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Foreword

Industrialized and developing countries of the world are more and more orienting
their energy needs towards an electric power economy. Enormous generaling
capacity will have lo be inslalled to meet the needs of industry, commerce and resi-
dential homes. But the power plants that generate electricity must be linked to the
user by means of an adequale transmission and distribution system. Just as vital as
the shaft between the engine and the wheels of a car, an electnc transmission line is
essenlial belween the power station and its ultimate load.

This manual on Electric Power Transmission Systems explains by hands-on experi-
menls the principles of generation, transmission, and utilization of electric power
Particular emphasis has been devoled o developing a practical understanding of
the transmission line link — a subject which is usually taught in a strictly theoretical
way.

The experiments show how changes In the source, the load, and the lransmission
line affect the overall performarice of the system. In particular, they illustrate the
meaning of real and reactive power, how the voltage at the end of a line can be low-
ered or raised, how power can be forced 1o flow over one line instead of another,
how generalors can be synchronized and how a system behaves when subjected to
disturbances. The tests relaling to switching transients, sudden overloads and
momentary short-circuits dramatically demonstrate the mechanical swing of gener-
alor poles and the concurrent surges of power over the transmission line. More than
any amount of theory could show, these experiments convey the meaning of power
stability and the limits to power flow.

Economical, low-power, and safe electric alternators, molors, capacitors, reactors,
resistors, meters, transformers, and (ransmission lines are employed. Despite their
small size, these electric machines and devices are designed 1o act in exactly the
same way under sleady-stale and transient conditions, as their larger counter paris
in industry,

This practical, hands-on course is presented in a way that is readily understandable
by anyone who has a knowledge of electricity at the technical school. (Such training
can be provided by the Lab-Voll Electnc Power Technology learning system which
employs modular laboratary equipment enlirely compatible with the Electric Power
Transmission System.)
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Real and Reactive Power Flow

Owing to varying practices and different points of
regards the meaning and interprelation of power flo
on the subject will be helpful. First, we shall discu

view in the power industry as
W, w believe that a few remarks
S5 the flow of real power.

Real Power

Consider the zero-center-scale megawall-meter shown in Figure 1. calibrated
0-100 MW on either side of the zero marker. This instrument is connected into 2
power line to measure the value and the direction of real power which flows in the
line. If no power flows, the pointer will indicate zero as in Figure 1.

POWER
LINE
s o
Iog_/’_l_‘\mn tuma
MW
Figure 1. Figure 2
If power in the line flows from left to right, the pointer will be deflected to the right as
shown in Figure 2. Conversely, if power flows from right to left, the pointer will be
deflected to the left as shown in Figure 3. Thus, if the MW-meter were connected
Detween a generator and a resistive load, as shown in Figure 4, the meter would
correctly show that power is flowing from the generator to the load.
oo T 100 2
m m%..-»—'—'!"‘-‘._.;u
7/ S l___]
—*— "
M LERIREL R
GIMINATON 5-F5 ]
Figure 3. Figure 4.
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“power In" and "Power Out”

The terms “power in” and “power oul” used in some supply authorities can readily ba
understood by referring to Figure 4. In this figure it may be said thal the meter indi-
cales “power out” of the generalor or, if we wish, “power in" to the load, As a further
ilusiration, Figure 5 shows a sitation where there is “power out” of B (3 subsltation

i

W

|

e’ ¢

say) or, equally comrect, "power in” o A (a laclory, say).

|
TN ,| i “?"ffhr«"“o!'
!I~ h ;"""—-'1' ' \u w i

Figure 5,

Reactive Power

The same lerminology can be a
Such as the megavarmeter of Figure 6

It the pointer deflects to nght (Figure 7) this ind
frunn't eftlo nght, thatis, from A 0B If we wish
out"of Aor reactive “power in’ B Jut? as |
magnel “absorbg’ reactive power Ctreg
a magnelc field. If a wmampfe}
pointer will deflect 1o t1h ‘

reaclive “power out” of
Power In" 1o the coll

Icales thal reactive power is flowing
We Could say there is reactive ‘power
i E3istor "absorbs” real power, a coil or
4 mncarcmts reaclive power is needed to Creale
G shc:wn mng-cted oelween a generator and acoll, its
8 . igure B. Some Pe0ple would say there is

alorwhich is the same as saying there is reactive

Z

Fi"iwlr B,

Figure 7,

pplied to meters which measure reaclive power

= -L_I “?J‘F-Hh;‘l
) Lt i
b gL tive

CiWinaroa (2N

Figure B.

Meters with Zero Marker at the Left

Instead of having the zero marker in the center of the scale, some meters have it on
the left. The direction of power flow is then found by cbserving the position of the
swilch associated with the meter,

For example, if the meter gives an upscale reading when the switch S (Figure 9) is
at the right, then power (active or reactive) is flowing to the right. Conversely, if an
upscale reading results when the switch is lowards the left (Figure 10) power is flow-
ing to the left.

umuo e —~Joo
, g =5
MWar AR MW ar AR

- -

Figure 9. Figure 10.

Lagging and Leading Reactive Power

The terms "lagging” and “leading” reactive power are still widely used and require
some explanation in the light of what has been said so far. "Lagaing” and “leading’
power are really two ways of looking at the same thing. Just as we can equally well
say for two linemen on a pole that one is “above” or the other is “below” so we can
equally well say that power may be “leading” or “lagging”. To understand this we

must state two facls:

1. Leading power can be considered as the exact opposite of lagging power. as
regards the direction of reactive power flow.

2. The reactive power measured by VAR-melers is “lagging” reaclive power,




Feople who use Ihe tarms “lagaing” and “leading” interpret Figures 11 and 12 as
HOHOWS |

Q ._:T‘_‘I‘_/,_ e YR

GiNINArD N

Figure 11,

Note: Arrows show the direch

N of “lagging™ power llow. Al the follow ;
osferming 1o Figure 11 are correct wiawing statements
4. Lagging power s llowing from G 1o L
b, Leading pawer if llowing from L to G*
C. Lis absorbing lagaing powar
d Lis Supplying leading power*
e G ' SUpplying lagging power
L Gis absorbing leading power*
r—‘—“——- e —
F N, ||_;“H_:— -—. - T
L e W SO,
R ——
Clkinarpy T e Spvaigy
e T ________-__]
Figure 12
Note: Ary
; W& show the o
1eforring 1o £ direction of YWgaing
V10 Figure 12 4rg GOy 00T powar flow, e following statements
al . ]
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*Nola: Although statemants b, o and | sre theoralically cormrect this terminolagy s seldom, if
evor, used in tha powaer indusltry.

Owing 1o the confusion which can arlsn whoen spoaaking of "lagging” and “leading”
reaclive power, the Institute of Electrical and Eloctronies E nginears (IEEE)" has rec
ommanded thal only one term be used, namely “reactive powar, By virue of tha
IEEE definition, “reactive power® means 1againg” powor

* Raleronce; Elecidenl Tranaminsion and distibution Melersncs Book, Page 201, 202, Wastinghouss
Eleairic Corparation, East Pilsburgh Panaylvania
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Real and Reactive Power and the Watimeter/Varmeter

A large industry or city absorbs a lot of electri

| ectric power. Mostofitisu
mechamcal power (motors), to produce heat (loasters and radiaiaf;d:: df:; i
light (fluorescent lamps) or to produce chemical changes {Electmplalinrg anF:I aluu:\?

num production). This kind of power is call
: edreal or activ - .
watts, kilowatts or megawatts. e power and is measured in

Wattmeters and Varmeters are widely used in this control raom
of Manicouagan Power Station No. 2.

However, another kind of poweris needed {0 create the AC magnetic field in motars,
transformers, relays and magnets. Thisis the so-called reactive power, measured in

vars, kilovars or megavars.

The Three-Phase Waitmeter/Varmeler gnables us to measure the real and reactive
power which flowsina balanced three-phase circuit as well as the direction in which

it flows.

Controlling the flow of electric power is important 10 electric power cgmpanies
because it influences not only the revenue but also the electrical stability of the

power system.
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The Phase Meter

The phase angle between
Crucial roie in the amount of
particularly useful in th

voltages of a iransmission
circut

élercan 5

Mmur'Genera:or nas {g be

'Sregard. Itis used to measuyre

'50 be ugaq as

a'e

the sender and receiver

of a transmission line plays a
real power which the line

will carry. The Phase Meter IS
Ihe phase angle between the

line or, for that matter. Oetween any two voltages of a
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The Stroboscope and the Phase-Shift Indicator

The behavior of generators and synchronou
and particularly under system disturban
Stroboscope. The shift in position of the
oscillatory swing under transient cond
load changes should be avoided

S motors under variable load conditions,
£es, can be witnessed by means of the
rofor poles under increased ioad and the
tions enable one to understand why sudden

Used in connection with the Phase-Shift Indicator, the strobe light can be used to

make accurate measurements of rotor pole shift in electrnical degrees.

ELECTRICAL
DEGREES




List of Required Equipment

DESCRIPTION
Motsle YWorkstation

DC Molor -G:}f.r;falm
175 W, 1500 r/rméin, 240 V de motor
120 W, 1500 rirmen, 240 VY de gener ator

Four-Pole Sauirrel-Cage Induction Motor
175 W, 1345 timin, 240/415V_ 3 phizse

Three-Phase Wound-Fotor Induction Motos
175 W, 1315 t/min, 240415 V. 3 phase

Three-Phase Synchronous Molor/Generalor
175 W, 1500 t/min, 240/415 V, 3 phase molor
120 VA, 1500 r/imin, 240/415 V., 3 phasa generalor

Hesistive Load
Loading capacity 0 o 252 W in
12 W sleps, \hree separale sections,
5% accuracy, 1 phase/3 phase/de

Inductive Load
Loading Capacity 0 1o 252 var in
12 var sleps, three separale seclions,
5% accuracy, 1 phase/3 phase at 50 Hz

Threa-Phase Transmission Lina
impedance 0, 200, 400, 600 (]
0,17 A, 3 phase at 50 Hz

Capacitive Load
Loading Capacity 0 to 252 var n
12 var staps, three separale seclions,
5% accuracy, 1 phase/3 phase, 50 Hz

Threa-Phase Transformar — Ratio 11
42 VA, M15/416 V, 01 A
1 phase, 50 Hz, 3 unils

Thres-Phase Regulaling Aulotransiormer
120 VA, 2401415 V, 3 phase at 50 Hz
Buck-Boosl 4 15%, 0, =15%

Phase Shilt +15°, 0, =15

DC Valtmalar/ Ammater
0-300 mA di, 2% accuracy
0:1,5/3 A de, 2% accuracy
(1-40/400 V de, 2% accuracy

AC Ammaelar
0:0,25/1,5/5 A ac, 2% accuracy
0-0,25/1,5/5/15 A ag, 2% accuracy




8426

8451

8821

8909

8915

8922

8942

812e

13486-04

AC Voltmeler
0-250/500 V ac, 2% accuracy

Three-Phase Watimeter/Varmeter
300-0-300 W, 300-0-300 var
450V, 0.8 A, 3 phase al 50 Hz

Phase Meter

0 1o 180° lag or lead, 1solaled inpuls,
impedance: reference 30 ki, incoming 20 k),
200 V1o 450 V, 1 phase, 40 1o 60 Hz

Power Supply

input - 240/415V - 10 A - 3 phase
(4 wires plus ground)

output - 240/415V - 10 A - 3 phase

(fixed) 240 V-10 A - 1 phase
240Vdc-1A

output — 0-240/1415 V-3 A - 3 phase

(vanabie} 0-240 V-3 A - 1 phase

0-240Vdc -5 A
Voltmeter - 0-500 V ac/V de

Phase-Shift Indicator

Synchronous molor poie-shift indicator

010 =120 electrical dEgrees, adjustable zero
Ineria Wheel
Ineria = 0,026 kg'm?
Stroboscope
Trigger Frequency (f) InL.: 50 Hz
Ext.: 1000 Hz m
Tngger Voltage 20-450 V rms -
Maximum Flash Ralg 50 Hz
E:xt Trigger Input Z 30 kN
iash ocours When rising tr
8 - =1H Ngoer vollage passa
Power ‘Equirements: 0125 A, 240 v E"E.CJFJHZ 15pt:ar12:gh =
T1i"i“|1r‘:r__'] BE?I

CGT"“HE':lmn Leads
%0 stack-up pan

ana plug patch
: off cord
15 A Continuoys Cperation =

Sluden Manyal




SYDNEY TE

Safety and the Power Supply CHNIGAL GOLLEGE
‘ECL::--. -
ELECTRICAL J&Li ( f:'1 EERING

OBJECTIVE
e To learn the simple rules of safety.

e To learn how lo use the ac/dc power supply.

DISCUSSION

TO ALL STUDENTS AND TEACHERS

Everyone should know the location of the FIRST AID supply in your shop or labora-
lnry. Iqstsl that every cut or bruise receives immediale attention, regardless of how
minor it seems to be. Notity your instructor about every accident. He will know what
to do.

If the student! follows the instructions and observe the proper precautions, there are
no serious hazards or dangers in the Electro Mechanica! Systems of learning. Stu-
dents should be aware that many peaple recewve fatal shocks every year from the
ordinary 240 V electncity found at home.

A thorough safety program is a *must” for anyone working with electricity Electricity
can be dangerous and even fatal to those wha do nol understand and practice the
simple rules of SAFETY. There are many fatal accidents involving electncity by well-
trained technicians who either through over-confidence or carelessness, violate the
basic rules of personal SAFETY. The first rule ol personal safety is always!

THINK FIRST!

This rule applies to all other industrial workers as well as to electrical workers.

Develop good habits of workmanship. Learn to use lools correclly and salely

Always study the job at hand and think through your procedures, your methods, and
the applications of lools, instruments and machines before acling. Never permul
yourself to be distracted from your work and never distract another worker engaged
in hazardous work. Don't indulge in practical jokes! Jokes can be fun, but not near
moving machinery or electricity. There are generally three ki_nf:is of accidents f.vhmh
appear all to frequently among glectrical students a_rn:l technicians. These are: elec-
tric shock, burns, and mechanical injury. Your knowing and studying about them and
observing simple rules will make you a sale person to work wuth. You mut::;zers;qn-
ally be saved from painful and gxpensive experiences — you might be saved 1o live

to a rewarding retirement age.



Safety and the Power Supply

ELECTRIC SHOCK

What aboul electric shocks? Are they latal? The physiological offact
rents can generally be predicted by the chart shown in ‘Figure 1 1S il

1.0
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UM fight 1 &Mt hang Dody resistance t.’lEle: rﬂuyﬂur el
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From hang ¢ ~— ) (resistane ese poinlts:
0 foal ance)
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Gafety and the Power Supply

Now wel your fingers and repeat the measurements

From rightto left hand _____ 0 (resistance)

From hand lo fool __

{1 (resistance)

The actual resislance varles, of course. depending upon the points of contact and
as you have discovered, the condition of your skin. and the contact area NQEEE?:;,..;
your resistance varies as you squeeze the probes more or less tightly. Skin resist-
ance may vary ba;ween 250 (1 for wet skin and large conltact area, 10 5-::30 000 () for
dry skin, Conslidering the resistance of your body previously measured. and 100 mA
as a fatal current, what voltages might prove fatal for you to contact.

Use the lormula: Volts = 0.1 x ohms
Contact between two hands (dry): ________V
Contact between one hand and cne foot (dry): v
Contact between two hands (wel); ________V

Contact between one hand and foot (wet); _____V

DO NOT ATTEMPT TO PROVE THIS!

Elght rules for safe practice and to avoid eleclric shocks:

1. Be sure of the conditions of the equipment and the dangers present before
working on a piece of equipment. Many sportsmen are Killed by supposedly

unloaded guns; many technicians are killed by supposedly "dead” circuits,

2. Never rely on safely devices such as fuses, relays and interlock systems to pro-
tect you. They may not be working and may fail to protect when most needed.

3. Never remove the earth connection prong of a threa wire input plug. This_ comd
eliminates an important salety grounding feature of the equipment making it a

potential shock hazard.

4. Do notwork on a cluttered bench. A disorganized mess of cor_mecnng leads,
components and tools only leads to careless thinking, short circuits, shocks and

accidents. Develop habits of systemized and organized work procedures.

5 Do not work on wet floors. Your contact resistance (o ground is substantially
reduced by moist environment. Work on a rubber mat or an insulated floor.

6. Don't work alone. It's just goad sense 10 have someone around to shut oftf the

power, to give artificial respiration and to call a doctor.

7 Never talk to anyone while working. Don't lst yaursel
don'ttalk to anyone, it he is working on dangerous equipm
an accident,

8. Always move slowly w

movements lead lo accidental shocks and short circuils.

i be distracted. Also,
ent. Don'tbe cause of

hen working around eleclrical circuits. Violant and rapid




Safety and the Power Supply

Safety and the Power Supply
BURNS

Accidents caused by burns, although usually not fatal, can be painfu”y Serious ™ ’ HE s PR 2
dissipation of electrical energy produces heat, - Tha

ed between lerminals 1

: and2.2and3or 1 ang 3. Fixed
240 U daCc may be oblained between anyone of the 1. 2 or 3 terminals and the N
I d to.avoid burns: lerminal. The current rating of this Supply is 10 A per phase
fe praclice an / : :
Four rules for sale p ; M | 2. Variable 240/415 v, 3-phase poweris Brought out 1o four lerminals, labeled 4.5
1. Resistors can get very hol, especially those that carry high currents, Waich 6and N. Variable 3-phase, 0-415 v May be oblained from terminals 4, 5 and &
those five and ten w_at: resistors, They will burn the skin off your fingers. Siay Variable U'.‘” 5 V ac may be oblained between i®rminals 4 and 5, 5 and 5 or 4
away from them unlil they cool off. and 6. Variable 0-240 V ac may be obtained between aniy one of the 4. 5 or &
2. Beonguard lorall capacitors which ma v still retain a char

ge. Not only ¢4

terminals and the N terminal. The
flyou
gel a dangerous and sometimes fatal shock, you may als

0 get a burn from an 3. Fi;cecl 240 V deis brought outto terminals labeled 8 and . The current rating of
electrical discharge. If the rated voltage of electrolytic Capacitors is EXCeeded or this supply is 1 A.
their polarities reversed they may get very hot and May aclually burst, 4. Variable 0-240 V dc is brought out 1o lerminals labeled 7 and N. The current
3. Watch that hot soldering iron or gun. Don't place it on the berich where yourarm raling of this supply is 5 A.
might accidentally hit it. Never store it away while still hot. Some INNocent
unsuspeciing student may pick it up.

The full current rating of the various out
than one output is used at a lime, re

lerminals are all connected togeth
_ your skin. Wait for

d joints, don't shake hot solder off g
might get some in the eyes,

puls cannot be used simultaneously. If more
duced current must ba drawn. The neutral N

er and joined to the neutral wire of the ac power

line. All power is removed from ihe outpuls when the on-off breaker IS in the off posi-
tion (breaker handle down).
clothes, or body.

4. Hotsoldercan be particularly uncomfortable in contact with
soldered joinls to coal. When de-solderin
thal you or your neighbor

CAUTION
MECHANICAL INJURIES

This third class of salely
machinery, It

the correct y

rules applies to all students
'S @ major concern of the techni

se of lools Five rules for

1. Metal corners and shar
P 20ges on chassis and panels ca
them smooth i SR

Power Is still available behind the module face with the
breaker off! Never remove the Power Supply from the

console without first removing the input power cable from
€ foundin the rear of the module.
cal injury:

who work with tools and
Clanand the safety lessons ar

safe practice and l0 avoid mechani

' The variable ac and dc outputs are controlled Dy the single control knob on the front r
"eleh-tia of the module. The built-in voltmeter will indicate all the variable ac and the variable '
= | and fixed dc oulput voltages according to the position of the veltmeter geiectur
* persongt iy " o G ey | ' ' is fully protected against overload or short circuit. Besides
personal injury. 100 can result in equipment damage and switch. The power supply is fully p g
3. Use Proper eye p

the main 10 A 3-phase on-off circuit breaker on the front panel, all of the outpuls

have their own circuit breakers. They can be reset by a common button located on
the front panel.

rolection wh ' oS : s
which might splatter when grinding, Chipping or working with hot melals

Protect Your hands and Clothes when

' The rated current oulput may be exceeded considerably for short periods of time
linishing fluids. T Working with Dattery acids, etchants, and ithout harming the supply or tripping the breakers. This fealure is particularly use-
T cestructive! . btz ‘ ditions where currents ol
> Iyou g K ful in the study of dc motors under overload or starting cenditio
_ 4/dont know - Ask YOUR INST
RUCTOR. up to 100 A may be drawn.
imultaneously providing that the total current
All of the power sources may be used simul :
TH drawn dGES notexceedthe 10 A per phase input breaker rating. Your Puwe: Suzgl:t
The Power Suppi ot S AHERLY If handled properly, will provide years of reliable operation and will present no |
PlY provid 3 '
re Single phase gng \trhre:ea;:gs tﬁhr-:-I ;ecessary ac/de power. both lixed and vara: : ger to you. |
Presented in this many | M Perlorm a)) of the Laburamry Experiments |' 1.
The modyje m |
u H
wire earth) S?SIEmt_}EPEE:-;e Feled 1o 5 lhree-phase 240/415 v ¢ . : | EQUIBMENT HeQUIRED
Iocateqd 4 the rear of the ml' IS brought in throug ; - 10ur wire (with fifth

DESCRIPTION

AC Vollmeler 8821
Power Supply 9128
Ulpiits; ' Connection Leads

Ferminals. labeled 1,2 3
lerminals 1,2and 3. Fixed




Safety and the Power Supply

PROCEDURE

(] 1

WARNING

High voltages are presentin this Laboratory Ex
; erj
not make any connections with the power n.:::r'ri;l Thr:‘*;l! Do
Oweyr

should be turned off after completing each Individuaj
urement. TR

Examine the conslructlion of the Power Su

pply. On the
module, wentily the following: Iront pane| of

the
a) The three-pole circuit breaker on-off switch,

0) The three lamps indicating the operation of each phase

¢) The ac/dc vollmeter
d) The ac/dc voltmeter seleclor switch.
e) The variable Oulput control knob.

) The fixed 240/415 v Outpul

lerminals (labeled 1,2, 3 and N)

8) The variable U-240/415 V output terminals (labeled 4 9, 6 and N)

) The fixed dc Qulpul terminals (labeled 8 and N)
|
| The variable de Oulpul lerminals (labeled 7 and N)
I} The common reset button.
k) The groungd lerminal (green),
Stale (he ac or
Or dc vollg e an
fullnwung ey € and the rateq current avaijlable from each of the
4) Terminals 1 and N =
b — A
) Terminals 2and N =
— —_— 'U = A
© Terminals Jand N =
Saae \/ — A
9 Terminajs 4 and N =
- — \u" A A
€) Terminals 5 and N =
! o P p
! Teminas g and |y =
= = A 'V U
9} TErrnmals fand N : :
n T e -
E{l'mnal.s g and N = - A

Safety and the Power Supply

OJ

O

L

4.

9.

6.

)  Terminals 1.2and 3 =

))  Terminalsg 4. 5and § =

— A

k) The receptacle = e LB

— A

Examine the Inerior con

sl I
itermns: uction of the Power Supply. Ident

ifythe following

a) The 3-phase variable aulolransformer.

b) The filter capacilors,

c) The thermal-magnetic circull breakars
d) The solid state rectifier diodes.

e) The diode heat sinks.

f) The five-pin twist-lock connector.

Insert the Power Supply into the consale. Make sure that the on-off switch is
In the off position and that the cutpul control knob is turned fully counter-
clockwise for minimum oulput, Insert the power cable, through the clear-
ance hole in the rear of the console, into the twist-lock maodule connector,

Connect the other end of the power cable into 3 source of 3-phase
240/415 V.

a) Selthe voltmeter selector switch to its 7-N position and turn the Power
Supply on by placing the on-off breaker switch in its “up” position.

b) Turnthe control knob of the 3-phase autotransformer and note that the
dc voltage increases. Measure and record the minimum and maximum
dc oulput voltage as indicated by the built-in veltmeter,

\"} dcmmimum =\ v dcma:irﬂum = el W

c) Returnthe voltage to zero by lurning the contral knaob to its full cow posi-
tion.

a) Place the voltmeter selector switch into its 4-N posilion.

b) Turn the control knob and note that the ac voltage increases. Me_as.ure
" and record the minimum and maximum ac output vollage as indicaled

by the built-in voltmeter.

v I:f'[:n"uiﬂn:-mlum = \ v dcmnllrr'fum e — )

o

"l -'\—--;.—:_\—"'u -

==

=l WS N ——]
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Safety and the Power Supply

gafety and the Power Supply

¢) Returnthe voltage to zero by turning the control Knob t

Oits lull g .
o s 110. For each of the followi i _
(110. For each of the fo OwIng positions of the voltmeter selector switch:
a) Turnonthe Power Supply and rotate the control knob t ' !
; o1ts full cw posi- -
(J 7. What other ac voltages are affected by turning the control knpp? tion. L |
i}
Terminals —_ and = V ac b) Measure and record the voltage. 'L‘
Terminals —______ and = V ac Terminals 4 and 5 = Vac U_
L g
' Terminals 5 and 6 = V ac 5
dan = —_— |
Teminals ______and______ and ——= W 3
Terminals6andd4d = vy ac !
] 8. Foreach of the following conditions: Terminals 4 and N = V ac i
a) Connect the 500 V

ac meter across the terminals Specified.

||
Terminals 5andN=__  Vac
b) Tum on the Power Supply.

I
1
Terminals6andN=____ Vac !
L
) Measure and record the voltage.

c) Return the voltage to zero and turn off the Power Supply.
Terminals 1 and 2 =

,}
V ac ?:
3
Terminals 2 and 3 = V ac f
|
Terminals 3 and 1 = V ac . |
|
Terminals 1 ang N = V ac I’

Terminals 2 and N =

— " A\

Terminals Jand N =

-—— Vae

d) Tum off the Power Supply.
E)

Are
any of these vollages affecteg By turning the control knob?

L YE‘S G NG |

]

w
(11}
2
=

tha
voltmeter Selector switch ty its B8-N position

Tumn on the Power Suppiy.

Measyre and record the Voltage

I
Terminals BandN =
s B o _

Is this Voltage affecteq Dy

I
Mg the controf Knob?




Phase Sequence

OBJECTIVE

® To determin
Ine the phase sequence of & three-phase source,

TS e e e 5

e 479

DISCUSSION

The phase sequence of a three-phase sourceis

vcltgges Succeed each other, that is. the order in which they attain their maximum
pos.nwe_ values. A knowledge of phase sequence is impontant when other three-
phase lines are 1o be connected in parallel or when the direction of rotation of lar

molors must be known in advance Phase sequence is also imporiant in ma%j

three-phase melering devices such as sequence relays and varmeters. If the phase

;equence IS not checked, the readings may be quite different from whal they should
e.

the time orderin which its three line

i

o _,..f

Phase sequence is usually indicated on bus bars by a color code of some kind, or it
may be found by using a phase sequence indicator, commercially avalilable. In the
' absence of such a device, the phase Sequence can be found by connecting in star
two equal resistors and a capacitor 1o the three terminais of the power source as d
shown in Figure 2-1. The voltages across the two resistors will be found to be une- !
qual and the phase sequence is in the order, ( high voitage) - (low voltage) — (capaci- )
tor). For example, if the vollages across the resistors are 20 V and 80 V as shown in
Figure 2-1, the phase sequence is B-A-C. The voltages succeed each other in the

sequence B-A-C-B-A-C; hence the sequence B-A-C is the same as the sequence
A-C-B or the sequence C-B-A.

20 V
A Cr rn_l

.-—
L

80 V '
1— R —J
B () 1
Xe |
f |
c O — € |
Figure 2-1.

The phase sequence of a three-phase li:;fr :.;::; :2 :::tangsef IELTI :':;T;;ar@ng a:;y
| 7y :

two conductars. On small power set-ups ini . fed's lransm' s

sion lines and heavy bus bars, such a conducior change is @ major, cosily. jo




Phase Sequence

this reason the desired phase sequence on large power Installations is th
well in advance. Ought oul

Multiple Outlets

In some inslaliations (Such as in a laboratory) a number of receplacles
from a common bus, These receplacles may have lerminals marked ¢
and, following the plrocedums we have just outlined, the phase seq  §
ywhere be established in the order 1-2-3. Figure 2-2 shows how three re

P, Q, Rmay be connecled in this way to the main bus, whaose phase se ceptaqaﬁ
he order A-B-C, The phase sequence of each receplacle is in the Drderq1uence g
Is obvious thal if terminal 1 of receptacle P is connected to te 23 bul is
receptacle R a short-circult will result. In other words, correcl phase se Tmmall 1 of
a guaraniee that similarly-marked terminals may be connected luge?hueincms i

ay be fay
ayi "2-3
Uencescan ever.

@
——

B -
I 1

C

1 2
“‘—-\-——r’a ! 2 3 3
P — — 2 3

O \_-\,_"

Figure 2.2

The only way to be sure th

10 n]Ea "h ]
Sure the vollage between imilar ONS are identical for various receplacles is

Every case, th Iy-m -
i &= A5 e = arkEd 1 1
Phase sequence and the cunne;ﬁz.-?s‘nais :the o
are identical

FQUIPMENT REQUIRED

DESCRIPTION
“Paclive Logg
AG Volmer 8311
Cunnemmn LE‘&d:; :;;5
1
9128

g — ——

Phase Sequence

PROCEDURE
WARNING
High voltages are present in thi
'S Laboratory E
not make any connections with the pnw:n:re'lment! Do
™3 : .
L} 1. Usingyour Resistive Load. Capacitive Load and AC Voltmeter, connect the

circ.uil lo the Power Supply as shown in Figure 2-3. Set the value of each
resistor 1o 1200 (), and set the Capacitive reactance also 1o 1200 (). Note

0-500 V
o
10O 1200 0
0-500 V
415 Vv
aphase \ 20 11200 1) !
1200 0
|
30 1€
o

Figure 2-3.

[] 2. Measure the vollages E; and E; .

V ac
V ac

E1=__..
Eg=____

[l 3. Determine the phase sequence (1-2-3 or 2-1-3) from the relative values of

E] and Ez :

The phase sequence i

1-3itis preferable lo interchange any

2.
oo o which the Power Supply IS

enceisfo
Ifthe phase sequ receplacle t

two of the phase wires of the wall
connected.

0 4.

® Y ' has been established.

Note: /f is much easier cume (NS § nce

subsequent experiments we




Phase Sequence

(] & Connect the circuit of Figure 2-3 to terminals 4-5-6 of
‘m and determine the phase sequence,

The phase sequence is
Note: /f the sequence is 5-4-6 instead of 4-5 -6 follow the Procedurs

aure step 4. Itis much easier (o recall a phase Sequence of 4-5.6 g

g“ayﬂﬂ (ﬂp{ma
quent expariments we shall assume this Sequence.

L] 6. Connect the three voltmeters to Power Sy
respectively. Rotate the control knobs of
Power Supply completely in the clockwi
Supply. The three voltmeters should r

pply terminals 1-4, 2.5 and 3.5
the variable autotranstorrneruf the
se direction, and turn on the Power
ead zero,

The purpose of this test is 10 ensuyr _
@ hat your Power Sy -
correctly 4 Pply is Dperalmg

e of the Power Supply vol-
based upon the diagrams
for phase Sequence

Es

PHASE SEQUENCE 1-3-2

the Powe Suppyy

790 all sypg,,

Phase Sequence

This procedure ma

cedure, we shall check th
positions are at the sam

Repeal this procedure for all the walil

y be carried oyt

al slmi!arty-
B polential

make the necessary wirng changes

larly useful for future experiments w

transmission lines.

ner

receptacies in the Ia boratory, and
Quired. This wiring check is particy-
e different consoles will be linked by

i o . 1

b—

S —
— el - e 1 —




Real Power and

OBJECTIVES

DISCUSSION

In direct current circuits the real power (in watls) supplied tg a load is always equalt
the product of the voltage and the current. In alternating current circuits h?;eeue?
this product is usually greater than the real (or active) power whicﬁ the lnaci

In three-phase, three-wire AC circuits two wattmeters dre needed o measure the
real power whiile three-phase, four-wire circuits require three. These meters may be
combined into a single watimeter of special construction, which greatly s*impliﬁes
the problem of adding the readings of two or thres watimeters to obtain the total
three-phase power. A typical three-phase wattmeter (Figure 3-1) has three input
terminals (1,2,3) and three output terminals (4,5,8).

THREE-PHASE WATTMETER

W

o1 : 4c

0 2 L 50
=153 BO=————

Figure 3-1.

If the wattmeter is connected into a three-phase line, as shown in Figure 3-1, it will
show the total real power flowing in the line. if the power flows in the direction ol the
input terminals to the output terminals (left to right in Figure 3-1) the meter pointer
will be deflected to the right and the reading will be positive.

However, if power flow is from right to left, that is. from the outpul lermiqais to the
input terminals, the meter pointer will be deflected to the left and the reading will be

negative.
or negative accerding to its direction of flow. The

herefore, is positive |
fresiilll : y be found when the “inpul” lerminals have been

direction of power llow can easl!
identified.

:-_. -__& ™ N

- e el



Figure 8-16.
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1. Lines, Transformers
power-Handling Capacity

OBJECTIVES
e Study of the real power vs phase angje curve of
e Use of transformers 1o Increase the Pﬂwer—handlja “ansmim .
e Transmission lines in parallel. o o/ 3 line.
DISCUSSION
The real power which can be delivered
a fransmissian i
voltages at the sender and receiver endsb:m:l the phase b dem upon the
real power P of a three-phase line is given by the equa;ﬁle between them, The

E, — E;
P = ——— sin
” b

inwhich P =

total power delivered by the sender tg the FECaiver, in watts
E, = sender end line-to-line volitage, in volls.

E> = receiver end line-to-fine voitage, in volts.
X = reactance per phase, in ohms.
® = phase angle between E; and E, .

If E; lags behind E, , & is positive,

If E; leads E; , & is negative.

The use of this equation is best illustrated by a simpie example. On Figure 7-1, aline
having a reactance of 100 2 per phase has a line-to-fine sender voitage of 120 kV
and a corresponding receiver voltage of 150 kV. If the receiver voltage lags the
sender by 30°, calculate the total power delivered by the three-phase fine.

Solution:

X =100 0
Y Y\

s BE

E, = 120kV E, = 150 kV |




)
Parallel
aﬂd P;‘j‘-.‘.'El'-

[ ines. Transtormers

Handling Capacity

e the sender voltzge leads the receiver

o

eca

-

=
g
= =

k)
|

voilage, {
2% 1he angle 4 Posiy,
.

