICIENCY OF LUMINARIES . - ‘ .

4

.. 1

The overall efficiency,of any illumination system is
greatly affected by the efficiencies of the luminaries used.

’ hd ‘
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"A wide variety of designs and materials are availablIe. Both

the candLepower distribution and reflect1v1ty of the lumi-

nary must be considered. An appropriate luminary should be

selected to direct light onto the task — rather than to
areas where light will not be used. i
Several materials may ‘be used in luminaries for dight

dispersion. As an example of luminéry efficiency, Table 2

lists the relative efficiencigs of materials used for light
dlsper51on in fluorescént luminaries. In each case, the
material is introduced between the source and the illuminated

farea.. The first three elements listed are transmitting,ele-

ments; -the last two are reflective grids suspended below the
lamps. All efficiencies giyen are relative to the glass

prismatic element.

L

TABLE 2. MEFFICIE\ICIES OF LIGHT DISPERSION ELEMENTS.
A : . s -r
Type of Dispersion Element Relative Efficiency;(%)
Glass prismatic . ! . 100
Acryljc prismatic . ' 99 '
Dished acrylic ' 87
1-1/2" plastic louver 67
1/2" white aluminum louver 52 —
Page 12/P1-08 . 20p
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T'HERMAL-COxYTROLLED FLUORESCENT LUMINARIES

“Widespread use of fluorescent lahps for scommercial and
office 11ght1ng combined with 1noreased 1nterest .in energy
conservation, has led to the use of several types of fluores-
cent lumlnarles that are designed to reduce the heat load
of the illumihated area.b

Flgure 2 shows an ordinary luminary and‘lts heat dis-

*Tfibutlon pattern.' About-half of the heat an ordinary lumi-

h@}y produces is transmitted directly into the illuminated
area. ., The other _half of the .heat enters the ceiling plenun.
and eventually shows up as heat gain in the buiiding. This
heat gdin must be pVércome by the air conditioning system.

-
. [

‘

[ _ 7
- FLOOR— %"~ oo ey e memm rT T ST T T
ABOVE 2 . PLENUM NOT USED FOR
‘ . 3 RETURN AlQ OR EXHAUST AIR
., B‘
___________ — a ! .
o - 116.HOUSING TEMPERATURE
z (APPROX.)
2
) -
(&)

& i - 50 . o
o8 B : v

TOTAL HEAT REGAIN 50%

Elgure 2.” .Héat . Galn From.ﬂ%dlnary Rluorescent Lumlnary

14
e

Flgure 3 shows the “improvement that can be made by
51£@1y’u51ng the ce111ng plenum as the air return duct.
This reduces the direct heatlng of the 'space to 40%," and
reduces regaln to 20 to 30%. A1r flow over the ihﬁinarles,
and a small flow of air around the sides of the:luminaries,.
Tremoves any heét remaining in the return air flow. This
system requires no speciaialuminariés. «ftua}‘enérgy savings

’

.
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,/{ . _depezdxupoq the percentage of the return air that is ex-
ed from the building.

haus

A
b

N e

5 4

— FLOOR /

.

- SUPPLY, >
ABOVE = MR- Cl@HEAT REGAIN Ty
» -2 DUCT <
& /" 30%-40% LIGHT
- HEAT IN RETURN AIR
< ’ ) g
‘ z 100° HOUSING,
‘ 7 TEMPERATURE
: "\ (APPROX.)

g

CEILING

)
TOTAL HEAT REGAIN

T

Luminary inVCeiling Return Air Plenum. ~ L

20%-30%., : .

. Figure 3.

t

ThlS system

’ ) Figure ,4. shows a more efficient system.

-

- ~uses a Tufiinary- that is designed to returq air to the ceil-
ing plenum through'slots’ in the luminary.. This methdﬂ.re-
sults in better heat. transfer and .reduces the heat gain of

the illuminated space by about 10%.

N

CEILING PLENUM

- - FLOOR
. ABOVE

¢

UG
HEAT IN RETUWN AlR -

80" HOUSING TEMPERATURE
. (APPROX.)

