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ABSTRACT

Tﬁis is a study conducted to arrive at the necessary application
enéineering information and data to be able to successfully apply series
capacitors at the-distributiOn level as an'alterhative soiution to reduce
flicker caused by motor starring. 'The.probiem is,usually{seen;at |
installations where squrrrelecage induction motors are started across-
the.llne, and upon startlng the power supply is out51zed by the normal
loads plus the inrush current. Guidelines and recommendatlons are glven'
to calculate and apply series capacitors, 1nc1ud1ng a computer program

Wthh 1mproves eff1C1ency and accuracy

viii



CHAPTER ‘1
INTRODUCTION

One of -the standardS'of thé quality of serviéé of a distriﬁution
power system is the ability to maintain é nominél-voltage at the termi-
nals of all connected power-coﬁsuming devices‘with a ﬁinimum of variation
‘and ét‘the lowest possiblé cost.v'Moderﬁ'equipménf and processes require
that this voltage be képt within acceptable limits of the equipment'§
"~ rated voltage. ThisAis one.of the ﬁriﬁcipal problems in ﬁractical POWET |
éystems and several methods for the design and operation of the system
have been developéd to reduce such variations.A

,_-To.discués voltage regulation, a review of the terminology
~involved in.voltagé identification at véridué—poihts'in the;sysfem is
helpfu1 to avoid conquipn. Historically, system voltages haﬁe been
incremented‘as nééded tc compensate for voltagé drop, résuiting in
slightly higher voltage ratings for eqqipment at the source end of the
.system. When referring to équipmént, the rated voltage is"used;‘and,
within a system; severai different voltage ratingé for different equip-
menf may be fdund.. Fof the system or ciréuit #oltage, the voitage class
is designated by fﬁe nominal system voltage identification. These terms
do not guarantee that a device ih'a‘particular voltage class will have
the same voitagé ratingL ' The foiloWihg table summarizes the system and
equipment voltage identification scheme generally acceptedland used in-

distribution systems (Table 1).



Table 1. Rated.Voltages.

: Transformer ‘Transformer ~ Motor and
Nominal System Generator Secondary - Primary " "Control Rated

Voltage Rated Voltage Rated Voltage Rated Voltage ~ Voltage*

Single-Phase Systems

120 or 120/240 120 or 120/240 120 or 120/240 120 ‘ 115

240 or 120/240 - 240 or 120/240 ~ 240 or 120/240 ‘ 240 . 230

208Y/120 208Y/120 208Y/120 120 115

Three-Phase Systems

208Y/120 : 208Y/120 - 208Y/120 208 or 120 . 220 or 208

240 240 o 240 ' 240 ‘ 220
480 A80 : 480 S 480 : 440
600 600 600 - 600 ' 550
2,400 ‘ 2,400 2,400 . 2,400 © 2,300
4,160 4,160 4,160 4,160 4,000
4,800 . 4,800 4,800 4,800 4,600
6,900 : 6,900 . 6,900 - 6,900 6,600
- 12,000 ' 12,500 12,000 12,000 - 11,000
13,200 13,800 13,200 . 13,200 13,200
13,800 5 13,800 13,800 - 13,800 . - 13,200
23,000 - - o 22,900 E -
34,500 - - 34,400 -
46,000 - , - : 43,800 -
. 69,000 o - - ‘ 67,000 -
115,000 - ' - 110,000 -

*Motor-control equipment should have the same voltage rating as the associated
motor. : «
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Voltage drops can occur either in a gradual.varying~mannerrer in
a sudden momentary change of a transitory nature. Associated with the
first type of voltage variatien is a makimum'and a minimum voltage value :
at any point in a dlstrlbutlon system under normal operatlng condltlons.
Thls voltage spread is caused by current flow through the feeder compo-
nents such as transformers, conductors, buses, loads,-etc., and/or by
‘ variatioﬁe in the primary voltage supply which might Ee caased by voltage .
droﬁe or regulation' in the primary System. Tables 2 and,S show the NEMA
recommended limits of voltage spread at the terminals of a utlllzatlon

devmce.

Table 2. Voltage Limits.

. , o : Recommended Limit
Nominal - Commonly Used . of Voltage at

System ~ Utilization Device Terminals of
Voltage . Voltage Ratings : Utilization Devices
208Y/120 115 or 120-1 phase 197Y/114-217Y/125

208 or 220-3 phase
240 ' 220, 230 ' 210-240
480 440, 460 420-480

‘600 .~ 550, 575 525-600




Table 3. ’Voltége Variation Limits for Motors.

Recommended Limits of
Voltage at Terminals of
High-Voltage Motors

Nominal

System Motor-Nameplate' Minimum Maximum
Voltage Voltage Rating o (fz%) _ _(+_8%-. apprq)g.)
2400 2200 2160 2380
2400 2300 . as0 2480
460 4000 3920 a0
4800 4600 4500 5000
6900 . 6600 | 6470 7130

The consequences of'exceeding the above-given limits depend upon
the characteristics of theAdévice and its operation. - In certain Cases;
more or less spread can be tolerated, i.e;, a balance has to be reached
betweéﬁ the effeéts of voltage variation on the 1ife of fhe equipﬁent and
its pérfOrmance, Table 4 summarizes the changes which typically occur in
induction;motor performance as terminal voltage is varied = 10% of rated.

Since torque is proportional to the square of the voltage, a
small voltage drop could be significant in the acceleration time of large
lbads. With 1ow.§oltage, étéiting current’will>décreasé§.but the full
load current increases,.increasingAtemperature rise and thﬁs shortening
| insulation life.' On the other hand, high voltage increases tbrque which
demands higher starting current, which in turn produces higher voltage

drops in the system.



Voltage Variation

90% Voltage Function/Voltage 110% Voltage
. Starting and maximum ‘ Lo o . .

" running torque Decrease 19% ‘(Voltage)z' Increase 21%
Synchronous speed No change . Constant . No change
Percent slip Increase 23% 1 (Voltage)2 Decrease 17%
Full load slip " Decrease 1-1/2% (Synchronous Increase 1%

Efficiency:
Full 1load
3/4 load.

1/2 load
‘Power factor:

Full load

3/4 load

1/2 load
Full-load current
Starting current
Temperature rise,

full load

Maximum torque capacity

Magnetic noise, no load
in particular

- Increase 1
2

- Increase 4-
1
1

Decrease

Decrease 2 pts.
Practically no
change '

“Increase 1-2 pts.

Increase

Increase

*Increase 6-7°C
. v

Decrease

Decrease siightly

~ speed slip)

Voltage

(Voi_tage)2

Small increase
Practically no
change

Decrease

Decrease

" Decrease

Decrease

Decrease
Increase

Decrease
Increase

Increase

1
21

1-2 pts.

3 pts.
4 pts. .
5-6 pts.
7% -
10-12%

°c

N

slightly




| A component Wthh is also frequently affected as the square of
the voltage (approximately) is the A-C solen01d There is no acCepted
standard for the de51gn‘of solenoids used in motor controi.equipment with
regard to drop-out voltage and tine. For example, drop-out range in
, motor—starter contactOrs can occur from about 30% to 85% of rated
-’Voltage; fhis.variation depends“on the.manufacturer,ltype, size, mag-
netic;iron used, cnange in armature seating and contaninatiOn conditions,
' and, of-codrse, tine of duration of the voltagerdrop. |
When the tine of voltage:variation is short, i.e., aifew cycles
or seconds at most;vthe\sudden change is usually referred to as flicker,
since‘flickering 1ights are one of the more noticeable and common effects
of this voltage,condition, In earlier days, tnis effect was only a
.nuisance.due“mainly_to regulation in the ntilityrs diStribution system.
Today.the probiem has greatiy increased.in importance becauSe of the
economic consequences involved and frequency of incidence. The majority
of modern industrial equipment is electrically driven and controlled,
requlring‘stricter voltage regulation. But, in turn ‘some of this equip-
ment is connected to rapidly changing loads, which produce corresponding
changes in current and voltage.' In automated equipment, electronic and
magnetic devices,arerthe‘most sensitive to monentary dips. |
| Electronicvcomponents usually have some arrangement to protect
it and assure normal operation during brief voltage variations. As men-
»tioned before, this does not appear to be the case for solenoids. It has
been -found that most-losses are due-to undervoltage drop-out, which

results- in. motor and other production equipment outage (Westinghouse



:Eléétrié'Coiﬁlﬁiéés,'p, 362).: In practice; systems are éomeiiﬁes
designed to permit'a'drop as low as 22% at fhe teiminals of é motor on
starting, under the assumptidn that the.solenoid coils wiil still operate
éafisfabtbriiy,at this}voltage.‘ A mbre'éoﬁser?ativellimit for drop-éut
yoltage iS'¢Oﬁ§idefed (Beéman_lQSS, p;‘213) to 5e 85% of rated (and 10%
.QVérvbitagej.  o B o - '
Depending on ‘the ‘factors discussed before, drop-out will occur in