Ch S clogey,

Phase ang|

angie & is given in Figure 7-2

180°

E2 lags behind E,

Figure 7.2

d XIMum vl M Z&ro, the
5 alla - ¥alue Pmax for an an
|r.‘.lf|.i:;fj f{r'r,"' E -d ldﬁgll’:—: DI

8e€ from the 1

qur
om the aure, if the phas

Gelivered 1,
2 Sender

Ndeed, 1h

e DOwWer |-
i lalls o Zer
' =10 Whe :
When the o 2N the phase -
11Ne phage - Iase angle | p
lion, and 1:,_ % angle exceede go- " gie Is 180,
807 o 1o Er Wil gither g o 1 r@NSMission

190 the powe, ali 1o zerg

Clrye,

-
& (degrees)

r;o-«g.rer, 00, increases gradually, and
21295 30° behing ¢ 20" One-half of this maximum power

10 the receier 1t 27, SXC6€dS 90°, power will stilbe
" DUl il decreases with increasing angle:

or it line is in an unstable cond
Yill move to another point (between 0

' Lines Transformers
1Al ! g . -
?3?3‘*15_[1I,Er,Haﬂd]mg Capacity
4 1 |'"i"'.,-
ah~
Consequently, sleady, reliabls
=iable pow
receiver when the phase angf&ﬁbﬂ?ﬂz\g?n Only be %
can be transmitied is i €810 and o The mar: from Serder 1
- E, E; ; E.E =
Pmax = SN 20 = ____j____z__
X
It should be noted that any phasa »
the same thing, between o° and 130?;;:2?:;1?@”‘%}135%
angle curve is extended to myeraﬂpﬂilsi 0 NG 180 ooy o~ O WD
Figure 7-3. 02 angles, ﬂmmlm“e'“sﬂ‘ese
Shown oy
AP
Pmax L_____
|
]
i
I
I
|
|
E, leads E, :
— 180° -90° :
X |
\ +90°

\
X

—————— + Pmax

Figure 7-2.

It the angle is between zero and + 180° the sender is delivering power o the
receiver, but when the angle is between zero and — 1807, the receiver is delie
ering power to the sender. Note that an angle of —S0° metely indicates hal E5'S
leading E, . The stable region is between — 90 and +90°; it &S hie only region of
Interest to us at this time. -

In most cases, the sender and receiver volfages are aholﬁa‘l"a“‘ magriude,
so that if we let E, = E, = E, where E is the ransnussion line vollage, we find
that the maximum power
EE
Pmax = —W
X




Parallel Lines, Transformers

Handling Capacity S Transformers

wer- Lines, : :
and Pow parﬂ“'ﬂl ~ r-Handling Capacity
Transmission Line Voltage al
_ _ Two similar lines which are in parall
o ; - - , el s
Because the ma;..murln power w_hn,h aline ca_n_delwer dEDEnds Upon of one line alone. (Sea Figure 7-5) Tin Ously carrymce
the transmission line voltage E, it is not surprrsing that high Vollages 5 ES:quarE_m are shown in Figure 7-6_ If both e afﬁ?-‘ﬂr CUrves for ﬁﬂe!nemammm
when large bquhs of pot.*.er.flave to be transmitied. Thus, jf the ling vo"'a e ph?ﬁu 0,5 Pmax, the phase angle between |h: N servica and tha .amfu”'%ﬂnes
bled, the maximunTpOWEK.IS:guatiupied. '3ge is o, which corresponds 1o a very stable upefa“sg NOer and rece; Erm:é:am“eﬂ s
The line voltage can be raised by introducing a step-up transform to be "sliff". ngmm'mﬁ“hbﬁmeeh:s::;??mi
end and a similar step-gdown transformer at the receiver end, As s €ral the Sende, RS saig
transformer at each end of a transmission line its Rower-hangdlin bl by uainga
s;gﬂ[f.-[:aﬂﬂlf rmpID"r'Ed 2 capaﬂi[? Can bﬂ X
InFigure 7-4 a), a sender and a receiver are connected by a line hats t = — YV —_——
of 100 {1. The maximum power which can be transmitted s a““gareac[ance
E2 100KV x 100 kV : X o
Pmax = — = = 100 MW shae—
X 100 {E

Butif we introduce transformers at each end SO that the iransmission

" h—-_-___.
doubled to 200 kV, (Figure 7-4 0)) the maximum Power becomeas line "’0"395:'5
PRy o E? 200KV x 200 kV - Figure 7-5.
— —, = d
X 100 0 Mw
] P
A
Pmax [ _____ _ TWO LINES
[P === 100 0 —
YV o ONE LINE
. R
E = 100 kv E = 100 kv 0,5 Pmax i
. __u NN i
(a) :
i
' |
e~ 100 O 0 : L=
T =Y YN f 0° 30° 90° 180° 5
S [100 ky ( I
:3 200 kv 200 kV l ’ 100kV | R Figure 7-6
B 5 : gi
| | ] -
However, if one of the lines is suddenly switched out, aﬂwww ﬂldlﬂlﬂ 8
(b) fauit-clearing action, the power has o be carried by MBWQMMﬁ“
can see from Figure 7-6, 0,5 Pmax corresponds, on the singie ransmission ios. 1o
Figure 7-4 an angle of 90° which is just on the edge of unstability. In ﬂmmmm
Tt line will be unable to carry the load and ils breakers will open, uniess ihe oinetiine
SMissign Lines i Paralle| quickly brought back into semvice.
Oiner way b, |
Y Which inee - ). :
f EE“‘;E[ 1= tG B HE'EESEG le,l ) . I ol - A
L Ploy twg 2.np. YEr can pe transmi ; : re L]
s;f_‘ipm”'&*ﬁ' on the ::r? ~Phase lineg Parallel. The ¢ m?d from gl a. ' ) =L N
Harale fines May be SSArms of the same fran o lransmission lines may iy - '

€Mployed.

sy ransmission towers, or two entirely _. Sl =

i

-._ '. N
r Nii=

.._. :|L|I -' o LI

LN oINS
o



L HNETE . Transtormers
r - o 3= A L™ 1:1'-:_:;.!*- '--b o | 1"{:":" " “'N
Al 1| Mes I Ll E=fa =1 L 114 _1 CapaLI
FAraiel Lt kna Canacih o ralltd = Hﬁﬂhl]ng =
.~d Power-Handling Lapadll pales wer-Ie
=TT ¥ LSV .. - - t‘ Ly
=OUIPMENT REQUIRED T § = |
EQL .| .| B2 | X LAGOR LEAD| * | omEcTigy o UNE Cunnews
~ e S z lu“ERFL
ESCRIFTION MODEL — | &¥ kV o = __-t"w_b’\'_‘“__j
) R = 4 | 80 | 30 | ELEADSE, | 3100 EE“‘B""“‘“'*--—-*—-—-:“__.
Thres-Phase Synchronous MolorGenerator 8244 T =, ! | 200 s
Theae-Phase Transmession Line 8329 5 = 1= 80 30 | E, LEADS E, [ ""‘--4--—-..____________
= - —_= oty = - | c | -
- Y - SR T e — - L i __-_'—‘—‘—-——_,___,.
1 ree- === A= - 553'4'8 e 2 l E 8':] '15 E1 LAGS E: --h'-'__‘-‘-'-—._.____l
i= - T P ! B, i, o, -f-g——.‘-_-_, 1 = - |
Three-Phase Reguialing Autotransforme 8345 Al el i ; = _““"_“'-—-——-__L—_.._.__
AC Volimete 8425 s | 8 | & |8 | 45|EAcsE, s
17 s Dazse Wammaia SITTEVET 44 2 l o __-_'__‘_‘—'——-__.__
RG-S AR Nimvur v v P S446 ~< | 8 | & | 80 | 120 | E LEADS E; =
Sower Supo 8821 3 | _'__l T
oo 15 = | « | 12 | 80| 60 |Eteanse 1
== B L — g | ~ | o
6 | |
onnetion Leads 9128 —

Table 7-1.

WARNING

L=

| 4. Two parallel transmission fines Operating af a the

tage of 120 kV each, have a b
ered is 84 MW, calculate the phase angle betwesn the
voitages. if one of the ines is suddenly opened wit _

K i i - .‘_-Il-_"-.
o — __._u_-:-'l..l e

able o carmry the load? If so what will its new phase angic become?
The first part of this experiment invo =S @ number of problems while the secong is -
[ O Figure 7-7. st= NS Aand B are iin ed 0y 3 ransmission ine .";av&r;gs -
:-:_~_:__:-:-_ . TTom ihe value of the ne-lo-hine \"Gfrf.gﬁﬁ_ gveninthe 2500V =S
SN o= e INe real powes angd the girection of its :1% 1
E = -
STATION A  REGULATING O ety
= THJ . AUTOTRANSFORMER l - O 4 I
4 O e | | i | | | ' sy
- i / : "‘\t“"Y"ﬁ._—L—I —O|s I phas2
| | ISV _ | S |7 ,;1\) Qi*/ ] | ® ] |
l = ‘. | | . -~ 1 4 8323
| s | C | = =]
A = E; | B | —— 8349 o
: T | I g8S21
= 1 ‘I ‘ Figure 7-8
Figure 7-7 : Supplies and a Three-Phase Reguiaiing
3°5. Using two independent Pawer to 600 11 and measure the real
L e Autotransformer, set the fine I'neadis T_ 1!55253 (Figure 7-5. (B2 lags & by 15')
- ..: ::nii:‘.':‘—}‘:_ esien 1. e cuiate the maximum power which could power flow when the phase-shi :
T=s --..'I:. —o = e SVen yo ages E '

; 415 V.
Adjust the voltage of the Power Supply 10

= = = -
= S > Qs 1 - T . & i d
OO s ey - "oRage orop per phase divided by e
2 = g 2 Ty = b = <o
3= - S volsns ) - WS e inelo-neutral volfages o
o = &y = = - ¥ -
- (== ¥ "E- . IlED’-+E'- ?_7
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Parallel Lir
and Power

STATION A

.1 |

415y
J phase

3

B

& 00

i

21

—

—

1 6. Now, at stations A and B, introduce step-up and

\es, Transformers
_Handling Capacity

G* e ==y
02 = var

* Procedure Steps S to 8 may be carried out by two collaborating Qroups

slep-down

connected in delta-star and star-delta respectively. (Sep Fig

WARNING
High voltages are present in this experimen

sender and receiver ends of the transmissip
voltmeters in series to measure voltages E,

t 720 V on the

N line! Use two
and E, .

Note: This experiment entails the correct connection of

both as to polarity and phase sequence. Three-phase ransformer conn
covered in Experiment 1, Vol. 4 and Experiment 2, Vol. 3 of the Elect
Technology Series.

the star-delta i

0-1000 0-1000 v

/ \ e
(& ) E; )

|
|I'-'-.

REGULATING
AUTOTRANSFORMER

YA
OOHFHSHee

8329

8348
B44s

Figure 7-9

Measure the new r

eal power which IS tr
d
values found in pr .

OCedure step 5. Explain

your resulls.
E} = N U
EP - e U
Pl W
G‘l —
T Var
Gg =

\

Y

dre 7.9

aNSformers
©Cliong are

smitted and compare it with the

an’

el
Faﬂﬂil);t

Lin

415 V
J phase

o5, TraﬂSf
Uer_HaﬂdIiﬂg

it

ormers
Capacity

Itis one of the inescapable facts of

an object, the ratio ol its volume 1o ilsa;::::r::t '8N we incr_ease of
same way, the inertia of a motor INCreases mii:”acgareainc;

ing. Consequently, large motors accelerate me fapidly thap ;

motors do. A 0,2 kW molor Can reach lop spegz’}nm;re s)

when power is applied, whereas a 1g 000 kW mot

ﬁ'ﬂﬁliﬁﬂ of a second
minultes.

Or mﬂb‘ lake sSeveral

In order for a 0,2 kW machine

much larger machine, we must INCrease its inertia o i .

by adding an inertia wheel, The iner?:eatt:::erlhr;:;ﬁ.maﬂ?-Thiswenando
transmission system gives the 0.2 kw machine anin n
that of a machine in the megawatt range. The whoi
seen in more detail in Experiment 13.

1o exhibi the mechanica] pro

a) Connectag0n 0 transmission line
to the fixed Power Supply termi
E. P, Q in open circuit.

E=_ . 0\
P=. U W

Q=___ wyar

SYNC MOTOR
R e =

8821

8329 @ @ E ““““““ . O

8446

Figure 7-10.

b) Turn off the Power Supply and connect the stator nfthaThﬁre;-wPﬁ
Synchronous Motor/Generator to the end of the t(aqsmfmm_s h;iﬁwik
the Inertia Wheel on the rotor of the Th'ree-Phasesmf‘:;di_ Ao
Generator. Turn on the Power Supply and observe he st tunsgpe:eﬂ'?
motor. How long does it take before the motor comes Uf 19 S8

Accelerationtime T = 5

Measure E, P, Q at the end of acceleration penad

" . N = 1

E
=}

-

|
:")J INERTIA WHEEL
I . .




parallel Lines, Transformers
L '. : . 5 -\- # =
.nd Power-Handling Capacity

] 8, Now, althe sender and receiver end of tha 600 () ransmggi
step-up and slep-down transformors connectad in tollg.g 5810 ling, Ingg
raspeclively (see Figure 7-11) Hepoal the Same [Jr['j(:("'f“:f:" ang ﬂ"‘ﬂl"_llln
stop 7 | ‘ﬂ’””pfﬂtm-;._,rz

\TA r' | l E._Jlr.v_nc Mgmﬂ
ypithay 8 :.' E”({( f f"‘r"\-"‘\} ; ” g {J rlP ) {‘_Ju ) J :.‘ el ‘H}‘

) I' e 4
B34 1329 Ba4H . - - ) Q
ad4da
B2a1
(TH iils
Figure 7:11
da) Open circult
E = V
F = W
Q= Var
0) Slarting of the Three-Phaga Synchronous Mtr!ﬂrfGEInErﬂlUr

fﬁ.l'f‘.i_-fr}r.';!rr}rl Hme T =

E = \V
P = W
Q = val

Lor }
mpare your fAsulls with (ha Vallue:

5 found in Procadure step 7.
Explain wh
Y I1he molor si IS mora ¢
e SIS Mmore quickly In 15
open cirouil Vollages are b ”_“I‘ : _”;: procedure stap 8, although the
. LJ -_F

ann |ri_lr'l.‘.|‘!|i' .
<00 () pér p T i

Niiso flufr.ulnlu the

"aling at 300 kV has a line reactance of
Goliver. i M

Maximum fotal powaer which this line can

ines,
nIJH'!I [!
o) pow
il
l b)
)
2. a)
)

L)

4. a)

b)

&)

Transformers
]I (andling Capacity
I L

Ithe transmission line voltage in Question 1 Were raige
would the power-handling capacily ol tha line ba

What I8 the phase angle baty

fan 1
the ling delivars 1[]” MW?

|
b 8ender gng racolver Voltagos wiven

Whaltis the tolal amaot .'

In Quastion 1, If the phase angle belwesn
Sandar
from 15% to 20" h"'f how much | ol -

TH Coivar Iner
8 1he raal POWE flow INCransed? s

— s —
—— e i s,
s i

If the phase angle increases from 7

S (¢ HDI 1% l“ﬂ inﬂfﬁ' Wﬂfﬁf
Same as I.]{]rﬂrUi lhﬂ

] Yos [ I No

] s b'y20‘5’.. b'fhow much
increased?

Two transmission lines having reactances of 100 (1 and 200 (1 are con
necled in parailel betwean sender and receivar slatlons. Whal is the maxi-

mum real power which both lines can deliver If the operaling vollage is
100 kV?

i - —_— -_— e

_—

If the line delivers 75 MW, what is the phasa angle between sender and
raceiver voltages?

T

It the 200 (1 line Is suddenly laken out of service, what will the new phase
angle be?

In Question 4 (b), if tha 100 (2 line is suddenly opened, what will happen?




allel Lines, Transformers
E:QaPower-Handﬁng Capacity

5. A high transmission line voltage reduces copper losses, ang
mission of more power. Explain this statement briefly ' Permjts the Iran
. 5.

= \ 1
\
\

6. Whal s the purpose of step-up and step-down iransformers
receiver ends of a transmission line? At the sengg ang
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\\\‘
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Alternator

OBJECTIVES

e To understand the basic operation of an alternalor.
e To measure the synchronous reactance of an alternator.

e To measure the voltage regulation of an allernator.

DISCUSSION

Electric power is produced in large generating stations which conltain one or more
alternators (or alternating current generators), and a mechanical means of diving
them. The mechanical power is usually provided by steam turbines which, in turn,
derive their energy from the heat given off by burning oil, gas or coal or fram the heat
of a nuclear reaction. In areas where water power is plentiful, hydraulic turbines pro-
vide the mechanical power to drive the alternalors.

The voltage Ep generated by the alternalor depends upon _the flux per p_cﬂep which, In
turn, depends upon the DC excitation current which flows in u?e po_!e windings. The
generator voltage per phase can therefore be varied Dy adu‘:stmg‘ the DC excitalion.
At no load, the voltage Ey measured at the generalor terminals is the same as the

generated voltage Ep (see Figure 8-2).

If the alternator is loaded, its terminal voltage will change, even though the DC excr-

tation is kept conslant. This is because the alternator has an internal impedance,

wi An alternator can,
istance and reactance of the stator windings. AR 3=t Els
composed of the resistance t such as shown in Figure 8-1,in which X is the

therefare, be represented Dy a c:irct{i
stator reactance, R the winding resis
the poles sweep past the statar conduc

tance and Eg the stator voltage generated as
lors.




The Alternator

e resistance R is always much smaller than the reactance
the circuit to that shown In Figure 8-2, without introducing a
ierminal voltage of the generator (per phase) is E; and X is i

nous reaclance.

[ i
Figure 8-2.

The value of the synchronous reactance can be found b
on open circuit and then measuring the current when
short circuil

Figure 8-3 shows how the short-circuit current | = E
nous reactance X can be found. This reactance is not const
the degree of saturation in the machine. However. we canE
magnifude Dy the method just described. | ;

X
J\ e S G ?
(Eﬂ ET=ED
X
NN

A

Figure 8-3,

T.hE.' €Quivalent gire
EXplain all the majo
aresislive or anind

ult of an allernator is
rBroperties of this ma
Uclive load is connec

X, so
: W
SIanifi Simpe
9nifican; arr Plify

Y measuring
the terminals

o/X from which
ant, butd

ECan

- ha
SYNchyg,.

the Voltage .
are 'placﬁd in

the Synchru_
l EPEnds upon
b1ain a good idea of s

' therefore very simple, and with it we gan
chine. For example, we would expectifill
ied lo the terminals, the terminal v

will drop. On the other hand, if a capacitive load is connected to the terminals. 2
voltage rise is to be expected owing lo the resonance effect. '

The synchronous reactance of an alternatoris always very large, so that even under
short-circuit conditions, the current rarely exceeds 1.5 limes the normal full-load
current. It should be mentioned, however, that for the first few cycles following a
short-circuit, the current can be much higher owing fo the transient properties of the
machine which we need not go into at this point.

In the following experiment, a DC motor will be used lo drive the lhree-phase
alternator, replacing the steam turbine which would usually be employed in a real

generaling station.

EQUIPMENT REQUIRED

DESCRIPTION MODEL
DC Motar/Generator 8211
Three-Phase Synchronous Motor/Generalor B241
Resistive Load B311
Inductive Load 8321
Capacitive Load 8331
DC Voltmeter/Ammeler B412
AC Ammeter B425
AC Voltmeter B426
Three-Phase Watimeter/Varmeter Ba4b6
Power Supply 8ez1
Stroboscope 8922

] 8342
Timing Bell _ 9128
Connection Leads

PROCEDURE
WARNING
Laboratory Experiment! Do

vollages :_ireprgﬂnl in this
:EI;:L :ny connections with the power on!

o S Atarmi iali ted voltage
= wa shall determine the variation of the genera |
] 1. Inthis exﬂﬂ.’é"‘;;’:gﬁng current is increased. Set up the circuil as shown in

Eo 8% ll3p i anically couple the DC Mator/Generator to the Three-

Flgurs B;*:Ea'nqhuus Motor/Generator by means of a Timing Belt. Connect
from line Lo neulral of one phase of the Three-Phase Syn-
or and connect a DC Voltmeter/Ammeter (o meas-

AC Voltmeler Eg from
ﬂ,m.asjrﬁq_tqrfﬁenammr an

' the exciting current Iz
ply power and, using the Strobascop® adjust the speed of the DC Motor/
Wwﬂm o 1500 r/min exaclly. This speed must be kept constant for the

. IEI"HW" of the experiment.

e

sl T e e

e e = | Ml
ahl P Ml = e J o _.

. e L ™ Y I AT
.'_=,,h"|""--"' mw'—'“.w




Vary the current I and note the effect upon the generateqy
readings of I and Eo and record your results in T Voltage
: able g1 - SO Tay,

0-250 Vac

DC MOTOR/GENERATOR

8 C“}_ 21
| s |
1 O A
240 V dc 5
8 v 7 b
-.L:"-—F._/’_'r“'ﬂ“'—'\.l‘—" \“‘."f'
[
NO—— 02
0-0,3/1,5 A dc
7O
0-240 V dc
N L'::‘—
!
Figure -4,
[ 4 ;T (A) f 0 ]
F U 0.05 ! 0,10 f 5 2 :
f==4 j 1915] 020 |0.25| 030 [03s 040 [045] nenl.
[B|m| | [ | J 40 fo4s/ gz
Table 8-1.
) 2. Find the ph
11aSe sequen
als1.2 3 ce of the generated voltage, with regards to termin-
The phase sequence js
Note: /f the = _li .
; e phiase Sequence | ¥ o
Molor/Generator s not 1-2-3-1-2-3, ete, reverse mram..:d'm@@ ey
b R
"t l*l-l.- [
. N 2
. USH"]g the Same s ":.:'.‘ |I|-__l 3

El-up as in Fi
[ n Fi
0240 V. Then shori-circyit th

| qure 8-4, adjust the open-circuit vollagea |
€IS and take thei, average re me

€ staltor terminals through three AC Amme:
ading | (see Figure 8-5). s

Figure 8-5.

Calculate the value of the synchronous reactance from the formula
X = Eg /L

Eo=240"‘u’ | = A X = 0

LJ 4. Repeat procedure step 3 with E5 = 240 V and then with Es =220V

Eo =240V Ji= A X = 4]
Eo =220V | = A X =

Voltage Regulation

In this experiment we shall find the effect of vanious foads upon the terminal voltage
of the alternator.

(] 5. Using the same set-up as in Figure 8-4, connect a Resistive Load 1o the
terminals of the DC Motor/Generator and introduce a Watimeter Varmeler
and a Voltmeter E;, as shown in Figure 6-5.

Adjust the exciting current I of the Three-Phasa Synchronous Motor

freul = . Then, keeping the
enerator so that the open-circuit voltage E =415V
steeﬂ and the current | constant, vary the Resistive Load and record your

resdilsin Table 8-2.Basurelo keep the load resistance balanced sothatall

phases are equally (0aged.

b § e A e e T o iy (g

A

T b 47 =
S e o W e B LA T ramg -

= L R e Y

..._
Y —
.

N i ) =t
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The Alternator

ga21

pC MOTOR/GENERATOR
p=="3 = B

0-240 V OC

240 V dc
- THREE-PHASE 8448
8821 SYNCHRONOUS
MOTOR/GENERATOR
8241
Figure 8-8,
|
1 VOLTAGE REGULATION WITH RESISTIVE LOAD
R pHASE | Il | EL | P | a 5 =\ Pl ]
— 3 =VP*§g
RS *_-”!Wivar“‘ﬁ‘*-
EE AR
J 4800 f ’ J =1
200 | | j JI
1600 . T _IL __h__-!? |! I
w0 | | __“T !
1200 i 5= |‘ ' |
— —— ! |
| 960 | 1 J J
— ] |
| Ann F et
F——t
| 688 s I
L : I*
Table 8.2
° Repea

Cirnec o
rocedure slep §

Load, ang FECord your rae

J5Ing an Inductive Load |
Uils in Table 8-3

n place of the Resistvs

L]

03

VOLTAGE REGULATION WITH INDUCTIVE LOAD

X /PHASE | | E, p 0 |S=VPTsa?
(] A v W var VA

a0

4800
2400

1600
1600
1200
960
800
686

Table 8-3.

Repeal procedure step 5, using a Capacitive Load inslead of the resist-
ance, and record your results in Table 8-4. (If the voltage goes off scale, you
may connecl lwo vollmeters in series and take the sum of their readings.)

VOLTAGE REGULATION WITH CAPACITIVE LOAD
X./PHASE | I E( P a |s=vP+0O
il A v W var VA

x
4800
2400
1600

1600

1200

960

Table 8.4,

—y

- FT T
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Real Power a

nd Reactive Power

Reacive power it the power associzled with

ers ana the Increase and decreas

the charge and disch
eolthe magnetic ’”::II"JS ol |

ol an ;;'u:r,-.:_;'-r.-',; curréenl circuit EEE&UE‘: the engrg}; fjﬁljlﬂsj in s €0l
. I

- = - -5 1 ' . .
ang oecays as (e magnetc Neld inc fedses

A
N
o

\ating current which il carnes, it lollows that there is no
2 col. On the other hand, a current flows through the eoil and a voi
server is apt 1o believe that power o

The product of the voltage and current in a coilis called tha r

n kilovar (kvar). Reactive po
atnernal *"';--‘_j ,'_J'_;&;;;_r_'“:_. fie [.,r:;.-lrl

across 1, 50 a casual of

EXpressed in var or

i the same way, the allernating electric lield in 2 capacitor alsg '
UVErwWneiming prevalence o

Opposed (o electrostalic de /ICeS)

power. Owing o he

=16 8 .14 =
eppears the ability tg produce z
Hl}'at:;l.lfj ir"'-' ',llrf:rl .-1_5?;," 1,}{: rf.:a| I]'.:rl"l"le"r_ Can hF:' J'i"lf}a*

In Nree-phase Lircuils, the two or lhrees varm
ied can be CO

momed into a single instrument (s

B . ® %o & |

e WAl rezgctive O Er ”-’::H in H’]I"- C-”:U” E‘durh d ﬂ"lﬁTF'J" "h':j
" it IR~ |

il 3 b ale o Mr =

iput terminals (1.2 5) and three oulput term

Called varmelers

PPropriate Melers
elers which would
give one reading of

nan Figure 3-2,
inals (4,5,8). .-

Orananly be neec

Senses thren

THHEE-FHASE VARMETER

Figure 2.2,

When 'eactive Dow

a positive ras mihe input 1o

v Conversely, if . i I!‘jr: Oulput lerminals. the meter will give
han e UL lermmingss o . C 0% Of feaciye POWeris from the |
Phase B0Urta ang 3 I ? f "egiive ”:'admrJ will resyl| = Bl )/

- . I I.rf;l:-r 1ae o Al =5 ; G.l' E [ -
I reaen Y& DOWer i obvin: 'I A3€ Coil dre r:&rmr:cled ds shown | gl L il
feading. Jusi ag wilh r: wjj: + Irom et 1o fight, and !hE-Jvar & ng_ure_ 3-3, the flow
ound when the inpyy 1 rrj'f Meler, the ditection of redctlve mEIBrfwn'f give a positive
bl “INinals of the - = pﬂ'wer low Canre di
E VArn Ar = : adi be
rlr:ﬂ“_,r are [dﬁ*r!!lh{;d y
) —
E & —p 1VhﬂM£rEH P X
l__j_ ‘t_r I 68 .-.',.1.'_‘,_
02 L/ T
: iy S¢
03 T e THREE-PHASE
S0 — Yy INDUCTIVE LOAD
Flgure 3.5

arge of |
inductorg wh c:l:&u.

and decreases in rac,. . TTBly

Real Power and Reactive Power

melers and varmelers. The example of £ mifﬁde!emneuhyinywﬁ_

readings can be interpreted An impedance 7 | will Wustrate pow Some typical
shown), and wattmeters W, | W3 and varmeters var S Pan of a larger circuit (not
side. The inpul terminals are assumed 1o be on th; .1'-:1-3 dre : S0 on sither
ment. The meters give the following rea ds: | =ithand side of sach nstry-
W, var, W, .
- arz
Or==51° == —
0 / O O A\ O Z \ \ .
-0 O o O
Of——_
+70 —60 -40 - 80
Figure 3-4.
W, = +70 W vary = —860 var
W, = —4ow var, = —80 var

How are we to Interpret
reactive power flow qu
other. Consequently, w

these results? First, we must recognize that real
ite independently of each other One does not affect the
€ musl never add or subtract real power and rea

ctive power.
Consider first the active power. Because W, is positive, real power is flowing to the
right. Because W, is negative, r

eal power is flowing to the left. it follows, therelore,
that the impedance Z must be absorbing 70 + 40 = 110 W.

Next, let us look at the reactive power; B0 var are flowing to the left, towards the
Impedance Z, while 60 var are flowing to the left, away from it. It follows that Z is
absorbing (80 —60) = 20 var. and this reactive power creates a magnetic field.

This example shows that when wattmeters and varmelers are connected on either

side of an electrical circuit or device, we can determine the real and the reactive
power which it produces or absorbs.

EQUIPMENT REQUIRED

DESCRIPTION MODEL
Three-Phase Wound-Rolor Induction Malor 8231
Resislive Load 8311
Induclive Load 8321
Capacitive Load ﬁ;
AC Ammeter S
AC Vollimeter | aies
Three-Phase Wallmeler/Varmeter

: 8821
Power Supply #
Conneclion Leads




Real Power and Reactive Power
i 1C a4l

PROCEDURE

WARNING

High voitages are present in this Laboratory Experim

ent! Da
nol make any connections with the power on!

invoive a three-phase sourc

2, tthE VU“mEIers '.h
se Wallmeter/Varmeter, .

and a balanceg three-ph
. a
Is4.5, 6ofthe Power SEpprs:

eSistive Loags Star-

‘ Wn in Figure 3-5, measure E. I, P, Q and record your

0-500 v
/EL[
002515 A
Y ST o | 1200 )
"——;_.:'-1 B~
0315 ¥ 07 ==t
A 2 - x‘, \ 12M'!]
J phase . ~&l W ) [variSol_ I
TR0, = :
— |
= = _-_'_—.___—
8821 e \f, ——
8311
Figurs 3.5
o : ;-‘-‘ SR e 5
e R = "-—-h-: 2l A= e ®
ELT T i - -'I"':'d'lh.. -.“-E":"j*_‘ ™~ e
S22, slar-connected R —=IVe Loads ha"'"ﬂﬁafeam&nc&ﬂf
el T e i, 5
=G YOUr results in Table 3-1
H“:'-LE' “;':‘ O S
e Thras Dw i o --;3.':_ - TRIST Be ) - o
__erhese Wasmes e . UC COANSCled Oleminals 1,2 3 gl
ONzss LT T e T Orer of thesr phaca < ~ -~
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BSUN0 when s _ PO 123 the varmmane.
) C When i n2ls 7. 2 e = < Varmeier w ' Qive the coarect
5 af = T - CroWe SUDDN are rere >
© OSume T SSeSY areeg cCiegdioterminals 1.2
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Real Power and Reactive Power
e

L]

connected) in parallel

ee Hesistive Loads of 1
. !' -
with the Caﬂatﬂwa Loads Recor 5'012:??&1 {"-:;ar
Table 3-1. Is the rea power aifected when the C sults in
switched on and off? dpacilive Loads ara
[l Yes LINo
Is the reactive power affected when the Resistive L :
and off? %ads are switched on
] Yes I No

Repeat procedure step 1, but

: place the inductive Load of procedure step 2
In parallel with the Resistive

Loads. Record your results in Table 3-1.

Why is the real power shight

ly affected when the Inductive Loads are
switched on and ofi?

Is the reactive power affected when the R

esistive Loads are switched on
and off?

] Yes (I No

Repeat procedure step 1. but use an Inductive Load of 1200 () in parallel
with a Capacitive Load of 1200 (1, all star-connected. Hecord your remﬂs_ in
Table 3-1. Do you agree that, to all intents and purposes, the Capactive

Load is supplying most of the reactive power required by the Inductive
Load?

] Yes LiNo

Would you agree that the Capacitive Load can be considered 10 be a source
of reactive power?

|

Ll Yes L INo

"Hepeat procedure step 1, butluse a WBE*P‘haSE M?;?rm;
Motor at no load instead of the Resstive Load. ﬂecgm_ ?ﬁlﬂs.
Table 3-1. Does the motor absort both real and reachve power

(1Yes CNo

What does the real power accompliish?

N v

=

e
e

]
S

kAo
A W

;IJ

e T ) i s

- p——
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Real Power and Reactive Power

Real Power and Reactive Power

- R

What does the reactive power accomplish?

Li 9. KHDWiﬂg that the apparent po
we -
P by the equation S = E'V3-ialcur|::; balanceqd Inree-p

e the value found in procedure slep 8

_: — g ——

-

" This procedure is oplional

E
TEST YOUR KNOWLEDGE |
(J 8. Knowing that the apparent power (S) in volt-amperes (VA) i« n; 1. An electrical load Z is connected to th _ L1
expression (VA) is given by the the direction of real and reactive Dﬂwef ft;TET ;iim 3240V ac source, Show 5!
; | : |
i r c) a capacitor, d) a resistor and inductor, e) aresistau}r 2;35;@ B) an inductor t‘
s=vP+ 02 | phase motor (See Figure 3-6). pacttor, f) a single- ;_
|

calculate the apparent power in Table 3-1.

S iy —

g R e -

— :
1
SO
r URCE | % LOAD gt
PROCEDURE | " g s |M0Vac i
STEPNo. | LOAD | ! P Q s o 1 z 4
[ Ll
. I L 4 W var 'o.fA___ $=E|1.,'3 =) F
.' R | = fiy
! D_D—O‘ | Figure -6, __| .

X, ; g i 2. Calculate_ the real and reagtiue power delivered by the single-phase source in
5 o ’"Y'\_ﬂ | j p the two single-phase circuits shown in Figure 3-7.
Xc ! '

I

| X, = 120 0
—-—_______________- lr ]
e ———
4 ! 160 2] 360 1Y 240 ¢
| S |240v R = 160 O S |240V =
i e A ; | | ._
R e | = i1}
el bt
| | (a) (o)

Figure 3-7.

A three-phase source having a line-to-line voltage of 69 kV supplies a slar-

7 \ | " connected resistive load having an impadance of 100 () per phase. Calculate
IM\ [ the real power delivered.
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real Power and Reactive Power
e

4 Explainwhatis meantby the statement than an inductor absor

- -~ - I Chu
W "E a l::.ﬂ.,.aclri:r HJDD:'E:" rEEEf-"-"E pDWEr E

6. Athree-phase line operaling at a ling-ta.5
“1o-hin
connected load whose impedarice ig 2 c_:r::“;gf Dismp&es POvierto 3 sia,-
ase, §

— S | apparent power S is given by the equation Now that the 1ota

—_\\\

qure 3-8, delivers real
€ real and reaclive Power

wer line, shown schematically in Fi
iven in Table 3-2. Calculate th

: LINE
| kW, | | '

| | kevar, | | kvar, ["———

i
B |

—_—

POSITIVE

, POSITIVE
POWER FLOW POWER FLOW

Figure 3-8,
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OBJECTIVES

-

¢ To observe the fiow of real and reactive powsr in
ine with known. passive, loads a ““Ee*ﬂ‘ase ransmigsnn

® Toobserve the vollage reaulstion ey
= e ' al the rec
Pt erenaasahm;hongfmwd

11 -

DISCUSSION

Transmission Lines

FsaRe i

A transmission line which delivers electne
ance ol its conduclors. It acis, therefore,
many miles long

PCwer dissipales heal OWing o the resst-
as a resistance which, in some Cases. s

AP

L -
e

The transmission line also behaves like an

nductance, because each conducior
surrounded by a magnet o A

I field which also extends the full length of the lina.
Finally, the transmission line behaves |

ke a capacitor, the conductors acling as its
more or less widely-separated plates.