CEILING —— v | { * ) rem—— 4
. . : RETURN AIR
* TOTAL HEAT REGA'N‘ 20%-30% ‘. ) ~

‘.

Figure 4. Return Air Through Luminary.
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The water-caoled luminary, shown 1n(F1gure 5, is by
‘far the most, eff1c1ent in reduc1ng heat gain. Water coils
on the back of the lumlnary carry away about 70% of the

; heat energy produced.t Another 5% may be removed if the
Qa\erzdooled luminary.is mounted in accelllhg_that acts as

- »

a return air plenum.

FLOOR

ABOVE . SUPPLY

HEAT 'REGAIN 5% LIGHT HEAT IN RETURN AIR

70% LIGHT HEAT IN WATER

CEIUNG PLENU;\~N -

1 . (APPROX.)

CEIUNG’

80 HOUSING TEMPERATURE

votameaTrecan®en o . Woeow ST

et Flgure 5 Water1Coqled Luminary.' *

. -~ ~ -

h\ &mother advantage of this system is that it does not

represent a heat:. load on the.air condltlonlng ‘system. The .~

_ heat energy recoverea fiom the 11ghts can be useéd ,to heat -
water. Lowerlng—the luqlnaxy temperature\also results ‘in

increased lighting effigiency (by about 15 ). B

'
/\\\ '\ .- |
. .
. -
)' - .
. '

Y ’*.'\

TURNING LIGHTS OFF ~

s
v s R S
-

'
~ LI
’ ‘ /
R .
/

‘The simplest - and pften the most effectlve J"method
pzndltures is.to turn llghts OFF when

of reducing. llghtlng ex
they are not needed. The‘llfetlme of 1ncandescent lamps 1is

. not greatly affkcted by the number of lamp. starts. Thus,
incandescent Lamps shoqld always be turned OFF'when they

. : .. ) . -

‘- .t 299 7 PI-08/Page,l5
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LAMP LIFE IN PER CENT OF RATED LIFE AT 3 HOURS PER START

»

X
are npot needed, even if they are to be turned back ON in

only a few minutes.

cant portion of residential lighting costs.

average operating time .per lamp start decreases.

This practice alone cah save a signifi-

.

The'lﬁfetime of a fluorescent lamp decreases as the

Lamp life

is specified at-ran %verage of three hours of operationifor

each

lamp start.

Figure 6 shows the variations in fluores-

cent lamp life as a function of hours of operation per s@ar@.

n
-3
o

1

= i 2

n
o
o

Fal
21)

3

150 gt
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3 Hours/Start
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S
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o

o
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0.1

Figure 6.
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fiuore$cent lamps fail because the electron-emitting

cogtings of the cathodes ari\gradually depletedn-‘This

-+ occurs most strongly at lamp ‘gtart-upT Turning fluorescent
lamps‘OFF for only a minute‘or two does not save much energy,
but it does reduce lamp lifetime. It is generally economi-
caﬁ to turn fluorescents OFF if they are not to be used for
15 minutes. An off-time of less than 15 minutes w111!§;3b-
ably cost as much: in shortened lamp 11fe,as it saves in
energy costs, .

High-intensity discharge lamps require a warm-up time
of 1-1/2 to 10 pinutés, depending on the lamp typét Some
HID -lamps require as long as 15 minutes for restart after
being turned OFF. The lifetime.of such lamps is specified
at an average of five Hours of operation per lamp start.
More frequent starting may reduce lamp life by as much as
one-third.- Thu§, HID lamps are not usgally turned OFF un-
less they are to remain .OFF for at least half an hour.

In some app}lcatlons, ‘light timers that turn certain

. 11ghts OFF at certaln times -may result in a 51gn1f1cant
sav1ngs Another*>popular method i's to perform maintenance
and cleaning tasks at reduced illumination levels. Several *
control methods may be employed for this. '

' Every other luminary in a continuous fluorescent strip
may be turned OFF, or g@o of the lahps in each four-lamp

luminary may be turned OFF. 1In the latter ctase, the center
two bulbs should be used for reduced illumination for the -

- -

most efficient illumination.