a timeivarying from about oné to twelve_cYcles;-.Wﬁen tﬁe‘voltage dip is
causéd by a fault somewhere else in the,éystem, clearance'will;‘dn the |
average, take_aﬁout twenty cycles, so,thatfthe more consefvative design
tends to reduce the number of unﬁeéessary outages'dué to faults, but the
improvement iﬁ*ser?ice continuity iﬁcreases_cosfs. Other solenoid- |
operated devicesvsuch as control relays, magnetic chucks, electrically
operated valve, etc., will sense a vdltagevdip as an inﬁerruption in
their vbltage supply and, depending on the duration and_magnitude'of the
change, the device might trip to its normal position since, in general,
they are spring-loaded. (Since iﬁruéh current is typiéally about fen
fimes normal current in a solenoid, the subply lines to these devices
should.be checked to see that undervoltage is not caused by lack of
currentaéarying capéﬁility.) |

| Flicker arising in fhe-primary system may be caused by a varia-
tion in speed of engine-driven generators and by abrupt load changes.in:
' plants where sudden load increments are significant relative to the total

installed generating capacity. Generator excitation will almost never
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cause fllcker because fleld tlme constants are usually too long to cause’
'larmature voltage to change rapldly
Short circuits and’switching will produce _flicker° The design of
the system as‘avuhole Will determine the magnitudehof the drop; and the'
»protectlon scheme will determlne the duratlon° '

7 Fllcker orlglnatlng in the generatlng plant or in the prlmary.
system will affect distribution regulation, and it is also at the dls~
tribution level.where most flicker originates due to connected equipment._
Commonly, the following equipmentjcause flicker: uelectric arc furnaces;
electrlc welders, large electrlc shovels~ heavy r0111ng m1lls, intermit-
tent motor-drlven 1oads hav1ng heavy overloads or long and irregular |
-perlods, 11k6 sawmills, coal‘cutters, punch presses,,and shears; motor-
driven reciprocating loads where the,motor load varies cyclically,:pro-
ducing a'corresponding current>change, like in compressors, pumps, and
refrlgeratlon unlts, and motor startlng, which is the origin of fllcker
in most cases. The effects assoc1ated Wlth these rapid voltage fluctua-
tions together with the Voltage spread seen when load changes normally
can thus limit circuit cauacity before steady-rate regulation or thermal
limits are reached.

,It:is this'problem‘that is the subject of this study. In partic-
- ular, the>lnstituto de Investigaciones Electricas (IIE; Electrical
Research Institute} was contracted to arrive at application guidelines to
use series capacitors to reduce momentary voltage drop due to induction -

motor starting at full voltage.
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These motors_areréquirrel-qage'typg, ranging from ten to fiftéen
hundred HP, and are conhécted on thrge-phase’radial féederé which aré
capable of handling normal 1oéd Within éllcwable voltage drop, but too-
Weﬁk to'cérry the'initial infush current plusrﬁormai currentréﬁccess—
' fully. Motors smaller'than theséfﬁsually present tolerable ‘or no flicker,
1éﬁd mbtb?s largé¥'thaﬁ fhesé aié'insfalied with adequate poWer supplies
and linés; because of their size, ﬁhey usually receive sﬁeciél attention. -
HOWéVer, thqse in the middlelrange combiﬁe& with other 1oadsrmay Qutgize -
their power facilities. ‘This situation is séeﬁ at out-of-the-way
installations such mines, pumping statioﬁs, aﬁd industrial plants in
rurél or suburﬁan locations, wﬁeré 1in§s are long or the transformers and

lines were not intended to be used with loads added on at a later time.



CHAPTER 2
' OTHER SOLUTIONS

Beforeidiscuséing~further‘fhe application. of séries‘cépacitars,
it makes economic sense to review briefly.alternative solutions to the
fli&ker problém, and‘keep them in mind when aftaCking‘ardefinite problem
because, depending on 16cal conditions; the technical and ecénOmic value
of a sblutidﬁ changes. | |

If the origin of flicker isvﬁotoréstarting, the most obvious
remedy'would.ﬁe to install.the‘éofrect sfarter.k A-C squirrel-cage induc-
tion motors'starting‘at full voltége may have aﬁ'inru$£ currentrfrom
about five td ten times full load, depeﬁding upon the size, speed, load,

. torque cha;acteristics; and $pecia1 application conditions. Starting |
power factof may vary froﬁ 10 to 50 percent. These conditioné result in
sevére,voltage‘drop when the design of the‘system does not allow fbi this
r'type éf‘mOmentary ﬁower demand. Pull-voltage starting provides the most
torque but applies thevfull—ﬁoltagé starting KVA of the m6tor,to fhe |

system which is equal to:

) - (1.75) x (Starting amps) x (Line-line volts)

KVA (Starting 1000

This is the least expensive method of starting.
To prevent flicker, the starter must then limit the initial high
current and slowly increment it to make flicker unnoticeable. (It is

10 .
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7 impbrtant to check thét_the correct size feeder lines afe connected from
>fhé sfarter ﬁo the motor‘to avoid ﬁnnecessary drop thére.).r

| Reactdr starfiﬁg involveé conﬁecting a reacforjin Seriés wifh-the
'mqtor and shorting it out wﬁeﬁ full speed’ié neared. The cﬁrfent is |
reduced in proportion toﬂthe tap uéed and the torque is reduced by the
- square of the tap used. | N
| When—aﬁvautotransfbrmer is used, the cuirent is reduced ap?roxi-
' mateiy as the sqﬁarerofjthe tap setting plus a110waﬁce_for the aﬁtotrans—-
former'magnétizing current. Tripping,Qf:instantaneOus'OVercﬁrrent pro-
tection may be caused by sétting foo low a tap,.which wi;l not permit
aCCelération>of the motor,to‘a speed at which current will'nof be. exces-
sive after switching to the runniﬁé connection.: Inrush‘current_flows for
a few cycies if the load tofque is too»high, giVing rise to a voltage
spike. Autotransfégmer starting costs more than reactor starting but may
be setrto provide more torque. Autotransforméfé are-béing uéed less
because of theigreatér acceptance of across-tﬁe—line starting and because,
in some'caseé, the'two volﬁage dips caused by ﬁhe'autotransfbrmer may -be
worse than only one larger dip starting'ét fulllﬁoltage. rR¢acfor
’starting Wili not create any sighificant transitory effe;ts if the
shorting-out operation is done when the‘motbr is at a high enqugh speed.

~With resistor starting, a resistor is inserted in series with the

motor. The line-voltage drop is reduced a little becaﬁse of an.improfe—
hent in powef factor, but the_availabie torque varies the séme—as for -
reactor starting. Where electric utilities specify a maximum permissible

KVA applied in one step, this type of starting is well Suited, although
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‘it is more‘eipensive and requires more maintenance. Resistor stariers' ,'
hafe been used maiﬁly with the smalier size m6tors, usually ﬁith a-singlé—'
step resiStor, whichvwhen shorted-but will not cause a ndticéable dip.
- To adjuét foiindifidga1~case5; resistor starters shoﬁld be vériaﬁle.
- Changing frgm squirrel-cage to wbﬁndfrotdr motors using this.type Qf
sfartei Will alsq1réducé f1ickéf.Qubsfantiéily but it is e%?ensive,,

For 1ow—speéd'(514 RPM or less) motqrs, part-winding starting can
be used at'a’co$£'¢omparabie witﬁ'autotrénsformer sfarting;” The motors
~are provided with taps to épply'power first to a poitibnfof the winding
and'thenrin steps using increaéing portions of the winding_to connéétvthe
fﬁil winding to the line.

Current énd torque are changed approiimately in proﬁortion to the
amount of winding cdnnected, This method provides a smoother transfef to
the running connection.

A speciél.type of starter isrthe increment starter, which is a
combination of autotransformer and reactor starter. Switching is done
witﬁouf épéning the circuit, increasing stator current in steps and
switching out impedance remaining at full-load speed. This is a non-
commercial, special purpose design. Table 5 summafizes the most commonly
- used starting methods.

In Mexico, there is as yet no specific regulation as to the type
of sfarter that should be émployed, nor a limitation on the maximum kVA
aﬁplied per step. The Reglamento de'Obras'e Instalaciongs Electricas

(comparable to the National Electrical Code) requires feduced voltage -



Table 5. Effect of Motor Starters on Voltage, Torque, and Current.