The resistance, inductance and capacitance of a ransmission lien are uniformiy dis-
iributed over its length, the magnetic field arcund the conduciors axsting side by
side with the electric field created by the polential difference between them. We can
picture a transmission fine as being made up of thousands of elementary resstors,
inductors and capacitors as shown in Figure 4-1

In high frequency work this is precisely the circuit required to explain the behavior of
a transmission line. Fortunalely, al low frequenciaa of 50 Hz or 60 Hz, :ﬂ;ﬁ:‘a sn;:
plity most lines so that they comprise ong inductance, one resistance

somelimes two) capacitors (for each phase). Such an arrangement 1§ shown in
Figure 4-2,




power Flow and Voltage Regulation
o;‘ﬂ Simple Transmission Line

Figure 4-2,

and the same is true for the res

Can be replaced by their equivalent reactances

Figure 4-3.

Eﬂ'lum-mltage an
'l'l'ifh InE [nrjucl

Ve reactance h i
X¢ . shown in Figure D) i

In Figure 4-2, the inductance L is equal to the sum ofthe in

istance R. The capacitance
sum ol the capacilors shown in Figure 4-1. The iInductan

Short, low-vol 8 L and XE depend upon

ductances (3
Cisequal o

X, and X- as shown in

FFiqure 4-1

One half i I
ce L ang Capacitanca 5

Figure 4.3

owWe

-"‘—-I-I' -

. Flow and Voltage Regulation
i le Transmission Line

|
)
3¢

415 v
J phase

(2) (b)

(4]

Figure 44,

EQUIPMENT REQUIRED

DESCRIPTION

MODEL
Four-Pole Squirrel-Cage Induction Malor

8221
Three-Phase Wound-Rolgr Induction Motor 8231
Resistive Load

8311
Inductive Load 8321
Three-Phase Transmission Line 8329
Capacitive Load 5331
AC Vollmeter B426
Three-Phase Wallmeter/Varmeler 8445
Power Supply 8821
Phase-Shift Indicator 8809
Connection Leads 9128

PROCEDURE

WARNING

High voltages are presentin this Laboratory Experiment! Da
not make any conneclions with the power on!

L1 1. Connect two Wattmeter/Varmeters in series lo the vanable Three-Phase

415 V sectlion of the Power Supply and apply a three-phase Inductive Load
of 1200 £}, star-connected, as shown in Figure 4-5. Adjust the Euwer Sup-
ply output to 415 V. Particular care should be t_aken in connecting so that
the proper phase sequence is applied to the Wallmeler'Varmeters.

1200 (1

2 Yo

1 O— o1 i ! i Y
b 5 O

3(O)—>—+o3 S0 ok

8821 T | T

Figure 4-5.




power Flow and Voltage Regulation
of a Simple Transmission Line
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Pow

or Flow and Voltage Regulation
Simple Transmission Line

of 2
|
) “Connect 3 Three-Phase W
ound-Rotor | LCHoN Mot
of the line, taka read: il ECaver
P Eadlﬁvgﬁ and Femrd n Tab]e ¢.1 mmﬂ r eng
*This ProCedure is Oplicna)
] Short-circuit the loag end of the
] | tr on li
in Table 4-1. “rsimission fine, take "S30INGs and receg
] Calculate the real and reactive '
Power absg mission
procedure steps 4, 5 6 ang fecord in Tab::i?iby oo e sl
(J10. Calculate the voitage requtation of -
=s| of the transmission ine from the formuta:
| “ regulation = -f'—Eﬁ s Tﬂi]_
Eg
Inwhich Eg is the Open-circuit voltage and E isthe voltage under loag
at the load (or receiver end). Record your resuits in Tabie 4-1
. PROCEDURE LOAD . i i = “ = o il
STEP No. v W var v W var W var %
OPEN
3 ciRcuir | 350
4 INDUCTIVE 350
5 RESISTIVE 350
s CAPACITIVE | 350
3 MOTOR 350
SHORT-
9 CIRCUIT e |‘
Table 4-1.

TEST YOUR KNOWLEDGE

—— - . o E-. :
1. A three-phase transmission line having a reactance of 12;; ohms gzl; phas _;
connecled to a star-connected load -._vhase-rg&slgfm&.tat chms per phase
the supply voltage is 70 kV line-lo-line, calculate:

a) The line-to-neutral voltage per phase.

| — —
S i ——

S ——
el

b

3 I —— T
e e Bl




] ﬂ 1 - j
o~wer Flow and Voltage R;gulatzn n
il i J ok -
Iwr: E:‘mpfe Transmission Line
L L

b} The line current per phase.

¢}l The real and reactive power supplied to the load
C e e

d) The real and reaclive power absorbed by the line.
h‘l 1 e

e) The line-lo-line voltage at the load.

f) The voltage drop per phase in the line.

g) The total apparent power supplied by the source.

h) The total real and reactive power supplied Dy the source.

e e ——

A transmission fine 500 Kilomelres lon

and a line-to-neutral Capacitance of 800 ohms per
Per phase can be approximated by the circuit shoy

line voltage at the Senderend Sis 330 k. what
receiver end / when the |

ha

phase. its equivalent circuit
VN on Fig. 4-7. If the line-1o-

IS the line-1o-line voltage at the
02d Is disconnected?

—_—

Figure 4.7

€ Source in kvar. Is this Power supplied or

\

e
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se Angle and Voltage Drop
Estif@en Sender and Receiver
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OBJECTIVES

i
! e To regulate the receiver end voltage.

e To nh_sewe the phase angle between
receiving end of the transmission line,

¢ Toobserve lhe line voltage drop when th
E 5
have the same magnitude. Sendmganumm.,mgwmm

DISCUSSION

In the previous experiment we saw that a resistive or | J

Teviout inductive .
transmission line produces a very large voltage drop, which wnuza:ei:: w s
ble under practical conditions. Malors, relays and electric lights work pfopawmmtr:
, Close 1o the potential for which these devices are

e | —
-

We must, therefore, regulale the vollage at the receiver end of the transmission line
iIn some way so as 1o keep It as constant as possible. One approach which agpears
promising, is 1o connect capacitors al the end of the line because, as we saw in
Experiment 4, these capacilors produce a very significant voitage riss. This, mdead
is one way by which the receiving end vollage is regulaled in some practical
instances. Slalic capacitors are switched in and out during the day, and theirvalueis
adjusted to keep the receiver end voltage conslant

- s —

For purely inductive loads, the capacitors should deliver reactive power equal (o that
consumed by the induclive load. This produces a paraliel resonance effect in which
reactive power required by the induciance is, in effect, supplied by the capacitance
and none is furnished by the transmission line.

—-Ping the egthetic

Gy '”’;*'-'dt NG 2rchitecty, Beauty of a city. This mod For resistive loads, the reactive power, which the capacilors M&Mbm

S RO, ern substa- the voltage, is not easy 1o calculate. in this expenment, weshaﬂdetemnewm
Ive power by trial and error, adjusting the capacitors uniil the recever end volage is
; equal to the sender end voltage.

Finally, for loads which draw both real and reactive power (they are the mos! com-
mon) the capacitors must be tailored lo compensate I_irst.'tnf the inductive compao-
nent of the load and second, for the resistive component




5 Angle and Voltage Drop
ng?tfeen Sender and Receiver

EQUIPMENT REQUIRED

Resistive Load 8311
Three-Phase Transmission Line 8329
Capacitive Load 8331
AC Voltmeter 8426
Three-Phase Waltmeter/Varmeler 8446
Phase Meler 8451
Power Supply 8821

9128

Connection Leads

PROCEDURE
WARNING

High voltages are present in this Laboratory Experiment! Do
nol make any connections with the power on!

1. Selthe impedance of the transmission line to 200 £2 and connect the Vol
meter and Wattmeters/Varmeters as shown in Figure 5-1. The load will bti
modified during the course of the experiment. The circuil should be €
necied to the IhF-EE=;jh;iEE variable VD“EQE EUD[JI}" con-

Cl

B451

W1 3
s 17 (o)
' \ | o3z /. 0-500 V
V] fraa=t
| 1
: | |
P15V 'O ¥ - :—i_lq_/'f‘“ﬂ l
o | \ | i Sy |
IPHASE 51 ) : \ | 40—
_,r—————-l—r-c,z(r}:,\J @5-1 e i /\
I 33 5 H ,--1’,,-..?,.-.. _ﬂa .,
= 2 EG
esz21 4 =
BAAS 8329
ik 8311
Figure 5-1, 8331

0 2 Using a th
Uree-phase Resist
5 stive
for the rfemainder of Bt
Keeping all three-ph
and the ph

the experim Just E,; 10 350 V and keep it constant
=fiment. increase the Resistive Load in steps;

ase balanced. T -
. CEd. Take re
ase anglg between E:and E? admgﬁ of E, , 01 . E; - P; - Q;

Note: £, is cho e & hase-an
= £y 18 chosen
45 the referenge voitage for the phase-angl !
= b E me Er‘

bghﬂeeﬂ

ng

S

le and Voltage Drop
onder and Receiver

{1 v

4800
2400

Table 5-1.

Record your results in Table 5-1, and draw in Figure 5-2a e
& L - E
function of the load power P; , in walls, graghols;asz

On this curve, indicate the phase angle corresgonding 10 the vanous real
power loads Wz . | ' |

Always remove the capacitive load pricr to removing the
resistive load. A severs overload is otherwise to be

expected.

] 3. Now,. connect a three-phase balanced Capacitive Loaﬂ in paraliel with the
Resistive Load. Repeat procedure siep 2 put for each dagust
the Capacitive Load so that the load voltage E; is 35 ¢i0se 83 possible 1o

350 V. (E, must be Kepl constant at 350 V.) Record your resulls in
Table 5-2. _ |

Draw a graph of E; as a function of P2 mwﬂmﬂ%m
graph which you drew in procedure step 2. Note that the a0dition ﬂm\ "1

capacitors has yielded a muph rmre S .
power P, which can be delivered has increased.

On this curve, indicate the phasaanﬁﬂ giween £z = =
reactive power Q, used for the individual resisive load settinds.

between £z and € aswell 3302




and Voltage Drop

Phase Angle e,
hetween Sender and Receivel
350 | | Bt rrs
JEENEE ~{17]
e
| e
EE SNy
250 4—— By
| | 0
11 T
L1 Nl
200 ~
am =
= [ [ ] ] :
g I | TR
150 — TE[E
J.L 1
100
|
20
L
25
o0
75 100 125 150
P2 (W]
Figure 5-2.
L4 Inthis Ex
. Periment, we shalj o
MISsion line eyen PUSeIVe asignificant volta edr :
ends are equalin n?:;nr‘:lzjhdeevﬂllages E; and E, a [heggenggra;ir;grg::ﬂ:r
e voltages a 1 oS It possible to hay
e s | 61w ends are eqUI? The ars VE a voltage drop when
die between the iwo Vollage weris Matinedrop sdti
<
Using Ihe gir
Cuit Shr_j'wn -
886 (1, ang I Figure 5.3
- thE, = 3 « Selihe load resist
vollage is » : 50V, adjust 1 : ance per phase al
2 2nd the Epﬁaze 45 possible to 300 v? ;aepaamlwe reactance until the load
S € angle, SUre ky/, Py, @, Bz Pan Q3

i

le and Voltage Drop

ured value. (See sample calculation

» AN :
Phaizeﬁ Sgender and Receiver
betW
Ey=_
1 v E, = ESm e
Ry W P, =
Q, = L,
: & Gt e
Phase angle .
VOLTAGE
REGULATION wWiTH RESISTIVE Loap
2] Xe E, Py Q, E 5 :
0 0 Vv : 3 0 v
= w var v W “Tr .LE
4800
2400
1600
1200
960
800
6586
Table 5-2.
8451
1 3
Q o
O
=) o .
0-500 V 0-500 V
o@ @ B85 11X,
4 ()—to1 4 01—V Y+ 401 40+ =k
0-414 V 85 X
3 phase 5(O—to02 Sc /YY) L :}2 -sm Ny
6§ O—7o3 6o 03 6o+ A
8446 8445 X
' 8an
0-250 V
Figure 53.
(] 5. Using the results of procedure step 4, cahqummﬁfm%
power and reaclive pawer per phase. ﬂ';l_ﬂ}ff;:l L D sinst the maas-
and receiver-end vollages, and verify the VOIags S S22 ; -.

further in this experi

X it

T it Sl [ i

— é— ';_?E'W -

e

1
i — ] -Il-——-

y

-

i




Phase Angle and \-"oltﬂge Drop
hetween Sender and Receivel

Sample Calculation

To understand the results of procedure step 4, we shall m

assuming the following readmgs

E, =350V E; = 350 V
B, = +600 W P_—. = +510W
Q, = +170 var Q; = =280 var

Phase angle = 48 lag

e

We shall reduce all vollages and powers 10 a per-phase basi

connection. Since E, and E
neutral voitages are 0.577 (1V 3) times the line-to
Real power Q. is smaller than P, because
Furthermare, the
ihe negative sign) is delivering 280
80sording (170 + 280) = 450 var
The real and reactive py
Pe-phase values are Iherefore as follows:

E;\\1=EED\3=EGEU
E2V3 = 35003 = 200 v
Ex =165V

P8 = +200wW

P28 = +170 W

Q)3 = 457 var

Q.8 = —-g3 var

Phase angle = 48 Jag

E,

:—3- = 202 V

E;

;—5 = 202 v
= B

2 @re the line-lo-line voitages, the

OWers per phase are V5 of the v

ake a brigf dNalysjs

Es = 165 v

-line Vollages.

of the I°R loss in the lransmission ling
SQurce 1s gelivering 170 var o the rnght, while
vartothe left. As aresult. the t

the load (Owing to
ransmission fineis

dlues indicated above, The

phase
l‘!f [U“L.L

Ang
n o

le and Voltage Drop
-nder and Receiver

RGTA‘HQH

E
-4 =123V
3

Figure 54,

If we draw phasor E/\/3 48 degrees behind
length of the vector (E/V3) — (E2/V3). Itis fo
the measured voltage drop E; in the line.

phasor E,/\3. we €an scale off the
undto be 164 vwhichisverydo&elu

The reactive power received Oy the line (per-phase) is (93 + 57) = 150 var.

The real power consumed by the line due toils resistance is (200 - 170) = 30 W.

The apparent power absarbed by the line is V1507 + 307 = 153 VA,
Since the voltage drop across one line is 164 V, the current in the line must be
S 153
|l = — = — = 0933 A
E; 164

We could, of course, have measured this current directly, but a measurement af the

real and reactive power and a knowledge of the voltages is sufficient to enzble us to
calculate everything about the line.

CALCULATIONS OF PROCEDURE STEP 5

TEST YOUR KNOWLEDGE

1. A three-phase transmission ling has a reaclanf_:ﬂ of 1@3 per phas:!m'l'::
sender voltage is 100 kV and the receiver voltage isalso legtl_?al&d!_qhew i
by placing a bank of static capacitors in paraliel with ihe receiver
500 MW, Calculate

a) The reaclive power furnished by the capacitor bank.

b) The reactive power supplied by the sendsr.

& e i
- - -

A= B e, =&

= e At g™ g e ™ b . i

P ™




.» Angle and Voltage Drop
gt?rfjgen 5gender and Receiver

¢) The voltage drop in the line per phase.

i
—

——

—
d) The phase angle between the sender and receiver voltages,

___—__-___-'-'-—-
g) The apparen! power supplied by the sender

—_—

2. I the 50 MW lpoad in Question 1 were suddenly disconnected cale

ulate th
receiver vollage which would appear across the capacitor bank. Whal p’ECaUE
tion, if any, must be taken? :
e

3. If-a transmission line were purely resistive, would it b

. e possible to raj
feceiver ena vollage by using static capacilors? A

] Yes I No

Explain

A

PP —,——

¥ B —— — __‘::_-'..‘1.1.l.2==-'-4-ﬁ_:-.-q-- B pim—t o e



—r——

SYDNEY TECHMICAL oL
N.S.W.
SCHOOL OF
ELECTRICAL ENGINEERING
‘m%;‘-:_—_

ters which affect Real
’ Paéa?eeaitive Power Flow

LEGE

L sig 4 I

L an

OBJECTIVES E
e To observe reactive power flow when se : ! 3
ent, but in phase. Nder and receiver voltages are giffer. ﬂ

- A

ol
e To observe real power flow when sender an : '
out of phase. d receiver voltages are equal, bt . ‘ .
I
® Tostudy the flow of real and reactive power wh )
g

are different and out of phase. " Sencer and receiver vollages a% |

y
DISCUSSION | ; "

o

Transmission lines are designed and built to deliv
from the generator (sender end) to the load (receiy
nected systems, the sender and receiver ends may become reversed. Power in
such a line may flow in either direction depending upon the system load conditions
which, of course, vary throughout the day. The character of the load also changes
@ from hour to hour, both as to kVA loading and as to power factor. How, then, can we

attempt to understand and solve the flow of electric power under such vanable con-

ditions of loading, further complicated by the possible reversal of soures and ioad at
; the two ends of the line?

&r electric power. Power flows
er end) but, in complex intercon-

We can obtain meaningful answers by turning lo the voltage at each end of the fina.
In Figure 6-1 a transmission line having a reactance of X {1 (per phase) has sending
and receiving end voltages at E, and E; V respectively. lf we allow thesa voltages o
have any magnitude or phase relationship, we can represent any loading condition
we please. In other words, by letting £, and E; take any values and any refalive
: Quebec (Canada). The dam is 94 meters phase angle, we can cover all possible ioading conditions which may occur.
eight of 72 meters,

An aerial view of

the Mani =
high, 692 meters Touagan P

- ower Stati o
wide and the waler gt

falls through a

SENDER E, | RECEIVER

Figure &-1.

is E; - Ey: consequently, for

. Referring to Figure 6-1, the voltage drop along the line by the equatian:

a line having a reactance X, the current | can be found
E1 = Ez
X




and Reactit

< which affect Real
e Power

Flow

E, — E; is the phasor difference between the sending and recejyir
whent, — &2

v'

" - : End . .
refer o Figure 6-2). It should be borne in mind thal we are dealing with vol
age | S

8
and that these have both an angle and a magnitude.
A transmission line is both resistive and reactive, but we shali assume thai the reacy
te: A [rdnsf y g
No e is so much larger thal the resistance may be neglected.
ance i WG 137y

= 150 A v = aQ° '1.‘
: \ Ey = 20 kV
2?'¢ 5315 !
26,5 }
E1 — Ez = 15 kV
Ez = 30 kV
Figure 6-2.

Note: When getermining the sine and cosine of the an
Currentis always chosen as the reference
by 27" the angle Is negative.

gle between voltage and Current, the
phasor. Cornis equently, because £, lags behind |

It we know the value of E,andE,

—_

-and the phase angle betwean them., itis a simple
Mmaiter tofind the current | KNOY
WE Can calculate the real ang

ving the reactance X of the line. From this Knowledge
reactive power which is delivered by the source and
received by the load.

Suppose, for €xample, that the Properties of a transmission line are as follows:

S€ = 100 N
Sender voltage (E,) = 20 kV

Line reactance Per pha

Receiver vallage (E;) = 30 kv

Receiver voltage lags behing Sender voltage 26 5°

Sthematically in Figure 6-3. From the phasor
Ne vallage drop (E; — E,) in the line has a
valueof 15 kV/100 () = 150 A anditlags behind
elry of the ligure, we find that the current leads E |
POWer of the sender ang the receiver can now be

s which affect Real
b Power

Flow

The real power received by the receiver ig

150 A x 30 kV x cos (~535°) = +2670 kw

The reaclive power delivered by tha Sender ig

150 A x 20 KV X sin (-27°) = = 1360 kvar.
The reactive power received by the receiver ig

150 A x 30 kV x sin {—53,5”} = —3610 kvar

7 Y Y\
e =
s ' R
E, = 20 kV E: = 30 kV
Figure 6-3,

Based upon the results calculated above. if watlm
al the sender and receiver ends they would give
This means that active poweris flowing from the's
the absence of line resistance, none is lost in transit

elers and varmeters wers placed
readings as shown in Figure §-4.
enderto the receiver, andowing o

150 A
==t .
+ 2670 —1360 Y +2670 - 3610 R
E kW kvar kW kvar
REACTIVE
REAL REACTIVE REAL
POWER POWER POWER POWER
FLOW FLOW FLOW FLOW
Figure 6-4.

iver lo sender and, during transit
However, reaclive power is flowing fram receiver (0 SET:;;:THE- .ﬁ"gr gk
3160 —1360 = 2250 kvar are consumed in the {ransmissien | eactive

power can be checked againsl .
Line kvar = 12X = 150° x 100 = 2250 kvar.

£ oot ve found real powera
It will be noted that this is not the firsttime "T; gﬁ::h“;&
ive power flowing simultaneously in 0pposie G

nd react:

Sl

pltit
Bl

-

-

S el

- .~ = AT
e ks e B e -l ] i e . 3 — b

pp—
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oters which affect Real

Parameter B eters which a_ffE{:t Real I
and Reactive Power | Paramacwe Power Flow g
and i
Reactive Power |'§
' dsareinphase b [ 1
When the vollages at the sendgr and recenyer en P .bul una N 00 A .
ive power will flow. The direction of flow Is always from the higher ml?auga;' ;’Eam. S 0 kW +3000 e o LB
lower vollage O the kvar . + 2000 | j
Consider a transmission line in which the voltage at the sender ang receive REACTIVE i P 'y
are 30 kV and 20 kV respectively and the line reactance is 10p Q (Figur l'endg — REACTIVE |
€6-5), POWER — A
FLOW POwen
FL
X = 1000 R o o
Y VL Figure 6-7.
—-
Reactive power flows from the sender lo the receiy
= = : . : er, :
| E, = 30 kV E; = 20 kV the transmission line during transit. As can be seen ::c’:t}vm sl sl
high-voltage 1o the low-voltage side. ' = Power flows from the
Ez—?ﬂkV E,:Sﬂkv
= .
’ Real power
Figure 6-5.
9 Real power can only flow over a line if the seénder and receiver voltages ar
phase. The direction of power flow is from the leading to the lagaing mim;:z:
Thevoltage dropinthelineis 10 kV. and the Currentis 10 kV/100 = 100 Aassh Agaun, It should _he noted that this rule applies only to transmission fines which are _
in Figure 6-6, own principally reactive. M
"
The phase shift between the sender and receiver voltages can be likened o an slec 0
ﬁ trical “twist”, similar to the mechanical twist which QCCUrs when 2 long steel shaft |
E, = 20 kv E, = 30 kV delivers mechanical power to a load. Indeed, the greater the elecineal “twist” the )
' < s larger will the real power flow become. However. itis found thatit altains a maxmum F"ft’
E, - E; = 10 kv when the phase angle between the sender and receiver ends is 90°. If the phass '.-‘h}
angle is increased beyond this (by increased loading) it will be found that less real 'i
' power is delivered. ' g
=100 A f Caonsider a transmission line in which the voltages at each end are equal lo 30 kV ]
and the receiver voltage lags behind the sender by 30°. The line reactances 100 0, %,
| and the circuit is shown in Figure 6-8. |
Figure 6-5.
T . = 30 kY .
"® 1€l power delivered by the sender end js X = 100 O s 3
TDOAKEUk\ijGS{+gD:.}=UW N\ i
The real s : ——
=al power received by the receiver |s S | R 1 II,
100!51 bt 2{] |“:"'.I'II x cos (+90u} = 0 W
The reacti | E, = 30 kV E, = 30 kV
Y€ power delivereqd Oy the sender end | 1 2
100 A x 30 gy :
= SiN{+980% = 439
The reactive poy, 00 kvar
el received Dy the rec
100 A » eiver is
20 KV x Sin {+gDJ = 420
If Wallmeterg and varmes 00 kvar.

Figure 6-8.
shown in Figure 6.7




Parameters W
and Reactive

hich affect Real
Power Flow

: . Clrr
15 550/100 = 155 A and lags 90° behind, as shown in Figure 6.9 ent
| = N

E, = 30 kV

E1 = Ez = 15.5 I'(V

E, = 30 kV

Figure 6-9.

Taking the current as the reference phasor, we can find the real and reactive power

associated with the sender and the receiver end as shown in Figure 6-10.
155 A
] = [ S i
- +4500! |+1200 ~ +4500] | -1200 5
kW kvar kW kvar
t REAL REACTIVE REAL REACTIVE
= - —_— -~ ——
POWER POWER POWER POWER
FLOW FLOW FLOW FLOW
Figure 6-10.
Sender End

Real POWEr delivered = 30 kV x 155 A X cos (+15°%) = +4500 kW.

Reactive power delivered = 30 kv x 155 A x sin (s ) L=

+ 1200 kvar.

Receiver End

Real power 'eCeived = 30 kv x 155 A % cos (=15°) = +450p kW

Reant
Eactive power 'eceived = 30 kv 155 A % sin (=15%) = —1200 kvar.

The sendar d

elivers both
dbsorbs actiy

dclive and reget;

€ pawer from it H Y€ power fo the line and the receive_r
ine, 50 tha the total - Towever, the receiver delivers reactive power to the
T "oacllve power received by 1ne line is 2400 kvar.
nis “Xample shows that

Causes both req|

d Phase shift befy
e real power ¢

Ve pow €en sender and receiver vollages
Onsiderably e ‘Er'lo flow. However, for angles smaller than 45°
Y €xceeds (he reactive power |

and regefy

oters
ame tive Power

which affect Real

Flow

EQUIPMENT REQUIRED

DESCRIPTION

Resislive Load HoDEL
Inductive Load 8313

Three-FPhase Transmission Line 8321

Capacitive Load 8329

Three-Phase Regulating Autatransfurmer ol

AC Voltmeter 8249

Three-Phase Wattmeterﬂa‘anneler 8425
Phase Meler S5
Power Supply :::

Connection Leads 9128

PROCEDURE

Note: These experiments may be carried out by two collaborating groups.

WARNING

High voltages are presentin this Laboratory Experiment! Do
not make any connections with the power on!

In order to canvey a sense of realism to the terms “sender* and “receiver” two con-
soles manned by two student groups will be used in the foliowing experiments, A
transmission line will connect the two consoles (Station A and B) and the active and

reactive power flow between them will be studied. The experiment will be conducied
in three parts.

1. Sender and Receiver voltages unequal, but in phase.
2. Sender and Receiver voltages equal, but out of phase.

3. Sender and Receiver voltages unequal, and out of phase.

Sender and Receiver voltages unequal, but in phase .5, 6(vana

inals 4, 5, 6 (vana-
(J 1. Connect a three-phase transmission ""E_.heﬁ"ee“‘lir;?g:’al;_ stalicn & and
ble AC output) of two consoles, ene of which is dasﬁ; attmeter Varmetarsal
the other, station B. Connect the two Th_raa-Fhash;m callyin FUre 64
each end as well as a Phase Meler as shown schematica

—-— s Ll

s g.-:_-J.:_,,_‘.,’.E*-,,—z )

| _-:—-H df— "

= “_h:..ul-.';—._.."-'_:-h.g';_—'-.'- "

- &



Parameter
and Reactive

STATION A

o415V 5 | O

3 phase
s‘{"‘

8821

8

|

Jeters which affect Real
Power Flow

1 1

L} Fa

3 W

O 4.

| -
on

0-500 V ac

,EB

0-500 V ac

&) 7]
" 'L!—:'
k&, i\-..:."

L___,J 8329

B446 Ba4s

59

Figure 611,

With the lransmission line swilch S open, adjust the line-to:lin
that E4 and E; are both equal to 370 V and observe that the p
zero belween terminals 4-5 of station A and terminals 4-5 o
the phase angle is not zero, see procedure step 8 of Exper

€ voltages sg
hase angle s
? slation B, (|
iment 2),

Is phase angle zero?

[]Yes [JNo

lhout making any changes, measure the phase angle between

4-5 of station A and terminals 5-4 of station B, SRS

LI Phase angle lag L) Phase angle lead

Without making any chan

Ges, measure the ph
4-3 ol slation A and ol

gle between terminals
terminals 5-6 of station B.

L1 Phas |
e angle lag L Phase angle lead

Measure the
€ pPhase angle betw :
644 of stafion B '@ belween terminals 4-5 of station A and terminals

LI Phase ang| |
gle lag LI Phase angle lead

By Measuring al|

Phase angles be '
Prove that the Phasor dlagr%m for EI:JDE!ETIHE s el LSt UETEE

lalions | r [ Nt
The purpose ol this S 15 as given in Figure 6-12.

i prelimin
Seves Wilh the phass el Y Phase angle check is to familiarize our-
d'es belween the voltages at the two stalions

f

—

ters which affect Real
parall twﬁug Power Flow
~E

an
4A
OTATION A ROT 48
A r/ ATION /;
120° 120°
\N\ 12¢° N\ 12

120°

120°
6A SA 6B

S8

Figure 6-12.

[ 7. Close Ihe Three-Phase Transmission Line switch: with E,

and the transmission line impedance = 200 0, observe ": ﬁ;;im
Wattmeter/Varmelter readings. There should be no |
exchange, significant power

P'| —_———— w

F’: - W

01 — ey

Og L L

(] 8. Raise station A voltage to 415 V and observe power flow.

P oeaaameeiiy
Pa= = LN
Qy = ___var
Q; = —————_Var

Which of the two stations would be considered 1o be the sender?

:

[ 9. Reduce station A voltage to 350 V and observe poe! flow-

Py = W
PQ = W
Q= var

Q== . var Sy e

e I




0415y
3 phase

&-10

Parameters v
and Reactive Power

vhich affect Real

Flow

Which station would be considered to be the sénder?

\\

110. Vary the voltage of both station A and station B and check

statement that reactive power always flows from the highe
lower voltage

Sender and Receiver voltages equal, but out of phase

Use the Three-Phase Regulating Autotransformer to shift

15°

the phase of Stalion A b

The phase shift (lag or lead) is obtained by changing the connections of

. athi
phase transformer by means of a tap switch, The manner in which this is three.

plished Is explained in greater detail in Experiment 11; for our
cienl to know that when the position of the tap-switch is alte
voltage will either a) be in phase with the primary, b) lag the
c) lead the primary by 15°.

)11,

AUTOTRANSFORMER

accom.-
PUrposes it jg Suffi-

red, the seconda
Primary by 15¢ or.

Connect the phase-shift of the above autolransf
lerminals 4, 5, 6 of station A. Adjust the voitage al
with the Phase Meter. Determine the phase angle
4, 5, 6 with respect to the variable AC terminals 4.
of station B (see Figure 6-13). Record your readin
of the phase-shift tap switch in Table 6-1.

ormer to the variable AC
stations A and B 10380 Vv
of the Secondary Voltage
3, 6 of the Power Supply
gs for the three positione

0-500 V ac

=N 8451

REGULATING

[m

03

e .

STATION B
40 [ o |4
50

O[5 0-415 vV
60

3 phase
B340 Q|6

8821

Figure 6-13.

TAP SWITCH
POSITION

PHASE ANGLE [
*‘-——{-L-A-_.____mﬂ_@____ = E;

15

the truth of tha
l'Voltage 1o tha

0415 V
3 phase

epl

: alzero ang i
be applied to the primary of the transformaer. Mm“mﬂ‘ﬂﬂhaseseme st

(] 12. Check thatthe phase-shift is th
tages are balanced.

[113. Connecl a three-phase, 400 0

Supply terminals of station B
Phase Wallmeter/Varmeter a

0-500 V ac
Basy

©

REGULATING
AUTOTRANSFORMER

=

8821

)

8446

: =3y =

—

8329

8349

Figure 6-14.

. iransmission |
minals 4, 5, 6 of the Three-Phase Hegulaling r:t;??ngi

(See Figure 6-14). Afte

S L each end of the fine
position and record your results in Table 6.2,

0-500 V ac

8 same for all three Phases and thay ay Ol
- v

Sformer ang Pﬁwea
r nserting tha Three.
«€hange the tap Switch

TAP SWITCH E
POSITION :

PHASE
ANGLE

8 \'J W var v

0

+15

=19

Table &-2.

Does this experiment bear autthe state
leading towards the lagging voltage si

[]Yes L] No

Sender and Receiver voltage

In'the following prncedura--stﬁps- il
tive, and capacitive) at the receiver end of the

s unequal, and out of phase

we shall connect passive loads (fesiSIN®, £
we shall mﬁm,mﬂhﬂm”m i

ement that malppwa[mm 8
de of a transmission fine?

e g




rs which affect Real |

- which affect Real |
215 | )
,1 ]Ett . F OW
Parameter » Power Flow Pa,gn ~tive Power
e |
) - ender and receiver volla
St thgefrﬁﬁ T:: ’130 9% oceurs oniy When res b mﬂ?ﬂ\q r-—-...i- .
I": Er ._5 belng E 'I. 1 ¥ : E _.n-..______-" \
pow r = ; PHASE ANGLE P T"“‘R‘E'-CE"EH -4
kV kV B e Q
| 2 LU L
]14. Using only one console, set up the experiment as shown in Figure 5 100 100 60 Es LEADS E, "----.-._._____.__""f__gr__‘ .
i selting E, = 413 V and using a star-connected Resistive Load of 15 o, 120 | 100 | 60° E, LE;_D;-E:__-‘_——_-_"'_"“‘--—--._. '
ner phase and 2 200 1 Transmission Line. Take readings a 001 B !
!,_,_.rp' adSe a g nd rECOrdy 5 __—-____F_____—-'—‘—'-—-_.___
results in Table 6-3. Our 100 | 120 | 60° E;LEADSE, } o
120 | 100 | 30" Elacse, Thaomt s et 5
0-500 V ac 120 100 i 0" _“—-__"_—'"'"“‘"—--—-——-_4 ‘} i
',"’_“- | X
\ E-. — 1 E
3 i Table 64 )
20ile . !
iy pe | | — )
il 51O | f:\" f?“l !——4—1—Lf_‘*'-‘ :
3 phase :I - I'__' s /| : | LOAD 2. In Question 1 assume that E; = Eg = 100 kV a1 21 hm&emmmﬂlephase-
s O | ; 1 ] angle between them changes in steps of 30° according 1o the Table 65.Ca |
—x 8446 8311 |ate the value of the r;alpowenn eachcasaasweltasiisdirecmq' of flow. know
8821 ggg: ing that Eg lags Es in each case.
"
Figure 6-15. _|
|
'»'1
| _ : SENDER |RECEIVER 1
15. Repeat procedure step 14 using an Inductive Load of 1200 (Uphase. Take . E g 2
réacings and record your results in Table 6-3. y MW MW :}
0 5
.!’%
L 116 :E.'E‘&Ei or::.ucedure Slep 14 using a Capacitive Load of 1200 QV/phase. Take S f
f€adings and record your results in Table 6-3. &0 H
% |
L90C, [ | 120 T
STEP LOAD E, | p, ¢ F MR [ PHASE
2 O‘z 1
| +— | ,' SHIFT 150 ]
] . Vv W | var { V W [ var ¢ i
| 14 RESISTIVE : 4 ( i 180 ':
¥ | | 11 "
= 1 ——g e o} ' - 2
L ° | caracmve Table 6-5. %
ure 6-16.
Table -3, Plot a graph of real power vs phase angte on Figure
. : liver under the
o - : ich such a line can de
TEST YOUR KNOWLED GE Is there a limit to the_ maximum pawer which
3 stalic voltage conditions?
: f€e-phage ransmission line ha
througho Neday it iz Sareactance of 100 Q and at different times 1 No
tude ang hace a:’- i5 Ound that the Sender angd receiver voltages have magni- Ies
In eact "8 25 given in Tape 6-4 :
=4Ch case calculag
€ lhe reai 3
andindicate the direction of ﬁi Tj 'eaclive power of the sender and receiver 8
= Power flow. The voltages given are line-to-line.
&1
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DISCUSSION
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The real power which can be delivered by a transmi sion |

voltages at the sender and receiver ends and the pha:;'aaf:_lgrae hd:tiands upan the

real power P of a three-phase line is given by the equation: &en them. The
E1 o EE

P = ——— sind

2 e W By piii

g o emiee

in which P = lotal power delivered by the sender to the receiver, in walts

E, = sender end line-to-line voltage, In volis.