/

In older installations in which the illumination greatly-

exceeds the necessany” level, aiprocedure called  delamping
‘ . -mfay be used. This consists of simply’ removing half of the -
5,&*0_.h,\bulhs_fxgm»;hgﬁlgm;ggziggL_AIt is an effectlve method. of :

#

v
\
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,serves two bulbs If .one of these bulbs is removed, _the

. ' . .- \ . "
reducing lighting costs-if done properly,. If.done improp-
erly, it can be expen51ve , o0 B

Fluorescent lamps are usually wired S0 that one ballast

other will contlnue to operate, but the ballast w111/burn
out in offly a few hours.. Thus, delamping oﬁgfluorescent
lamps should élways be done sb that both lamps of a ballast

" are removed at one-time. The ballast will continue to con- o

sume power, evenﬁthough the lamp is no lbnger in place
Power consuflption is ‘typically 7 watts per ‘tube. A slight
increase in savings may be made by distonnecting the. bal- - :
Iasts from the power line when the lamps are removed. .

el

USE OF DAYLIGHT v \ .

¢ R4

A fenestration is any opening that allows*light from ¢

‘the exterior environment to enter the interior environmen
ﬂFenestratlons are classified as windows and topllghts d

pending on their locatlon Velther is an energy eff1c1ent
metWod of . 111um1nat10n for most appllcatlons ~In cold en:
vironments, the heat loss throqgh such openlngs more than
affsetg the: savings gained in\lightiné. In hotter Qlimates,\ ‘
the heat gain that must be overcome by the air conditioner . ,
system is mgre costly than even the least efficient elec- ’
trical llghtlgg system. Double pane and reflectlve glass
reduces such heat flow, but ewvén these measures canno; make
daylight as eeonom{cal as artificial lijght. The most energy-
ej;icient,building is one without windows. )

Windows are ineldded in modern structures for psycho- -

logical and aesthetic purposes. When used, windows should »
_bé*afe‘Sj."gﬁed to reduce or eliminate ‘glare.” Direct sunlight ~ o
L S '
Cy . i . i : . « v
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procedure.

/ /.
g
i's usually undesirable. All fenestrations should be fitted
with*light control in the form of blinds, shades, or some

other.light-blocking device.

-

e
~

~ EQUIPMENT MAINTENANCE -~ ‘

A well-planned equipment'maihtenance prdgram is.efgen-
tial to the efficienttpperation of any lighting system. In
the past, most maintenance consisted of changing a bulb when
it hurned. out and maybe wiping. the dust off the lumlnary

. every-now and then. This is obviously not a very efficient-

.

The lumen output.of all lamps depreciates as the lamp-
ages. Some lamps hdve little &epreciation. For-other lamps,
lumen debreciation is a significant problem. The deprecia-
fion for specific lamp types may be found in Module PI-07,
"Light Sources." ' o v

In most cases, -relamping is economical after about 70%
of the ;ated lifetime of the lamps. All lamps in a system
are.replaced at once, even though the lamps may have some
useful life remaining. This maintains the illumination at
the proper level and reduces malntenance costs by eliminat-
ing the need for, continuous. spot replacement of lamps.

~Table 3 gives the approximate time between relamping

for various sources. This is based on relamping after 70%
of the rated lifetime, with an assumed operation of 12 hours
‘continuously per .day tor a50ht’3 000 hours” per &ear) The
higher maintenance labor costs of 1ncandescent systems can
be seen in Table 3. If operating t1me per start is High,

__ fluorescents have the lengest l;fetlmes oﬁkeny lamp type.

ne ~
P

. « - .
I} -

<
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TABLE 3. RELAMPING SCHERULE. . I
Rated Life Relamping Interval
~Light Source (hours) .(months)
' ) Fluorescent i 26,000 . 72 %
Mercury‘vapor - 24,000 i 67 \ ;o —
- High-pressure sodium 20,000 56 )
Metal halide 15,000 ° YN
- 3
Incandescent . 2,000 i 6 .
.Q .h . ] J . ] . o2 -
The segond major malntenance problem to be overcome in .