Line Voltage Motor-Rated Voltage

. Starting Torque ~Line Current
o Motor Voltage (Full-Voltage . (Full-Voltage
Type of Starter. (Line Voltage) ' Starting Torque) . Starting Torque)
Full-voltage starter . A 1.0 » - 1.0 oo 1.0
_Autotransformer: ' B S ‘ _
80 percent tap . 0.80 0.64 _ 0.68
65 percent tap 0.65 ' 0.42 -~ 0.46
50 percent tap® 0.50 : 0.25 _ - 0.30
Resistor starter, single step ‘ o
(adjusted for motor voltage. : o
to be 80% of line voltage) - 0.80 - 0.64 0.80
Reactor: - : ‘ ' o
50 percent tap 0.50 0.25 . 0.50
45 percent tap 0.45 0.20 0.45
.37.5 percent tap 0.375 0.14 - : 0.375
Part-winding starter (low-speed ‘
motor only):- . ‘ :
75 percent winding 1.0 0.75 ~0.75
1.0 0.50 ' 0.50

50 percent winding

¢l
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starting on all motors greater than 10 HP but dependlng on the supply
circuit, across-the-line startlng can be used with any HP motor.

Be31des series capac1tors and motor starters, supply system
changes can be an acceptable technlcal and economic solutlon.- This
p0351b111ty~1s more attractlve when system capac1ty needs to be 1ncreased
for the benefit of other loads or future growth otherw1se it could
ea511y become the costllest method. The idea here is to stiffen the:
system as much as possible. One way 1s to sepaiate the flicker—producing:
loads at the substatioh bus, if the eustomers‘eaﬁsing the‘flickerlcah
tolerate it and the dip is not large enough to. show its effects through
tfahsformers,hadding more transformer capacity,‘intetconnecting to a
etiffer-circuit; reloceting'closer to'the power supply, or paralleling
- lines. |

When circuit impedance is decreased, there will be a corre-
sponding reduction in voltage drop. The following sfstem anq process
changes will aid in reducing impedance: |

1. Closely spaced cables can be used instead of open, widely spaced
‘conductors.
2. Buses can be made up of conductors of all phases instead of only
'oneoil |
3. . Two. or more smaller size cables can be used in parallel instead
-of one large cable.
4. If short-circuit currents are not too high, transformer reactance |

can be reduced.
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5. - Load control is effectiVely impgdanée control. Tdday fhié ﬁethod;

could be impiemented much ﬁore easily wifh-a load control micro- |
'vproéesébr. Motor étarting'éould beuprograﬁmed-invconjuncﬁién

with load demand.

‘The three géneralvalternativesrgiVen before are measures usuélly ‘
considered to be ﬁechnically.and ec6noﬁica11y_acéeptable in suppression
of fliéker due to motor.starting. Butlldcal conditions alﬁays should
dictate which'correctioh method>i$ the.most appropriate fér a'particular
case. A combihatioh of two or more remedies might solve fhe problem even_f
better.énd tﬁe following should also be considered: motor-generator set,
synchronoué ;ondenser, flywhéel, clutch, phase balancer, énd compensating
transformer;, The setback with this equipment is that it is generally
» unecoﬁomical for flicker reduction.. Switched shﬁht capacitors and
voltage‘régﬁlators are too slow to minimize flicker and'will only reduge
voltage spread, so thatvcombiﬁed_with othér equipment a correctiveAscheme

could be devised.



CHAPTER 3
BASIC APPLICATION THEORY OF SERIES CAPACITORS

Seriés capacitor cqmpenSatiOn is'énother_method of‘reducing Iine
impedance, théieby redﬁciﬁg.voltagé drop.. The term "series capacitors'’
refers fo the fact that the capacitor is_connected in series with the
1oad; There are speéially built @apacitors for.series use, but regular
‘shunt capacitors whose rating aﬁd protection is spécified with care can
béfused with good results in-series,applications; This is wﬁat is
planned:fof»ﬁse in -this project because only shunt capacitorszafe
 inc1uded inrthe standard'iﬁyéntory; they are much less.ekpensive, and are
- the only tYpe manufactyred-in the country. (Special series capacitors
are'more rugged and are rated both in continﬁous working current and a
momentary current rating is speéified iﬁ order to establish the méximum
limit of operation.) |

At fhé-present time there are no series capacitor installations
_in México af the distribution level. 1In the United States, their use
dates back fo March of 1928, on a 33 KV line to divide load equally
_ between two branches of'a,loopAéifcuitvof thé.New York Power and Light
Company (Buell 1937, p. 174). Sinqe then, various installations to
reduce flicker and to improve power factor on cbnstant reaétancevloads
have been put in service, but theif'number is relatively'sméll. Wide-
spread use has been limited by.technical problems of a resoﬁaﬁce nature,

16
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although thesé can be elimihated with the proper engineering for each
installation. |

A series capacitive.reéctanCe in a line will compensate for the
inductive réactance drop of the supply_circﬁit by produéing i voltagé
rise 180 degrees out of phase with the supply's reactive drop and in
direct pfopérﬁioﬁ fo fhe.line curreﬁt flowing through the caﬁacitor,
'leaviﬁg oply a small resistance drop. The capacitiverreactance can also
be thought of as cancelling the inductive reactance of the supply
circuit. This is shown in the vector diagram of Figure 1.

The same iﬁformation can bé déduced frbm the basic voltage drdp
| forﬁula for a feeder with lagging power factor:

E, - Ep = (IR cos 8 + IX sin 8) + j(IX cos 6 - IR sin 6).

This equatién can be simplified by néglecting the imaginaryiterm
because’it représents a phase shift between the sending and rééeiving end

voltages which is usually a negligible drop (Figure 2):

IR cos O + IX sin 6

t13
I

jws]
1}

las]
4

jus]
1

IR cos 06 + I(XL - Xc) sin ©

Analyzing the formula, it can be seen that when IXL sin 6 is
greater or equal to the desired voltage improvement, then the use of a
series capacitor might be beneficial. With a low-power factor, sin 6 is

large, as in motor starting, and in a typical distribution system XL/R
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Figure 1. Efs Becomes Smaller than Es as IXC Increases.
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Figure 2.

Error of Approximate Voltage Drop Formula.
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ranges from about 3 to 10, maklng the second term the most 51gn1f1cant
portlon of the Voltage drop.

| To beveffect1Ve in improving voltage conditiohs on a general
7 feedet; the R/X ratio should be less than ene, aﬁd the power factor
should'he ies; than .90 and lagging. But it is possible to use series
capecitorsvoutside these limits by over—compenSating for the line reac-
tance.e During motor starting, the lagging power factor angie and line
cUrreht.increese'severel timee their nOrmelrvalues and the receiving end
voltage might easily rise/to-an unsafe value (Figure 3). This is- |
'flicker; but in the opposite direction normally encountered; Over-
compensatlon should be used with nearly constant reactance loads only or
when power factor is low and its behav1or can be reasonably known at all
tlmes,f

| If the power factor is leading, the receivihg end voltage ie
feduce&Aeven more with the use of series capacitors (Figure 4).

A series capacitor produces a voltage rise which is proportional
to the.magnitude and ﬁower factor of the 1ihe-chrrent, i.e., the
resulting voltage increases as load is increased. But the hnique merit
of the series’capacitor is that its response to 1oad‘changes is instan-
teneeus; because it is in series with the load. Other typéé of regu-
lating equipmenttWili initiate corrective actionlwheh the voltage dip has
appeared and then switch-in the required KVAR. There is a time lag
involved which makes it impossible to correct momentary voltage drop.
satisfactorily. .The series cepacitorAhas no moving parts, so that it is

practically maintenance-free and very reliable if applied correctly. It



Figure 3.
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Overcompensation with Series Capacitors during Motor Starting.
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Figure 4. Use of Series Capacitors with a Leading Power Factor.
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has véry_high operating efficiency, sincé losses are proportional td

- load. The loéses are approkimately 0.3% of capécitor rating at full
load. Series capacitér instéilatiqns take up relafiVely little space.