— Tt e Ez = receiver end line-to-line valtage, in volts.

Two three-ph bt X = reaclance per phase, in ohms.
phase lines side by side enable a larger power flow and Improve slabllity of the syst
eam.

¢ = phase angle between E, and E; ,
If E; lags behind E; , & Is positive.
[ If E; leads E, , ¢ is negative.

The use of this equation is best illustrated by a simple example. On Figute 7-1, aline
having a reactance of 100 {2 per phase has a line-o-line sender vallage of 120 kV
and a corresponding receiver voltage of 150 kV. If the receiver vollage lags ihe
sender by 30°, calculate the total power delivered by the three-phase line.

Solution:

i X = 100 {}
Y

| | L S

E, = 120kV E; = 150 kV




Lines, Transformers

Paale Handling Capacity

and Power-

Because the sender v

oltage leads [he receiver voltage, the angle ¢,
'S posij
Ve

hence
El, = EE‘
P = sin &
X
120 kV x 150 kV _
= sin (+30°)
100
= 90 000 000 W
= 90 MW

If the sender and receiver volltages are held constant (a situati
met in practice), the power delivered will be dependent on the

relationship between the

P 4

Pmax

0,866 Pmax

On Which js CIGSEI}r

phas
power P and the angle & is given in Figufea;gale b, Thig

E; lags 30°

rfall 0z
8r
er vs Phase ang|

FlO'::fer, 100, increases gradually, and
90°. One-half of this maximum power

behind E, .

+'Ihe phase an
ECeiver, b

Nen the p

| gle exceeds 90°. power will still be
ulit decreases with Increasing angle.
hase angle is 180°

", the . i
ransmission line is in an unstable condi-

00r it will mo
ve i :
€ Curve, 0 another point (between 0

@&  (degrees)

L
-LLIEI"‘H

ines

—180°

andling Capacity

Transformers

Consequently, steady, reliable power can o
receiver when the phase angle is betwe
can be transmitted is

Es E;

nly be i :
enzeroandgge ?ﬁm:

Pmax =

It should be noted that any phase angle can existb
the same thing, between 0° and 180°|ag, and 0°an§lwﬂ
angle curve is extended to cover all possible 180°lead.

Pmax

P — —
S —

E; leads E,
—90°

s e e o — o ———

R e AR

E; lags E,

Pmax

Figure 7-3.

If the angle is between zero and + 180° the sender is delivering power 1o 1he
receiver, but when the angle is between zero and — 180°, {he receiver is oeiiv-
ering power to the sender. Note that an angle of —50° merely indicates:tnallE; IS
leading E, . The stable region is between —90 and +30% itiS the only region of
interest ta us at this time.

In most cases, the sender and receiver vollages are aboutemﬂl s
so that if we lel E, = E, = E, where E is the transmission ling voitage,
that the maximum power

2

Pmax = —W
X

magnitude,
we find

0° +90° #1802

—
—
" S Vel

A AT

S, e s " e
== ———— _

S



Parallel Lines, Tt'afwsftjcfnle:‘S_t 5l Lines Tr?_ nsfocrmpe;zity
er-Handling Capacity ralle’ = Handling -a
and Powe! Handiing fﬂd powe! -H
an
ltage similar lines which are in parallel :
Transmission Line Vo Two S1Can obviously carny s
scause the maximum power which aline can deliver depands y on of one line ?'U;? {SE? Figure 7 5:} The power Guwes'g, a::[:hemammmm
Becaus  esion line voltage E, il is not surprising that high voltagee - SQUars of arg Shown o T, (o Jel ines e iies s ad the g 19 107 40 lines
m:;ﬁ;?qe'b:ﬁﬁq of power have lo be transmilted, Thus, if the |;rg~,.zsv§;f &mp Oyey 0,5 Pmax, the F'Ezﬁtz angle bfh:leen the sender and 'm;ﬂz?t? ansmitted i
wh sk ngeediy =72 ; . age | which correspon d very slable operat q a0€s 15 '
nied. the maximum power Is quadrupled. IS dy,. > ba "stff" PErating point. The ﬁnkbemenswﬂggsﬁg;
The line voltage can be raised Dy Iintroducing a step-up lransformer at th
end and a similar step-down Iraﬁsrmr_rnEr atthe receiver end. As 5 result be Sendey
wransformer al each end of & transmission line its Power-handling Capa‘cit}; USing 5 7
significantly improved €an ba A
in Figure 7-4 &), a sender and a receiver are connected by a line having 3 e ; E
of 100 1. The maximum power which can be transmitted is SClance S X
E? 100 kV x 100 kV | Y YL B
Pmax = — = = 100 MW i lE
X 100
But if we introduce !r::-mSIDrmErE. ateach end so that the transmission line voliage "
doubled fo 200 kV, (Figure 7-4 b)) the maximum power becomes geis Figure 75,
E°  200kV x 200 kV
Pmax = = = 400 MW
X 100 -
Pmax * __________ TWO LINES
100 2
Y Yo
S R
0,5 Pmax
E = 100 kV E = 100 kV
(a)
) 100 ) 0 = >
0* 30° 90° 180° 8

fr _
I i

However, if one of the lines is suddenly switched out, either by etror or due to 3

(b) faull-clearing action, the power has to be car;_igd hymerermrmﬁia. mﬁiﬁ
F can see from Figure 7-6, 0,5 Pmax coiresponas, anlh&su'iglﬂ s Mo
Figure 7.4, an angle of 90° which s just on the edae of unstability. Inal ikelineod the FEmaiNig

line will be unable to carry the load and its breakers will open, unless the other fineis'
Transrnissiun Lines in p quickly brought back into service. : _

aralle]
Another

d power can be

e lines in par
allel
= : ross- :
Parate (ings may be emp?é:]sdm ihe same lran
0yeq.

Iransmitled from a sender o @ T S S R
The two transmission lines may = S A
Smission lowers, or two entirely | CERAT ol e T

0¥ W0 3-phag
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EQUIPMENT REQUIRED

DESCRIFTION MUDEL
Three-Phase Synchronous Molor/Generator 8241
Three-Phase Transmission Line 8329
Three-Phase Transformer 8348
Three-Phase Requlating Aulotransformer 8349
AC Vollmeler B4pE
Three-Phase Wattmeler/Varmeter 8445
Power Supply BBy
Inerlia VWWheel 8915
Connection Leads o155

PROCEDURE

WARNING

High voltages are present in this Laboratory Experiment! Do
nol make any connections with the power on! '

The first part of this experiment involves a n
! exXp umber of problem |
taboralory experience, P S while the Setondis 3

LJ 1. On Figure 7-7, stations A and B are [i
' e linked by a transmission [;
E on | :
;ngmjea“a”ﬂe X. From the value of the line-to-line voltages I;?vga?mg .
able 7-1, delermine the real power and the direction of its finw ik

| LYY
i A
A £
E;
L * :
==
Figure 7.7.
J 2 '
Retemng 0 procedure step 1, caleyl

ale the maximum power which could

: dl Ih
S E; and E, and write your resulls in

Table 7.1 © given vollage

—
Car

=

Note: The line

Current ig Bqual |
deierming the ’

0 the |
*® Calculation i ; "€ voltage drop per phase djvided by (he

5'im
voltage drgp, Wi Ponant 1o use the line-to-neutral voltages lo
& Your results in Table 7-1 - _

| Linés; TI‘anSf%meriity
le ling Lapa
ParaIPowBT'Hand z
af
| e R (S
. | B | Ea LAG OR Leap| ® | DIRecy -
N _1) et _ ON oF LINE
— 1 wv_| KV {1 : ww_| POWERFLow | Cliﬁnm
—— =i -
=l N 8 | 80 | 30 | E LEADSE, =} E0 15
Pl -‘_‘__‘_-—_-_-__'-‘—l-
——-*5" P 6 | 80 45 | E, LAGS E, Siln B et G )
—1 & | 6 | 80 | 45 | E LaGsE, =
6 | 4 | 12 | 80 | 60 |E LEADSE,
Table 7-1,
[1 4. Two parallel transmission lines operating at a thr -
ee-ph ine v
tage of 120 kV each, have a line reactance of 60 2. l?thaest?;hla;ne‘fo-lma vPL
ered is 84 MW, calculate the phase angle between the sender ::: f’“?‘“"
voltages. If one of the lines is suddenly opened, will the remaini Tw;';
able to carry the load? If so what will its new phase angle bem",ﬁe;"e '
0-500 V 0-500 V
TATION A REGULATING
AL AUTOTRANSFORMER STATONS
i |0 O«
0415 V 415 ¥
3 phase 5 1O G ' Qs 1m
6|0 8329 O 16
8349 B446 8445 ——
B821 8821
Figure 7-8
(0*6. Using two independent Power Supplies and a Three-Phase Regulaling

Autotransformer, set the line reactance to 600 £

power flow when the phase-shiftis +15° (Figure 7-8). (. lags Ey by 13°)

Adjust the voltage of the Power Supply to 415 V.

E;

I

e )/

S
JL == SRRV
W

PRI ] L
- I:I Li
Rt Ry :_'_'l,_f"-' 1
& TN e
FRRA e — =




mers
lle] Lines, Transformers Transfor

' ines: . acity
Para inag Capacity el Lin dling Cap
' D~wer-Handling Lapacit} 09[31 el Han
and Power 2 power
s #
v = - f the Inescapable facts of nalure th :
= var 7. Itisoneo _ : _ atwhen wa incre N
Q; C an object, the ralio G.f its volume to its external surface af&am:i::e s;ze of
ing. Consequently, large molors accelerate much more slowly :rrat_
« Procedurs Steps 5 10 8 may be camied out by two collaborating groyps motors do. A FJ.E kWI molor can reach top speed in a fraction D!“alalsl;ma}i
when power is applied, whereas a 10 000 kW motor may take SET;E
inutes.
] 6 Now, at stations A and B, introduce step-up and ste minute

P-down trang;

connecled in della-star and star-della respectively. (See Figlre s gfmafs
- ]

In order for a 0,2 kW machine to exhibit the me

much larger machine, we mustincreaseils inertia
WARNING by adding an inertia wheel. The ineria wheel u
transmission system gives the 0,2 kW machine

chanical properiies of a
artificially. This we Cando
sed in this electrie pawer

High voltages are present in this experiment: 7 aninertia corresponding to

20V o
sender and receiver ends of N the

s that of a machine in the megawatt range. The whole subject ofineftiawill b
| . the transmission ine; Use two seen in more delail in Experiment 13, e
voltmelers in series to measure vollages E, and E,
a) ce:.nnepl a 600 (1 transmissinnkline In series with a Waltmeler/Varmeter
Note: This expgﬁmenr entaifs the correct connection of the Star-dejla transfo to the fixed Power SUDHIY terminals as shown on Figure 7-10. Measure
both as to polarity and phase sequerice, Three-phase lransformer connecy fMerg E, P, Q in open circuit,
covered in Expenment 1, Vol. 4 and Experiment 2, Vol. 3 of the Electr lions ara
Technology Series. cal Power = Vv
B = W
D'w v 0-1000 Vv O — var
\ E: ) E; )
5 |
STATION & ] :
mons AY YA s
1 |:I | j : [ 'i
s v o | N @) SYNC MOTOR
e @ I == | f \ 7 | . PR 000000 T s I P
3 phass | ] —ilP )i, ) i =1
ol MOeH| ”ny i iy o | |
—  REGULATING o " 8348 8329 ON & 415 V N "< ] INERTIA WHEEL
8821 AUTOTRANSFORMER & C ES38 8445 jphase 2 | O | : A
8821
8349 3 O e @
ouse T
8821 6313
Figure 7-9
Measure the n Fi 7-10
Ew real s gica . ) igure /
values found in orae POwer which is transmitted and compare it with the '
procedure step 5. Explain your results.
= s e Three-Phase
B b) Turn off the Power Supply and connect the stat?r of th;S s
E; = Synchronous Motor/Generalor to the end of the transmiss R
—V : { the Three-Phase Synchronous Motor
P, _ L the Inertia Wheel on the rotor of the 1h . the starting o the:
W Generator. Turn on the Power Supply and “?seg;}ﬁ up to speed?
Po= W motor. How long does it take before the molor COr
01 - 5
——_ Var _

Acceleration time T =

Measure E, P, Q at the end of acceleration period.

s T iR\
P o o S
() ==Xl
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8. Now, al the sender and recelver end of the 600 ) Irans
- m

step-up and step-down transformers connected in dﬂlia-g:sﬂmn ling i
respeclively (see Figure 7-11). Repeal the Same Procedy ar ang § ; “ﬂﬂ
-5 i :
step 7 el " Prog i"a
e
SY
110 .“ |'r :——-________:'
v L0 Hg_____'_rv-ﬂ : S
Jphasss ~ | - (O J \Q HERTI WK
== 8241 a
915
Figure 7-11.
a) Open circuil
e
o= w
Q= var

) Starting of the Three-Phase Synchronous Motor/Gener |
alor.

Acceleration time T = S

Il

V

: more quickly i | o
Open circuit voltages are aboyt lhg samYE:n procedure step 8. although the

= L RS R
e SRR

TEST YOUR KNOWLEDGE

1. a) A J-phase lransmi

200 02 per phase,
UE“'-"E‘.", in MW

SS10n line o

peratin e RO
Calculate the may 300 kV' has a line reaclance oS

€ maximum lotal power which this ling gan-

S S0 =
L Lo = S e

)|
ﬂra”t Il -
fﬂd Pow®

ines;

“ r Haﬂ

Tr

d

ansformers

ling Capacity

p) Whatis the phase angle between Ihe sender and receiver voltages when
the line delivers 100 MW?

S—

¢) Whatisthe total amount of powerit the phase angleis 1°, 2°, 4°, 8°, 18°, 327

In Question 1, if the phase angle between sender and receiver increases
from 15° to 20° by how much is the real power flow increased?

2. a)

b) If the phase angle increases from 75° to BO®, is the increase in power the
same as before?

] Yes O No

3 |fthe transmission line valtage in Question 1' were r?:;sed by 22%. by how much
would the power-handling capacity of the ling be increased?

nces of 100 € and 200 (1 are con-
What is the maxi-

ting voltage is

4. a) Two transmission lines having reacta ._ :
nected in parallel between sender and r&cgwe_r ;tatuons. ik
mum real power which bath lines can deliver i the op

100 kV?

| petween sender and
b) If the line delivers 75 MW, what is the phase angle betw

receiver voltages?

: ' hat will the new phase
If the 200 (1 line is suddenly taken out of service. what

angle be?

 siid _ what wifl happen?
¢) InQuestion 4 (b), if the 100 £2 line is suddenly opened

=

1,
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Parallel Lines, Transformers
and Power-Handling Capacity

S. Ahigh transmission line voltage reduce

mission of more power. Explain this st

6. Whatis the PuUrpose of step-up and slep-down tran

receiver ends of a ransmission line?

e
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Experiment 8

e

The Alternator

OBJECTIVES
e To understand the basic operation of an alternator.

e To measure the synchronous reactance of an allernator.

e To measure the voltage regulation of an aiternator.

DISCUSSION

Electric power is produced in large generating stations which contain one or more
alternators (or alternating current generators), and a mechanical means of driving
them. The mechanical power is usually provided by steam turbines which, in turn,
derive their energy from the heat given off by burning oil, gas or coal or from the heat
of a nuclear reaction. In areas where water power is plentiful, hydraulic turbines pro-
vide the mechanical power to drive the alternators.

The voltage Eg generated by the alternator depends upon the fiux per pole which, in
turn, depends upon the DC excitation current which flows in the pale windings. The
generator voltage per phase can therefore be varied by adjusting the DC excitation.
At no load, the voltage Er measured at the generator terminals is the same as the
generated voltage Eg (see Figure 8-2),

If the alternator is loaded., its terminal voltage will change, even though the DC excr-
tation is kept constant. This is because the alternalor has an internal impedance,
composed of the resistance and reactance of the stator windings. An alternator can,
therefore, be represented by a circuit such as shown in Figure 8-1, in which X is the
stator reactance, R the winding resistance and Eg the stator voltage generated as

the poles sweep past the slator conduclors.

T e =

-
A :-;-l

""'"_—Jj—
— -
.—.-l!_‘l_:' -

___ -
!

. _i!"'f'l-l— N

s
2
i

|

T Int Ji f'

.
‘ Figure 8-1.




The Alternalor
Altprnator
The resistance R is always much ::;'T.f”t_ﬁr than the reactance ¥ag The Altel 1|
tha circuil o that shown in Figure &-<, without ntroducin ;O WEIRRE . : " g ' ]
:;.«.-. al voltage of the generator (per phase) is Ey ang }{g a.S'Q”*ﬁcﬁnl En Slrnm“r will drop. On the otherihandy ila _capamlwa l0ad is connected to the terminals
e 1eSEISNCD, IS its SO-callgy :nr. The voltage rise is 10 be expected owing lo the resonance effect = |
L e e - L
Ychre, The synchronous reaclance of an alternator is always very large, so that even und &
X short-circuit conditions, the current rarely exceeds 1.5 times the normal fuﬂu? Et; |
pf current. It should be mentioned, however, that for the first few cycles Tl oa 1
| short-circuil, the current can be much higher owing to the transient PrOneriss n?ﬂa: S
J & machine which we need not go into at this point. ]
Ga _- E, In the following experiment, a DC. motor will be used to drive the three- ohase i f.j
' altematpr, replqcrng the steam turbine which would usually be employed in a real 3 |
) \—i generating station. :
Mg B EQUIPMENT REQUIRED 13
F DESCRIPTION MODEL 14
The value of the synchronous reactance ¢ - T
1 J a.: hak :4. ; :: ;”; er; Efﬂ;? L an be found Dy Mmeasurin th DC Molor/Generator 8211 TE
k-,:-;n roult and ther neasunng [he current when the IErmina? E?OflagEE_ Three-Phase Synchronous Malor/Generalor 8241 l”
Caty S are pl ir; Resistive Load 8311 E5
rigure 8-3 shows how the short-circuit o e Inductive Load 8321 .’I :‘
pous reactance X can be found. Thie emerent . = E/X from wh Capaaitve Load =
v TOSWIE T A Ll L ~'-|-—l"k,. !nll:‘ IEd":tanCE .'Sﬂ' I %, h‘:h !hE p'aCl vEe LOa 1 3
the degree of saturation in the machine. However "~ conslant, byt dﬂﬂensd};m& DG Voilmsisgammess Bug ¥
magnitude by the method iust Hacmrikax W8 Can obtain 3 pany - Fon AC Ammeter 8425 |
- SHild JUST Geéscnbed m’deaﬁhts AG Vol 8475 ,:]
oltmeter ;
Three-Phase Wattmeler/Varmeler 8445 ] Y
. Power Supply 8asy 13{
Stroboscope 8922 § 3
. FEVEVERE -0 Timing Belt 8342 T |
_- + Connection Leads J128: 4
| E’:\ [ +
' ' E]- = E I, A
= | 2 PROCEDURE ;'
{
L 5 : WARNING ‘
: ; i t! Do [ %
X High Mmagpwthmmrm i
Y Y\ not make any v
—x? | !
b 2 : Jetermine the vanation of the general age
 Eo ) O 1. Inmlswiﬁmimﬁm.Selupﬂhedrmnasshownrn "
N | Eg , as thg DC exci iy NE_MM DC Motor/Generator to the Three- .
. F@HEH‘W-- Wwbymmafaﬁmﬂgﬁent:mm ;[
NS S 3‘ PMSBW'E"‘. ":'ﬁn fine to neutral of cne phase of the Three-Phase Syn- :
- AC VWI - Generator and connect a DC Voitmeter/ Ammeter to meas- 3 {
chronous arent v
Figure 8-3. — Wm“m o e _ L
| S ysing the Stroboscope adjust the speed of the DC Motor u g
he equivaient | APP'!' tor to 1500 CMin axactly. This speed must be kept constant for the 1
CXDiain &l the mai. . 2N allemator is. ¢ _ ey remainder of the i1
STESISHVE Or an oy, | CPETIES Of ths m;;ht.}eremre very simple, and with tweesn ' :
. <“UClrve W0ad IS ¢ ine. For example, we woulde l'-. hatd IJ{
R - - |
[ 3
3

Connected 1o the termin

-
&=

L-‘.‘.x:_. R

als, the terminal ";




The Alternator

Vary the current I and note the effect upon the

QEHEFEIE

dvoltg

readings of I and Eq and record your results in T (s
2
able 8.1 & Take
0-250 V ac
pC MOTOR/GENERATOR e
8 O 01
| s |
c N )
240 V dc 3 ) 2
g 7 6 ON
1~ 00 N s
N O 5 ‘;/\ : 0\%{?
. 'FH
S S?HCHHUHASE
0-0,3/1,5 A dc E RATQH
iy —
70 @l
0-240 V dc pe ?_j
NO 8
—O—
Figure 8-4,
E [ (V) | bl R
0,35
| 1 4 0140 0‘45 Ef:'?

Table 8-1.

[0 3. usin
g the same
sel- n Fi
ttfrf? :: Then 5hurtlfgl e o
=15 dnd take (hei
€Ir average réading | (see Fig
ure 8-5).

Hl_ P

| K

: L
reuit th just the open-circuit vollage o'
€ stator terminals lhmﬁgh fﬁiiﬁl:gwmﬁﬁ-}* .

Figure 8-3.

g synchronous reactance from the formulia

Calculate the value of th
X = ED .
0l

i

| = A X

Eo = 240V

] 4. Repeat procedure step 3 with Eg = 240V and then with Eo = 220 V.

Eg = 240V | = A X=_-——--0
Eg = 220 V | = A X=__ 1%
Voltage Regulation
nal voltage

In this experiment we shall find the effect of various loads upon the termi
of the alternator.

set-up as in Figure 8-4, connecl 3 Fle_sism Load to the
DC Motor/Generalor and introduce 3 Wattmeter/ Varmeler
, as shown in Figure 8-6-

] 5. Using the same
terminals of the

and a Voltmeler E

Adjust the exciting current lg of the Three-Ph seSynThBhemT:iE Mﬁlﬂ‘ﬂ:
Generator so that the upa_n-circuil voltage E. = {1-5 Vtaﬂ a:& mmmrd youf
speed and the current Ig constant, vary ﬂ_'ta Resistve L_t_ih e s
results in Table 8-2. Besure to keep the load resistance Dalants thata
phases are equally loaded.




K-

w o Y A

ik TOLTAGE REGULATION WITH INDUCTIVE LOAD
L )
7| O f ﬁ ) / \, | 0 A v o ¥ L. .
lL,..
i = : ji | . v
-240 V¢ !' .' " e !
i =
N O { -
o oy 0-500 V ac 4800
= ""1‘ [ E& . 2400
i
f-——a % [ } F 1600
| o, c —
210 [ 1600
Ve | i————\,'\\ hgfﬂp‘@@
240 V dc | \ ¥/ ,
L= THREE-PHASE 8448 — 960
8521 SYNCHRONOUS -'Er* 800
MOTOR/GENERATOR 833:
B241 833 686
: Table 8-1.
Figure 8-5.
using a Capacitive Load instead of the resist:

=5 | scale. you
(] 7. Repeal procedure step ; (if the voltage goes off sc2
VOLTAGE REGULATION WITH RESISTIVE LOAD ance, and record your resultsin ::ble 8-4 {lake.ﬂie * f their readings.)

RPHASE | | f | § may connect two voltmelers in
[ o | a | v | w | var TR =
" ! . i ; : : IVEL
! — | | TOLTAGE REGULATION WiTH CAP AETHYS e =
aarn | | - £ s = T var | VA 41
il | 0 A -
: ! i I .
1600 | !' I x :
1200 | J ps00 |} 1o
! L ; {
'L 950 | i[ | | 1600° | .
r 586 | ’f 8 ol S i il e
.:__l—:" . L —
Table 8-2.

— 6. Repeg or
Load.

and remurg step 5, using an Inductive Load in place of the w
fG your results in Table 8-3. ! DTSN _




The Alternator

TEST YOUR KNOWLEDGE

1.A 150 MW aiternator generales an open-circuit line-
at nominal DC excitation. When the terminals are pia
resulting current per phase is 8000 A,

tﬂ*ﬁr‘le v

i3 6
Ced n Shnﬂg'«ci?”z ky

Cut e
a) Calculate the approximate value of the synchrongys react
dng

€ per phaSE

b) Draw the equivalent circuit of the alternato \

= : r per pha
excitation conditions given above Raaa8 Under the OC 5 8ig

c) Whatis the nominal full load current per phase?

—\\

2. @) lithe Three-Phase Synchronous Motor/Generator nQu

resistive load of 120 MW at a volta e of 1
voltage Eg ? ? =Hae i

estion 1 suppies 5
Ust be the indyeeq

—

[ '
9/ Whal'is the phase angle between E5 and the terminal voltage?
hel
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rhe Synchronous Motor

OBJECTIVES

e Toobservelhebehaviorofa synechronous motor connected to an

Ml mnfinite bus, as

a) Reactive power flow in the synchronous motor.

b) Real power flow in the synchronous motor. h

c¢) Change in position of the rolor poles. |

DISCUSSION

A synchronous molor has the same construction as an alternaltor, and hence pos-
sesses the same electrical properties. Indeed, an alternator can be made to run as a
synchrancus molor and vice versa, the only distinction being that, as a mator, the
machine receives electric power and converts it into mechanical power whereas, as
an alternator, it does the reverse.

The circuit of a synchronous mofor is identical to that of an altemnator, consisting of a
synchronous reactance X (per phase) and an induced AC voltage Eq created in the
stator by the DC flux from the rotor poles. We shall first study the operation of the
motor when it is connected to an infinite bus. As infinite bus is a source of electric
power which is so immense that nothing we connect to it will change either its vol-
tage, its frequency or the phase angles between its three phases. An infinite busiis,
in effect. a source of vollage which has no internal impedance. The source Ec in
Figure 9-1 is considered to be ane phase of the infinite bus.

|

\.j e :_i -

=] La T

View of a 220 kW, 220 v. 327 r/min, 60 Hz Synchronous Motor.

Figure 9-1.
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The Synchronous Motor

The circuil of Figure 9-1 looks very much like that of g fransmi
and Eg are the sender and the receiver voltages. |n fact, the SSlon ling i, Whi
power in this circuit is dictaled by the same factors as in the :‘W ofreala dr Ithe
458 of 5 Bacy;
lran Vi
S

line. Briefly,
a) I Egisinphase with Ee¢ ,andif the two vollages are uneqy
flow. (If Eq is less than Es , reactive power will flow from ?h dl, feactiye .
if Ep is grealer than Es then reaclive power will flow ;ri:l;’:cﬂ ’ﬂlher:;:::’
8

spurce.)
b) If Eglags behind Es . rea_w' power will flow from the Mfinite
ing it the energy lo carry its mechanical load. Just as in th US 10 the Moty
sion line, the maximum real power which can be g ?Eaﬂeﬂfa OF, giy..
Clivereq |
Se

(EsEo)/Xs .
To vary the reaclive power, E5 must be varied angd this |
S is

changing the DC exciting current in the rotor windings readily dong by

To increase the real power, (for a fixed value of E5 an
between Eg and Es must increase and this happais d Es) the Phasa
mechanical load on the motor increases. When oria! EfJfDmalicaHy ""'henng!a
small amount of mechanical poweris needed to overco aling at no ’Dad_ amlhe
tion losses, consequently the motor draws only a Smﬂﬂn:riauﬁndage andfz:
Nof reg glec‘-‘

power. The phase angle between E< and Eo is sma|l under ng.|
O-load congj,
Itions:

As the mechanical load is ncreased, Eq lags more and
N0 more bep;
ehing

and when the lag is 90°, the motor '

g . Power will reach i i £
the rne.,hanrca!_ load is increased beyond this point o Taximum Value "sl'
out of synchronism and come to 3 halt. i B machfﬂe-'ﬁiﬂ f;ajj

EQUIPMENT REQUIRED
DESCRIPTION
MOD
DC Motor/Generator -
Three-Phase Synchronou b
S Motor/

Resigtiva Losd r'Generator 8241

DC Vollmeter/Ammeter 831

AC Ammeter 8412

AC Voltmeter 8425

Three-Phase Wanmeter.f‘t.f’armeter i

Power Supply 8446

Stroboscupe 8821

Timing Belt 8922
Connection Leads f9%e

9128 :
PHOCEDUHE '
|| [
i —
WARNING e
&2 ?

i

Hiagh Vo
gh voltages are Presentin this Laboratory Experiment!Do |.'.—' 4

11F
x i

not make an
Y con i
Neclions with the power on! s

o -

Gynchronous Motor

Excitation and reactive power flow

[J 1. Setup the experiment of Figure 9-2 .
-2, conne

supply via the Three-Phase WaﬂmelerNarm?tgg;gg 3::!&1' e ea A

field of the Three-Phase Synchronays Motor/Gen AC Ammeler. The

vanable DC source, in series with a pc .,‘.n“me*e:lﬁf is:::medlu the

THREE-PHASE
415V SYNCHRONOUS
3 phase MOTOR GENERATOR
_ 4
)_I ; 8247
2 5 == |
20~ S - ] |
N
e tl
3 [)—} =P &) /ﬂ/
7 LJ 2
I C} Q.-//_.J ! 'I
0-240 V dc 1
: |
O-

NO

Figure 3-2.

Note: The DC fiefd mwmmhe..appﬁdma&wmmngmupm
speed. The molor accelorates when 3-phase AC power is 3pplied 10 the staior

owing lo the squirrel cage winding embedded in he poles.

and then apply DC current to the field. Increase the field

ly AC power, > th crease the fi
:uprl:eat ungrume reactive power is zero. Note that if the excitalion is vaned
above or below this value, the reactive power changes from negalive o
positive.
pita radually, starting at 0,05 A and increase It in steps 3_;_:
Vaitgzﬁuiiﬂhmm results in Table 9-1. Be sure lo recora the '{
::-lua_s- ;ﬂ the particular case where var = 0. 'I_h':‘:
it
Lpadlng 2 ncmwﬁammwf to the Three-Phase Synchronous Motor as .'J-
0% MCO‘UPHW WHB'-HMEPP'? 3-phase AC power to the (atter, followed by :
: Imgguﬁw; Adjust the DC excitation so that the reactive power IS |
GG paw the generator shunt field current is minimum. Then, keeping the e
FEWIL T e synchronaus molor constant, gradually load the motor |
{1

gﬁwg;?mmm sxcitation, and observe the increase of active
et ¢
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o SUnChronous MLz
VARIATION OF EXCITING "”:'LT?_:;E_""""‘:
L E _I_ 1 _F___‘-—T"—‘
a / A - T
P —
0 20 : = 1 ‘q—_‘Lh'-_'__‘—-
_.._J..-‘- _ N B | = _._"'_-__-—_'__“l——.__
s| T i
040 B -
r:,_g, | . *___k__"_““—-—-——.
Tatie 9.1
f”yﬁ f' ar, ~
E’~'~_ SYNC MOTOR
) [ 10-0,2515 A a¢ r_._:_:‘:
ik S V' ia AN %0215 A g i
Lr3e - d P —d ] = Nl W — :
,. 7 N _ | TEST YOUR KNOWLEDGE [
S— S~ N - ! 1.The real ‘ i
== 248 —— Ols e Powet 20sorbed By a synchronous motor c2n be found in the same
.7 s r d?-apﬂuﬁﬁgﬂwmeMEsmakmamemﬂ l
— F i i -
DCMOTORGEN. .-~ # &n :
et I
S :
/ | RESISTIVE | J
5 J LOAD .' ]’ 2. A2000 kW synchronous molor operates al 2 Bwee-phase line-to-ine voitage of .
- Fz—Tr =5 r 4 kV. It has a synchronous reaciance of 4 {1 per phase, |
5211 e — - :
8311 Calculate:
a) The nominal fufi ioad current of the machine wher the excilation voltags £, 53
Flgl,rrg 6 _ [ﬂﬂﬂ'ﬂ}'ﬁﬂ} i5 4 kV. .
B
Cortinge & : ;
1 e “'";-":Ft:-‘:.;a{',' r'l"lf- fryzi et . . 3 1 k |E
€. 10382 synchronierm ;:.:; intil the synehronous motor faks out of. . b) The shor-circuit current when the eacitation vollage E; (line-lo-tine) is 4l
~IOVE power as soon as this happens, L 4kV. 13
. Ifrﬁ’eaj:ir'-:r.f:’:q & =t " i . 1.1
the "V €, DUl g i it

e Sy -
o &ij__'

Gadt incregm 1rere? 1M posilion of the oo
N CaUse of the ... - caseB. The changi ili olors
V1€ Increasing phase an Ie?;ﬂgmﬂ@w i3
> 9 W&ﬁﬂE'w&r | S =
=

4
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The Synchronous Motor

In Question 2, if the excitation vollage Eg is equal ¢
(4 kV). whal is the maximum reaipuwu:-;r which the m
losing synchronism 7

3. a) Q lhe tErm}

nal
olor can delivg Oltage

gt -l e ——— R e S

h) Whatis the rotor pole shift in eleclrical dEQI’E‘ES, COrres I
nal load of 2000 KW? Ponding to the ng
I

e — S

4 The motor cannol operale in a slable manner when the

r
beyond an angle of 90 electrical degrees from their no-load p(;::_';rpulas Movg
ilton, Ca
N Yoy

- .
\

5. I the molorin Question 2 is at the end of a ransmission lin

axplain why?

ance of 8 {} per phase, whal is the maximum power whi:h"'l'zlﬂh haaaraam,
develop, given that the sender voltage is 4 kV and the ind € machina Can
also 4 kV (line-to-line)? uced vollage Eq s

———-1 L.

How does this maximum power compare with

maching? the: nominal raling of iha

-aicuiale by how much the rofor poles move from their no-load positi
e motor loses synchronism. Why is this angle less than gﬂagp 11on belore

Between which t

¥O vollages is th >
been attained? g ® angle equal to 90° when peak power has

o

LA A &F - 4

=
-

.
e
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hronous Capacitor
High Voltage Lines

nd Long

OBJECTIVES

¢ To study how a synchronous capacilor can regulate the receiver voitage
e To study the distribuled capacitance and the iong. high-voltage fine

DISCUSSION

In Experiment 9, we saw that 2 synchwonous motor at no loadis able either 10 absorb
or to deliver power. [n essence, it acts wither 2s a three-phasa inductor or 25 a three-
phase capacitor depending upon whether it is under-or over-excited. The fact that
such a machine can change gradually from an inductance {0 a capacitance makes it
very useful to regulate the vollage at the end of ransmission fines,

When used in this way, the synchiranous motor is termed a synchronous capacior,
A better term might have been “synchronous capaatorinductor, but because these
machines must usually supply reactive power 10 2 power sysiem rather than absorb

it, the term “capacitor” is appropnate.

We saw, in Experiment 5, how the receiver voltage can be regulated by stalic
capacitors. We shall see how the same resuit can be obtained much more smoothily
with @ synchronous capacitor.
Long hig#wmgemmmsigﬁﬁmﬂ capacitance in 2ddition 10
their inductance. Typically, the capaciive reactance per kilometer s 200 000 {1 and
the inductive reactanceis 0,4 (1ona 50 cycie &E.Thsnmansmmramwmm.s
250 kilometers long, the inductance per phase s 100 (2 and the capacitive react-
ance is 1600 1. The simplified cwcuit nfrru:naﬁnema?berepfasentedqm
Figure 10-1, in which the line capaciance is “lumped” in the center of the line
Wmﬂsmw.msutﬂaﬁneﬁfedbyam

ﬁt;:g:ﬁg it receiver vollage Ex will be considerably highes.