11ght1ng systems is the accumulation of dirt .and dust on the
lumlnarles Flgure 7 shows the luminary dlrt deprec1at10n

(LDD) cﬁrves for a particular class of luminaries. Specifi-
cations are’illustrated according to five operating condi- ..
tions, ranging from very clean to very dirty. Sucﬁfcurves ‘

LO%'l oo ool Semi direct ’- -
| - , . Free lamps
‘ . T oC o Bare lamps ¢ - . : .
.100 g - ] [ =
Sy ] 1 -
?::~ i P Very cleap " \
90 P 5 .
f A \ \' ."\ .~h d M"dium — r'ga‘:- .
ac .\\,‘ -.b 1}1. - ~
M . Y .'\\ty - ,
¢ \h [ 4 N N .
70} : —~T - : )
~N ) D
L . \.~ - _ ] | — ~
P S 60 ‘ _ K -
LY 3 -
, .4.~\~V:(y dil’ty: . . l
N T T T :
003 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 . ~
. Months
£ i
. » . . . o 3 N J ! ‘
Figure 7.” Typical Luminary Dir{ Depreciation Curve.-’ .
, Page 20/PI-08 {/ . «
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afa available for.all luminary types and‘are used beth in
the selection of luminaries for particular locations and
‘for establishing maintenance schedules In clean environ-
ments w1th all lamp type except incandescents, luminary
cleaning is required more\frequently than lamp replacement

- for good'system efficiency.

COST OF ILLUMINATION
I'd

4

The total cost of an illumination system includes the

initial cost of the 1nsta11at10n the cost of energy to

operate the systenm, maintenance and relamping costs, and

the cost in interest_on money borrowed to install the Sys-,
tem. A comblete anélysis of lighting budgets is beyond the
scope of this module. This section discusses basic COncepts
and some simple examples of methods of c¢dbmparing 11ght1ng
costs. J : b '

INCANDESCENT VERSUS ELUORESCENT :
FOR RESIDENTIAL LIGHTING - . s

.

.

The following example compares the cost of incandescent
and fluorescent lighting for a residential application.

,This examp¥e has been chosen to illustrate the savings of

fluorescent lighting under the least favorable conditions.

A

PI-08/Page 21




EX@MPLE A:

INCANDESCENT VERSUS FLUORESCENT LIGHTING.

o

Given:

Find:

L4

Soiutionf

A residential application requires an:illumina—
The average operating
The two
most efficient'light sources to be considered

tion of 4,500 lumens.

time per damp start is 15 minutes.

are:

Three 100-watt incandescent bulbs
with a rated life of 750 hours and
an ini%ial total output of 5,250
lumens.¥ (This allows for lumen de-
|\ preciation.) Bulbs cost $0.78 each.
Source Bt) Two 46-watt fluorescent tubes witH
7 a rated life of 18,000 hours (with
3 hours Trun time per sfart) and an
. 1n1t1a1 total ogtput of 6,300 lumens.
Including ballasts, the total power
consumption is 95.5 watts. Tubes
cost $1.95 each B
Assume an electrical rate of $0 05/kWh”

Source A:

The

.lighting system is to be ogerated for 1,000 -

3 . .w

* hours per Xear : . n¢$ Jd

- Yearly operating cost (lamps + energy) for' each

light source - "

a. Lamp,cost per year
-, From Elgure 6; the 11fet1me of the fluores-
. 'cent lamps drop to 45% of the rated life-
¥ time (op\S,lOOQhoursj,beqause of the fre-
quency of lamp starts. )

The lamp cost per year for'each squrce may
. be determined by multiplying the cost per

NS
.

?
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Example A. Continued.

-l

.
o

-~

!

lamp, times the number of lamps, times the
ratio of running time per year to lamp life:

» { Incandescent
Lamp Cost = (3)($0.78) (F20351)
I, = §3:12/yr.
o C Fluorescent ‘
Lamp Cost = (2)(51.95)(é:288 hi)
‘ = $0.48/yr.

<"

Incancescent bulbs cost 6.5 times as much
in the long run. .

Energy cost per year

The-%nefgy cost per year may be determined
by multiplying the energy consumption in |
kilowatts, times the hours of ‘operatfon in
‘one year, times the electrical utility rafe.