Another advantage obtained from the use of series capacitors is
fhat, because of‘the rise in voltage at the receiving end, an inéiéase in

.'KVA capacity of the feeder will result. It is then often possiblerfo

postpone the ektensiye capital'investment~re§uiredviﬁ system equipment,

_ such as new tfansmission lines; transformers, regulafors, pfotection
deviées, right-of—waf permits, etc., to suppiy additionai loads. TodéyA
the savings in interest and faxes_made Ey postpohing even a moderate

'invesfment might pay, withiﬁ a very short fimé, fof the series capacitor
installation. In voltages approaching the subtranémission ievel, such as
69'KV, the effect of allowing more pdwer to be carried over the éame cir-_
cuit can be exploited even more because; when properly chosen,:the series
capacitor will improve stability.

| The series cépacitor will do a good job in correcting voltage
conditions where the ¢ircuit‘is highiy reactive relative to its resis-

» tance, the load power factor is 1ow.and lagging, and the load has rapid
variations. However, the series capacitor is not an-effeétiv means of
improvihg_theﬁpower'factor of the circuit because, iﬁ most applications,

the series capacitor kiiovar rating will be too low (one¥foufth to one-
half of the shunt capacitor kilovars for tﬁe same voltage chénge) to maﬁe

a significant increment in power factor; It should also be;remembered
that the series capaéitor will not compenséte for voltage variations

originating in the power supply; it will only,reduce'supply reactance and
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cannot hold a fixed value of voltage. It may be necessary to use con-
trolled induction or step-voltage regulators at a substationm in addition -

to series capacitors if the voltage spread of the source is too wide.



CHAPTER 4
DESCRIPTION OF‘THE MATHEMATICAL MODEL USED

'Some‘epgineering-must be appliedjatleach'ﬁew serieS-capacitér
installation to aVOid‘technical problems,‘énd in smail capacity baﬁks
where the voltaéé impro#emént isisméll relative to the system considered,
the cost of engineering per KVAR may be unecdhomical. Therefore, é pro-
cedure was squght_which‘would reduce the required_engineer~hour§ without
reducing.the,aécuracy of the results. Briefly, thé épproach nofmally
taken to calculate the necessary ohmic capacitiée reactance to compensate

for circuit reactance when a motor load is applied is to apply the

approximate -voltage drop formula for a feeder:

E -

s ER = IR co; Q * I(XL - Xc) sin &

KnowingAﬁhe maximum allowable voltage drop, the équation can be
solved for ch after current and.power factor are calculated. These are
~ calculated assuming a power factor and KVA load for starting and normal
running conditions to arrive at a combined KVA load and ifszcomponents.
The voltage rating is then selected using the motbr—starting condition
data, and the location of the capacitor is chosen usingAa'voltage—profile
chart based on the above equation. These steps are the first round of
cut-and;try calculations. The following factors have to be accounted for
and corrected: motor-starting KVA for the actual motor voltage, the

25
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impedancé’values foi the actual circuit Voltages, the load power factdr,
and the voltage-drops on’ the soufce Siderof the capacitor fof thereffect
of the series qépacitoff This is obviously a long and tedious procedure
prone t0vca1cﬁ1ation erior and subject to estimated initial and final
'Q;onditiOHS. |
| The dété-used'in the defermination of X¢ out1ined'ébbvéAére
'basically‘the magnitude -0f the load, itsrpower factor,<and'the impedance
of the power éubply, all evaluated at twé values of load power facfor. 
If a dynamic analysis-épproach is taken, knowledge of these factors as a

function df time can be obtained,_re&uciﬁg or eliminating the uncertainty -
6f thevestimaﬁes; and improving the efficiency of the mefhod° An
aﬁalyticél solu#ion_in éldsed form is practically impogsible,-but a
digital represéntation reéulted-in a useful tool which Satisfies the
objectives 6f effiéiencf and accuracy. |

" A program was written to calculate the ohmic capécitive reactance
requifed to obtain a minimum voltage deviation froﬁ a'given nominal volt-
age and within a given voltage spread at the terminals of the motor being
started. Additional output cohsists éf RMS single-phase voltage and cur-
rent of the motor, angular velocity, and time during the acceleration
perio& of the motor with and Without'séiies capacitors (Figure 5 and
’ Appendix B). With this informafion and some basic electrical engineering,
the rating, protection, and location'of‘the series capacitors which give
the désired voltage regulation can be determined.

The general circuit'invoived.in this problem is of the form shown

in Figure 6. Using the steady-state equivalent circuit for the motor, it
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-»InEut

The user types in motor and circuit data as requested by the program.

Algorithm

The program calculates the voltage, current, and power factor at the
motor terminals, and the motor and load torques. By numerical inte-
gration, the value of time is found as motor slip is decreased to its
| normal operating value. These calculations are repeated for various
series capacitive reactance values in a given range, and a selection
is made of the best-fitting voltage profile to a desired nominal
voltage. » ' '

Qutput

The output consists of a listing of the voltage, current, and. angular
velocity, ‘and the corresponding value of time during the motor's
acceleration period. This information is given for the conditions of
- zero and optimum ohmic capacitive reactance, whose value is also
printed.

Figure 5. Information Transfer Block Diagram.
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. ’ Y .
STABLE BUS

_ Figure 6. General Radial Circuit.
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can be feducedvto the>fo¥m shown in Fiéure 7. The 1mportant point to
consider in. calculatlng the 1mpedance of the circuit is to consider a11
lines, transformers, loads, and other components of the system back to
some point in the system where the Voltage is held practically constant,
whlch is a p01nt where load changes have negllglble effect on voltage
stablllty. The equlvalent 1mpedance also 1nc1udes the series capac1tors

to be 1nserted at selected locatlons,_l e.:

R I, - X))

The program simplifies the circuit further by calculating the
equivalent impedance Zg and summing it to the stator and circuit equiva-
lent impedances to calculate the motor current I.:

1

_ (y/s + 3x) (Gxp)
f rz/s + j(x2 +'xm)

in_ o h
1 Zigy Zg* (T #3x) + 2

f

The torque is then calculated using the following formula where

R. is the real part of Zf, and 8% allowance has- been eétimatedvfor fric-

£

tion, windage, and copper losses:

2
Q, R, I
_ 1 £ 71
T = WS- (.9?)

Then the voltage at the motor terminals, V2, is. calculated:



Figure 7.

Equivalent Form of Radial Circuit and Motor Being Studied.
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Vo=V - IltRe I =Xl

" A numerical (trapezoidal) integration subroutine is then used to

find the corresponding value of time from:

The proéram generates the desired output data points using two
principal 1oéps (Figure 8). The’outer_looé assigns the value used for
cafacitive feactance, Xé, by calculéting a reactance increment based on
the given makimum capacitive reactahce available and the size of the

’matrik uéed in the program. Using the value aésigned to Xc’ the inner
loop ﬁill then calculate Il, TM’ Vz,;aﬁd t, as the slip-velocity varies
"'_from zero to normél operating speed; |
Slip velocity is varied'to.éimulate starting écceleration by -
'decrementing the slip from 1.0 (standstill) to the operating slip of the

motor being studied (typical range is .05 to .02):

W= Ws(l'- s)

The absolute value of the difference between the calculated motor

terminal voltage, V,, and the given nominal voltage value is computed for

2

all corresponding points of time (t) during the starting acceleration

period and summed: .
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‘Start

A%

Read motor and circuit data
3 . -‘V
Generate JMAX increment values of XC

A

Yoy SO— J=J+1 —2
Let I=1, s=1.0, t=0.00, VSUM=0.0 .
e P : .
Calculate voltage, current, and power factor at the motor
Calculate motor and load torques
Numerically integrate to find the value of time
NO ——>
Is the voltage within the allowable range? -——lﬁl——{> Is J=JMAX?
4 YES
- YES
' STOP
Summ all the voltage points calculated
- g NO Is T > 252
Y
YES
Compare the sums o£$}he voltage points
Is J > JVAX? - —_ 0
|
YES
\%

CList Xe, V, I, t, W, éorresponding to the. value of Xe which results
in the minimum value of the sum of the voltage points. '

STOP

Figure 8. Simplified Flow Diagram.
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Tmax ,
T SuM, = |v .. -V |
=1 i 21j nom
where Véij corresponds to the ith value of slip and the.jth value of

series.capacitive reactance.