~3roe Dydrogen cogled s
~uvernsy, Quetec

MSIVoNous capacitor to cantrol th
e flow of reactive
power. installed in
501
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.se Angle and Voltage Drop
e Sender and Recejyer

- B -
SYDNEY TECH:
N.8.W.

GCHOOL g
VCAL &N HNEE

E"Wﬁmem 5

OBJECTIVES

* Toregulate the recaiver end voltaga,

® To observe the phase angle betwesn (h
e |
receiving end of the ransmission line, ages.al Fe W"BW%

* Toobserve the line voltage drop when the : -
have the same magnilude. el L feceiving end vonages

DISCUSSION

In the previous experiment we saw

that a resistiva or ing at th |
transmission line produces a very large vollage drop, ww"?"fﬁ bﬂ::!:l:: endof a
ble under practical conditions, Motors, relays and electric inolera:

o lights work propery onty
under stable voltage conditions, close (o the lential { ; & devi
cdia po or which these devices arg

We must, therefore. regulate the vollage af the receiver end of the transmission
In some way 50 as lo keep il ag conslant as possible. One a o

promising, is to connect Capacitors at the end of the line because, as wa 5aw in
Experiment 4, thesg Capacitors produce a very significantvollage rige. This, indeed,

Is one way by which the receiving end vollage is regulated in S0me

Instances. Static capacitors are swilched in and gyl ctu,n‘l'lg.th'i:tf.'a'xﬁ,iﬂﬂlfiti‘l_l'_mh"ta'hiliil'j
adjusted to keep the receiver end voltage constant. =

Forpurely inductive loads, the capacitors should deliver reactive powerequaltothal
consumed by the inductive load. This produces a parallel rmnmulfmmm  adl
reaclive power required by the Inductance is, in effect, supplied by tha capacitance gl
and none is furnished by the Iransmission line. U=HEN P

For resistive loads, the reactive power, which the capacitors must s
the voltage, is not easy to caleulate. In this experiment, we shall deferminathe
\ve power by trial and error, adjusting the capacitors until the receiver v
equal to the sender end vollage. M

Finally, for loads which draw both real and reactive power (they are 1 T
mon) the capacitors must be tallored lq-_mmmam-ﬁm; fﬁ“ b '
nent of the load and second. for ma-raalalm;ﬁﬂw--_ﬂ Jiafiriii g o




Phase Angle and Voltage Drop
hetween Sender and Receiver

hase Angle and Voltage Drop
P cen Sender and Receiver
EQUIPMENT REQUIRED betW
DESCRIPTION
MODEL v
_— OLTAGE REGULAT|(
Resistive Load 8311 R Ee Il “ouf_r_r_" RESISTIVE LOAD
Three-Phase Transmission Line &3 = i _____El__jg T —
Capacitive Load 8 29 [ y w var -__ﬁ"“""‘-‘—ﬁ—-_ Q, ANGLE
AC Volimeter 8231 L x — '-—-EL__L__:____
Three-Phase Waltmeter/Varmeter ﬁdfse 4800 T | 1 '
=3 ‘-.-—_———-—-___—-I I
Phase i.*.elsr 8451 2400 e = 1I il
Power Supply 852 | L hal [
Connection Leads 91 281 1600 ______F—_‘___"_‘“‘“"“-—-}-—-—-___ il
1200 ‘-—————J\L\ L
PROCEDURE .! 800 T e e : J:
i :
WARNING 686
!
1 }
High voltages are present in this Labnratnry Experiment D |
not make any connections with the power on! e Table 5-1.
— 1. Setthe impedance of the Record Its | ‘
g 00 &rd . ecora your results in Table 5-1. and draw in Figure 5-2 a gra h of
: cannect_lhg Voll- function of the load power P, | in watls. hiils Ll
-11. The load will bs

On this curve, indicate the

phase angle corresponding to the various real
power loads W . |

CAUTION
0-500 v |
Always remove the capacitive load prior ta removing the
f : resistive load. A severe overload is otherwise to he
rrf expected.

‘————k- LOAE_I-

L] 3. Now, connect a three-phase balanced Capacitive Load in parallel with the
Resistive Load. Repeat procedure step 2 but for each Resistive Load adjust

the Capacitive Load so thal the load voltage E; is as s_:lqsa as possihle !h
&l 350 V. (E; must be kept constant at 350 V.) Record your resulls in
bl Table 5-2.
Draw a graph of E; as a function of P , and superimpose it on the pf;wgut:
a graph which you drew in procedure step 2. Note lhat the a;iﬂihnn ) s. B :
kf:;rpthe *eMmainder of he EXpe e, djUSLE, (o 350 Vand keep it constant capacitors has yielded a much more curjslaﬂl-vggﬂge.-aﬂdmﬂm! -
PIng all thrge "ment. Increase the ot R ower Ps which ean ba dalieied as ierasee
40 the phace o d5€ balanceq. Take rong Resistive Load in siepﬁ.- p -

€ Delween E 53 E, Ngs ot E,, Q,, E; . Py,

tween Ea and E, as wellas the
On this curve, indicate the phase angle between Ez and E, as well as

th reactive power Qs used for the individual resistive ;ﬂag--sall!"@ﬁ*l
© reference YOltage for .

the Phase-angle meter.

fial
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Phase Angle and Voltage Drop
between Sender an

d Receiver

Sample Calculation

To understand the resulls of procedure step 4, we shall m

ake 3 hy
assuming the following readings: i dnalys;

E, = 350 V E, = 350V E; = 165 v
P, = +600 W P, = +510 W
Q, = +170 var Q; = =280 var

Phase angle = 48° lag

We shall reduce all voltages and powers to a per-phase basis, assymi
connection. Since E, and E, are the line-to-line voitages, the co I b iiE Star.

o A rresponding i -
neutral voltages are 0.577 (1V/3) times the line-to-line voltages Ponding fing. 5.

H'nf ower - nal 1an £ .

eal power Q; is smaller than P, because of the I2R loss in the iransmissjgn line
ght, while the loag (Owing (g
esult, the transmissign line s

Furthermore, the source is delivering 170 var to the ri

the negative sign) is delivering 280 varto the left. Asar
absorbing (170 + 280) = 450 var

The real and reactive powers :
eal and g 'S per phase are 4 of the values indi -
per-phase values are therefore as tollows: CEElee fbove The

= 350/V3 = 202 V

-,
{A}| G|
|

= 350/V3 = 202 v

P;_, 3 I = bf{} |lbr'.'J

I-:]H 3 — +‘3? var
€3 = ~g3 Var
PhnSE dle = 48 lag
E,

= =202V

.I. 3

E;

= =P V

v 3

E; E‘-

— = q__:_ L

V8 A 164 v

phase A
beﬁvﬁ'en

nale and Voltage Drop
Sender and Receiver

48°

S 173V
V3
Figure 5.4

If we draw phasor E,/\/3 48 degrees behind phasor Ei/V3, we can scale off the

length of the vector (E/V/3) — (E,/\V/3). Itis found o be ichi
2 164 Vwh
the measured voltage drop E; in the line. whichis very close 19

The reactive power received Dy the line (per-phase) is (93 + 57) = 150 var.

The real power consumed by the line due to its resistance is (200 — 170) = 30w
The apparent power absorbed by the line is \/7507 + 307 = 153 VA.

Since the voltage drop across one line is 164 V, the current in the line must be
S 163

|l = — = — = 0933 A
E; 164

We could, of course, have measured this current directly, but 2 measurement of the
real and reactive power and a knowledge of the voltages is sufficient ta enable us to
calculate everything about the line;

CALCULATIONS OF PROCEDURE STEP 5

TEST YOUR KNOWLEDGE

1. A three-phase transmission line has a reactance of 100 ) per phase. The
sender voltage is 100 kV and the receiver voltage is also requlated o be 100 kV
by placing a bank of static capacitors in parallel with the receiver load of
500 MW. Calculate

a) The reaclive power furnished by the capacitor bank.

b) The reactive power supplied by the sender.




Phase Angle and Voltage D""-"P
hetweern gt"l‘ldt‘l‘ and Receiver

¢) The vollage l.'hl"'['l in the line per ,Uh{lf-lﬂ_

—_—

_-‘-_-““—-.

—
and receiver Voltages

d) The phase angle belween the sender

5

< Il'the 50 MW load in Question 1 were suddenl
receiver voltage which would appear a

Cross the capaci
tron, if any, mus! be taken? Racitor ba

d Ita iransmission line

YEere purely resis
réceiver end voltage y resistive, would it be

by using static capacitors? POSsIDle 1o ralse ha

| Yes ] No

Explain
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ters which -;fect.Real'
P g ﬁéageeaitive Power Flow

I
i

OBJECTIVES

® To observe reactive Power flow when
: S -
ent, but in phase, ender and receiver vollages are diffar.

® To observe real

Power flow when Sender and
out of phase.

receiver vVoltages are 2qual, but

® Tosludy the flow of real and reactive
| POWerwhe and rece:
are different and out of phase. f Sender recever vollages

DISCUSSION

the two ends of the line?

We can obtain meaningful answers Dy turning to the vollage at each end of the fine.
In Figure 6-1 a transmission line having a reactance of X 1) (per phase) has sending
' and receiving end voltages at E, and E, V respectively. If we allow these voltages to
have any magnitude or phase relationship, we can represent any loading condition
we please. In other words, by letting E, and E; take any values and any relative
phase angle, we can cover all possible loading conditions which may ocour.

X
) :
SENDER E, l E;  |RECENER
Figure &-1.

Referring to Figure 6-1, the voltage drop a_I_qng_ the I[nEfEdEi_ _ ih?-ﬁﬂlﬁ_._.eﬂ.. | lfeﬂ"? 5
a line having a reactance X, the current | can be fﬂ”_- by the equalion:

Ey = Es

X




which affect Real

w1 OTS
Pf;rrifﬂi’—'”" 5

A OW 3[T1ELV r Flot
A Boachve I""x-'-‘r»r b :f‘f‘r‘ . OwWer N
and Reactive Pﬁj Reactive Po
ank
' b the phasar diflarence betwoorn 1he soncd X
when E, ~ E; s the phasor O31& -HIeINg and rece . The real povier reces
"'_q,-' & (racliet 103 F-"'j I fd_:_a; |1 e ,'r} fi _!"*IJFI'-I: iri ffol(’ 'h;_ﬂ v :"']fﬁl' "'f‘..‘ahnn vdm Wv“. I"hr_ res rf!’ - e Hf&d rj’f M r%fﬂf H
; 41 thesa have both an angle and a magniluds : 3 190 A % 30 kY 2 cos (=535 = + 2670 Wy
e reaciive power deliye .
Mo A rararmission hre 13 Licilhi raaiulive dridd rate e, hul we shall ﬂ"ﬂ“mﬂ fhﬂff Ir o J erar b-’ [he mf s
price is 80 much larger thal he resistance may bd neglecied "6 roany. 150 A % 20V % 8in (=27 = - 1380 kyar
The reaclive power received by the rece: o is
47 150 A % 20KV % gin (~53,6% = ~ 2610 kyay
Lo7 Ve ‘
| = 150 A e g0
/ \ 53 5 Ey = 20 kv —— X = 100 ()
% o7 93,9 NN
= ol L Bl }_.. : -

} 5 / 3 I' g .

Ej . Ez = 15&”

E; = 20 kV E; = 30 kv
3 Figure 6.3,
E; = 30 kv
R Based upon the resulls calculated abave, if wattmeters and varmatess were placed
al the sender and recewver ends they would give readings as showin in Figure 64
This means that active power is flowing Irom the sender to the receiver, and <
Wols. Whon determining the sinas t eonin : the abgence ol line resistance, none is lost in transs. : '
ok J e sine and cogine of 1he angle bolwaen vollage and Current, the
LTt o f -',I'i#-f{-; i Rdir 848 i .I"_f.“ri_rfj‘hl".lf‘_j; [ i Sif ‘r“ T : ; . . '
by 27, the anelis is nenate i vneaduanly, becauss E; I8 beking |

H Pk ;"F__ql,‘ﬁ h.“r:| i“:E! 6 r"ll (

150 A 1
L A e e ) ﬁ
: 1 abl Bz , and the phase anale bt - - - . e '
e 10 lind the currord | KAOWING e roe rl';. ingle betweer them, it is a simple | * 2670 1360~~~ |+ 3610 R
e Can caloul  iereactance X of the line. From this k :

i | nm kW kvar L_“w kvar | { [
At s vl M T, . : o 1y
ey el and reactive powar which is deliverad by the source and E . .
G606 by he Toag .| AEAL AEACTIVE EAL ~ REACTIVE |
ARG, lor DLAmole that ihe DIopeics ¢ 4 . _ : POWER POWER FOH_H,EH W_ "_ EA
R , "5 OF & ransmisslon line are as lollows: FLOW FLOW FLOW oW
AN o phase = 100 () '
U'rh‘If_rr H,,'!,'-.rj.r, (f ) 20 Figure 64,
Raceiu YOlige (f 7)) = 30wy

j !.‘f.":i:_-' TR

Ir

- AL
Mage o Int 4 ’ . : e ide -and, dur llg km
; 1R Behing sender vollage 26,5 However, reactive power i flowing lrom receiver lo sendef and, ctive
I:lr‘iil."i-l*ff.l V ’ i
¢ ')j'lr”.lflf_ }{r’: rr

- llm L L oty L

Wiyras Wrasantadg gof 3180 = 1360 = 2250 kvar are consuméd in Ihe Iransmissior l‘ﬂ! I_':h-,.- aaus

T E g P N8g ache A - - - . . ~ 1 ' -
; L Ip -;L; : :q,-;“, B2, Wi i bl « ;:r;;.rlnr,;:”f InFigure 6.3, From the phasor power can be checked against -

L [ T r Jl:tpr{, o ok . 2 Vi ;:rj‘!, ffl'fj[; f;.: = B3 ; . ! ; i
(£ = £,) t o n.rjr:.”{,.,: 1% avahue of 16 kg0 (0w |—5(1F xijal:dl:;t;ﬂ"ﬂ?b::fn; Line kvar = IX = 1507 X 100 = 2260%var=" g
e Thi ative « . T OBOmetr ol 1) . . Ll . ; = el _ e o ,
thuns G 3e Gy esttiva F'HJJJ::”J”I' |'r:lj:fjf:f::,jvilj ’i‘l"*;.l that the currem lunidIEy | It will be noted that this is nmmswﬂr;!g:ﬂ M“m ! I 4

Yonder and the receiver can now be | ve power llowing simullaneously in opposile direclions.
Ihe rgal T ' iR TR = b
Foiae In! , i '

E._!. Jl'n' 'T frE_ I'

- Ol -J ) ' l.
R I et = A
- '! =l . 1 L™ ™ 1 Lo
<R IR




Parameters which affect Real
an'd Reactive Power Flow

Reactive Power

When the voltages al the sender and receiver ends are in phase

. OuUt Uin
ive power will flow. The direction of flow 1s always from l

a0e to

jower vollage

Consider a transmission line in which the voltage at the Sender and repa:
are 30 kV and 20 kV respectively and the line reactance is 100 O {F'?Cmue, ends
gy

] f X =1000
J Y\ s
|

|

| ———

fsil | o

va = 30 kV

Ez‘—"&BkV E1| =3Dkv

: o

E; = 20 kv

Figure 6-5.

gearopinthelingis 1

! 10 KV, and the current
E'n.

=

T

-
. L]

Wwi

E
i -,
M

L

IS 10 kV/100 = 100 A asshown

El":?‘ﬂkv E'=30kv

[ > i

B, — E; = 10kv

2 real nn F ol
QW o =
€ Gelivered by the senq

A -
s X *.:' kLS 4
~ ¥y X CcOs [ < ;-]_]
- = U = W
| Ry c
I-'\:II.UE'r .’.E:E.. E“‘: R "
Y oY

e receiver is

latE=]

the h'gher y;?ual'reaﬂ.

hich affect Real
Power Flow

ameters &
Ps { Reactive
:

b 3

=

] 0 kW

r POWER REACTIVE
FLOW

Again, it should be noted that this rule apphes only ot
principally reactive.

The phase shift between the sender and receiver canbeR _
tnical "twist’, similar to the mechanical twist which wmmﬁ me“m::?;n

delivers mechanical power to a load. Indeed, the grealer the slecincal Ywst the
larger will the real power flow become. However. is found that it attains a mavimum
when the phase angle between the sender and receiver ends is Qﬂ'ﬂmephase

angle is increased beyond this (by increased loading) it will be b i
power is delivered. found that less 1

Consider a transmission line in which the voltages at each end are equal lo 30 KV
and the receiver voltage lags behind the sender by 30°. The line reactanceis 100 0.
and the circuit is shown in Figure 5-8.

X =10010
Y XN\

——

S | R

E, = 30 kV E; = 30 kV




stors which
arameters e
51;.1' Reactive Powel Flow

affect Real

The voltage drop in the line (€, — E,) Is found to be 155y, SO the
| 550100 = 155 A and lags 90° behind, as shown N Fiqure 6-9 Clren

]_‘-r

(J-|

Taking the current as the reference phasor, v

ve can find the real and reaciive
associated with the sender and

ihe receiver end as shown in Figure 6-1¢ -

’ 155 A

—

b lisons]

. ; |+4500 l,.nznm' ~ +4500] | -1200
r’ L kW ; waarJ kW kvar R
|
I

F{EA_L.- REACTIVE REAL REACTIVE

S -_— e
POWER  POWER POWER POWER '
FLOW FLOW FLOW FLOW

Figure 6-10.
Sender End
Real power delivered = an =
=/ Power delivered = 30 ky x 195 A x cos (+15°) = +4500 kW.

neactve power delivereq = 30KV x 155 A x SIN (+15°) = 41200 kvar.

Receiver gng

Real .

Power feCeived = 30 kV x 155 A COs (= 15%) = +4500 kW

Reactive o, e 2 ' '

N Sendp Wer re eived = 30 KV x 155 A x sin (= 1:]"’;' = — 1200 kvar

S Ger delivers both e :

absorbs active power aClive ang r€active power {

0 the line and the receiver

elivers reactive power ta the
ine is 2400 kvar.

. from i Ho\

o . How

e, S0 that Ihe lo1a) réactive Do i
This BXampla shg

Causes poth real
Ihe rezi Power 5

the receiver g
WEI received Dy the

w5 hal 2.
4 Phase shif Cetween sender and receiver vollages

4N reactive nay .
ONSiderap|y Ef,?;;rst?n”ﬂw- However, for angles smaller than 45°
€ reactive power

~T i3

\d RUacm

s which affect Real
+ve Power Flow

EQUIPMENT REQUIRED

DESCRIPTION
Resislive Load %
inductive Load 3_311
Three-Phase Transmission Lne 8321
Capacitive Load 8329
Three-Phase Regulating AU*Olranslo;me; 8331
AC Voltmeter 8345
Three-Phase Wattmeter/Varmeter 8425
Phase Meter 8445
FPower Supply :2:
Connection Leads 91285

PROCEDURE

Note: These expenments may be carmed out by two collaborating groups

WARNING

High voltages are presentin this Laboratory Experiment! Do
not make any connections with the power on!

In order to convey a sense of realism !0 the terms *sender” and ‘receiver” two con-

soles manned by two student groups will be used in the foliowing enpeﬁmnls._..ﬁ.
transmission line will connect the two consoles (Station A and B) and ths active 2nd

reaclive power flow between them will be studied. The expenment will be conducted
in three parts.

1. Sender and Receiver voltages unequal, but in phase.
2. Sender and Receiver voltages equal, but out of phase.
3. Sender and Receiver voltages unequal, and oul of phase.

Sender and Receiver voltages unequal, but in phase

(0 1. Connect a three-phase transmmsmn'ﬁne_h&@e&n;mf‘-f‘ E’f& vt
ble AC output) of twe consoles, one of which is designated as statior ;l- s
the other, station B. Connect the two Three-Phase Walimeler Varme(ers

s B bt
each end as well as a Phase Meteras_.si}owﬂﬁﬂ\mﬂlhf Figure .




parameters which affect Real
and Reactive Power Flow

STATION A
|
4 | O |

O | f
|
o —(r

§| 0| l

{
415Y 5 |
3 phEse !

Figure 6-11.

1 2. With the transmission line switch S open, adj
that E, and E; are both equal to 370 V and observe
Zero between terminals 4-5 of station A and termi
the phase angle is not zero. see Procedure step

IS phase angle zero?

L] Yes L] No

0 3 tﬁ.ﬁrhnurmakmganychanges.measure

Wi the phase an
5-2 of station A and lerminals 5-4 of st

gle between lermi
alion B. s

LI Phase angle lag L] Phase angle lead

Without making any chan

; Jdes, measure the phas
4-3 of station A and term g

angle between termi
Inals 5-6 of station B. s

U Phase angle lag U Phase angle lead

— 3. Measure the Phase angle bet

6-4 of station 8 *€€N lerminals 4-5 of station A and terminals

L Phase angle lag L1 Phase angle lead

By ﬁ'iEESIerg al

gles b :
Prove that the Phasor diagram fa?rt:jﬁg e s oo Ot Stolen AR

fations is as given in Figure 6-12.

6A

o 120°
120 N

120° \

SA

Figure 8-12.

(1 7. Close the Three-Phase Transmission Line Switch; with €, = E
and the transmission line impedance = 200 (), ghear.

Wattmeter/Varmeter readings. There should Be no s
Q ficant
exchange. =)L power

P'[ = ——_w
l'-"2 — o THARK
01 = var

OI‘ = = AT

[] 8. Raise station A voitage to 415 V and observe power flow.

P1= = i\

|'-:-"2 =W
01 —= var
02 =_.__ _ —var

Which of the two stations would be considered to be the sanger?

(1 9. Reduce station A voltage to 350 V and observe power flow.

P] == W
W
var

-
-

v e, i . o
Ll W e _— .
i - . i e e e, e
T B e ey it g — - '



parameters which affect Real
.nd Reactive Power Flow
ali

Which station would be considered to be the Sénder?

\

7110. Vary the voltage of both station A and station B an
g statement that reactive power always flows from t
lower voltage

d check the
truth
e higher voltag, 4
2

Sender and Receiver voltages equal, but out of phase

Use the Three-Phase Regulating Autotransformer to shift the phase
15°. The phase shifi (lag or lead) is obtained by changing the connecti
phase transformer by means of a tap switch. The mann
plished is explained in greater delail in Experiment 1 1; for aur pump
cient fo know that when the position of the tap-switch is altereqd

voltage will either a) be in phase with the primary, b) lag the pri
¢) lead the pnmary by 15°

0Ses it i5 Sufﬁ:
Mary by 15¢ or
[111. Connect the phase-shift of the above autotransformer

lerminals 4, 5, 6 of station A. Adjust the voltage at statio

| NSAandB| '
with the Phase Meter. Determine the phase angle of the secondaryi:]m Y
4,5, 6 with respect to the vanable AC terminals 4. 2, 6 of the Power Sula
of station B (see Figure 6-13). Record your readings for the three pos'tP
of the phase-shit lap switch in Table 8-1 Fhs
0-500 v
N 8451 ¢S00 ¥ ag
|
& —~ g
STATION A REGULATING = | U
= AUTOTRANSFORMER } ‘1__[ STATION B
| 101 a?[ II f
15y _ | - O i
; r’_ [ 3 ) O g IHISH‘
=t M :
8821
Figure 6-13
TAP SWiTcH |

posmon | PHASE ANGLE |

(LAG/LEAD) E, E;
~\\[‘~\ v v

0

F’afalﬂetﬁﬂve Power Flow

d Red

an

ors i.l,,lhiCh affect Real

Note: The buck-boost tap switch must

be kept at zer,
be applied to the primary of the lra

(1]
nsformar andthe Cmaumm%e ust

(J12. Check that the phase-shif{

Slhes |
tages are balanced. e foraf tvee phases-aﬂdﬂialaﬂm.

[113. Connect a three-phase. 400 O transmise:
minals 4, 5, 6 of the Three- pil,

Ne betw
Phase Requiat Wi SeCondary tar-
Supply terminals of station B (sea ??ggure 5? A“‘“"ﬂﬂsiw and Power

4). : :
Phase Wattmeter/Vameter al each end g lhg}ﬁ:;ﬁ =1 Inserting the Three.
position and record your resulls in Table 62 -Change 1% 1ap switeh
0-500 V 3¢ 0-500 V ac
B451
REGULATING @
AUTOTRANSFORMER — —
410 B Qs
v _
BEY 4l T HE @ Hols s
® 8329
; 8349 8446 2345 ol
8821 . 882
Figure &-14.
TAP SWITCH PHASE
POSITION & Py ) & P2 & ANGLE
. v w var v W var y
0
+15
-15
Table 6-2.

Does this experiment bear out the stafement that real powes E;::
leading towards ihe lagging voltage side of a transmission ine

] Yes LiNo

Sender and Receiver voltages unequal, and Glﬂ-fﬂﬁ-_ -

In the following procedure steps WS"‘*:'@'I:ETTMMM L of the experment is
live, and capacitive) al the receiver end okineing. THs T e




Parameters which affect Real

s which affect Real
: eters * r Flow
5 ver Flow ar : owe
and Reactive Powe F’ﬂgﬁeacnue P
. al
show that a phase shift belween sender and receiver Vollage OCCurs only wh
ower is being delivered o the load. “Nre m-\\
pe : , Es En s RECEIvER
PHASE anGLe r e r——
k| kv -W-—HTHL""E—-
| 14. Using only one console, set up the experiment as Shown in Figure 100 100 60° g, LEADS Ex "‘““"'-I--—-.“."."___.__"'f___i_r__
i sefling &, = 415 V and using a star-connected Resistive Load g 15, : -
= phase and a 200 0 Transmission Line. Take readings and remmoo () 120 100 60°  E; LEADs E, ""“-—--—-—-..H..__________‘
L 5 I b=
results in Table 6-3. Ayou 100 120 | 60° E, LEAIL_I'_S_E_:—_-' s = S
___'_‘_‘—-—-—.___p_._
120 | 100 | 30° E,tAGsE, S
__-____'—\—u—.___
0-500 V ac 3 U*-ﬁlﬂﬂ Vac 120 100 0 '-_'_""""“‘"—-—--—-.____
=
| Table 6-4.
4 f{:‘h | [
MI‘S‘ v .-"ﬂ [
1 O | P a :
3phase 2 f o [*_] \:1) * 2. In Question 1 assume that Es = Ez = 100ky al all times gy that the phase
510 | angle between them changesin sieps of 307 according to the Table g-5 c
L 8446 late the value of the rea| Powerin eachcase as WeilaEILStﬂfEcﬂnmjfﬂgw Know
85621 o Ing that Eg 1ags Es in each case.
Figure 6-15,
Ly _ SENDER | RECEIVER
L1 15. Repeat procedure SIEp 14 using an Inductive Load of 1200 {Vphase. Take & P Q
readings and record your resulls in Table 6-3. F . MW MW
0
(116 HE‘D{:‘EI Procedure step 14 using a Capacitive Lead of 1200 Q/phase Take =
readings and record your results in Table 6-3. 60
90
120
aQ PHASE
: : 5 SHIFT 150
- | |V | w | var -
19 | RESISTIVE | : j | ‘ - 180
- |
'S | INDueTive | ! ,
._.____________________ | [ | 5
__-_-__.-_-___-______‘_————— ¥ . -
'S | caPACTIVE | r f Tanefs
' |
- on Figure 6-16.
Table -3 : Plot a graph of real power vs phase angle 0
: _ =), » ¢ unider the
n : ich such a line can deliver uncer I
TEST vo s there a limit to the maximum pawer which
UR KNOWLEDGE | slatic voltage conditions?
' Athreg.phace

ransmission (i : i
throughout e oy it Online has g "€actance of 100 () and at different times (] Yes LINo
lude ang PN Oundthat the Sender and receiver Voltages have magni-

+ PNase dngles dS given in Table 6-4 '

flow The voli

of the sender and receiver 1

ages given are line-fo-line.
12




The Alternator

TEST YOUR KNOWLEDGE

1 A 150 MW alternator generales an open-cireuit lin
at ﬁommai DC excitation. When the terminals are p

E-10-linga

. laced | P
resulting current per phase is 8000 A. Shn”'ﬂfﬂuir t::

?ﬂftag

al Calculate the approximate value of the Synchronous éactance
' Per ph
dse.

 ——
— e

b) Draw the equivalent circuit of the alternator per Phase ungg
excitation conditions given above. flie 0¢ fi&lﬂ

c) Whatis the nominal full load current per phase?

)

2 a) Ifthe Three-Phase Synchronous Molor/Gen

eratorin Que
resistive load of 120 MW at a voltage of 12

stion 1 sy
e KV, what must pe the

Pplies g
Inducey

___-_‘-___--‘-'-".‘

0) Whalis the phase angle between Eo and the terminal Voltage?

e S
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I SYDNEY TECHNICA

Experiment 9

t N.S.W.

SCHOOL OF
E ELECTRICAL ENGINEERING
e i = E——

e Synchronous Motor

OBJECTIVES
® Toobservethe behavior of a synchronous moter connected to an infinite bus as
regards: :

a) Reactive power flow in the synchronous motor.
b) Heal power flow in the synchranous miotor.

c) Change in position of the rotor poles.

DISCUSSION

A synchronous motor has the same construction as an alternator, and hence pos-
sesses the same electrical properties. Indeed, an altemator can be made torunas a
synchronous motor and vice versa, the only distinction being that, as a molor, the
machine receives electric power and converts it into mechanical power whereas, as

an alternator, it does the reverse.

The circuit of a synchronous motor is identical to thal of an altemator, consisting of a
hronous reactance X (per phase) and an induced AC voltage Egcreatedin the
from the rotor poles. We shall first study the operation of m'e
motor when it is connected to an infinite bus. As infinite bus is a source of electric
power which is so immense that nothing we cnnne:t:th to it u:'rll ci'ranfna_ :’11!:_?; L[f. :?5'

' les between its three phases. Aninfini :
g e e e has no internal impedance. The source Es in

in effect, a source of voltage which al i
Figure 9-1 is considered (o be one phase of the infinite bus.

sync
stator by the DC flux

Figure 9-1.

9-1
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- Motor
~ - ~hronous VI
The Synchronot

4

gynchronous Motor
g <.

Th

. af Eigure 9-1 looks very much like that of transmjssmn lin in
L &Y Py oY ¥ .

Tne;"fﬂ; the sender and the receiver vollages. In rac;. the flow Ofreg) ang%ﬁi E& Excitation and reactive power flow
m«:e- :;'-a.: GIrcuR s dlotale iy S0 S TSI e KU S ola TaNsm; | (1 1. Selup the experiment of Figure 9-2, connecting the stator 1o the fixed AC
pon Jobeo : — :
-Lj_: Bnefly "SSion supply via the Three-PhaseWaﬂmeterﬂfarmeterandmaACAmmeter.me
i £ is in phase with Es , and if the two voltages are unequal, reactiya field of the Three-Phasa Synchronous Motor/Generator is connected to the
g) T i i En is less than Es , reactive power will flow from the SOUrce to t?]o‘”&w,u Ammeter.
: "Q a'-'r??'é' than Es then reactive power will flow from the ﬂ'lnl;zoh'
= R o
S |'j-|E |
source. ) F“
b If £ lags behind Es , real power will flow from the nfinite bus tg e _ THREE-PHASE )
Sl “" the eneray to carry its mechanical !Dad. Juslt as in the case of a ar__ Qiy- SYNCHRONOUS 3
Son line, the maximum real power which can 08 delivered jg .. M. Y MOTOR GENERATOR MY
sion ; : €qua) ¢, 3 phase e ;.;
EsEolAs - 8241 .
s e O—Y Y \__; |
To vary the reactive power, Eg must be varied ang this js readi| = : } —— !|'-
_:q,.,_- ng the DC exciting current in the rotor windings. Y done by 1 s| —F : t |
L B g g TR = 1
- : =I.--—- L 1] | :
To increase the real power, (for a fixed value of EU and ESJ the . ¢ { C | }I?
between Eg and Es must increase and this happens aummatjcauy angle [— | 2, EJ L |
asmiublomdos T ~ . —Q_m_, I
mechanical load on the motor increases. When Dperalmg at no ha:"ﬂfl tha 3 C J if;__,.nr |
small amount of mechanical power is needed to overcome the mnﬂageé:dw a 5 f f;_._*
bion losses, consequently the motor draws only a small amount of _fﬂc- * O} 00— 1 '
power. The phase angle between Es and Eg is small under no-loag E“ieﬂnc_ / |
. | CoNgitigns. 0-240 V de -
= mechanical ing - =
As the mechanical 0ad is mue'aseu, Eo Ia.gs more and more beﬂiﬂdEs NO o
znd when the 2q is 90°, the molor power will reach its mah'imum va'im& "
e mechanical load I1s Increased beyond this Point, the mackin. .
AT ' achine
out of synchronism and come to 2 halt. will fzi S

Note: The Dcﬁﬁdmﬂdnnybeappiedmcememamm“weupm
: e :
S MOMENT HEMNGED speed. The motor accelerates when 3-phase AC power is appied lo the stator

owing (o the squirrel cage winding embedded inm the poles.

" e T e — ey .‘."—"
- 1 ! . 1! - r r= =

e f
...Eh'ﬂl!‘nﬂ'!' HGDEL mr m -
& . Increase e |
DC Motor Generator power, and then apply DC current fo the field el el S .
Three-Phase Svnehrann s Motor/Generato 3;'11 Z?:gmﬁfnm the reactive power is zero. Note that if the excitation is uana;d y
- — = =S SYHOTEONDUS i s2n D 41 ; - . : cﬂ frgm o £
:d : ‘“:‘53‘ 8311 abo'wg or below this value, the reactive power changes negabve .
N = 8412 PSR _ |
i 8425 ' ifation gradually, slarting at 0,05 A and increase it in steps
= O 8426 - Vﬂ-?:gigiﬁ remgﬂw results in Tabie 9-1. Be sure to record the
E&-Fhase Wattmeter/Varmeles _ up o G, IR where var = 0.
8446 vaiues of the particular case
;:a-h-_:: . 8821 3
o= ot 8922 :
".._.,_L.I_:,_:-__‘. 3942 I. and ml mr
i b 9128 Ul Loact oe {Generator to the Three-Phase Synchronous Motor as
i3 [0 2. Couplethe T and apply 3-phase AC power 1o the latter, followed by
PROCED; wmmm Adjust the DC excitation so that the reactive power is
ROCEDURE : DC power mmmmﬁeﬂwl is minimum. Then, keeping the k
by zero when - ' :
1-} 2 & i = jon of the synchronous motar constant, gradually load the motor
WARH]HG : '-:_- b I =.T
:gh vo 1Ak

Sy esent in this Labg[ainry Expeﬁmm“m o
Wi make any COnnections with the power on! _
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Table 9-1.

0500 Vac —
I
\ Es ) synNC MOTOR
‘\..____,.,-“"

|0-0,25/1.5 A ac

| |
W Q) ——{ 1 )
N S _{rj g

8446 N

DC MOTOR/GEN.

RESISTIVE
LOAD

8311

Figure 8-3.

Continue
LE. loses sy

- .l' Wil

0 in .
:1 cﬂijﬁ? :E F:oad until the synchronous motor falls out of e
IS happens.