Incandescent

$4378/yr.

L " Emergy Cost = (0.300 -kiW) (1,000)($0.05)
T - = $15.00/yr.
. Fluorescent - . . ,
Energy Cost = (0.0955) (1,000)($0.05)

«

Incandescent bulb§ cost a little over three

times as much to erate per year.
¢

t 4

O = _ »

v ’,L . ’

PI-08/Page 23




Example A. Continued.

c. Total Cogt “e

Fluorescent

$5.26/yr.

Incandescent

)

$18.12/yr.

Fluorescents will save $12.86/year over incanl
aescents,,or 71% of the cost of incandescent

light.
duce more light than three 100-watt incandes- .

Two~40-waﬁt fluorescent lamps also pro-

cents, are subject to less lumen agp;egia ion,
and add less heat load to .the space if ai
conditio?ed., Even undér Enfavorable condNjtions,
fluorescents axe the best buy.

PAY -BACK COSTING : ’ '

<

Whenever one lighting system' is Being replaced by an- -
other more efficient system, the qdéstiqn’most often asked __
is: How long before the new equipment investment pays for
itself?

systems: The initial cost of the new

Pay-back costing is a method of comparing lighting
system is, compared to
operational.cost savings po‘determine how long it will take

to recover the investment. Example B

illustrates pay-back
A

<

costing.

<




. EXAMPLE B: PAY-BACK COSTING.

Given: Light source A of Exaﬂgie A 1is already in exis- N

tence. nght 'source A is to be;removed and re-
. plated by light source B. The new flxture costs
IR $36.00 and will cost $10.00 to install.
Find: . Time requlred for pay- back of the 1n1t1a1 in-
v vestment :

Solution: In1t1a1 investment in 1ight~squrce B = §46.00

Sdvings per year = $12.86, ’

$46.00 ,

Time fpr pay-back. = 7T

= 3.58 yearss

The system will pay for itself in approximately
43 months, less than hg}f the expected lifetime

of the first set of lamps.
R MY

f R

Recall_thaf Examples- A and B are based on 100-watt
1ncandescent lamps with good efflcaCy (for 1ncandescents)

nd poor operating condltldns “for fLuorescents There are
ery few situations.in which 1ncandescents are more, econom-

Coo AR :
LIFETIME COSTING - * -~ .

« " .
For new installations, or situations where several .

..alternatives are available for reglacement’ of ex1st1ng in-
eff1c1ent llghtlng, lifetime costing is.applied. .Lifetime
costlng compares "two llghtlng systems by de;ermlnlng the

- total llfetlme costs for each system during its expected . '
. , . ﬁ . ~

. a ﬁ g N ‘ . .