A compaiison is maée‘bf all sums corresponding to éll Xc'vaiues
used (including Xc = 0).‘ The value of Xc which corresponds to the gum
 with the minimﬁm_value is seleéted as the capacitive reactance which will

give the closest fitting Voitage curve with respeﬁf torthe giveh nominal
voltageiduring the aéceleratién period. The criteria used consist in
éonsidering'only the acceleration time as the critical period, as bpposed
to giving more weighting to the voltage value reached after the accelera-
tion period (only one such point, the final value, of the voltage curve is
-included in the sum used for comparison). It was chosen because the
.vqltége fluctuatibn occurs during-acceleration and volfage conditions

- before and éfter were given aé being within thé allowable spread. Using
this criteria may result in.an Xc value that corresponds to the minimum
value sum, but there may be other Xé values which wili give a clqser
~value to the nominal voltage at normal operating speed, although their

‘ éum would be gréatér‘than the minimum because during the accleratidn
period there might have been over- or under-shoots with Tespect’ to the
nominal; thus increasing the.sum (FiéUre 9).>-How much‘this increase is
~depends on the time the over-shoot lasts. If operating normally at a
voltage closer to nominal ié important and the voltage dips or peaks can

be tolerated during starting, a decision can be made to use or not a
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Figure 9. Effect on Motor Terminal Voltage of Increasing Series
Capacitive Reactance.
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capac1tor which will give a closer final voltage, because both the magnl—
tude and duratlon of the fluctuatlons is furnlshed This can be easily
1mp1emented by specifying as‘de51red higher or lower nominal and limit “
voltage values in thevinput &ata'of the program. This hss the effeét ofs'r
giving higher weighting to the voltage.Value sorresponding,to normal
operating speed. . For thsvmore realistié case, where voltage cohditions
during normal operationtare not within the allowable voltage limits, the
same "procedure' qaﬁ'be applisd to help correctVboth:voltage-fluctuations
and spread, when the allowable spread has not been skceeded too much. .To -
increase the voltage boost, a greater capacitive reactance is needed,
| Which meéns a higher cost because the KVAR rating is proportional to the
reactance of the cépacitor.

Theisteédy;state equivalent éircuit was used torrepresént the‘
motor durlng starting because it permlts step-by- step ‘calculation of the
desired variables as a function of time, taking into account mechanical
transisnts, but ignoring all electrical transients and saturation
(Cabbard and Rowe 1957). The value of the effective rotor time constant
of a motor depends on system and motor constants and, in most systems, it
is'negligible relative to the motional transients or flicker critical
period. The stator;transientsiintrdduée a DC component of current in the
ststor phase current and pulsating electrical torques. This effect is
considered important only for a three—phase terminal fault study and
impiactical to represent elsewhere (Brereton, Lewis, and Young 1957).
More simplified models are based on the éssumption that the disturbance

on the system caused by the motor on starting will be negligible, which
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is certainly'hot true for the radial feeder in this problem. Saturation
was also ignored since the error is small wheh the correct equivalent
circuit constants are used. |

To obtain a correct.value of time,'it is necessary that the model
used for the motor's mechanical ioad be as real as possible. The’pfbgram'i
calls for the input of a list of twenty-five points from the‘ioad torque
(nt-m) curve with the corresponding values of angular véiocity (in
radiéns/sec and in asﬁending order). This set 6f points is used by a
subroutine to provide a piecewise linear representation of the load
torque function. The value of load torque for any value of angular
vélocity which is not one of the givén values is found by linear

interpolation.



CHAPTER 5

USE OF THE COMPUTER PROGRAM SRCP

The programyis interactivé and written in BASIC-PLUS language.

It was run on a_PDP/ll machine.. . It uses approkimately 14 K words of core

memory, which makes it possible to run this program on practically almost

all minicomputers with a BASIC interpreter. The procedure to run the

program, whose name is SRCP, is summarized as follows:

1.

By‘field.measurément, determine which poimt in the circuit can be

considered as a stable or infinite bus and measure the voltage at

~ that point.

Reduce the circuit to the form of the one-phase equivalent cir-

cuit shown in Figure 7.

-Obtain, perferrably by field measurement 6rfby calculation using

the program's output information, the voltage profile of the cir-
cuit as a function of electrical distance at the moment when all

loads are connected and the largest motor is being started (a

~group of similar motors started simultaneously can be considered

as one large equivalent motor).

The following rule is applied to obtain a voltage profile as uni-
form as pbséible within the allowable limits: Locate the series
capacitor at a point where voltage drop is one-third of the total
voltage drop and compensate at this point for two-thirds of the
total drop. Since the capacitive series reactance is

37
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concentrated at one point while resistance and inductive reac-

tance are distributed along a circuit, the VOltage‘will rise

- sharply on the load side of the capacitor.
. Since the program selects the value of capacitive reactance based
- on the voltage conditidns at the motor terminals, nominal, mini-

'mum, and maximum voltage values are obtained from the voltage

profile of step 4, such that, by correctly specifying these
limits at the motor terminals, the general voltage profile will
be within the allowable range (Figure 9).

Call the program by typing OLD SRCP.

., Run SRCP by typing RUNNH. The interactive part of the program

will request the following information: motor synchronoys speed
in RPM; resistance and reactance of the stator and rotor; mag-
netizing reactance; operating slip (decimal fraction); resistance

and reactance of the equivalent impedance; voltage at the stable

‘bus (from step 1); nominal, maximum, and minimum voltage values

at the motor terminals (from step 5); motor full-load current;
makimum series capacitive reactance available (ohms); and twenty-
five load-curve data points. The load torque (nt-m) and the
corresponding angular speed (rad./sec) arefspecified. (To reduce
error, the poiﬁts shbuld be'chosen SO tﬁat the curve is well
described where its magnitude is largest.)
a. The full-load current is used to calculate the moment of
Anertia (J) of the motor (Fitzgerald and Kingsley 1961,

p. 546):
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 (5.48 x 107%) ®PM)

b. By méximum capaéitive reactance avaiiable is meant the
- largest reaétance value which is tried by thé program in its
selection pr0ce$s"of the-best reacfance value.

¢c.  The units used arevvolts, amps, ohms and MKS units, unless

- otherwise specified. |
The output consists of a listing first of the time, motor termi-
nal RMS voltage magnitude, angular velocity (rad./sec) aﬁd cur-
rent_magnitude and angle (radians) during the périod of time that
fhe motor requireérto accelerate from zero to its normal
,koperétiﬁg speed. A second listing follows with the same type of
4infofmation but for conditions with the capacitive series reac-

- tance which bést compensates per the prqgrém. Thé*value of that
‘reéactance is also given (ohms).

If more capacitive reactance is needed to meet the specified
voltage requirements, a mesSage_will be printed stating:
INSUFFICIENT CAP REACT AVAILABLE. |

If the_voltage makimum.is ekceeded with the smallest incre-
ment of‘réactive‘capaéitance, the output will read: AMAXiVQLT
EXCEEDED W/SMALLEST CAP REACT.

If the motor torque is less than the load torque at any
point, the message will read: LOAD GREATER THAN MOTOR TORQUE.
With this information, a new voltage profile of.fhe circuit

shoild be drawn to verify that the voltage is, in fact, within
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acceptable limits at all load points. This is done using the

highest value of current listed. (Knowledge of duration time is

ivaluable in this part of the analysis, since being aware.of the

. amount of time over- or under-voltage conditions exist is essen-

tial in deciding whether this cdndition can be tolerated or
not. )
If the voltagé profile is not acceptable, steps 4 through 9 are

repeated to locate and find a second capacitor. (More than two

capacitors are not recommended because of the cost and associ-

ated resonance'problems associatéd with.too large of a caﬁaci-
fivevreactance., In this case, a voltage regulator and a series
capacitor might be a bétter solution.)

With knqwn.éaﬁacitive réactance and current; the XVAR rating can

be calculated:

=100 Im= o7 r L)

This is the three-phase reactive KVA required, and Im is the
rated momentary current that will flow through the capacitor.
In this case, it represents 67% of the initiél starting current
of the largest motor plué normai_current to other loads, i.e.,
at the moment of largest inrush, the current at the point wheré
the capacitor is to be located is calculated and this value is
multiplied by .67 to obtain Im fof fheuabbve formula. Per NEMA

(1973), the maximum total momentary current which the capacitor
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can safely withstand is one-and-one-half times the rated

“current.

The minimum voltage rating is equal to the current Im‘from :

step 11 muitiplied by the capacitor’reactance.value given by the

program:
VR = Im X

o

Tables such as Tables 6 and 7 or manufacturer's iables (which

: might include more ratings other than standard for low-voltage

units) are used to find the capacitor unit or units which, in a

-series parallel combination, will give a value of Xc, VR,rand
| KVAR as close as possible to the desired and stili be

. economicéi;. | | |

,Tﬁe capacitive reaétance in ohms for the ﬁnit selected in

'step 13 is calculated from:

_ 1000 (k0%

?
X c KVAR?

The continuous current rating for the unit selected in setp 13

is:.

(1000 xvar' |12

L= l X',

The corresponding momentary current is:
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Table 6. - Shunt Capacitbr Ratings (Individﬁal Units).