“Ta

Repeal
PEal procedure step 2 out this time observe the position of the rolorwilt

the Stro . -
the ma;:??aiupe asIhe load increases, The changing position of the e
>€ 0l the increasing phase angle between Es and

otor

nchronous M

The SYN¢

Repeat procedure step 2, and this time record your results in Table 9-2.

o |

] 4

REAL POWER AND LOADING
Es ! P

— —

v A w

TEST YOUR KNOWLEDGE

1 The real power absorbed by a synchronous motor can be found in the same

way, and using the same formuia as with a transmission line. Explain.

operates al a three-phase line-to-line voitage of

2000 kW synchronous motor
?kb‘. (t has a synchronous reactance of 4 () per phase.

Calculate:
a) Thenominal full load current of the machine when the excitation voltage Eo

(line-to-line) is 4 KV.

The shorl-circuit current when the excitation voliage Eo (line-to-ling) is

b)
4 kV.
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The SYNC
and Long

Large hydro
gen cooled syn .
Duvernay, Quebec. ynchronous capacitor to control the flow of re
active power

Installed in

Experiment ]_O

' SCHCOL OF
LELEC rTRICAL ENGINEERING

hronoué Capacitor
High Voltage Lines

OBJECTIVES
e To study how a synchronous capacitor can regulate the receiver vollage.

e To study the distributed capacitance and the long, high-voltage line.

DISCUSSION

In Experiment 9, we saw that a synchronous motor atno load is able either to absorb
or to deliver power. In essence, itacts witheras a three-phase inductor or as a three-
phase capacitor depending upon whether it is under-or over-excited. The fact that
such a machine can change gradually from aninductance to a capacilance makes it
very useful to regulate the voltage at the end of transmission lines.

When used in this way, the synchronous motor is termed a synchronous capacitor.

A better term might have been “synchronous capacitorinductor”, but because these
machines must usually supply reactive power 10 a pOwer system rather than absorb

it the term “capacitor” is appropriate.

the receiver voltage can be regulated by siatic

We saw, in Experiment 5, how
ame result can be obtained much mare smoathly

capacitors. We shall see how the s

with a synchronous capdcitor-

Long high-voltage transmission lines have significant c_‘ap&n’!aqce in addition o

their inductance. Typically, the capacitive raar:tance per kilomeler is 400 000 ﬂ and

the inductive reactanceis 0,4 flona 50 cycle line. This means thatfora Injf:r which is
phase is 100 {1 and the capacitive react-

050 kilometers long, the inductance per - .
ance is 1600 (. The simplified circu it of such EF::'I; may be m{ _s?::edrby

| - which the line capacitance is “lumped” in the center O e line
Ml th. When such aline is fed by a sender

instead of bein distributed over ils entire leng . | _
voltage Es . thge npen-.::irnuil receiver voltage Eq will be considerably higher.

50 12 Sﬂﬂ

Figure 10-1.

10-1
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nous Capacitor ang

The Sunchronous Capacitor and (ono _
Long High Voltage Lines tage Lines

Thus, in the simplified circuit of Figure 0-500 V ac
gure 10-1, if the sen !
voltage Eq will be about 310 kV - der vollage Eg = 3 THREE-PHASE
. MOTOR/GENERATOR

voitage nise at
economically by connecting an inductive load at - I

chronous capacitor is ideally suited 1o this purpose ' n \ ;
when capacitor underexciled. I | : | t

EQUIPMENT REQUIRED

DESCRIPTION

—_— "_D = =
ihree-Phasa Synchronous F.fetmr'Generator
Resistive Loag

Ih-ree-Pnase Transmission Line
Capacitive Load

DC Voitmeter Ammatler

AC Voltmeter l
Three-Phase Waltmster Varmeler ol
Power Supply
Connection Leads

VOLTAGE REGULATION

PROC
EDURE - - ;
W vai Y

WARNING

B

the ef

‘H—E"P_:_E::'H W -'1_'-_ e -,

b gl

o :
t upon the ransmission line vol

o 1 1]

3 &
Py
e

E, and
OA. Fecgrg o 222 E
- NECord your result
-1-:'; an F;'JUFE 1

ot

L]

i
- G

=

0

2 85 the DC excitation I is

Ay .3 in Table 10-1, and draw a
"hatis the eifect upon Q, as

\

m

= g8 N

_,.
= B = |
3y -

— N
b e
L € n

- r“‘—l-\‘:‘ "Iﬂ
. L Rt = -

[
Br Aa
(]
) in
[}. [y -
-
o &N
o}
u
]
e

/
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0 +20 +40 +60 +B0 +100 +120 +140 + 180

Figure 184
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. hronous Capacitor and

rhe OYI Lines
; he <7 oltage
The Synchronous Capacitor and | : High V

Long High Voltage Lines

{1 4. Connect a balanced Resistive Load at the receiving end of the 400 0 fine t
and maintain the receiver end voltage at 415V, while the resistance js '

being varied. Take readings of P, , Q, , E, andP;, Q; , E; and record yoyr

resultsin Table 10-3. Is there a limit to the ability of the Synchronous Capaci.

for to regulate the line voitage?

S
[1Yes [INo 4800 () =
2000 Y 2000

800 (1 —— —

WSS o

On Figure 10-5 draw a graph of real power to the |
NOUS capacitor at a receiver voltage of 415 V.

0ad vs Q of the Synchro-

0-500 V ac

0-240 V dc

—400 -360 -320 _qg |

|
~240 -200 -1gp

8821
=120 —-pgp -40 0 +40 +80
Q; [var) Figure 10-7.
Figure 10-5, _ .l—

o S -u. _|_-. ;_ T :.. 4
= . Connect the synchonous GaFe
[J 5 US . D 6' o e . ',J 108 |

. :Lg lwdu transmission lines in Series, each setat 200 0, connect a Capaci- ma_t Ihatarmi . .“,- BJlﬂ - #??‘ .
030014800 () to simyjate a long 3- ' ~ Determine the reaciiv® == volts
Cir { g ph&SE IInE SeE Flgu;e 10"'6 (The AT F ke the receivel vu I
~ " Per phase is shown in Figyre 10-7, absarb to make the rece
Apply power o the sendin - ; el
9 €nd using the variable 3-ph ' :
10415 V ang Measure Eq and Eg on the cpen-circﬁit.ase B
Es




The Sunchronous Capacitor and

. A - hronous Capacitor and
Long High Voltage Lines gyncl

S;g High Voltage Lines

Apply power to the sending end using the fixed 3-phase su : : .
ure E< and E 0 open-circui PRIy ang Meas. 1 is adjustedto 12 kV (line-to-line) calculate the voltages Ey and Eg at the termi
'] als of the generalor and at the end of the transmission fine {seenﬁgura m?

Es = . Vv Ep=— oV

Then connect the synchronous capacitor to the receiver g

the voltage can readily be lowered so that Es = Ej Dy unn?j::zn?tﬂ that
Measure the reactive power when Es = Ejs , “=XCitation
° | Are there any dangers associated with the resonance effecls of distributed line ;1
Q=______var capacitance and the synchronous reactance of a generator? g ¢

TEST YOUR KNOWLEDGE | H

1 hatare some 0f th vant f . .
r _w hatare some 0 :E'Ed Ejges of a synchronous Eapac'tmm’&rslauc r i
itor to regulate transmission line voltage? Cdpag. |

" ©

s I

4 1) ; 40 () 40 £2 *
___—__‘————-_____ ] i

12 kV t £ —L | ‘ & I' :

2. An over-excited synchronous machine delivers reactive ; { | '-
sion line. Explain this statement and what is meant by thepl‘:\:rﬁr-;i; ian_smis- 12 kV/300 KV /]; 2000 |
“eXcited”, {

e Figure 10-8. 13

3. Anunder-excited synchronous m |
_ = e machine absorbs reacti b

mission line. Explain this statement. and what is Err?cllve power from a frans- |
excited” eant by the term “under. ¥

4. A 200 kilometer, 300 kV. 5
| neter, , 90 Hz transmission |j
fiometer and a distriby, Smission line has a reactance of 0.4 () per

ed ca »
equivalent circuit of the | pacitance of 400 000 ) per kilometer. Draw an

the sender end when ThE”::EEE:r pPhase, Calcu!ate_ the line current per phase al
0 the sender? Veris open. What is the reactive power supplied

"
or havin . i U_' X .
. Caﬂnng{ d nominal voltage of 12 kV/ and a synchro T'-f]."' o
hayine o o [0 the transmission (ine of Questiondvia 8 55
"9 4 ralio of 12 kV/300 kV. If the excitation vollage Eo
.HE 1.=8

. _'l |
‘ :

2. A 150 MW generat
faclance of 4 ) ;
Slep-up lransforme




Three-phase, ojl-fi

—

lled, fan
~Cooled phase-shift transformer, Line-to-line vollag
e

Is 300 kV.

L

‘EV T
b= T i-_.:-..[..__’.f..

SCHOOL OF
Ii ELECTRICAL ENGINEERING

@ 7ansmission Line Networks and
| e Three-Phase Regulating Autotransformer

OBJECTIVES
e To observe the division of power between two transmission lines in paraliel.

e To learn the properties of a regulating autotransformer.

e To modify the power division between two parallel lines using a regulating auto-
transformer.

DISCUSSION

So far, we have observed the behavior of a single transmission line. However, in a
practical eleclric power syslem there are hundreds of interconnected lines which

|
{' link the power stations and their widely-dispersed loads.

This grid of transmission lines, of which Figure 11-1 is a simplified example, Is far
more complex than a simple series-parallel circuil. The flow of active and reaclive

power over the lines depends not anly upon their impedances, but alsa upon [he
relative magnitude and phase angles of the sender and receiver voliages. Insuch a

system, the power flow in a particular line may be too high (or 1oo low), bearing in
mind the capacity of the line and/or the economics of transmisstan.

S

L

G,

Figura 11-1

o circumstances, the flow of real power can be modified by shifting the
Under these & e receiver or the send er-end voltage. Similarly, reactive power llow

Phﬂﬁhi‘?:ﬂ:;d by raising of lowering one of these wo voltages.
i is a simple mater which canbe done by an automalic

- owerihe voltage Jy an at
To raise or 1" located at either end of the transmission line.

1gﬁﬁ&nmng;aulatransmnnar,

$ =S E QR g s,

S e o L b e g Ll g N e A




&

w

g ¥ ...‘I
i Fu R w l'\ “;
3 'y % A1u?Y ':,“T:_ { F1IY l i isdt
- i . SN \1‘“\\. :J-'*'i.. o1 i
y \.I,‘.

Line Networks and the Three_phm
\11'

' \nlutmnu!uumr
\.\ k s

L TR
e “ by Py '}'--1.\!' '\'l.yll N
"}t i .

;.;‘:\:"‘ al .\.* AR TN

ingle changes can be accomplished by a |
t-rh.“l of the ine L_,.L1 Phase St p
O EMRACINT Oy 3 NOERIADR TANSmer & WAL O 8wy OG- "Dh ' hmmh:
: oy F-\.f crghecdram ~- N R LN 1sianal e :'ELL. i % nﬂ"ﬂ;? 5 4T j‘t! ;
1 O i Nk e =, M
R

e Caoree OF SR gRpend WO ”'t"‘ Lap Sf.n;n,g
TR Y ™ -\.t \"I--";‘- < ‘.-\u" -
A T

&
AISRXTIS O3 \t’t"t"\,\\ﬂ
" . Ny e Y R 3 .
o D |I"'\.-."‘.-'-n. W " W

¥ |

L L R By . - % iy T . | . : .
B - - - 4 I'.‘ ! \","‘ =3 L il % n..i L F W iIJ l‘i.w .‘-j-
; ; (1s 3 b W T L L | - L] A 'H
n _- — I. = .. = . 5 L ! ® - “. n -| 5 ..n.! -
| % ol % e 1 1\-\.\ - E
S T i 1 * - o
b TN _-'\1 te o, % [ - L bt =, a4 L" LY &
. & N

S0 ShR O octeg bt
= 3 TR O e OO -’:'\‘ ogether. Vo &0Rs aue eg n
= L ‘--\.\. .“. L ] o b WY N 5 | .
N N I ONASE a3 el Do the voltaoes NIRRT i we
x* A TR a5 L L LA
mn ‘.I‘ M‘::‘ o o

-
o — S—
[ i ™
15‘_'\'- i
3 Tk -
- - R e e R -~ e = iy w . N T %1 i L LT
e EE SIS = VAR OF voRlzges = esDetlive OMGOT DNase with
. -
= gy, . - = T w :
o, = B o W N -
- = = LY = rw g - o ¥ o et e m - - L =1 -
ONSS & @ B . 2 T COnnacier STHES, e voltage between
. - ' .,
e —— i ™ e - -, * - W s = m s & -]
K s X W e nd D FIESE n the OLE2S Setwaen ITTenais A o ang
- - -
o - . - Cl o - Ll ] L -l - . - e W b e
v B35 s o 3. MOwess We Connes ~ONRAS windings &; Oy
- -
- . . g T i - il | Wra— N B v : 1 -
R - a5 = = 5 S, AR e ot O SN uurg - q.'?.q“ Al
- -
. ® = 3 o - 3 = - . = x' " - - - e - B . - = _1_’1 !ﬁ l\.“.‘ 5l
s - -~ (= - ., - 1 = N - A s ig ey Wi -E’ -L
| —— - — - - . - —— -
e T Ty e R i o - = o B W - Lol T - & -
™ = = o= - W Y AR =5l % = L ‘\*—.__:‘ h’c‘h"'?t t‘ :N_'
e S " . A - - - = T T 3. i
= SESNRA0ES ¢ SN B DGy and g, b e A SESE vosanes are &
-
m, - — ...q.‘ - Sy " —_—— Sl
Ty - -~ J\"_ :‘ ' -.': :

i L T S PRase ransformer. and a Sefecior swich, it s pos- ‘ gk
~y I e, o e i e = -, t “LK &3 '!H Ilm! g
=k IC SR - LR ey N W e N 't:".‘.‘: et 0 -_hé" ﬁ-”_" --&:'\' :h‘ a3 ‘h i : | e '
b T - e— . e =, . N . - | :
= PR, Drovison can 92 Made S that he Ahase angie can be progres- -
2y -."“-f:j":":".' TOM S D i 2 Bng 8 VeSS
Nefemen o o b . ' :

e ® Fous SURROSE we wish 19 mad ¥ B real power flow in ine
=~y - T we s oA 5 2 TEE Drvaer e i & e L‘ﬂ@ii
‘: - oy '\l'-!}':r - S LW -‘.\‘ “t.- L e -_.:".“&‘- 1' hﬁ h\w‘l h
-'-\.-'1.." i e s 1_:-‘|__- e W -u'-.-:'-\-.-- -"--u. o e u -
-E‘ v ey _—_w O CENE LAt L ,t.‘-_"‘:."'{‘:i_"\: 5 T ..‘1 “ﬁ“ﬁitw[ma
B " N A e i 2 e

ey :1\.“* L RS : -‘h':." & L’ : -..'.:-."'1:':' L3 a3 "1‘-: P\: aﬁt H

{ i : \jhl,ﬁlw‘m Smm
Il'__:




o iy Nahawnvles 5 Thirdn. Diie s . : .
Iransmission Line Networks and the Three-] hase «sjon Line Networks and the [hree

2 | :
Tequiating Autotransforme nemi i -Ph
Regulating Autotransformer J-’-"’T_ e Autotransformer ase
1.4 !“ 1] *
L
In the 1Ialiw NG experiment we shall study tha In 11 lﬂ“"'”f_ﬂ”l
by V- : : o on betwe Nole (h - :
;;..t-ls.l_r :-.?_-. X \ linas _:...1 how this distribulion |s modified hy . ﬁnhr'ﬂﬂ ﬂafﬂh‘gl l“l”qf['i't;‘:?“rm;ii ol an Meorraet phnsn lﬂqunnc.
egQuiabing Autotransforme : 510 Slate
pguialing Ay :1e1 ner fﬁﬂ.phﬂsﬂ t iale whalt hﬂppﬂﬂ!. pon tha W"lﬂhnoﬂn.
EQUIPMENT REQUIRED e L
DESCRIPTION T —————
MODE}L =
Resistive Loao
' i H-]‘r F—
. p,:_H_t_. Transmission Lina 6321 e E}.FT.TFEG i READING
Threa-Prase Hﬁ.- | z‘-.]-.l‘ 1 = t ’ 8329 HH&J{?;{T [ PHASE - E— —-—-_.r |"‘—“ s
. wualing Avilotransfiorme ' Tt
AR it e 8349 et I B S . ¢ | UAa
Three-Phase Waltmalers Varmete: B.l;-lﬁ ! v __-_r-h ;"""""'*""'——'—’-‘un-.__.,
Fiva 2 Moie; : H""U {1 n i -
Powsr Supoly 845 N T amn e S
LN s :_xh.-._ Hh:" = U"'—— ----+ 15_ S — I
f128 0 - 15 T ——— —
PRO 1 =18 0 y = s - =t : e
OCEDURE - M Y
=15 18 -3 —_
WARNING 15 o ‘_‘;'5“‘ ‘ el
B s |
Migh voltages are present in + 15 0 -
. - ‘ W this Lﬂhﬂ'fﬂlur S S
not ’nﬂhﬁ" "”'I" CG””I"("!DHF, wilh Ihf‘ J}Qw“r.fns;:;p“r”nnn” DD 4 .'5 :—_1:5__—- P —
Syt ' + 15 ~18
Vi he anable threa.rik . . A oo
Phaca (e , ’. L '-1 Phdse ML By Urce 51 al 418 v - =
S3€ Regulatin 3 All otranstorm 5 a8 &l P 1] vV Lﬁ””i‘.!i;t ”'H";' Th.”]
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: L2 Sel up the clrcuit of Figure 116, using two trangmission lines in paraligl
ﬂ's_“” d | | T feeding a slar-connectad resistive-inductive load ufiiﬂﬂ!l..saibolh lrans-
E ——— ] ' sou v migsion line impedances al 200 (1 and adjust E, to 415 V. Note that each
. REGULATING | (g, ) line carries the same amount of real and reactive power when there Is no
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415 v _ 1 1 ' _ | A Tio |
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Transmission Line Networks and the Three-Phase ssion Line Networks and the Three-Phase

: - aneml
Regulating Autotransformer f-mﬂ'l_amg Autotransformer
ﬁfgu ¢
0-500 v
SETTING :
REGULATING - |
AUTOTRANSFORMER ' LINE 1| UNE 2 | BUCK PHARE Mlmmmg. —
' _IMP_| IMP_|BOOST| sHirr | P a, L0 G (e —
= (1 (1 % . W v : & & |
P! (Qi'> W Yar v = v
N N 0 200 0 0 y
415
‘¢ |0 f 8349 8446 0 200 0 |[+15
415 v [
3phase ° /? .' : 0 200 0 [=15
BUON I
. : 0 200 |+15 0
1
8821 1 N . :
" 0 200 |415 +15
e, 832
8446 g 0 200 |=15 -15
Flgure 11.5.
Table 11-3

TEST YOUR KNOWLEDGE
1. On Figure 11-7 two iransmission lines having feactances per phase of 100 ()

and 200 {1 are connected in parallel. A phase-shift transformer T, s introduced
‘. Into the 200 (2 line, close o the receiver, so that the real power be divided

equally between the two lines. If the sender and receiver volfages are both
100 kV line-to-line, calculate the maximum real power delivered, and the phase
angle needed for the phase-shift transformer.

2. InQuestion 1!




Transmission Line Networks and the Three-Phase
Regulating Autotranstormer

3. Does the phase-shift transformer in Question 1 increase the -
maxj
the 200 0 line can deliver? MUM powe c

[] Yes []No

4. “"In the circuit of Figure 11-8 comprising two transmission lines in a
sender and receiver voltages are both 100 kV line-to-line. A thallei the
transformer T, and a buck-boost transformer T, are adj Phase-shif

usted so th
delivers the same amount of real and reactive power to each line. ifa:l:ge Sender

absorbs 50 MW, calculate receiver
a) the phase-shift of T,
e ———
__—_-_-—'—\.-
D) the voltage ratio of T ,
[_‘ . tl

Figure 11-8,

This is an Engineering problem
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he Synchronous Motor Under [ gad

R

SQUIRREL

This photograph of the rotor of the S

the 22 DC poles ang OuS molor shown on Page 9-1, illustrates very well

the squirrel cage windi

e -
] e =

SYDNEY TECHNICAL CO
NS\
b SCHOOL OF
ELECTRICAL ENGINEERING

LLEGE
Experiment 12

OBJECTIVES

® To cbserve the mechanical shift of the rotor as the joad is mer
eased.

e To determine the load limit of the motor.

e To observe the effect of field excilation u

s pon he load-carrying capacity of the

DISCUSSION

_ .
ey S, WP

We recall from Experiment 9 that the eircuit of 2 synchronous mator can be repre-
sented by Figure 1-21, in which X is the synchronous reactance, E, the voltage
induced by the flux from the rotor and E, is the supply voltage. '

Figure 1 21,

| sl power delivered to the malor is given
Just as for a transmission line circuil, the mmﬂmﬁ

by the equation

receive is, theref :l;:&'.-E_ PRI
output will ha‘-sﬁgh#
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The Synchronous Motor Under [ oad

As seen from the equation P = E,Egsin /X foragiven power P and supply Vﬂltﬂga

E, the phase angle 8 will increase if the DC excitation is lowered. |
[f_!n:jufed sufficiently, 8 will approach 90° at which time the motor will be

of falling out of synchronism

. le where the motor pulls out is |
in salient pole machines, the phase ang S less than ane
;nuwaw around 70°. This is due to the reluctance torque created by the Eanligﬂ
o However, for our purposes, the equation for power gives a satisfacmw nt
ture of what happgns 0 & synchronous motor under load. Pic-
Synchronous Motor and Transmission Line
Consider a system composed of a transmiss_ian line whose impedance is X, 0
which is connected a synchronous motor having a synchronous reactance Of‘}( lo
and an induced voltage Ep , as shown in Figure 12-2. 2l
| (a) (b)
Figure 12-3.
EQUIPMENT REQUIRED
DESCRIPTION MODEL.
‘ DC Motor/Generalor 2 :g;:
Three-Phase Synchronous Motor/Generator | = 1'
Figure 12-2, Resistive Load | ¥ _
Three-Phase Transmissien Line a“miz
DC Voltmeter/Ammeler 84 %
The power which can be transmitted from the source E,t AC Vollimeter _
othes i olime _ 8446
now given by the equation I ynehronous motoris Three-Phase Watimeter/Varmeter 2591
E:Eo Power Supply 8909
FUS SN, Phase-Shift [ndicator 8922
Ay Xo) Stroboscope gad2
where 6 is the phase anale belween E; a . ‘ Timing BEI_I | 8128
transmitted is therefore P = E 1810 Eg., Th ma_xrmurn pPower which can be Connection Leads
the other hand. ih max — 1EG.{:’<1 T KE}- and this occurs when i = 90°, Oﬂ
. Ine power delivered to the motor is also given by:
EsE, :
P = ———SiN a PHOCEDUHE
where E; is the terminal v e parimenti DO
oltage an - . R B ¢
e between the pha el gL angle between E, and E, , Since E, must : thlhwﬁpwﬁ[m!mﬂ%ﬁ weron!
. p SDFS E'l and El.:l {EEE ngure 12‘_3 . o 3 . 4 l‘"ﬂ ot M i WM ST
Mum power is being del ), itis obvious that when maxi- 1 make any connect = TN =l AT B

féfd- angle a is less than 90°. In other words, the motor will

ore the angle between E, and Eo has attained 90°.
The reason for this is because a s »
@ = 30° provided Ihat Eg and the t
!raf’lsm:ssxﬂn ine the terminal voll
lude of the lpag Thisis why th
Nas reacheqd 9g° (see Fi

pull aut of synchronism

ynehronous motor attains its maximum power al
€rminalvoltage E, are constant. In the case of the
age E; is not fixed, but depends upon the magni-
e molar attains ils maximum pﬂw&fbﬂlﬂf&lhﬂﬂﬂgmﬂ

JU1€ 12:3 (b). By trigonometryitis possible toshow/hatihe.

us Motor Under Load

value of , when the power is maximum, is given by the equalion:

' tan a = (X2/X4) (E4/Eg)
Thus if X; = X; and Ey = Ep , tan a = | and « is 45°
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hronous Motor Under Load

SYNC MOTOR

RESISTIVE|
LOAD

8311

What is the corresponding field current?

i

\JiustE; 10415 Vand adjust the
Wn Dy the motor is zem After
onsiant. (Under these Cond:-

plied voltage E, ) Using the

QzZero.note P, . Q, . and| _ _
umofthe reaﬁing; of eat:; L1 5. SetuptheexpenmentsothalEg = 275 VandE, = 415 V. Determine the
phase angle as well 35 P, and Q, . Record your results in Table 12-2
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The Synchronous Motor Under Load

Effect of Transmission Line Impedance

(] 6 SelE, =415V, Eg = 415 V and note the real power P, just before the
miotor falls out of step. Note also the phase angle of Eq compared 1o E,

by the phase shift of the poles.
P, = W b=

——

Now introduce a three-phase 400 {1 line in series with the molor, angd
with Eq = E; = 415V, increase the load until the motor loses synchro-
nism. What is the real power P, just before this occurs?

P! e W
What is the corresponding phase angle between Eg and E; ?

A=

Trigger the Stroboscope from the voitage E; applied to the motor and
note the rotor pole phase shift as the load is increased. At what phase
angle does the motor pull out of step?

—_ ]
a —

Explain why this angle is much less than 90°.

TEST YOUR KNOWLEDGE

1. A synchronous motor of 1000 kW, 2,3 kV, 3-phase has a synchronous react-
ance of 2,6 {1 per phase. Calculate the phase-shift of the poles in eleclrical

degrees when the motor develops 500 kW. given that the excitation voltage
Eg = 23 kV line-to-line,

:LEHE molor in Question 1 is located at the end of a transmission line whose
l dfnce per phase s 3 £}, by how many electrical degrees will the poles shift
'om Iheir no load position if the motor produces 500 KW?

J
!

)

b

B

a
b
i
1
-

In Question 2 what is th 2l
out of synchronism? P e molor can develop before it falls
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Experiment ]_3

Lunting and System Oscillation

4

OBJECTIVES
e To observe the hunling of a synchronous molor,

e To study how inertia and reactance affect the frequency of oscillation.

DISCUSSION

This experiment is concerned with the behavior of synchronous malors when fhey
are subjected to sudden load changes. In order to simplify the explanation, let us
suppose that the power vs phase angle curve of 3 large molor has a peak value of
5 MW as shown in Figure 13-1, Assuming that the no-ioad rolor position IS a5 shown
in Figure 13-1 (a), the poles will fall back by_aﬂ‘whenthe Ioad Efw fo1 MW.The
30° angle is a direct consegquence of the given curve. This indeed i what happens

when the load on the mator is very gradually increased from zero 1o 1 MW.

1,4 MW [ === =7

This large 735 kV swilching station enable '
3 5 a spin-off of electric power and ek
intermediate voltage-regulating station, : THOSeIeRE S

- s - bl R T T eee—

_— - O O -

Rt S




Hunting and Svstem Oscillation

: : Il fall behind by more than 3p*
' dis applied suddenly, the rotor wi

Butifa ?nM:: E?a sl 45.05_5 0" from its no-load position. In a way, the rotor oversh
gea};}?qmga rk which it should reach, with the result that the molor develops,

| le of 45°, the mator will develop 1,4 MW while
afgl?l?zrt?ya:fdﬁ ETm's difference of 0,4 MW accelerates thg futor. urg
the 30" point of stability. But when rotor reachgs this new posilion, it
and overshootls the mark by such a wide margin that the angle may
as 15° At this new angle, the motor only develops 0,5 MW which i
the 1 MW mechanical load. Consequently, the rotor 5‘2""’5 down
will again approach, reach, and then overshoot the 30 point,

Referring to Figure 13-1, the rotor will oscillate be!ween 15° (P
aliempt to reach the 30° point (Pg) of stable Gpe.ratmn. The rpm
oscillate during this transition period. The swing to the righ
become progressively smaller and, after a minute or SO,
“hunt®, having now “found” the stable point Pg . The proce
tions become smaller and smaller is called damping. The d

ticularly effective if the motor poles are equipped with a squirrel-cage winding.

Any sudden changes either in the mechanical loa
ary power interruption will cause a synchronou

S molor (or alternator) to hunt.
The frequency of hunting depends mainly upon the inertia of the machine, its Speed
of rotation and ils peak power. An approximate formula is
7200 ;’I_FF
Fu = —V—
N J
in which Fy, = frequency of oscillation in cycles per minute.
N = speed of rotation in revolutions per minute.
P = peak power in Kilowatts,
I = supply-line frequency in heriz.
J = moment of inertia in kg'm?2
An analogy

Our intuition talls us that if the s
then Suddenly released.

Inertia, the thick shaft (re

nafts are twisted th
they will oscillate but at di

Aresenting large power) o

rough an angle of, say, 30° and
fferent frequencies. For a given
f Figure 13-2 (B) will hunt much
fafte.r than the shaft of Figure 13-2 (a). Also, with a given power level, the shaft with
alarger neria wheel \répresenting more Inértia) of Figure 13-3 (b) will hunt much
siower than the shaft of Figure 13-3 (a)

Q0ls

for a
while, a motive power considerably in excess of 1 MW. For example, if the rolor

Ihe mechanical load
INg it back to
IS going tap fast,
become as Small
S much less than
and, in so doing,

1) and 45° (Ps)inits
oris said to “hyn or
t and left of Po will
the rotor will cease (o
SS by which the oscilla-
amping is rendered par-

d, the supply voltage or 3 mMomen-

Juntil

.nd System Oscillation
g

(a)

(b)

Figure 13.2,

(a) &)
Figure 133,

Synchronous Motor and'T}aﬂamIsﬁlnu.ﬂl'l_E{_

In Figure 13-4 is shown the circuit of a synchronous m e
reactance Xs connecled to the end of a ransmissio e

S e 1
T_;. ||iII i n_b . vl
“r - e

< n

m

=4
- i
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Hunting and System Oscillation

nfing and System Oscillation ik
HU

This is less than the peak power d the molor were directly connected 1.8, and ag O 2 HWMamirﬁ o el the faivia
resull, the lrequency of hunting will be lower | a ' shaft 1o increase its inertia. W 12l 18 the fram s
4 r:m' =
EQUIPMENT REQUIRED o S e ,_._' T R
Compare "ﬂ‘mw servation in procedure stea 1
W S L el e TR J"‘"—
Theee-Priass Synchronous Motor/Generator B241 Sy o E |_:Ir o -
Three-Phase Transmission Ling 8309 o 3 Wﬁmﬁzﬁ iy . (AR (ki 2 2
Three-FPrass Wattmeter/\ armeter B445 Saﬁlﬂgﬂz =0 (se ; | Ir ANSIThSSion
rmrvn»; 9821 impedance lo zero. in orc
NENiz > iah
8915 high starting current. )
Stroboscope Bg22 i
Connection Leads 9128
PROCEDUR
URE e g
WARNING A O -
i 3 o T
High voltages are present in this Laboratory Experiments 0o 8448 8327 —
not make any connections with the power on! | rﬁ'ﬂ
71O
- 1. Connect the Three-Phase Synchronous Motor/G ————
e enerator et At =
’E’”‘;"aﬁ of the Power Supply, and adjust the DC excimﬁtinm;ﬁm ﬁ N|O T
reaclive power supplied o the molor is : Sy
5 Zero (see Figure 13-5). - 0-240 V dc i
8821 __.‘

SYNC MOTOR

Epruu: g @@

8448 "'"'T"'"‘

Figure 13.5

Switch the AC power

Clﬂ Bnd H - -

A ] e ]

e

[ i s

= 2 g e o
.-‘- ’I-'"?' ..II.'.I"I"I- '|.: .




Hunting and System Oscillation

TEST YOUR KNOWLEDGE

1. Analternator has a rating of 200 MW, 13,2 kV, 50 Hz, 375 r/min. Under nominal
. excitation (Eq = 13,2kV) the machine Is able 10 dt?lwa_r a peak power of
300 MW. It is found that the natural frequency of oscillation is 20 cycles per

minute,
a) What is its approximate moment of inertia?

b) What is the value of the synchronous reactance per phase?

2. The voltage, in a large city, increases and decreases periodically, following a
momentary power interruption. Explain this phenomenon.

3. A large synchronous motor located at the end of a long transmission line will
hunt more slowly than if it were connected to an infinite bus. Explain why.

4. The momentofinertia of the 175 W machine with its inertia wheel is 0,034 kg'm?
and its synchronous reactance is about 480 () per phase. If this motor is con-
nected to a 3-phase source of 415 V and if the excitation vollage Eg = 415V
(line-to-line) calculate the natural frequency of oscillation under no-load condi-
tions. Does this value correspond to the value you found by experiment?
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¢ System Transients

| SYDNEY TECHNICAL COLLEGE
| N.S.V.
- SCHOOL OF

| ELECTRICAL ENGINEERING

OBJECTIVES
e To observe voltage and power fluctuations under abnormal fransmission fine
conditions. '

e To observe voltage and power fluctuations due to line swilching.

DISCUSSION

Transmission line disturbances include a) short circuits, b) unforeseen open Gir-
cuits, and c) switching surges. Such disturbances may be caused by many different
factors and are usually of short duration. For example an accidental shor-circuil
requires immediate opening of the relevant circuit breakers, which are often imme-
diately reclosed, on the assumption that the shot-circuit has been cleared. Such a
rapid opening and reclosing will produce a local electrical disturbance and cause.
voltage and power fluctuations, but will not result in loss of synchronism of the syn-
chronous motors which form part of the load. In other words, the system will con-

tinue to function because its stability fimit has not been exceeded.

mmmamemﬂ

The opening and elasing of gircuit
similarly produce temporary disturbancesina hrgammemd system. &Jﬂl‘lﬁ

the case for two paraliel transmission| fines when one of them IS su
closed). L F
smumrﬁareanmmmmﬁﬂ' atotal system load. the

Because large synchronou
importance of maintaining stability cannot be
: \chronous mappmﬁl

the poles of a syn
phase angle curve) therg is an i

cause the t:.::mprhals':t;ollai.!&li'l:rl-lh'*‘?l
may be pr&uen::ltha I:Iis‘lumdﬂw
necled system. Lircu
ity, and they must mspmdq

The inertia of synchronous M= c-
snmacasas.ll‘mﬁ!ﬂm__,___, i
ations. lmrmaﬂol& 8BS 8 hines:
higher :nsﬂ:ﬂ Dﬂ" |




Power System Transients

EQUIPMENT REQUIRED

DESCRIPTION

DC Motor'Generalor
Three-Phase Synchronous Motor/Generator
Resistive Load
Three-Phase Transmission Line
AC Voltmeter
Three-Phase Waltmeler/'Varmeler
Power Supply
inertia Wheel
Stroboscope
Timing Beft
Conneclion Leads

PROCEDURE

WARNING

High voltages are present in this Laborat
not make any connections with the po

[J 1.

ble AC source, Couple a DC shunt generator

resisiance l0ading. Introduce melenng for pow

Connect the Three-Phase Synchronous Motor/
transmission lines in parallel which, in turn, are

MODEL

8211
8241
8311
8329
8426
B446
8821
8915
8922
8942
9128

ory Experiment! Do
wer on!