e N M . ' v
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; ‘ . )
- life. This method is app11ed to most commercial and indus.-
trial 11ght1ng systems and 1sglllustrated in Example C.
Since most 1ndustrggl,andscommerc1al systems are installed
with borrowed meney,ﬁtheliqteqest o& the initlal cost must
.be considered. For siﬁplici;§ in.Example q, the life-
time of the system is taken to be ™ years and the yearly
owning.cost (initiai cost bi&s?ipterest diviﬂed by 10) is
) g assumed to be 20% of.:th)_e“‘ir‘litiiallmcost.-° ’ ’ )
Ro£ T )
» e .
L . o % ‘.
EXAMPLE'C: LIFETIME COSTING OF ILLUMINATION SYSTEMS. /
Given: - An obsolete 1ncandescent,41ght1ng System is to.
v ) be replaced with a mors energy - effidient system.
The choice is between metal halide lamps and
. high-p}essur?“sodium lamps. Both have .accept-
. - T ' - . ablé color eharacteristics. "The system is to
T e ;o ) be chosen ‘an the basis of the minimumxlifetime
- . cost. If metal halide lamps'are used, thirty--
eight 1,000-watt 'lamps will be necessary ‘Be-
. . cause of their higher efflcacy, only twengy
— - eight 1,000-watt’ h1gh pressure sodlum lamps are
‘ ' required for the ‘same 1Llum1natasn. .GNe{e«u~A~
detailed cost ana1y51s pf*each item-will not .be
- . made in this example. The intent™is to demon- - -
< strate the method<of lifetime costing, not the
- costs of detalls such as 1nd1V1dua1 malntenance
‘procedures Or 1amp flxtures ) ’
Find: Total annual cost of eachssystem X
L . . L .
- . ' . ' 2
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k Example C. _.Continued. '
L - b —-—
Solution: T ' ' .
, System [ ) Svstem [I
I T4 ¢ . 1,000-Watt 1,000-Watt
v High-Pressure Sodium Metal Halide
S ! Number of Luminaires - ©_ 28 38
Net Cost of Luminaires ' s 7,257760 s 6,213.00
N < Wiring # . 949.20 1,242.60
Installation | , .840.00 ' 1,140.00
. Initial Lamps. 2,318.40 L. 1,744.20
. ' . L . Total Initial Cost . 3I1,365.20 T10,339.806
' - Yearly Owning Cost $2,273.04 _ $2,067.96
' : ' ’ .
L ' System II represents an initial savings of
. . . ‘ .
. $1',025.40.and a savings of $205.08 in yearly'
. N ’
v, owning cost. . -
4 , . . L)
i \ - .
. e Relanmping and Cleaning
Using group relamping and 6,000 burning hours/year for 10 vears. -~
’ (J . - . , System I Svystem I
- ber of ReplacementPeriods o 30 9
: ger Lamp’ ‘ . s 82,30 §  45.90
Lamp\Group Cost - ©2,318.40 2 1,744.20
- . Laboqg per Relmpmg '
‘(Inyludes Cleaning) 140.00 140.00
er Occurrence - t2,458.40 1,884.20
, . Average Yearly Cost (Cpsg. per
. . occurrence X number o 3 .
' occurrences/10) . ) * 3%,229.20 $1,695.78
- v - . ~ [}
Energy Gosts - . b
- Lamps, kw . * . 28 . 38
Ballast loss, kW B 5.6 “ 7.0 0
N ki total ’ ’ - 33.0 15.6
N XWh ¢ 6,000 hns/yr. . 201,600 273,600
X Cost 2 S.Sc per kWh / . $7,056 393576
. A
N J Total Owning and Operaring Costs . !
.. . Total Yearly Owning . $ 2,273.04 $ 2,067.96
Total Yearly Operating - "
a. Relamping (Average) 1,229770 ) 1,695.78
. b. Energy R . . 7,056.00 : 9,576,00
Total Yearly Owning & Operdting: ° 310,358, 23 J3.339. 73
v " - R » -
’ Difference | . . $2,781,50
- ‘ -
. . - . \ 4
.. - . - » .
» System Il‘urepresents an annual savings of
$2, 781 5(} and a lifetime savings of $27,815. 00
\4 'x
N A . - * )
,5
: - - ¢ . .
“w ? ¢ > L. .
: o . . - . .
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: ‘ ‘ SUMMARY ' |
A . About 20% of the 'electrical ehergy cohsumed in thlS ' l
country and 5% of®the total energy consumed is ‘used for ’
electrical lighting. Thus, more efficient lighting alone
4/ .will do little to improve the energy situation. High in-
< - terest in the efficiencies of lighting systems is a‘resﬁlt
of the following factors: N '
+ Lighting is a highly-visible use of energy and is,,
therefore, bound to attract attention. - ,
* Lighting'is one area in which energy may be conservgd
. at a substantial sav1ng ‘to the consumer using ex1stlhg
technology. .
"« The lighting budget is a significant portlon of the
operating costs of most buildings.- ) .
- Residential lighting systems make high use of low- 7
eff1c1ency incandescent sources and thus , represent’ r/“
the area of greatest lighting energy waste.

E Energy-efficient lighting systems require the use of
more efficient lightlsourcés and luminaries, better utiliza-

o ¢

‘ - tion of the light producéd reguLar maintenance programs -
. and an integration of the 11ght1ng system into the oveﬁall
‘ - energy utlllzatlon plan for the facility.