'Kilovar-Ratings

15

Indoor " Indoor . -
Enclosed ~ Nonenclosed Qutdoor
Voltage - Units - Units ~ Units Phase
230 0.5,1,2.5, 5,7.5 2.5,5,  Single,
' 5.5,7.5 7.5 Three
460 1,2,5,10,15 10,15 5,10,15  Single,
Three
575v ©1,2,5,10,15 10,15 5,10,15 Single,
: Three
2,400 - 15,25 15,25 - Single, -
Three
4,160 - 15,25 15,25 Single,
: : Three
4,800 - 15,25 15,25 °  Single,
o Three -
7,200 - 15,25 15,25 Single,
Three »
7,960 - 15,25 15,25 Single
12,470 - 15 15 Single
13,800 - 15 Single




Table 7. Capacitor Equipmentifor 60 Cycle Operation.

Capacitor Voltage Rating'

o 460 and ' | S
230 - __575 2,400 and 4,160 4,800-13,800
, | Kilovar Rating of Units L .
7-1/2 15 15 25 15 . 25
15 30
45%
30 - 60
45 90 90* - | 90*
60 . 120 R
135%
% 180 ~  180% - . 180%
180 360 - 600
270 540 - - 900 . - 900
450 900 - 1,200 - - . 1,800
630 . 1,260 - 1,800
2,700 - 2,700
3,600 - 3,600
4,500
5,400

#0utdoor equipment may be pole- or base-mounted.
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' 16. The nﬁmber bf'standard_units required is (NS'j:

X!
<
X

Cc

NS = , NS' = Nearest whole number of NS
The actual total capacitive reactance if NS' units are connected
in parallél is:

o

C

T Q.
X ¢ NS¢

Thé connection could also be made in series; but it is not usual:
at ‘this point in distribution bank forming.

- The bank of the series capacitor at this point will haﬁe a
total reactance equal to,W'c; é continuous current rating of NS'
times Icé a momentary current rating of NS' times Im§ énd a

single~phase KVAR rating of

,
1 . 1"
(NS' I )7 (x")
1000 .

The above combination is usualiy the starting point in forming
the serieslcapacitOr bank. Depénding on the required capacitive reac-
tance value and KVAR capacity, another group might be connected in
series, or é‘series—parallel arrangement might be used. Thére are an
infinite number of schemes to obtain the-desifed values, but in practice
this will be iimited by cost and available stock. The important param-

eter to watch and try to keep as close as possible to the calculated
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value is the capecitive ieactances so that no large deviations in voltage
will result. 'The programvcan be used with the resulting Xc value voltage
profile. The resulting XC value would be input as the‘maximum cepacitive
reaetence avai}able to force the program toeselect that value or one very
close to it as the best choice andvoutpﬁt‘the corresponding voltage and
current data. | a
| The current'should be gfeater or equal to .the rated current of
the units and the total KVAR should be greater or equal to the'calculated
value, but these values should not be exceeded by much as cost will be
greatly 1ncreased (Appendlx A).

’ Capacitor cost will vary epprokimately as the square of the cuf—
rent. A sample run was made (Appendix B) using a 10 HP motor whose char-
acteristics are given in the listing. For 51mp11c1ty, only the . 11ne
(750 feet, 3-1/0 ACSR) was considered and no additional loads were tapped
off.  Figure 9 shows voltage behavior for several X values. The indi-
cated curve corresponds to the capacitive reactance value which provides
the best fitting curve with respect to the nominal value durlng

acceleration.



- CHAPTER 6
PROTECTION OF THEVCAPACITOR BANK

Under shdrtecircuit conditions, the current flgwihg in>the line'
and the associated VOltage across a series capacitor may‘increase séveral
times its value at maximm load. The economical solution in many cir-
cuits is to select capacitors for maximum load current and protect them
against overvoltage by an eifernal device. Howevér, the;é are some cases
where it isreconomical to build the cépacifors with sufficient &ieleétric
sfrength and elimiﬁafe the protective equipment (continuous current
ratings equal to 50% of‘the;maximum fault current would be ﬁsed); For
example, this could be done in circuits where the maximum shorf—circuit
current is only a few times (3 to 6) the maximum load,éurrent. Several
low-voltage installations use regular shunt capaéitors with no protection
of any kind becauée a cost analysis showed that it was less ekpenéive
(about 50% 1es§) to operate this way eﬁen if half the installations were
damaged (Bates 1968, p. 94). But these are not typical cases and common
practice is to install an arcing éap,ﬁhich will by-pass the capacitor
with enoﬁgh speed tbvliﬁit overvoitégehto not more thaﬁ'ZOO% of the
normal rating and do it within one-half cycle. The gap must then be
shunted because the gap cannot carry high currents for aﬁy appreciable
length of time and still be self-clearing. Also, as soon as the line

current drops to a safe value, the capacitor must be reinserted. The gap
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sparks over 1n mlcroseconds and the sytem s original fault duty is
re- establlshed so that the series capac1tor stiffens the system durlng
normal operation without really increasing faulty duty. -

A tyﬁical pfotective scheme is shown in Eigure 10. The gap is
set to spark-over to protect the capacifor at about twice rated voitage'
racross>th¢ cépacitof_"If thé capacitor is to rédﬁce voltage dips caused
by high momentary cﬁrrent, it should bé of a siie so that the largest
motor-starting current will not cause operation of the gap. This is why
the current rating pf the capacitor is equal to 67% of the total cﬁrrent
as mentioned before. The voltage rise is thus limited to 150% of normal,
and in the arrangement shown the contactor M relieves the gap from con-
tinuous operation. M_, closes the contactor and the Ms series coil holds

sh

it as long as fault current is present. Mtc is a time-delayed auxiliary
contact that prevents pumping action of the main contactor when closing.
The Thyrité resistor by-passes some of the current to protect the Msh

coil. The MS and M_, coils are wound on a common core, making up a

sh
transformer whose primary voltage is determined by the loading resistor
-DR'agross the secondary winding, which is coi} Msh' This is the way the
value of line current at which dropout of. contactor M occurs is set, and
conéeqﬁently the capacitor is reinéertéd"in the lipe.
Another protective scheme appears in Figure li’(Westinghouse

Electric Corp. 1965, p. 339). Here the solenoid trips4a spring—ioaded
~switch fo by-?ass the gap. When the line current returns to normal, the

relay energizes the motor to open the switch and reconnect the capacitor

in the line.
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Figure 10. Typical Protective Scheme.
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Figure 1ll1. Protective Scheme with Motor Operated Switch.
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fThese_two'schemeé have an outage:timé of about a minute.
Reiﬁseiﬁiqn’ééﬁ 5156 Ee manuél, 6r, at the>other ektreme, a éoﬁpressed
air cifcuit bréaker for rapid'reinséftion may be used when the capacitor
is critical for sfstem stability, Contactors are used fér ﬁakimum'
capacitor voltages ﬁp to 7.5 KV, and power circuit breakers are used for
’higher voltégés. . | | -

In all cases,‘it is récommended that the disconnect switéhes
.(whigh may be interlocked for'saféty) be used for maintenance purposes.
.Inrneither case is. any aﬁxiliary power required,>which makesrit possiblerj
to locate series capacitor§ remote from sub;tations anywhere in the line.
It is very diffiﬁultvté set a gap for less than O;OZO\to 0.030 inch
ciearance and expect reliable spark-over. This limits this method to
around 2000 voits° The 1owest rated voltage of a cépacitor with a direct
- gap protectiVe‘schemé isﬂébout 500 volts. This is another cése where
unité with-éxtra insulation may be used. Series step-up transfbrﬁers
have also been used tofbe able to use higher voltage rating capacitors.
Figure 12.shows another method where a relay trips the rédial feeder's
circuit breaker (Bloomquist and Wilson 1950, p. 149).

To reduce costs and simplify the protective scheme, neither over-
load nor dielectric prqtection-ié used on some distribution-size
installations, which makes it even more critical that the continuous cur;
rent should not exceed 110%, nor should the average current over any
24-hour period be greater than 105% of the capacitor rating. The short-
éircuit proteétive equipment is set to function at 150 to 200% of rated

voltage and provides no overload protection. If used, it must have an
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Protective Scheme Employing the Feeder’s Breaker.
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’ inverse timeacurrent-characteristic'théf can be coordinated with the
'capacitor to allow momentary oVéfﬁoltage up to 1509._ Speéially buiit
series capacifors ha&e a,SO-minﬁte réting of 1.35 times rated current and
a 5-minute féting bf'i.S times rated current.