Generator 1g the end of two
connectedload1s v varia-

[ the motor and Provide for

erand voltage, and adg the

inertia Wheel to the Three-Phase Synchronous Motor (see Figure 14-1),

'D"-SQU v ‘- .—ﬁ\ -
a5 17 (; (e ]nsﬂav
3 phass ‘*j}"
— f J
40
5[ J ! 8329 .f

19—

SYNC MOTOR

B

oo

881

e

RESISTIVE
LOAD

=

B311

8211

Figure 14.1

8446 —

240 V de

~
AALLE
PoW

y ansients
r System (£

] 2

O 4.

flield rheostat so that Wi = 175 W Ag: :
- Adjust th :
NOUS molor so that E, = Ey =415 VJU EECEKﬂiahonofuie

the 1200 0 load resistance of the DC
voltage fluctuations and. with the Stroboscope, ¢

Try to switch the load in step with the natyray frequ

doing you may be able to make the system lose sl
smaller than normally required. Synchronism with a load

Once the system is funning stably (with £, = €y =415V zng
W, = 175 W), GPen one of the paraligl lransmission i

power and voltage fluctuations. The system should not Iosé synchronismin

this experiment. Explain the behavior and eslimale the frequency of oscila-
tion. y

Then reclose the open fine and again observe power and voltage fluctua-

tion. Why is the frequency of oscillation figher than before?

ced | i | thal W; = 250 W. Open the
Repeat procedure step 3, hutadfusllhe!aaﬂm _
circuit breaker of one of the parallel lines; the system should lose synchro-

nism and come to 2 halt.

Start it up again, and_mis time pen ¢ A . -
line breaker. For about how long can the breaker be left open without

system losing synchronism?

e AT Vs s = 73 W),
Jndions again nomal and Ex = & = 415 % and ¥z = 79 W)
e ey shorticu o o 1 e wis feding e sn
‘motor. Observe what NGpAEns Iige .




310 ELECTRICAL POWER

KrypowograrH. It is found that if a potential difference is
applied between the faces of a photographic plate, the emulsion is
affected and on developing a figure is obtained. When the emulsion
side is at a higher potential than the other side, the figure consists
of fine lines radiating from the point of contact; when it is at a
lower potential, the figure is a complete and fairly definite circle.
The latter, or negative, figure is the more useful as its size is definite.
The magnitude of the figure depends upon the magnitude of the
potential and its frequency or steepness of wave-front. Thus
50-cycle potentials produce only a small figure, whilst high-frequency
or steep-fronted waves produce a large figure. If the film is allowed
to run past the electrodes (that on the emulsion side is usually pointed
and the other flat), the developed film gives a long line with wide
bands. The long narrow line corresponds to the normal operating
voltage, and the wide bands to high-frequency discharges or steep-
fronted surges. Useful qualitative information has been obtained
by the use of the klydonograph, but because of the dependence
of the size of the figure on frequency or steepness of wave-front the
results are not quantitative,

SuraE CrEsT AMMETER. The principle of this instrument is the
measurement of the residual magnetism in a piece of magnetic
material, which has been magnetized by the surge current. IFrom
the residual magnetism the peak of the surge current is deduced.

EXAMPLES X

1. Explain what is meant by the surge impedance of a transmission line
and derive its value in terms of the line constants. Derive expressions for the
values of the transmitted and reflected waves of current and voltage relative
to those of the inecident waves at a point where the surge impedance changes
from Z, to Z,.

A rectanpular wave of 200 kV. amplitude travels along a line having a
surge impedance of 500 {). to a transition point where it is connected to a
line of 50 0. surge impedance. Determine the values of the transmitted and
reflected voltage and current waves. { Lond. Univ., 1954.)

9. Describe and explain the occurrences immediately following the sudden
application of a steady voltage to one end of a transmission line open at the
far end.

A surge voltage e is travelling along a line of surge impedance Z, connected
at its far end to a line of surge impedance Z,. Show how to calculate the
magnitude of the voltage surges transmitted through and reflected from the
junction, explaining all assumptions and approximations,

(B.Se. Lond. Univ., 1933.)

3. Describe with the aid of sketches one good type of lightning arrester.
What auxiliary equipment is used in conjunction with the arrester to safe
guard the apparatus in the power stations ? (Nat. Cert., 1935.)

4. An overhead line is joined to a three-phase underground cable. What
apparatus is necessary to protect the cable against surges? Give a diagram
of connections. Knowing the surge impedance of each circuit show how to
ocaloulate the proportion of the surge that enters the cable.

(B.Se. Lond. Univ,, 1831.)

VOLTAGE TRANSIENTS AND LINE SURGES 311

5. Enumerate and explain briefly the causes of surges in a transmission
line. Describe methods of preventing such surges and of protecting
substation apparatus against damage due to them other than by the use of
lightning arresters which discharge the surge to earth. -
(Lond. Univ,, 1832.)

6. Explain the reasons leading to the general practice of earthing the
neutral point of a power system and discuss the relative merits of earthing
' it (u) solidly, and (b) through an impedance.

B s An earth electrode consists of a pipe 6 ft. long and 1 in, dia. buried vertically
. with its upper end at ground level in soil having & uniform resistivity of
10000 Q. per em. per cm.? lstimate the potential difference between the
g " electrode and a point on the ground 5 ft. away from it when 100 A. are flowing
- through the electrode to earth. (Lond. Univ., 1934.)
' 7. Explain the principle of the cathode-ray oscillograph and describe
i briefly the construction of such an instrument suitable for recording trans-
~ mission line surges.
E \ What means are employed in an instrument used for this purpose to secure
. good photographic sensitivity and to prevent fogging of the recording plate
;: . by the ray before and after the passage of the surge?
. (Lond. Univ., 1933.)
© 8, T'wo single transmission lines 4 and B with earth return are connected
. in series and at the junction a resistance of 2 000 (1. is connnected between the
. lines and earth. The surge impedance of line A is 400 0. and of B 600 (), A
~ rectangular wave having an amplitude of 100 kV. travels along line 4 to the
~ junction.
; Develop expressions for and determine the magnitude of the voltage and
. current waves reflected from and transmitted beyond the junction. What
- value of resistance at the junction would male the magnitude of the tranemitted
wave 100 kV.? (Lond. Univ., 1949.)
9. An underground cable having an inductance of 03 mH. per mile and a
- ‘capacitance of 0-4 uF, per mile is connected in series with an overhead line
having an inductance of 2:0 mH. per mile and a capacitance of 0014 uF.
er mile.
P Calculate the values of the reflected and transmitted waves of voltage and
- current at the junction due to a voltage surge of 100 kV. travelling to the
junction (a) along the cable, and (b) along the overhead line,
b Explain how the waves would be modified if the cable and line were of
- considerable length, (Lond., Undv,, 1947.)
-~ 10. Explain the function and principle of operation of an arc-suppression
- coil for use on a 3-phase system.
. A 33.kV., 3-phasge, 50 ¢fs, overhead line, 60 miles long, has a capacitance to
~ earth for each line of 0:016 uF, per mile.
k. Determine the inductance and kVA. rating of the arc-suppression coil
- suitable for this system, (Lond, Univ., 1947.)
L 11. Describe the construction and aexplain the operation of a modern type
.~ of surge or lightning arrester, and explain at what part of the circuit it would
- be most satisfactory. (Lond. Univ., 1947.)
~ 12. Deseribe with the aid of diagrams, the function and operation of the
. Petersen coil protective device, and derive an expression for the reactance of
~ the coil in terms of the capacitance of the protected line. What are the merits
~ and demerits of the system ? (Lond. Univ., 1949.)

.
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CHAPTER X
VOLTAGE TRANSIENTS AND LINE SURGES

Introauction. There are various ways in which a transmission line
y experience voltages greater than the working value, and it is
sary to provide protective apparatus to prevent or minimize
estruction of the plant. Internal causes producing a voltage
are (1) resonance, (2) switching operations, (3) insulation
e, and (4) arcing

3: a very impor- - K L

therna.l cause 18 I A

] _' nce. The eﬁecﬁ: 3l
ance is mosteasily & @ C rv
consider-

rt length. The Fic. 237. RESONANCE

ay be represented by their leakage inductance L, and the
yr a capacitance C. The system is then as shown in Fig. 237,
R represents the resistance of the alternator winding, trans-
formers and cable, and r the resistive load. The total impedance of
the circuit is

- , (1jwC)r : ?
P o — P el g
ihe current is
B - I = BJZ,
'::_-.T:}.' o voltage on the cable is
4 Vi=1T % fH]- -[-.ijT),

e latter expression represents the impedance of the parallel
ation of €' and ». Substituting for 7 in terms of & we get

+ :;-,;. v o 5. . r
:.'_!L-m"- ( +.fw0r) ‘ (R Tdek by +jwc"f)
:I a5y 1

1+ (B 4 jel) (fr + jo0)
e 1
. (—'LO + EBJr) + jo(L]r + CR)
fie magnitude of (V/Z) is

[V | = [(1— w*LC + R[r)* + w?*(Ljr + CR)*]-¥ . (112)
- 275
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Let us consider the case of an unloaded line first. In this case
r = w, 80 that
| VIB | = [(1 — w*LC)* + w?C*R?]—4 . (112a)
If we consider that C' can vary, by the insertion of different
lengths of cable, | V[E | varies in the manner shown in Fig. 238.
The maximum value occurs when
S S T
T wil ++ RYL w*L(l + RYo?l®) T L
1 1 wk
Ry wCR+/(1 + Bw?Ll?) = wCR = R~
A reasonable value of L in a 33 kV. system is 0-05 henry, and the
resonating capacitance is then

when

5 1
2 =~ (27 . 50)® x 005

= 202 uF.,

which is the capacitance of some
hundreds of miles of cable. Resonance
in short lines will thus never occur at
the fundamental frequency. If we con-
sider the fifth harmonie, which is often
0 C present to the extent of 2 or 3 per
cent, we see that resonance can occur.
The capacitance required is

1
= Br 2507 X 005~ 1 HE.,

which is provided by a cable of length about 28 miles. If we assume
a 10 per cent harmonie, the value of V is
| V5| = | B | X 27 .250LfR = 010 | B, | X 27 . 250L/R,
where &, is the fundamental, and E; the fifth harmonie. If we take
R = 5, we find that
| V| = 1:57 | By |,

so that the fundamental voltage of #, = 33 kV. has a fifth harmonie
of magnitude 52 kV. (r.m.s.). The peak value between phases may
then be 4/2 X 85 kV. in place of the normal value of 4/2 X 33 kV.
The effect of a load is seen by comparing equations (112a) and
(112). It is seen that the term (&fr) is an additive constant in the

I
I
|
i
1
1
I
1
1
]
i

Fig. 238. REsSoNANCE

c

first term on the right-hand side of the equations and alters the

condition for the neutralization of reactance, whilst the term (L[r)
causes a considerable damping of the resonance. Let us take r = 200
ohms, which corresponds to a load of 5 000 kW. Then with the
values of L, C, and F; taken above, we find that

1 — w?LC 4 Rfr ~ 5{200 = 0:025

and w(Lfr 4+ CR) = wCR(1 4 L|CRr) = T-2wCR = 046.
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The first term is thus negligible compared with the second, so
that we may take

L . ! 1 1 wl
| Vsl s | =~ w(lfr + CR) _ T2wCR =~ T2R’

S CEEE o T

“‘,7 " g0 that V; is reduced by the factor 72 and has a magnitude of
@ 52 =72=172kV. The resonance voltage has been therefore
0 effectively damped by the load. ,

B Switching. A switching operation produces a sudden change in
the circuit conditions, and is accompanied by a {ransient state which
leads from the earlier to the later steady (a.c.) states, The behaviour

| o — a2 & K
T. T R .‘.*J
: Eslfnﬁ:affw . tomdamaa dece Tl e e
o—-——-—o"/

Voltage ° ,
Currént DI

(b)

Fia. 239, SwircHiNg-IN AN INpucrivE RESISTANOE

" the system can be explained with exactness only by means of
~ travelling waves, which will be explained later; but in short systems
~ the behaviour is sufficiently well explained if we consider the circuit
~ to be composed of lumped resistances, inductances, and capaci-

tances. The method used is that given on pages 214-16, where
- we showed that a current of twice the normal peak value can be

- obtained when an alternator is short-circuited.

-~ Transients in Circuits with Lumped Constants. There are two

;5- interesting cases which we will solve, the switching-in of an induc-
tive load and the switching-in of an open-circuited line.

- Fig, 239 (a) represents the switching-in of a load of inductance L
and resistance R. The equation for the circuit is

e L(difdt) + Ri = E sin (ot + 0),
f“ the solution is (see page 215)

' B
VIR + (wL)?

8- -._i-:'= Ae—(RILE 4 ] gin (.:u! + § — tan *‘1% )
; o—(T.54)

i - 1

.': ..' :
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The constant 4 is determined by the fact that i = 0 at the time
! = 0, so that we find that

& . L
- VIE T (L] sin ( 0 — tan -1 E—uﬁr)g—ffﬂmf
I

) wl
-+ VIE ¥ (L] 8in (mt + 0 — tan‘l—g-) . (108)
The first term represents the tramsient current which decays
exponentially. It has an initial value equal and opposite to that
of the a.c. component at the time of switching (so that the initial
current is zero),
If the circuit is very inductive L > R, and we may put

VIE* + (L)) ~ wL
and tan—! (wL/R) = n/2.

The current then becomes
i = (BJwL) [sin (0t + 6 — 7/2) — &~ (RILk sin (0 — 7/2)]
= (EfwL) [e~(BID cos 6 — cos (wi - )],

During the early period after switiching &~ (®IL) does not decay
rapidly from the value of unity, and the current is therefore
approximately

t = (BfwL) [cos 0 — cos (wt + 0)], (113)

~ and varies between the values of (BfwL) [cos 0 — 1] and (Bfw L)
[cos 6 + 1]. The peak value is thus

(BlewL) (1 4 | cos 0 rj:

i.e. (1 4+ Luua 0 |) times the normal peak value. The maximum peak
18 thus obtained when 0 = 0 and is twice the normal peak, This
condition occurs when the circuit is closed at zero voltage and
the current is

t = (EfwL) [1 — cos wt], . . . (114)

which varies between zero (at ¢ = 0) and (2E[wL) (at t = nfw).

It can be shown that, whatever the power factor of the circuit
may be, the maximum * doubling” effect is obtained when the
eircuit is closed at zero voltage. Fig. 239 (6) shows the normal
sinusoidal current. If the cireuit is switched in at A the transient
has initial amplitude 44, if at B the amplitude BB,, and if at C
the amplitude OC,. The transients corresponding to these switching
points are represented by the curves A4’ BB', CC' and must be
subtracted from the sine wave. The total current at any instant is
thus the vertical distance between the sine wave and the appro-
priate transiont curve. It is clear that if the circuit is switched in
at position B the current is greater than if switched at any other
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1 1 1 the same time factor
ition, sinece the transient curves have '
gfiﬁ}i and have the same decay rate. The topmost curve is

int of contact with the
ly seen to be that whose slope at the poin :
g:%:zrgﬂve is equal to the slope of the sine wave. Let us consider

this as the time { = 0. Equating slopes we get

V5
[— IE? gin (6’ — tan~! EEE-)E'_{ML]’] {0
wl
= |:.r:u ﬂus(mi + 8 — 1;3,11—1?)] =0

e, — (wL/R)=tan [0 — tan~ (@L/R)]

k: - i ti=20
~ whi ives @ =0orm. If0 =0 or 7t the vp]ta.ga 18 zero a )
:F;lmirslltég maximum doubling occurs if the circuit is closed at the

instant of zero voltage. _ ]
mssgposa the load has a power factor of 0-8 lagging,

| wL|R = 0-6/0-8 = 0-75.

e  If the circuit is closed at zero voltage the current is

g B . L 0L
= ery L : — tan™ —
= -,_.'-1._. & $ = > I = [ BinN (m.ﬁ B )
R, VR + (wl)?]

-+ sin ( tan—! %E ) g —{Rfm‘]

— e [0 (0l — 36° 52) + 0:6et e

: ¢o8 (wt — 36° 52') = 0-6 X 1:33¢~ 13t = ()-8 13801,
\ Lot wt— 36° 52’ — &, so that
B wt = ¢ -+ 36° 52’ = ¢ - 0-64 radians.

BT _e-equation becomes
£1:33¢ ang q& = U‘EE_G-EES = 0-34.

i

S SRR [ | 16 1-54
g . | 378 7-30 7.76
cos . .| 0540 0-0707 | 0-0308
9% cos g . | 204 0-52 0-24
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We may take ¢ = 1-53 radians = 87° 40’, so that
. B .
gz = VIEE - (@LY] [sin 87° 40" +- 0-6¢—1-83u/ |
. B
VB + (L))
E
= VIE + L %4

and the peak does not exceed the normal value by more than
4-5 per cent.

Fig. 240 represents the switching-in of an open-circuited line; we
assume for simplicity that the e.m.f. is constant and equal to &,

14 0-34—1-33%1.533]

;i R L

P Q
L
— q

Fra. 240. SwiTcHiNg-IN AN OPEN-OIROUITED LiNg

but the same method is applicable for an a.c. case. The equation
for the current is
L{difdt) + Ri 4 QIC = E
where ¢ = d@/dt. : /
The voltage at the end of the line is V = QJC. Substituting for

tin terms of @ we get
L(d*Q[dt*) + R(dQ[dl) + QJC = E,
the solution of which is
Q = CF + e~ (R/2L (4 cos al - B sin «t),

where « = +/[(1/LC) — (R*4L?), and 4 and B are constants which
are determined by the initial conditions. At the instant, ¢ = 0, of
switching-in @ and ¢ are zero. These conditions give

A=—CF and B = AR[2La,
sothat V = QJC = B — Ee=(RI2I)! [cos at + (Rf2La) sin at]
= H — E[1for/(LC)] e =LY gos [at — cos—! (ar/(LC)],
and ¢ = d@Qfdt = (I]aL) e~ (1210 gin g, } s
If the resistance is negligible the voltage and current reduce to
V =E— E cos [{/]\/(LC)]

: ! (115a)
and i = [B/(C/L)]sin [th/rmn,g
since & = 1f4/(LC) in this case.
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The voltage in this case oscillates sinusoidally between 0 and 2E,
whilst the current is a sine wave of peak value £+/(C/L). TFig. 241
shows the voltage and current for the case of no resistance (curves 4)

and for some resistance (curves B).

2F

(@) E

0

EN(E/L)

(b) o
-EC/L)

L - Frg. 241. Open-orrouiTEDd LINg
N (@) Voltage, (b) Current,

','jﬂ,’ ~ Switching Surges. We have found that when an em.f. ¥ is
switched on to a line, which we replaced by an inductance L and
- a capacitance C, the voltage oscillates sinusoidally between 0 and 28

~ whilst the current varies similarly between — F+/(C[L) and

|| -
v gy
I'h "I o &

X

r X

- QT

(&) E
T =)

F1g, 242, Swrircming Suncre oN OPEN-CIRCUITED LINE

L 24/(C[L). 1t is clear that this does not represent the state of
with exactness, for any transfer of energy must travel with

— &

ety less than that of light, so that the far end of a line is

f;;__tgd for the finite time that it takes the energy wave to reach
therefore follows that part of the line may be passing current

84 maintaining a voltage whilst a further part has neither current
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nor voltage. We will consider the case of the switching-in of an
unloaded line from this point of view, and will make the simplifying
assumption that resistance and leakage are negligible. Tig, 242 (a)
shows the arrangement ; the line has inductance L and capacitance C
per unit length and is open at the far end XX.

At the instant of switching an e.m.f. ¥ is placed on the line at 4.4,
and & current ¢ passes to the right in the upper conductor and to
the left in the lower conductor. Suppose that in a very small time
dt the conditions of a eurrent 1 and a voltage ¥ are established along
a length dx of the line. The e.m.f. B is balanced by the back e.m.f.
generated by the magnetic flux which is produced by the current
in this length of the line. The inductance of the length dx is Léz,
so that the flux built up is ¢Ldx and the back e.m.f. is the rate of
build-up, viz. iL(dx/dt). We have therefore

= t'L(JI{ﬁt}

= eLw, (116)

where v is the velocity of the wave.

The current i carries a charge 16t in the time d¢, and this charge
remains on the line to charge it up to the potential £. Since the
capacitance of the length §x of the line is Cdx, its charge is ECda.
We have therefore

10t = FCdx,
or i = EC(Sx/0t)
= ECw. (117)

The switching of an e.m.f. & on to the line results therefore in a
wave of current ¢ and velocity » where ¢ and » are given by equations
(116) and (117). Multiplying these equations we get

Bl = iLvECy = Fil.Cw®,

so that v = 1f+/(L0). (118)
Substituting for » in equation (118) we find that
t = H\/(ClL) = B|Z
(119)
where Z = /(L[C).

Z is called the surge impedance or natural impedance of the line;
it is a pure resistance for a line without resistance or leakage, and has
a value of 400 to 600 ohms for an overhead line and 40 to 60 ochms
for a cable. The velocity of the wave on an overhead line is approxi-
mately equal to the velocity of light, for

L = [1 4 4logh (Dfr)] x 10— H, per cm,
~ 4 logh (Dfr) X 10-°? H. per cm.

=t
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: - 1
g and C'~ TTogh (D7) om. per om,
% - 1 1
= = § % 10% £ Togh (DJ7) F. per em.
i 1
8o that 9= ——— = 4/(10° X 9 X 10") cm. per sec.
B i)~ V! )iom.p
| ﬁgﬁf = 3 X 10 cm., per sec.
|
:L"i"-l" 3 = ﬂ’
F . J
~ the velocity of light,
. The velocity in a cable is ¢/4/¢, where ¢ is the dielectric constant.

v is thus about 186 000 miles per sec. on an overhead line, and
.~ 186 000 = 4/3:6 = 98 000 miles per see. in a cable.
[ We have shown that a wave of voltage F and current ¢ = £fZ,
. travels towards the right along the line with a velocity ». Such a
.~ wave is called a pure travelling wave. At any part PP of the line
~ nothing happens until the wave reaches it (at time ¢ = xfv), and then
- the current jumps from zero to i and the voltage from zero to F.
~ This goes on until the wave reaches the open end of the line (XX)
~ at time t = Ifv. When the wave reaches XX, the current there is ;
- bub this current has no capacitance to charge up, so that it must
gl §p immediately.
'he open end of the line has thus a disturbing influence which
- neutralizes the current completely; this disturbing influence then
- travels back along the line towards 44, and can therefore be
represented by a pure travelling wave moving towards the left and
* oarrying a current — 1. A travelling wave must possess a voltage
and a current whose ratio is Z, the surge impedance of the line.
If the current is to the left in the upper conductor and to the right
“in the lower from the end XX, it is seen from Fig. 242 (b) that the
yoltage is I, i.e. the upper conductor is & volts above the lower.
1r if an e.m.f. ' were switched in at XX the current would be in
- the direction required and as shown. The disturbing effect of the open
~end of the line is thus to introduce another pure travelling wave,
;]‘;,’; ch moves to the left with velocity », has a voltage F, and & current
¢ in the opposite direction to that proviously flowing. It is con-
enient to consider a current to the right in the upper conductor
§ positive, and a current to the left in the upper conductor as
ve. The new travelling wave, which moves to the left, has
ore a voltage I/ and a current — BfZ. In general, a wave
(#3, 3;) moving to the right satisfies the relation

G=E8JZ, . . . . (120)

s

'. ‘waye (X, i,) moving to the left satisfies the relation

iy = — H,[|Z. (121)
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The result of the new travelling wave is to establish an extra
voltage & at any point of the line that it passes so that a resulting
voltage of 2% is produced, whilst the current is neutralized. Thus
the conditions at the point PP of the line are such that its voltage
and current values are (0, 0) from ¢ = 0 until { = xfv, (F, i) from
t = zfvuntil { = (21 — a)fv, and (25, 0) from ¢ = (2l — x)fv onwards.
This goes on until the disturbing wave reaches the generator at A4
at time ¢ = 2ifv; by this time the line has voltage 2/ and zero
current at every point. When this instant occurs, the voltage at
the generator terminals is 2. But the generator is supposed to
maintain a voltage & at 44, so that another wave is called into
play to reduce 2F to E. This wave must therefore have potential
— I/, and as it moves to the right it must have a current — BlZ = —1
by equation (120). As this wave travels from 44 to XX it reduces
the voltage to # and produces a current — ., Thus the voltage drops
from 2 to I/ at the point PP at time ¢ = (21 -+ 2)fv and the current
jumps from zero to — 4. When this third wave reaches XX it
establishes a current — ¢ there, which must be neutralized by a
fourth wave travelling to the left with current -+ 4, and voltage
— 1Z = — I} by equation (121). As this fourth wave travels from
XX to 44, the current vanishes at any point it passes, and the
voltage becomes F/ — B = 0 at every point. The line is thus
completely discharged and has no current, and a complete cycle
of travelling waves has been finished. If the line were com-
pletely without resistance and leakage, this oycle would be
repeated indefinitely., The current at 44, the current and voltage
at the mid-point of the line, and the voltage at XX are shown in
Fig. 243.

It is interesting and instructive to compare the exact desecription
of the switching phenomenon with the approximate description
derived by considering the line as composed of a lumped inductance
and capacitance. In both descriptions the potential at any point
varies between 0 and 2H; but in the exact description the time-
variation of the potential depends greatly upon the point considered
(see Fig. 243, last two curves) and changes in jumps, whilst in the
approximate method the time-variation is sinusoidal. The eurrent
varies between ¢ and — ¢ in both cases, where i = #fZ and
7 = 4/(LJC); but again the time-variations are radically different.
There is one further difference, viz. the periodicity of the two
descriptions. In the approximate method the frequency is
1/274/(LC); whilst in the exact method a complete cyele is of
duration 4/fv, so that the frequency is

ofdl = 1[413/(LC) = 1/44/(LCy),

where Ly and Cy are the total inductance and capacitance. The
difference is therefore in replacing the 2z by 4.

Before entering on a somewhat more general description of
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travelling waves, it is worth while considering the energy properties
 of the simple waves we have described. _
" Pnergy Considerations. A wave of voltage X and current i
. carries a power of /i, A simple travelling wave therilafnre transmits
o b g power 7 with a velocity ». As this wave travels it es'ta,bhahea a
" magnetic field with energy $Li* per cm. length of the line and an
. :"ﬁﬁlﬁgtrnstaftic field with energy }CE? per em. length. From equations
g bo L ZL 3L 4L SLEL LB

b VR 0 U U U T Vv U U D
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Fra, 243. CurreNT AND VOLTAGE IN SwiTcHING Sumron

a (2]

- e

(1] ) and (117) it is seen that the magnetic and electrostatic energies
delivered by a simple wave are equal, for

b

Bach of these is equal to }#ifv, which is half the total energy
livered by the wave in the time it passes along the part of the line.
lergy of the wave is thus half absorbed as magnetic and half
trostatio energy.
en a ‘pure travelling wave of voltage ¥ and current ¢ moves
right and meets an open-circuited line, we said that the dis.
Ing effect of the open end is to bring into action a reflected
of voltage I/ and current — i (travelling to the left). It will
that this is consistent with the conservation of energy, and
demanded by this principle. For suppose that the distur-
engenders a wave with a current — i, the latter being required

4
5l
e



286 ELECTRICAL POWER

in order to neutralize the current at the open end of the line. Sup-
pose that the voltage attached to this wave is B’, When the wave
has travelled a distance X ¥ (Fig. 244), the voltage over X ¥ is & - &'
whilst the current is zero. The energy associated with this part
of the line is now

0. XY . (F + E')*,
whereas previously it was
$C. XY E* 4 L. XY .2=C.XY.E?
since $Li* = 1C0K® The gain in energy has been derived from the
first (incident) wave, which feeds energy into the section XY at a
rate li2; the gain is thus Ji multiplied by the time that the reflected

wave takes to travel from X to ¥, viz. Bi x (X ¥[v). If the prineiple
of conservation of energy is to hold, then

3. XY . (B + B =C.XY .E*+ Ei(XY/[v),
or I+ E)? = E? ++ BifCv = B | E?

(by equation (117) ),
so that (B + E')® = 452,
i.e. = E,
The principle of the conservation of energy thus demands that the

reflected wave at an open end shall have a vollage equal to that of the
mcident wave ; the current 13 equal

A : 0 and opposile to that of the incident

:34 > Y % wave since no currenl can leave the
: open end.

i Sudden Interruption of a Circuit,.

o < 9 5 We have described in full the

A ;Y X surge that takes place when a

generator is suddenly switched on
to a line that is open at the far
end. The phenomenon that takes
place when the far end is termin-
ated by a finite impedance will be considered in the section on the
reflection and transmission of travelling waves. The method
employed above serves to describe the events that occur when a
current in a circuit is suddenly interrupted, by the action of a
circuit.breaker, say,

Suppose that a cireuit hag a current 4, which is suddenly inter-
cupted by the breakers §, § (Fig. 245). The disturbance produces
two travelling waves moving from 8, § to the right and to the
left. The wave travelling to the right has a current — 4, and must

Fia. 244. Exenoy CoONSIDERA-
TIONS IN SURGES
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therefore have a voltage — E, where I/ = 1Z; line A is therefore
— E volts above line B. The wave travelling to the left has a
< ourrent — ¢, and must therefore have a voltage + If, where Il = 1Z;
B C is therefore - ¥ volts above D. These waves progress in a normal
manner until they meet abrupt changes in the line, when they are
reflectéd and transmitted in the ways described later. It should be

~— (E,-t) (-E,-i)—
7 L
TheC. & = LindA
L i
. o 0
!.;'n:D S g Line B

Fig. 245, Svppen InTErRrRUPTION OF A CIROUIT

~ noted that if only one break is made, so that B and D are always
- commoned, the voltage between 4 and C'is 2. .
~ The surge voltage % is superposed on the normal voltage in that
%‘ﬁ:ﬁ of the line which remains connected to the generator,

-~ (~F, E/Z) (~E,-E/2) —
41 = B
E/% [/ EjE
LB

I'rg. 246. Surars pueE To A FAILORE oOF [NSULATION

s
~ Insulation Failure or Earthing of a Line. Suppose that a line
4B, at potential ¥, is earthed at a point P. The effect of earthing
8 to introduce a voltage — B at P, and two equal waves of voltage
. — B travel along PA and PB. The wave travelling to the right has
- acurrent of — /{7, and that to the left 4 L/Z. Both these currents
- pass through P to earth, so that the current to earth is 2E/Z. Tig.
~ 246 shows the waves and currents in the system.
~ As these waves travel to the ends of the line they reduce the
. voltage to zero; and when they reach the open ends, reflected

. waves are set up which reduce the voltage to B — B — K,
Le. — I, and the current is neutralized. When the reflected waves
- reach P, the portions of the line along which they have travelled
be charged to — . The current at P can be reversed by a
shover in the opposite direction, and the result is a periodic flash-
gt with reversals of potential on the line and currents at P until
- the stored energy is dissipated by damping.

- Reflection and Transmission of Travelling Waves. Suppose that
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a travelling wave (&, 1) moves along a line of surge impedance Z
and meets a termination of resistance R (Fig. 247). If R is not
equal to Z, the end of the line cannot have the voltage I and
current ¢ since Bfi = Z. There is therefore a disturbance which

(F,i)— ~

z %R

Fig, 247. RErLEcTioN oF A TRAVELLING WAvE

produces a reflected wave (%, i) moving towards the left. The
following relations exist.

B-=1Z;
B =—1iZ.
The total voltage at the end is # + B’ and the total current is

i - ¢/, so that
B4 8= RE 44,

These equations give

Zi—1")=R(i 4 i)

80 that - vV =[Z—=R)(Z + R)]i
e 'y Ly ) (122]
and B =—14'7Z = [(R—A},’(Z—i—ﬂ]]fy.}
The total current and voltage are
i 14 = [24(Z + B))i -
and E - B = [2R[(Z + R)1B. ta6)

If the line is open at the end, R = = so that the total current is
zero and the total voltage is 2/, as found before.

If the line is shorted at the end, R = 0 so that the current is
doubled and the voltage drops to zero.

The case for a finite resistance termination is given by equations
(122) and (123). When the termination is not a pure resistance,
the result is still given by these equations but they must be evaluated
by the operational calculus.

Junction of Two Lines. Fig. 248 shows the case of two lines
of surge impedances Z, and Z,. A wave (F, i) travels along the
left-hand line and meets the junction. So far as a travelling wave
is concerned the right-hand line can be considered to have an
impedance Z,, so that the case is the same as that shown in Fig, 247,
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provided 7 is replaced by Z, and R by Z,. The reflected wave is

thus (£', i') where
PG LG ),
and B = [(Za— Z)Zu+ 1)

The transmitted wave must clearly have a voltage equal to the
total voltage at the junction and a current equal to the total. Thus

X the transmitted wave is (£, ¢'") where
% v = = (22, [(Z, 4 Zy) ]t
B and =848 = 2Z,/(Z, + Z;) .

Examrrn. Deduce a simple expression for the natural impedance of a
by transmission line. A transmission line has a capacitance of 0-0125 uFF. per
! mile and an inductance of 1-5 mH. per mile. This overhead line is continued

} . (123a)

: it
" (E,i) —> (E517) —
. ; (E: i r =T
[ Z4 Z3
! .;J o
]-f“ Fra. 248, LErreper oF A SUDDEN CHANGE IN THE LINE ON

TravELLING WAvVRS

by an underground cable with a capacitance of 0-3 uIf. per mile and an indue-

ance of 0:25 mH. per mile. Caleulate the rise of voltage produced at the
~ junction of the line and eable by a wave with a erest value of 50 kV. travelling
along the cable. (Lond. Univ., 1931.)

The natural impedance is 4/(L/C). The value for the cable is

[0:25 x 10-3
Z, = 4/_ 03 x 10‘“] = /833 =289 Q,,
whilst the value for the overhead line is

e x10] 2
Zy = 4/_\[}.0125 = 10'“] = 4/120 000 = 346-4 ().
The reflected wave has a crest voltage

B = [(Zy— Z)(Zs + Z,)] % 50KV.
= (317-5{375-3) % 50 kV. = 42:3 kV,,

Bo that the maximum voltage at the junction is 92-3 kV,
The next example shows the calculation of the reflected and
transmitted waves at a point where a line forks.

_Examprm, Obtain the law for the behaviour of a voltage surge with ver-
tical wave-front which, after travelling in a transmission line of inductance
L and capacitance €' per unit length, reaches a fork where the line splits into
two seotions having line comstants L,0, and L,C, respectively. Neglect
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resistance and attenuation and obtain the distrib i urre
unﬁdmtalﬁr :.jter the wave-front has reached thz? f::?xflt;.uf ibpoiend st
overhead transmission line has a surge impedance of 70

voltage wave of 10 000 V. travelling along it. Thana.va is nssun?e?;n“l?;i o?‘
Eﬁmta length and the wave-front is vertical. At g certain point the over-
T;a.d line terminates and the eircuit is continued by two cables in parallel
G'a.le surge impedance of one cable is 100 Q., and that of the other is 200 Q.
Calculate the voltage and current in the overhead line and in the two cableg
Immediately after the travelling wave has reached the fork,

(Lond. Univ., 1927.)

Fig. 249 represents the arrangement sch i ;
_ ematically, 3
impedances are : ¥ S

Z = /(LJC), Zy = /(L]Cy), and Z, = \/(L,[C,).