' i . The cost of lighting may be calculated on the baqls of
‘,./S? the time required for a more eff1c1ent system to pay for
) itself through reduced energy and maintenance costs —Ior the

cost per year —~ of the llghtlng, ayeraged over .the llfetlme

 omaeat G ek EER 0

of the system. ) , . | ' ‘
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_EXERCISES

«

1.

&{ite'a paragraph describing how €ach of the %ollowing
factors affects the efficiency and cost of an illumina-
tion system:’ . ’ v

a. Light control -for task illumination .

"b. Color of walls, ceilings, and floors

c. Dispersioﬂ,elements used in luminaries’

d. -Accumulation of dust on luminaries

e. - Scheduled gfbup replacement of lamps i

f. e of thermal-coptrolled fluqzegce:: luminaries

/f. g. Us f hlgher wattage incandescent=tamps s

2.

3.

4.

«

-

Describe the necessary precautions in delamplng fluores-
cent"lighting systems Describe what must be done to
achieve maximum energy sav1ngs. ‘

Describe the effect of each of the follow1ng light

Sources on the total building heat load:

a. |t Incandescent lamps ' ¢

D Fluorescent lamps mounted in a celllng that servee

) as a return,alr_plenum . v
c. Water-copled fluorescent luminaries °
dkv‘ Use of daylight'tpﬂteduce lighting costs
Draw a bar cha;t’showing the maximum efficacies of tKe
six most commonly used light squrces.

Describe factors that affect when the following light
sources should be turned OFF for maximum savings: -.

b. Fluorescent lamips
c. HID lamps .,

a. Iﬁcandescint lamps,




> . Cy R
—b. Rework?Exampleézﬁigggjgjﬁitﬁihn average running time
of ... . '/ -
~a.~ 1 hour per lamp startf\\\ic——/f/N C
b. 3 hours per lamp start. - - - a
‘ c. .10 ‘hours of lamp start. s
v 7. 051ng the cost data g1ven in Example A, determlne the
] ' energy cost. to run the following lamps for their rated
‘ .lifetimes. : Compare this figure to the lamp costs.
- a. 100- watt incandescent\ r
=  b. 40- watt fluorescent
8., Assume an electrical energy cost of $0. OS/kWh und a 10-

.
<+ .
s ) g .

year system lifetime. Talculate the 11fet1me costs of

the follow1ng illumination systems. Assume that egch

system is 1nsta11ed/W1th borrowed money, "and that’

v

system is operated for 2 500 hours per year -Lamp

replaced at 70% of their 1;fet1me

f N
a. Incandescent system consisting of twenty 100-watt

lamps” with an avefage 1life of 750 hours. Initial
$210.

Labor' cost is $§10 for each relamping.

- system cost Replacement‘lamps_cost $0.728
each. .
Fluorescent system consisting of twelve140-watt
(Each

Initial

lamps with an average life of 18,000 hours.
lémp and ballast consumes 47.75 watts.)
$350.

system cost Replacement lamps cost $1 80

are

- g each. Labor cost is $10 for each relamplng.
e ‘ - -
\ LABORATORY MATERIALS - - -
' ~ IES tables of recommended levels of 111umxeatlonb ..
h""“J"w»M. Footcandle meter ; e o e
L "Illumination system to be evaluated B . .t .
. ) - . —,>‘ R ’ " . \ Q“ - . , ) ‘/- ~
v , Page 30/PI-08 - - T .
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C ,k_iv o o
‘”LABORATORY PROCEDURES

The * purpose of this laboratory exercise is to evaluate ,

the eff1c1ency of an’ 111um1nation system and estimate the
annual cost of the system. "Any system can be used, but the
lighting in the classroom or laboratory‘'is suggested. .

. L

l.- Describe the system to be examined in the Data Table.

: Enter g1l available data on operating hours, lamp cost, .
electricity cost, and lamp lifetime. Estimate the values .
that are not available based on lamp characteristics. -

2. Consult the IES tables to determine the recommended ‘
level of illumination for the visual tasks and enter 3 s
this figure in the Data Table.