On.largé bénksrwhefe the units arerindividually fused, dielectric
T?rotection is usuallyximplemented By means of a diffefentiallrelay |
scheme. After a fuse blows to_remove a shorted unit, the reactance of -
4‘the bank iﬁ;reases,'causing an ovérvolfége.on the remaining units. ' The )

current will be umbalanced, causihg the relay to operate and.capacitor
bank will be by-passed.-

For voitage; aboﬁe 4 Xv, it:is generally uneconomical to use
series capacitors (and proteétive equipment) insulated for the circuit
line-to-ground voltage level (Bloomquist'énd Wilson 1950, p. 152). The

series capacitor can be consideréd a part of the line conductor and needs
. the same 1eve1.of insulation to grbund and between phases, which may bé
many times the rated voltage between its terminals. If additional insu-
lation to ground is provided, cépacitors insulated for a lower voltage
may be coﬁnected in series with a line of higher voltage. When the addi-
tional insuiation is added external to the capacitor tank or case,
standard shunt units may be used as series capacitors, providedythe
insulation fo ground is adeqﬁate° The capacitor banks and protective
equipment are then internally insulated only for the actual capacitor
voltage and are rack-mounted on pedestal-type insulators. With this-
set-up, 1ightning arresterslmay be omitted; but with épecial series

capacitors, arresters should be placed on both the source and load sides
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of the'éapééitOrs on all phases,A“In practice, either single- or threé~
phase'equipment ié used up to 15 KV, and above fhis voltage‘mostly'
Sing;@:pﬁaseﬁequipmentﬂisfinstalied. The_cap?citOr'must;be;shorte-
circuitéd and-soiidly groundedrbefofe working on it'or'ifs protection.
The qomplete”assembly shoﬁld also be thSically_separaﬁed §6<thaf humans,
»aniﬁéigsvor'dbjecﬁs cannét ééme in céntéétlﬁifh:it;

Cifcuit breékér éperation is not affected byvthe installation of
series. capacitors because the gap will arc much faster than reléy andT
breaker operation;v'A series capacitor will not change much the value of
iﬁeutfal.current,fsd.thatv1ine—to~ground fault relaying‘iSvﬁot affected
either;v However, tie line relaying can be greatly inflﬁenced by the
presence of series capacitors. | |

‘The priﬁcipai réésén why distribution geries capacitor.instélla-
tibns"aie nof numerous is because ﬁheré is always the poténtial for
; inductive-cépaciti?e reéonancea ‘Being aware of these probleﬁs and their
nature, the engineerrcan,take the nécessary precautiéns and, in most
cases, avoid the difficﬁlties. fhere are two major resonance pﬁenoﬁena
involved-with the use of Series:capacitors and induction motors. |

The first is 3elf—eXcitatioﬁ'or sﬁb-synchronous reéoﬁance.qf ‘
induction motors during starting. When vdl%age is applied to the rétor,
it rotates but will énly come up to partial speed and will continue-fov
rotate at_this reducedispéed'below synéhronousa' The capécitor, in combi}
. ﬁation with the»stétor, sets»up a-re$onant circuit at a frequendyilower
than line frequency. Because this-resonént cbndition ekiéts, impedéncé

is at a minimum and a 1arge‘current easily-flbws, which may heat up the
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- motor or cause pulsating torques.- The reéqnant frequency is related to -
the relative ratings of the motOr, capa;itor, and feeder. For a motor’
wﬁoseminputﬁKVA is-about:half the circuit*rating,'fhe resonan£Afrequency¥
will be about 20 to 30'cyc1es (Johnson 1948; p} 1067. As the relatiﬁer»

- motor ;ating dec;e@ses, its rgaqtan;e,iﬁcréaSes andlas’capacitive reac-
tance incréases, thegfreqﬁency‘décreases. 'fhis.meéns that the smaller
the motor relative to the feeder the lower the-subsynchrOnoﬁsVfrequency.

" Current during resonanée*flows*in‘accordancé with the natural
frequency of the circuit and gradually decays- to zero. The rate of decay
depends to a 1argeiékteﬁt upon résistance and édvantage_is taken of thisr
to damp out thevsubsyﬂchronougufrequency by.placing'a.resistor'in
~paralie1'witﬁ~the»capacifor. 'Toﬁredﬁce:iesses; thefres@stancehis chosen
-as high as po$sible. If the ohmié value is too low, the-resistér can be
by-passed when the motor has attairied motmal operating speed. There are.
" methods of calculating the resistance values, as showﬁ}by Butler and
Céncordia (1937), and also Wagﬁer (1941), but the”real ;alues used are -
usually two to ten times what the‘célculations call for (Johnson 1948,.
.p. 106). Thié large error is due ﬁo the inaccuracy of the»cirCuit
component values and operating conditionénwhich-aré changing. ’Thérefdie;
the resistors used are adju$fab1é-over a certain_rénge} In a few cases,
paréllel”resistofs a¢ross~on1y two.phaseé have been used becéuse,the
unbalance was aéceptable. SWitchable series resistors have also been
employed during*starting. The_gap protective cirCuiﬁ’can also stop tﬁe
resonént'condition,'since'the voltage écross a capacitof increases as the

frequency is decreased; i.e., for frequencies lower than rated, the
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voltage might be raised enough to cause spark-over and by-pass the
capacitor. ffvthe energy stored in the capacitors is high, heavy-duty . -
ggpé_and diSSipaxingfresisiois mightzhavé to be.used.. Seif;ekcitationsis
pbssible when the capacitive feactaﬁce is greater than hélf_of the
system S short—c1rcu1t reactance, and in systems w1th motors whose ratlng
is more than 5° of the c1rcu1t ratlng espec1a11y when there are hlgh— ;
inertia loads connected. |

' Tﬁe seéond type of résonance phenomena occurs when aﬁ unloaded or
lightly loaded transformer in series with a capaéitor is energized. If
voltage is.applied clbse'to the zero point of tﬁé wave, a high mag;
netizing.current ﬁay‘flow due to the high saturéfion cause& by the rapid -
: increase inxflﬁi; The;reactahCe of the:transférﬁer tﬁen_décreases tO‘the;
eqﬁivalent air éo:a réaétance of the transformer winding, High curreﬁf‘
normally iastS‘ohiyrfbf séveral éyéiés and théﬁzfedﬁCes to[évlow¥value
'eiciting current, but with a series capaéitor'ﬁétroresonanéevcan be sus-
tained. This behavior depends on fhe nonlinear.transformér character-
istics and therefére no practical analytical solutions tO»this,problem;
The capacitor acts as a secondary voltage source which badly distorts the
current wave, which is of a ver} low frequency -and can have a value equal
to or greater than full—load current. This kind of current causes a
voltage drop‘across the éapacitor thch can break down .the pfotective
gap. When steady state isbreached,,the capacitor is reinserted.  This
abnormal»conditiOn can be reﬁedied with the same parallel resistor
applied to»prevent-self—eXcitation offmbtors. It has been fbund that the

losses due to the shunting resistor are less than 10% of the normal line
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loss. It makes little differehce'where therresistof is located or whére
fhe voltage is applied; If 1osses'are considered too high, an autométié
switch can be used to disconnect’the resistor when the transient is over;
Secondary loads can aléo prevent over-excitation, but canﬁot always be' 
'dePended upon. If the loads aré fluctuating, férroresonénce‘may appear
in the steady state. Another alternative to prevent abnormal conditions
"is to change the transformer to one having a smaller exciting current.

~ Another opefating problem which may ap?ear with the application
of series capacitors is hunting of synchronous and induction motors. The
effects of hunting are seen. as voltage and.frequency pulsafions. This
situation is caused by rotor oscillations'set up by system disturbances
such as load chaﬁges, swiﬁching, changes in the power source, etc.
Hunting is fdund in most caées in lightly loadedAsynchroﬁous motors,
although it can also occur in induction motors with pulsating loédé suéh
as reciprocating compressors or puﬁps. Flicker due to hunting is some-
times reinforced when the frequencx of the pulsating load is a multiple
of the frequency of hunting. To pfedetermineiﬁunting, the ratio R/X of
the feedei between the power source and the motor is evaluated. The
probability of hunting is very 1dw for positivé values less than one
(Johnson 1948, p. 106). 'This limiting condition is based on a study of
the relation between system damping‘and'hunting, Damping can either be
positive, which reduces rotor oscillations, or negative, which amplifies
oscillations (negative damping is due to line resistance). if a series
capacitor is used, the ratio is increased or can become négative and

negative damping becomes more likely. Hunting can sometimes be
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eiiminated by relocating the_capacitors. As in the problems involving
resonances,.Calculations can, at best, indicate tendencies, and field
‘expeiiencé'must be relied upon heavily'to;détermine whether or not

damping might occur.



CHAPTER 7
CONCLUSIONS .

Series capacitors can be a?plied=suc¢essfu11y if their benefits
aﬁd technical limitafions are»recognizéd° Series capacitors are
not a specialized device, but a useful alternafive for corrécting
momentary voltage drop.

A éareful engineering evaluation of each new installation is
strongly'xecommended,since the behévior of a series capacitor is
directly dependent on ofher loads, and load conditions are fre--
quently quite variable.