Let the incident wave be (£, i) travelling to the right, the reflected
wave (£, ¢') travelling to the left,
and the transmitted waves (", 1,")
and (£", 4,") travelling towards the
right. The transmitted waves clearly
have the same voltage as they are
in parallel. Equations (120) and (121)
give the relations

B =iZ,
Fra. 249. TraveLLINg Waves B = —14'Z,
AT JuNerioN or Livgks o = 0" %,
%04 B =12,

The g '
leaving,c;l;r:lﬁt entering the fork must be equal to the current

=gy ; ; : . (124)
The voltage at the junction is
E+ B =pR" ; : ; i . (126)

These six equations : i
are sn : T et oo .

for an incide:?t wave of o fficient to find I—‘; » 457, 8, U, 14", and 1,”
oo ¢ ot given magnitude X, Substituting for the
mn terms of the voltages we see that equation (124) becomes

, P g | 1
E—F =p J(Z—I—F-E;;)
Adding this to equation (125) we got
28 = B"(1 4 Z|Z, + Z]7,),
8o that the voltage at the fork iy

’" 25 y
B = . o 9p 1/Z
U+ 215+ 217, "z, 7 s,
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The transmitted currents are

b W= E"[Z, and & = B"[Z,,
| 1 f whilst the incident current is 1 = EfZ.

d The reflected voltage is

B = E”'—'E=Ellz_ 1!21_ ]‘izﬂ

12 + 1]Z, + 1/,

,-. and the current is ' = — K'[Z. It is seen that the reflected wave
- is zero when

Yz =17, + ]2,

" i.e. when the parallel combination of the surge impedances of the
- outgoing lines at the fork is equal to the surge impedance of the line
- along which the incident wave travels.

"~ In the example Z = 700, Z, = 100, Z, = 200, and F = 10 000.
~ We then have
e, 1 = 10 000700 = 14-3 A.,

I
E'=1{}0{IDT?D l{l}ﬂ 2?D=u-8260 V.

700 T 100 T+ 200
' = — B|Z = 8 260/700 = 118 A,,

E"=HL4 F =10000—8260=1740V,,

1

i = B"|Z, = 1T4 A, and i, = B"|Z, = 87 A.

5 , The cables thus have the beneficial effect of reducing the surge
o : voltage from 10 kV. to 1:74 kV.

Effect of a Capacitance. Sup-

A pose that a wave (#, i) meets a
B Z == SR terminationcomposedof the parallel
R ¢ combination of a capacitance € and
B "Zi!‘-:f;‘ S resistance I2, as shown in Fig. 250.
' CAPAOITANCE ON TRAVELLING The prphleqm is the same as tha}t
o Wave shown in Fig. 247, except that R in
Y equations (123) must be replaced by

(YpO)R R
/pC+ R~ 1+ pOR
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The voltage at the termination is thus
_ _ _2B[(1 + pCOR)
R bt o e
o 2R P
 Z(1 4+ pCR) + B.
It must be remembered that p = dfdt and & is a voltage which
is zero until { = 0 and & after { = 0. &, may be found in the follow-
ing way.

B

_ Z( +pCR) + B,
°R r
= }(p0Z + ZJR + 1)E,
= Y0Z(dE Jdt) + YZIR + 1)E,.

This is a linear differential equation for &, of which the solution is

E

2K
= —— ~UZ + RYCZR]
B, ZIR 1 + Ae ;
where A is an arbitrary constant and is determined by the fact that
E, can rise at a finite rate from its zero value This gives

A = —3BI(ZIR + 1)

go that By= zﬁ%ﬂf [1— e—lZ + R}ICE.RI:]

= By [1 — &~1Z + RICZRY],

where fi;, is the voltage at the end when there is no capacitance,
Fig. 251 shows the graph of F,.

The effect of the capacitance is to
cause the voltage at the end to
rise to the full value gradually
instead of abruptly, i.e. it flattens
the wave front. It is usual to
specify the condition of the wave-
front by stating the time the wave
takes to increase from 10 to 90

per cent of its value and multiplying by 1-25. If the wave reaches

z of its value in time ¢
1 — g~lZ + RJOZRY — g

CZR 1
f = ZTR logh ( - )
The specifying time in this case is therefore
125 . [CZR[(Z + R)] [logh 10 — logh 1:11] sec.
= 275 CZR|(Z + R) sec.

Time
Fia. 261. FrarreNing or WavE
DUE TO SHUNT CAPACITANCE

so that
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~ Tn the case of a capacitance at a point of a line which stretches
~ in both directions away from it, Z = R and the time is

58 B 1-37CZ sec.

- 'Thuﬁ a 10 000 puF. capacitance in a line of surge impedance
. 500 ohms flattens the wave so that the time of the wave-front
~ becomes

a3 1:37 X 10-% x 500 sec. = 6-9 usec,
B ~ Flattening the wave-front has a very beneficial effect, as it reduces
‘the stress on the line-end windings of a transformer connected to
‘the line.

- Lightning. With the increase of high-voltage overhead lines the
‘problem of lightning is assuming greater importance, and much

| f
e o T T T T T o o 2
F1a. 252. B STrRoOxE

amage is done yearly by lightning. There are two main ways in
lightning affects aline : by a direct stroke, and by electrostatic ,
on, The way in which thunderclouds get charged up to very
otentials is complicated and not known precisely.
direct stroke can take place in several ways. In one way the
cloud induces a charge of opposite sign on tall objects,
tall masts, church spires, ete. The electric stress at the top
these objects causes ionization of the air, and eventually
,15:__"{31!:& takes place between the cloud and the object. Such
0ke 18 known as the 4 stroke, and is characterized by the
‘ﬁlvely long time taken to produce it and the fact that it
the highest point, usually a lightning conductor. Another
8 1n & much more sudden stroke, which is produced in
ier shown in Fig. 252. Three clouds are involved, and the
Of cloud 3 is decreased by the presence of the charged
._man clnqd 1 flashes over to cloud 2, both these clouds
' _ged rapidly; then cloud 3 assumes a much higher
i _'_i.ﬂﬁaﬂhas to earth very rapidly. This is the B stroke,
?__-?Mtﬁl'lzed by its rapidity and the fact that it ignores tall
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7 p] ects and reaches earth in a random manner. A direct stroke may

use a potential of 10 million volts, and shatter insulators and

ff’ wers in its vicinity. The most that can be hoped from protective

"/rfavices is that they will limit the damage and prevent the resulting

3}, avelling waves from affecting the plant. IFortunately direct
gokes are rare.

The majority of surges in a transmission system are due to
8 }htning, and are caused by electrostatic induction in the manner

¥

7/
Negative Induced Charge

Fra. 263. Soree nvn To ELEcTROSTATIO INDUCTION

dicated in Fig. 253. A positively charged cloud is above the line
: f;d induces a negative charge on the line by electrostatic induction.
Lf;}e induced positive charge leaks slowly to carth via the insulators.
%’ 7hen the cloud discharges to earth or to another cloud, the negative
[ ,arge on the line is isolated as it cannot flow quickly to earth over
1se insulators. The line thus acquires a high negative potential,
gfpinh is & maximum at the place nearest the cloud and falls slowly
‘/ Original Voltage
Distribution Ly

i
e il =

f Fia. 2564, ProracaTiON oF VOLTAGE DISTRIBUTION

a small value at a distance. The charge will flow from a higher
a lower potential and the result is travelling waves in both
‘?factiuna. The two waves will be equal and thus each will have
? the potential of the charge at the time of the discharge of the
foud; they will also have the space-voltage distribution of the
?’;iginal charge, as shown in Iig. 254, The waves travel in exactly
pe same way as the waves due to switching, so that the current
1; any point of the line is the voltage divided by the surge impedance.
ﬁr{’ a line without resistance or leakage the waves travel without
fﬂa,nga of shape, but the effect of resistance and leakage is to
‘} 1r,{;ifﬁ_]luad:t:-\: the wave and to flatten the wave-front.

/ The steepness of the wave-front depends upon the space-voltage
igt,ributiun. If the wave reaches its maximum in 1 000 ft., the time
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;
| ek
ER -

;t_fr'_!'-.'- that it takes for the wave to reach the maximum when it passes
- apoint is
T 186 000 x 5 280

L
‘ Ay A

sec. = 102 usec.

' .~ Waves have been recorded with wave-fronts of 1 to 80 usec,
~ and wave-tails of 3 to 200 usec. A very steep wave-front may be
. obtained when a thundercloud is near a building which the line
/) R *?Ent-ers. The building screens the line inside from the cloud, so that
- the induced charge stops abruptly at the building. Extra pre-
~ cautions are therefore necessary where an overhead line enters
- g building.

- Arcing Earths. In the early days of transmission it was the
5 'qa to insulate the neutral point of three-phase lines, for then

)
SE 2

=E __f 3

Tfﬁfz fz‘l j; - lf:

T
IF1g. 255. Ancmve GrouND 1N THREE-PHASE LINE

arth on one phase would not put the line out of action; this
eliminated the longitudinal (or zero phase-sequence) current
resulted in a decrease of interference with communication lines.
ated neutrals gave no trouble with short lines and comparatively
oltages, but it was found that when the lines became long and
oltages high a serious trouble was caused by arcing earths,
i produced severe voltage oscillations of three to four times
ormal voltage. These oscillations were cumulative, and hence
destructive. Arcing earths are eliminated in this country and
amerioa by solid earthing of the neutral, whilst in Germany the
ibral 1s earthed through an inductance (a Petersen coil).
1016 are two accepted theories of arcing earths, in one of which
¢ 18 extinguished at the normal frequency, and in the other
> -requency of oscillation of the line. Let us consider the
wrequency arc-extinction theory for a three-phase line.

2§5+_EI_I_QWE 8 three-phase line. Suppose that line 8 arcs to
. Jvaen 1ts voltage to neutral is a maximum — F. At this

vBng o £198 1 and 2 have voltage + 3#. Before the arcing earth
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objects and reaches earth in a random manner. A direct stroke may
cause a potential of 10 million volts, and shatter insulators and
towers in its vicinity. The most that can be hoped from protective
devices is that they will limit the damage and prevent the resulting
travelling waves from affecting the plant, Fortunately direct
strokes are rare.

The majority of surges in a transmission system are due to
lizhtning, and are caused by electrostatic induction in the manner

/
Negative Induced Charge

Fra. 2563. Sorer pvn 1o ELECTROSTATIC INDUOTION

indicated in Fig. 253. A positively charged cloud is above the line
and induces a negative charge on the line by electrostatic induction.
The induced positive charge leaks slowly to carth via the insulators.
When the cloud discharges to earth or to another cloud, the negative
charge on the line is isolated as it cannot flow quickly to earth over
the insulators. The line thus acquires a high negative potential,
which is a maximum at the place nearest the cloud and falls slowly

Original Voltage
‘7 Listribution -fg v

1. 254. ProracaTioN oF VOLTAGE DISTRIBUTION

to a small value at a distance. The charge will low from a higher
to a lower potential and the result is travelling waves in both
directions, The two waves will be equal and thus each will have
half the potential of the charge at the time of the discharge of the
cloud; they will also have the space-voltage distribution of the
original charge, as shown in Fig. 254. The waves travel in exactly
the same way as the waves due to switching, so that the current
at any point of the line is the voltage divided by the surge impedance.
In a line without resistance or leakage the waves travel without
change of shape, but the effect of resistance and leakage is 1o
attenuate the wave and to flatten the wave-front.

The steepness of the wave-front depends upon the space-voltage
distribution. Tf the wave reaches its maximum in 1 000 ft., the time
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that it takes for the wave to reach the maximum when it passes
~ apoint is

£ 1 000

186 000 x 5 280 "o = 1-02 psec.

B
- Waves have been recorded with wave-fronts of 1 to 80 usec.
- and wave-tails of 3 to 200 usec. A very steep wave-front may be
- obtained when a thundercloud is near a building which the line
v SR ',gn_tﬁrs. The building sereens the line inside from the cloud, so that
 the induced charge stops abruptly at the building. Extra pre-
. cautions are therefore necessary where an overhead line enters
= bullding
- Arcing Earths. In the early days of transmission it was the
_practice to insulate the neutral point of three-phase lines, for then

.I ¥ 5
s T

1

LE
3E 2
= S 4 3
Tf:”f L= =¢I;

7 e R,
Fra. 255. Ancive GrounNp 1IN THREE-PHASE LINE

Learth on one phase would not put the line out of action; this
eliminated the longitudinal (or zero phase-sequence) current
esulted in a decrease of interference with communication lines.
ted neutrals gave no trouble with short lines and comparatively
tages, but it was found that when the lines became long and
tages high a serious trouble was caused by arcing earths,
produced severe voltage oscillations of three to four times
rmal voltage. These oscillations were cumulative, and hence
Structive. Arcing earths are eliminated in this country and
ica by solid earthing of the neutral, whilst in Germany the
18 earthed through an inductance (a Petersen coil).

ére are ﬁ:m accepted theories of arcing earths, in one of which
¥ extinguished at the normal frequency, and in the other
equency of oscillation of the line. Let us consider the
Jrequency arc-extinction theory for a three-phase line.

255 shows a three-phase line. Suppose that line 8 arcs to
. ruen its voltage to neutral is a maximum — %, At this
S v ines 1 and 2 have voltage - 35. Before the arcing earth
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occurs the capacitances of the lines cause the neutral to be at or
near the earth potential, so that the earthing of line 3 causes a
sudden voltage of + & to be applied to lines 1 and 2. The ultimate
steady state would then be for the lines 1 and 2 to be at potential
4. DBut we have shown that when an e.m.f. % is suddenly switched
into a circuit of low resistance, the voltage in the circuit oscillates
between 0 and 2F with a frequency 1/274/(LC) (see equations (115a)
el seq.), where L and C are the inductance and capacitance in the
cireuit. The voltage of lines 1 and 2 will therefore oscillate rapidly
between the original value of 1E and iF +- 2 = LE. The high
frequency oscillation dies out rapidly. The are is fed through the
capacitances of the lines, as shown in Fig. 255, and will go out
when the sum of the capacitance currents passes through zero,
The capacitance currents lead the voltages by 90°, so that when
their sum I, 4 I, is zero the line voltages are B, = — 3},
By = — 4B, and By = 0. If the arc were to remain extinet, the
voltages would have to be these values plus B, viz. B, = — 15,
By =— %, and By = 4 . Thus the faulty line 3 would have a
maximum voltage again, and so arc to carth again. In other words,
when line 3 ares to earth the capacitance currents of lines 1 and 9
maintain the are until the voltage of line 3 attains its opposite
maximum voltage with respect to the neutral: then at the instant
when the capacitance currents would allow the arc to go out, line 3
arcs again to ground. We saw that at the instant that the arc is
extinct the lines are at potentials — 58, — 31, and 0. The charges
due to these potentials diffuse rapidly through the system in an
oscillatory manner, with the average voltage }(— 38 — 4B + 0)
= — 4 as the mean position. This is equivalent to an insertion of
an e.m.f. of 1/ in lines 1 and 2, so that an added voltage f is applied
to these lines. When the arc restrikes, lines 1 and 2 acquire potentials
of — &% plus this new value — %, so that the maximum voltage is 12,
We see therefore that the healthy lines are subjected to a voltage
of 34 times the normal value. As this state can be maintained for
a considerable length of time, in & known case 80 min., by the
continued arcing, it is very dangerous.

Petersen Coil. We have seen that the capacitance currents
I, and I, maintain the arc even when the voltage of the faulty line 3
is too low to restrike it. In fact these currents have the particularly
harmful effect of maintaining the arc until the very moment when
the voltage of line 3 is sufficiently high to restrike it, If the neutral
18 earthed through an inductance L of such a value that the current
it passes neutralizes I, - I,, the normal frequency follow current

through the are is
& L+ 1+ 1L,=0

The arc is then extinguished except for the brief moments when
the voltage of line 3 passes through its maximum value and can
restrike it,

VOLTAGE TRANSIENTS AND LINE SURGES

1t has been found that the Petersen coil is completely effective in
eventing any damage by an arcing earth, and is therefore used
extensively on the Continent. The coil is usually provided with

pings, 8o that its value can be adjusted to suit the capacitances
the system. It is found that effective operation is secured when
the inductance is 90 to 110 per cent of the theoretical value for
act meutralization of the capacitance currents.
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Fia, 2566, PerErsky CoIr

Lightning and Over-voltage Protection. The insulation of a
panamission system is always designed to withstand voltages of
fice the normal value for a reasonable length of time, as switching
often produce voltages of this magnitude. It is clearly
nomical to design the system so that the insulation can
tand the very high voltages that may be encountered from
eous or fault conditions, and recourse is had to protective
ices which are adjusted to break down before the insulation,
Frwiﬂﬂ prevent a dangerous voltage from damaging the
10n,
gerous voltage rises are found to be due to the following :
ges due to direct lightning strokes or induced voltages,
cing earths, (3) comparatively low-voltage high-frequenacy
ions, (4) static overvoltage. The protective apparatus for
lasses are: (1) ground wire and lightning arresters, (2) earth-
utral solidly or through a Petersen coil, (3) surge absorber
ioltance, (4) water-jet earthing resistance, earthing inductance,
earthing of the neutral point.
‘brue to say that with the advent of high-voltage overhead
uch as the Grid, the main cause of damage is lightning, We
éen that most travelling waves due to lightning are caused
ostatic induction. The latter can be reduced considerably
56 of earth wires running above the transmission line and
Y every pole or tower. If ('; is the capacitance of the cloud
e and () the capacitance of the line to ground, the induced
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voltage on the line is Cyf(C; + C,) times the cloud voltage. The
presence of the earth wire above the line causes a considerable inerease
in €, and reduction of the line voltage. The induced voltage could
be very much reduced by an array of earth wires above the line,
but this is too expensive to install in practice.

The earth wire also provides considerable protection against direct
strokes (of the A type), provided the earth resistance of the earth
wire is kept low. If the current in the stroke is I and the earth
resistance is R, the voltage of the earth wire is IR, and unless It
is low this voltage may be sufficient to cause a flash-over from the

earth wire to the lines. The

?Tr_*ansfarimer earth resistance should be of
Breakdown insulation  the order of 10 to 20 ohms.
Voltage The earth wire affords an

GapA  additional protective effect by

Gap B causing an attenuation of any
| travelling waves that are set
<t/  Microseconds up, by acting as a short-

circuited secondary. For this
reason its resistance should
not be too large. It is usually
made of steel, which has a high permeability and thus posscsses
a resistance which increases with frequency.

Having reduced the magnitude of induced voltages by means of
an earth wire, we still find it necessary to install protective apparatus
to prevent, or at least minimize, the damage due to the surges
that do oceur. It is, moreover, essential that the system shall be
considered as a whole from the point of view of protection, so that
the least cssential and most accessible parts protect the more
important apparatus; this involves the co-ordination of system
insulation. The problem is rendered difficult by the fact that the
breakdown voltages of the various parts of the system and of the
protective apparatus behave differently with time; thus a horn
gap which is set to flash-over at 100 kV. at 50 eycles may require
200 kV. in a wave lasting for 20 usec., or 300 kV. in a wave lasting
for 5 usec. We define the impulse ratio of any piece of apparatus
ag the ratio of the breakdown voltage of a wave of specified duration
to the breakdown voltage of a 50-cycle wave; thus the horn gap
has an impulse ratio of 2 at 20 usec., and 3 at 5 usec. When 2

Fra. 257. VARIATIONS 0F BREAEDOWN
Vorurage witH TiMm or APPLICATION

method of co-ordinated insulation is considered, the impulse ratio

of the various parts must be known or the protection will not be
adequate. Fig. 257 illustrates the point. Suppose that the insulation
of a transformer to be protected has the breakdown voltage-time
characteristic shown. Gap A may be set to break down at a lower

voltage than, say, 80 per cent of the breakdown voltage of the

insulation at 50 cycles. The gap, nevertheless, does not protect
the transformer, as its characteristic rises more rapidly than thab
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- of the transformer insulation as the duration of the wave decreases.
. Then for waves of duration less than ¢, the transformer insulation
. breaks down before the gap. It is necessary to narrow the gap so
. that the characteristic is as shown for gap B before the transformer
~ ig completely protected. In practice it is not possible to narrow the
~ gap so much that the insulation is protected for waves of the smallest
* duration, as then the gap would flash over at very low voltages at
- 50 cycles; a compromise is reached by protecting the insulation
" for voltages of waves down to a certain minimum time, which is
~ found experimentally to be comparatively harmless.

. Sphere Gap. A sphere gap in which the spacing is small compared
‘with the diameter of the spheres has the useful advantage that the

\ Linel|  ceeee.
i = Horn Gap™.
ﬁamsfqrmer
suplying, b
/ines Choke b
l Coil

Fia. 2568, Horw Gar witeE OHoxm CoIn AND RESISTANOR

.'n*-u ratio is unity. If vhen the apparatus is protected against
o0-cycle waves, it is protected against a wave of any duration.
ortunately, when the sphere gap flashes over, the power current
intains the are, which requires only a very low voltage to main-
1 1t, and the are is not self-extinguishing. The circuit-breakers
vould have to intervene to break the are current and the service
terrupted. For this reason the sphere gap is not of use.

orn Gap. Fig. 258 shows a simple sketch of the horn gap. The
8 86t 80 that a flash-over occurs between 4 and 4’ at a voltage
0 to 200 per cent of the normal voltage. The power current
°8 an are, which may be considered to be a flexible conductor.
exible electric circuit moves so as to embrace as many lines of
guotic force as possible, so that the arc is forced up to the position
Another factor tending to blow the arc up to BB’ exists when
8 above 4.4’, for then the arc heats the air and forms a vertical
ht. The result is that the arc is forced up to BB’, where the
18 wide and the normal voltage is insufficient to maintain it.
B 2X0 18 thus extinguished, usually in about 3 sec.

: ?_»hnm gap cannot rupture arc currents much in excess of
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10 amperes, and as the arc is a dead short eircuit it is necessary to
limit the current to a small value. This is done by inserting a
resistance, between the line and the horn on the line side, which

reduces the current to about 5 amperes,

The efficacy of the horn gap is seriously
reduced by the resistance. The resist-
, ¥ ance is a water column, oil-immersed
| | v metal wire, carbon rod, or carborun-

dum, and is made as non-inductive as
possible,

It is found that high-frequency
waves concentrate at the line-end
turns of a transformer, so that although the magnitude of the wave
on the line is not very great, the stress at the turns near the line is
very high and may cause puncture between turns. This difficulty
is overcome by the insertion of choke coils, as shown in Fig. 258,

Fra. 259, Honw Gar wire
ATUXILIARY FELECTRODE

I'rg. 260, BunrEe ARRESTER
{ Matropolitan-1ickers)

The high-frequency wave is then reflected back to the horn gap,
where the doubled voltage causes a flash-over. The choke is without
effect on the low-frequency power wave, ' .
For small settings the horn gap is sensitive to corrosion or pitting
of the horns, so that it does not maintain its setting. This difficulty
is overcome in the arrester shown in Fig. 259. The main gap 18
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ah

- set for a voltage well above that to be protected. The auxiliary
- gap has a platinum electrode, which possesses the character of
- permanence. When an over-voltage oceurs the auxiliary gap
- flashes over and ionizes the air, and then the main gap flashes
: R Over.
. Burke Arrester. Fig. 260 shows the Burke arrester. The line
. ocurrent passes through a triangular paneake choke coil, one side of
 which forms half of the main gap. Severe over-voltages flash across
. the main and auxiliary gap direct to earth. Less severe voltages
flash over the main gap only, and
the current is then limited by the
- resistance,
. Multi-gap Arrester. This consists S o .
- of a number of small gaps in series 4 1 Line
~ with a limiting resistance. Another 5
resistance is placed across some of =4
- the gaps adjacent to the limiting & R ¢
. resistance.
. Impulse Protective Gap. It was _
. pointed out that the sphere gap Electrofytic

Arresten

T

has an impulse ratio of unity, but
‘suffers from the disadvantage that
the arc between its electrodes is  Fio. 261. Inrursm Gar wite
o Eelf_extingujghjllg‘ The horn- ELECTROLYTIC ARNESTER
‘gap, however, extinguishes the arc

‘but has a high impulse ratio, 2 or 8. The impulse protective gap is
~designed to have a low impulse ratio, even less than unity, and to
‘extinguish the arc. Fig. 261 shows a diagram of the impulse gap.
- Sy and S, are sphere-horn electrodes, and are connected to the line
and an electrolytic arrester, respectively. An auxiliary needle elec-
‘trode I is placed mid-way between 8, and S,, and is connected to
‘them via (R, 0) and . At the power frequency the impedance of
- the capacitances €' is very much greater than that of R, so that the
- potential of I is mid-way between those of §, and S, and the
“electrode has no effect on the flash-over between them. At very
- high frequencies the impedance of ¢ is small, so that £ is at the
- potential of S, and the gap is effectively half the previous value,
?‘Ela.ah-over takes place between S8, and ¥ at a voltage less than
“hat required to flash-over between S, and S,. An impulse ratio less
“than unity can thus be obtained. The electrolytic arrester on the
earth side extinguishes the are.

- Blectrolytic Arrester. This is the carliest type of arrester with a
targe discharge capacity. The action depends upon the fact that a
vhmn film of aluminium hydroxide immersed in electrolyte presents
hlgh resistance to a low voltage, but a low resistance to a voltage
&ove a critical value. The critical breakdown voltage is about
,_ volts, and voltages higher than this cause a puncture and a free

-
)




302 ELECTRICAL POWER

flow of current. The insulating film of hydroxide is formed by

applying a direct voltage up to the critical value to aluminium
plates immersed in the electrolyte; during the formation of the
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film, current passes fairly readily, but when the film is formed
the current ceases.

Stacks of films are arranged one above the other and the total
critical voltage is equal to the critical voltage of cach film multi plied
by the number of films.

Daily supervision and reforming of the films is essential, and for

i film arrester of the pellet type
~ ‘column of 2}in. diameter, the length of the column being 2 in.

Metal slesve mal,
intimate contyo
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this reason the arrester is being replaced by the more robust oxide-
film and auto-valve arresters. The electrolytic arrester is used in
conjunction with an impulse gap, for the continual Icakage and
capacitance currents would damage the arrester.

Owxide-film Arrester. Fig. 262 shows the construction of the oxide-
. The lead peroxide pellets are in a

per kV. of rating. The tube contains a series spark-gap. A single
tube system is available for voltages up to 25 kV. when the neutral

i' is solidly earthed, and 18 kV. when the neutral is isolated or earthed
~ through an inductance coil. For higher voltages several units are

placed in series.
The pellets have a diameter of approximately % in. and are
made of lead peroxide with a thin porous coating of litharge.
Aulo-valve Arrester. This consists of a number of flat dises of a
porous material stacked one above the other and separated by thin
mica rings. The material is made of specially prepared clay with a
small admixture of powdered conducting substance. The discharge

- occurs in the capillaries of the material and is thus constrained to

be a glow discharge, in which there is a voltage drop of about

. 350 volts per unit. The narrow gaps between the blocks are of

sufficient total width to prevent flash-over due to the normal voltage,
go that no current flows in the arrester under normal conditions.
This arrester is very effective, robust and cheap, and is being

~ rapidly introduced into modern high voltage systems.

Thyrite Arrester. Thyrite is a dense inorganic compound of a
ceramic nature, which has a resistance that decreases rapidly from
a high value at low currents to a low value at high currents. The
current increases 12:6 times when the voltage is doubled; thus if

- the current-voltage relation for a given block of thyrite is

B = kv,
. then 28 = k(12-61),
. o that 2 = 12-6n,
B io. n = log 2 = log 126 = 0-27.

Thus the voltage varies approximately as the fourth root of the
current. Iig. 263 shows the current-voltage curve of the 11 kV.
thyrite arrester of Iig. 264. There are eleven thyrite dises sprayed
on both sides to provide a good surface contact; each disc has a
diameter of 6in. and thickness $in., and will discharge several
thousand amperes without the slightest tendency to flash over the
outside edge. When passing 2 000 amperes each disc has a voltage
of only 5 kV. At the normal voltage of 11 kV. to earth, the peak
voltage is (114/2 =~ 4/3) kV. = 9 kV. and the current in the arrester
18 only 3-2 amperes. When one phase is earthed the pealk voltage

on the other phases is 11 X 4/2 = 15'6 kV. and the arrester passes
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25 amperes. A series gap is provided to prevent current from
flowing at the normal voltage. The value of k for the stack is 6 500,
or 600 per disc.

When the gap and arrester flash over, a high current flows for the
duration of the surge, which is discharged to earth rapidly as is
shown by oscillographic records; there appears to be absolutely
no time-lag in the thyrite itself. The normal frequency follow-
current is very small, 3-2 amperes in a healthy system, and only
25 amperes in a system with an earthed phase. The gap is easily
able to clear this small follow-current.

Some modern modifications of the thyrite arrester include a type
in which resistance blocks of a ceramic nature are spaced at equal
distances from one another. The total gap length is adjusted so

40r

30
kV
20

0

0

! 1 1 |
a 200 400 600 a00
Amperes
Fra, 263, VorrageE-ounieNT CUrvE ofF THYRITE ARRESTHER

that the gaps flash over at twice normal voltage; it is claimed that
the distributed gaps behave better than a single gap. Round knobs
are provided between the electrodes of the gaps so as to reduce
the time-lag. The action of the resistance blocks is similar to that
of thyrite.

Condensers. We have shown on pages 290-22 that the effect
of a condenser, placed between the line and earth, on a travelling
wave is to reduce the steepness of the wave-front. This effect
protects the windings of a transformer near the line, since a steep
wave-front causes very high stresses in these turns.

The condenser, moreover, protects the transformer against
comparatively low-voltage, high-frequency waves. The normal-
frequency voltage produces only a very small current in the
condenser, so that negligible loss is caused during normal operation.

The latest type of condenser used for protective purposes has a
dielectric of acetyl cellulose, the electrodes being silver plating on
the strips of the dielectric.

Surge Absorber. A pure condenser of the type described in the
previous section cannot dissipate the energy in the wave-front of
a travelling wave or in a high-frequency oscillation. It merely reflects
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L
E f the energy away from the apparatus to be protected, and the energy
- isdissipated in the resistance of the line conductors and the earthing
~ resistances. If a resistance is placed in series with the condenser,
i the combination can dissipate part of the energy in addition to
diverting it from the apparatus. Such a combination is called a
surge absorber.
Another type of absorber consists of an inductance across which
is placed a resistance. This combination is placed in series with the
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.-'iinﬂ Stee ' i i

- 'ne. Steep wave-fronts or high-frequency waves find the inductance
'fﬂhlgh impedance path and are forced through the resistance, where
mgﬁ t&re dmsllpute:d. E[l‘hﬁ normal-frequency currents find the
~ Inductance a low impedance path a 5 it wi
o p path and pass through it without
_- The Ferranti surge absorber consists of an inductance coil, which
18 coupled magnetically, but not electrically, to a metal shield and/or
jine steel tank which contains it. The coil is of a ecylindrical or
3 ._tltiﬂ;ka form! c_iapem.hng' upon the voltage; for voltages above
e £ the coil is cylindrical and has inside it a metal shield in
e currents are induced. The absorber is enclosed in a cylindrical
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boiler-plate tank, provided with poreelain-guarded terminals, and
is vacuum-impregnated with a light transformer oil. Fig. 265 shows
a 66 kV. surge absorber of this kind. The equivalent circuit of this
absorber is shown in Fig. 266. There is a filter effect which prevents
high frequency currents from passing freely through the absorber;

Frg. 265. FERRANTI SURGE ABSORBER
(I.E.E. Students’ Journal)

1 ' tion
also energy is transferred from the wave by the mutual induc
between il?:c coil and the shield and tank into the latter two, where
the energy is dissipated as heat.

;Leuur%g of Trg.nsmissiuu Line Surges. There are three methods
of recording transmission line surges, by the high-voltage cathode-
ray oscillograph, the klydonograph, and the surge-crest ammeter.

These will be deseribed briefly. il
Hier-voLTAcE CaTHODE-RAY OsorLrocrapH. This is the only
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instrument capable of delineating the voltage-time characteristic
- of a wave. Fig. 267 shows a high-speed cathode-ray oscillograph
1 manufactured by Metropolitan-Vickers. The tube is continuously
~ evacuated and the pressure in the deflection tube is 10 -4 mm. of
mercury or less. The cathodeis eold and at a potential of 50 or 60 kV.

- above the anode, which is earthed.
L The essential process is the following, A supply of electrons is
~ obtained by the jonization of the residual gas in the discharge tube,
- and these are made to travel with an enormous velocity under the
~ accelerative effect of the applied voltage. The electrons pass through
& hole in the anode and proceed in a straight line, until they pass
~ between the time deflection plates. The time deflection plates have
- applicd between them a voltage which varies rapidly and uniformly

Line Apoaratus

&

F1g. 266. EqurvarLenT Cirouir oF Fra. 268

~ from zero to a maximum value; the electron beam then undergoes
~ a deflection, that is proportional to the time from a given instant,
. The beam then passes between the voltage deflection plates, between
- which the wave (or a fraction of it) is applied. The voltage deflection
- plates produce a deflection at right angles to the time deflection, so
- that the electron beam, which strikes the photographic plate at the
end of the tube, traces out the voltage-time curve of the wave.
- Inorder to photograph waves of only a few microseconds duration
. the utmost sensitivity is required. This sensitivity is achieved in
- the following way. The electron beam impinges directly on the
- sensitive plate, which must therefore be inside the evacuated tube.
- The velocity of the electrons must be very great, and a high voltage
. of 50 kV. or more is used to accelerate the electrons. It is quite
. olear that the electron beam must not impinge on the plate when
there is no wave, otherwise the plate would be completely fogged.
The beam is diverted from the photographic chamber by beam trap
~ Plates and a beam trap tube. When there is no wave, there is a voltage
- between the beam trap plates which deflects the beam from the
- 8traight path that leads through a small hole in a diaphragm at
. the bottom of the beam trap tube. It is seen that the axis of the
 discharge tube is inclined at an angle to the axis of the main tube.
~ The reason for this is that although the electron beam is prevented
from reaching the photographic plate by means of the beam trap
- plates during the absence of a surge or wave, there are retrograde
1
.!

I
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rays consisting of atoms that are not much affected by the beam
- trap. These rays consist of relatively heavy particles and are thus
* not easily deflected, so that if they are moving along the axis
~ towards the plate they will do so whether the beam trap is operating
- or not. Their very property of not being deflected easily is used to
- get rid of them by inclining the axis of the discharge tube. The

.I 'r‘ : [

.n * "' i C} it JE ----- , I Va;tﬂlgf
L Surge EW e A R L : mE—=deflection
. Com= — plates
-- G

1 -
i Y
1 I"'tg, 268, PoreENTIAL Diviper axp DeEray Casre

retrograde rays and the electron beam travel along the axis of the
discharge tube towards the anode. Magnetic coils then deflect the
electron beam along the main axis, so that the beam can enter
the beam trap tube; but the retrograde waves are not deflected
- from their inclined path and are prevented from entering the
. main tube,
The electron beam is focused and positioned by magnetic coils.
When a surge arrives it is sent direct to a trigger device which
removes the voltage between the beam trap plates, and the electron
"~ beam travels to the
- plate. Meanwhile the
surge is put across a
potential divider con-
nected to a delay cable,
which transmits a =
known fraction of the | = "= Fe R EEEIT
wave to the voltage | = Midroseconds = il
deflection plates after . N
aid BIE‘L}" of & fraction of Fra. 269. Fg;m%giﬁ.:ﬁéf;i ELINE Tunns
a microsecond. The (IL.E.E. Journai)
delay cable is a con-
centric cable, with air or rubber dielectric. Fig. 268 shows the
- arrangement of the potential divider and the delay cable: R is
- equal to the surge impedance of the cable. If the capacitance C
18 ten times the capacitance of the cable, no distortion is introduced
and the ratio of step-down is C,[(0, - ).
~ Fig. 269 shows a cathode-ray oscillograph of the voltage appearing
across 10 per cent of the line end turns of a transformer winding, *
- It is seen that in this case the time base is not quite linear,

* Reproduced by kind permission of the Institution of Electrical Engineers
from the paper by Miller and Robingon, Journal of the 1.1 .E.
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