3. 'Measyre the illumination level at various points in the
area. Enter the illumination on the task and the illu-
mination of surrouﬁding areas in the Data Table.

4. Comphete the necessary calculations to determine the
approx1mate annual operating cost of the system. Do
not include the’ labor costs of maintenance.

RS, Exaﬁine the system for inefficiencies. List suggestions

for ‘increasing system, efficiency in the Data Table.

6. Write a report on the efficiency of the system. Includé

the 'annual cost of the system, suggestions for 1mproved .

eff1c1ency, and the estimated savings that will®result.

oo Wy

‘
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DATA TABLE

. ' . DATA TABLE
Description of system: -~ .
” : ) ’ ! a .
N\ .

Recommended level of'illuminatien:

Measured levels® of illumination:
’ on task:

X

surrounding areas:

Lamp type: ; .

Number of lamps: .

Total wattage of lamps and ballasts:

Annual operating time:

]

Lamp lifetime: -

.

Replacement iamp cost:

B el

Electrical energy rate:

ey

>
—

Electrical energy cost per year:

Lamp replacement cost per ygar:

Total sysStem cost per year:

Suggestions for increased -efficiency:

-

.
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: TEST
Please circle the appropriate answer.
1. Illuminatién systems use what percentage of the elec-
” trical energy prqducgd in this codntry each year?
1%
5%
230%
25% .
e.’TﬁiQ“‘ R
2. Which of -the following practices is least likely to

a N o o

result in an overall energy saving?
a. Delamping fluorescent luminaries
b.” Us'ing natural daylight fof illumination
“c. Replacing incandescent lamﬁs with fluorescent lamps
d Leaving fluorescent lamps ON if the area is un-
occupied for830_mindte§.
e. Designifg systems for task illumination.
3. Fluorescent lamps have ammaximhm efficacy of ...
. 23 lumens/watt. .
b. S0 lumens/watt. —
. 80.1umeas/watt.3
. 120 lumens/ﬁaxt.
. 180 lumens/watt. ) \
4. The cost of-energy to operate a fluorescent lamp fo

a
b
" c
d
e -

its rated lifetime is usually ... :
a. slightly less than the lamp cost. '
b. slightly greater than the lamp cost.
c. 20 to 30 times the lamp cost.
d. dver 100 times the lamp cost.

. L.
e. about 1,000 times the lamp cost..

. . PI-08/Page




" 5. The use of water-cooled luminaries for fluorescent

lamps results in a large overall energy savings be-

cause .:.

a. less heat must be removed by the air conditioning
systeml o
” bf\\swaste heat from the lamps can be used to heat

. water. . '

, c. they result.in improeved lamp efficacy. ’

" d. All of the above are correct.
e. Only a and b are correct.

6. The lifetime of which of the follow1ng lamps 1% not

affected by frequent starting?
L'

a Incancescent . ) x
b.  Fluorescent
c. Mercury-vapor T
©d High-pressure sodium vapor =~ ‘ J{i

e Both a and d are correct. ‘

7. The most cost-effective maintenance programs for light-
ing systemé must include ...
a. periodic cleaning of.luminaries.
b. periodic replacement of all lamps as a.group.

¢ c. spot replacement of only those lamps that are
burned out.
d. Both a and b are correct. .
‘. e. Both a and ¢ are correct. o
8. The lamp with the: longest rated lifetime f£or long
periods of operation per lamp start is the ... .
a. high-pressure sodium lamp. '
metal halide lamp.
mercury-vapor lamp.
fluorescent lamp. ) -

o A 0O O

incandescent lamp.
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10.

=

The method of calculatlng the cost of 1llum1nat10n for

\
-most 1industrial systems is the ...

“lifetime costing. method.

energy. utilization costing method.

a

- b. pay-back costing method. - -
c
d

Ssystem maintenance costing method.
e. None of the above are correct.
If a lamp consumes 1,000 watts Jf power at-3.5¢/kWh
and its rated 11fe is lg 000 hours, the cost of operat-
ing the lamp for its rated life is }

*  $6.30. ] \
b.  $63. '

*
c. $630¢ )
d. $§6,300. //’//,
e. $63,000.
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