It iS'adviéable to orgaﬁize and start a test and evaluation pro-

gram of a few trial installations representative of cases where

series capacitors could be beneficial. This program could

shorten the time necessary to acquire the experience to install
and operate series capacitors, and thus reduce installation
costs.

Regulation as to the type of starter to be used with.certain

. sizes and type loads, as well as the maximum KVA demand applied

per step, should be implemented.

To complement this study, a thoroughrfamiliarization of the hard-
ware involved and installation details are déemed essential.
Emphasis should be placed on protective equipment and methods
used to solve resonance-type problems.
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The benefits obtained by the use of the approach‘taken in this

study are:

a.

'b,'

Reduétion in engineering manpower employed.

Improved accuracy of the results. Initial conditions are

- based on measured values and during acceleration a sufficient

number of points is considered so that no doubt can exist as

to the behavior of the voltage between starting and running
conditions.
Knowledge of over- or undervoltage duration time is valuable

information in deciding when these conditions can be

. tolerated. This can represent significant savings.

The program solution takes into account varying power factor

‘and current, and motor and load characteristics.



" APPENDIX A
BANK FORMING EXAMPLES

- For XC'— 90 ohms andvIﬁ - 200 amps, the required three¥phase KVAR

capacity is:

(3) (200)% (90)
1000

10,800 KVAR

For a 50 KVAR, 7.2 KV unit which is‘available, the reactance and

current rating are:

' (1000) (7.2)°
50

1036.8 ohms

(1000y (50)/2
1036.8

6.95 amps .

Thirty units in parallel have a rating of 208 amps and 34.5"ohms.‘
Three of these groups in series would give 103.5 ohms per éhase and
13,500 KVAR total. If anothér combination of 34 units in parallel in__
eacﬁ,group were uséd, and then three groups were connected'in serieé, the
resulting bank would have a current rating of 236 amps, 91.5 ohms, and
15,300 KVAR total. This last bank has a closer ohmic value to the
required, but there is excess KVAR capacity andito reduce costs other

units should be tried.
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A 50 KVAR, 4.16 XV unit-has a 12 aﬁp‘rating and 347 ohms. A bank
can be formed by connectlng groups of seventeen units in parallel and
then four groups in series to glve 81.6 ohms, 204 amps, and 10,200 KVAR
total. The capac1t1ve reactance value is low, but the resulting profile
u51ng this value would determlne if it could be used.

Another p0551b111ty is a 50 KVAR 4 8 KV unit rated at 10.4 amps'
and 462 ohms. A group of twenty units 1nvpara11e1 and four of these
groups in series per phase will give 92.4 ohms and 12,000 KVAR
(Westinghouse Electric Corp. 1965, p. 337);

Deviatioﬁ of thevresulting voltage from the specified limits,
cost, and availability are factors to be coﬁeidered forreachvpartiCuler
case in dec1d1ng wh1ch units are to be 1nstalled |

For the 10 HP motor example which appears in the sample computer
run (Appendix B), the KVAR required is:

(3) (.67) (154) (.25)
1000

7.98 KVAR

With a 7.5 KVAR, 230 volt unit, 28 units in parallel are neces-
saty to give .25 ohms, and the resulting KVAR capacity is 675 KVAR total,
whichAis obviously ﬁuch too high; Using‘lower KVAR rated_units will
require more units to give .25 ohme, and higher KVAR units will reduce
the number but the total KVAR will only be slightly less than 675. Low
© voltage installations with small loads usually require low ohmic and
reactive power values, frequently making small size installations

uneconomical.



APPENDIX B
SAMPLE COMPUTER RUN

LISTNH . . S ‘

1  REM THIS PROGRAM COMPUTES THE SINGLE PHASE VALUE
REM OF SERIES CAPACITIVE REACTANCE REQUIRED TO
REM COMPENSATE FOR INDUCTIVE VOLTAGE DROP DUE TO
REM MOTOR STARTING.

2 REM THE SUPPLY CIRCUIT IS A THREE PHASE RADIAL

' REM FEEDER SINGLE PHASE PARAMETERS ARE USED (VOLTS,
REM AMPS, OHMS, AND MKS UNITS.)

7 DIM X4 (50),T(25,25),V2(25, 25),13(25),
14(25),26(25) ,27(25)

9 - DIM W4(25),T8(25)

10 INPUT '"MOTOR SYNCHRONOUS SPEED (RPM)'";S1
11 W1=S1* (PI/30.0) ISYNC ANG VEL IN RAD/SEC
15 Ql=3.0 .
20 INPUT "RESISTANCE OF STATOR CIRCUIT';R1
25 INPUT "RESISTANCE OF ROTOR CIRCUIT";R2
30 INPUT "REACTANCE OF STATOR CIRCUIT';X1
35 INPUT "REACTANCE OF ROTOR CIRCUIT';X2
40 INPUT ""MAGNETIZING REACTANCE OF MOTOR";X5
41 INPUT "OPERATING SLIP (DECIMAL FRACTION)";S3
42 S4=(1.0 - S3) / 24.0 ISLIP DECREMENT
45 INPUT "RESISTANCE OF EQUIVALENT IMPEDANCE";:R3
50 INPUT "REACTANCE OF EQUIVALENT IMPEDANCE';X3
55 INPUT ""STATION BUS (STABLE) VOLTAGE";V1
60 INPUT "NOMINAL VOLTAGE AT MOTOR TERMINALS';V6
65 INPUT "MAXIMUM ALLOWABLE VOL. AT MOTOR TERM.";V7
70 INPUT “MINIMUM ALLOWABLE VOLT. AT MOTOR TERM.";V5
71 INPUT "MOTOR FULL LOAD CURRENT";I2
72 K2=V6*I2*.003
76 K1=K2/ ((1.096E-5)* (S1**2) IMOM INERTIA IN MKS
81 INPUT "MAX. CAP. REACTANCE AVAILABLE":X6
82 PRINT: PRINT: PRINT: GOSUB 600
83 PRINT "NOTE: VOLTAGE MAGNITUDE IN VOLTS."
84 PRINT "NOTE: CURRENT MAGNITUDE IN AMPS, ANGLE IN RADIANS
85 X7=X6 / 24.0 1XC 'INCREMENT
86 PRINT "NOTE: ANGULAR VELOCITY IN RAD/SEC"
90 X8=X6/X7  INO. OF CAP. REACT INCREMENTS
95 J9=25
105 J=1 IX4(CAP. REACT.) INDEX
110 X4(J)=0.0
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120 ..

125
-~ 130
135
- 140
145
150

155

-156

160

165
210

211
212

213

214
215
216

217

219
220
221
222
223

224
225

226
240

242

243
244
250
260
270
275
280
290
305
310
315
321

325

330
335
340
345
351
355

x‘r—JmH:uu
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=J -1GENERATING CAP. REACT. VALUES
J=J+1 ‘ '

X4(J)=X4(K) + X7

IF J<J9 GOTO 120

R3 + R1

IINITIAL VAL. OF TIME
+ X1 - X4(T)
V9=0.0 : W2 1.0/Wl
U1=SQR ( ((R2*X5)**2 + (X2*X5)**2)/((R2/S)**2 + (X2+X5)**2))
IDEFINING ZTOR _
Z1=ATN(-R2(S*X2)) - ATN((X2-X5)/(R2/S))
R6=U1*ABS(COS(Z1)) !RES AIR FIELD GAP
U2=SQR(RA**2 + X9**2)
72=ATN (X9/R4)
U3=U1*ABS(COS(Z1)) + U2**ABS(COS(Z2))
U4=U1*ABS (SIN(Z1)) + U2**ABS(SIN(Z2))
U5=SQR(U3**2 + U4**2) : Z3 ATN(U4/U3)! -
ABS VALUE LINE MOTOR IMPD AND ANGLE
I1=V1/U5 : 13(I)=I1

O uiun s
O bt = ] =

54 e o
WOO

P1=COS(Z3) IP.F. OF LINE MOTOR CIRCUIT

U6= SQR((RS**Z + (X3 - X4(J)**2))/U5

Z4=ATN((X3 - X4(J))/R3) - Z3

Z5=ATN( (-U6*ABS (SIN(Z4)))/ (1.0 - U6*ABS(COS(Z4))))
P2=C0S(Z5) !P.F. AT MOTOR TERMINALS
V2(I,J)-V1*(SQR(1.0 + U6* (U6 - 2.0%ABS(COS(Z4)))))
Z6 (1)=1Z5

T1=.9 2*Q1*(Il**2)*R6*W2

If I <> 1 GOTO 250

IF J < > 1 GOTO 250 :

T6=T1

W=(1.0 - S)*W1

GOSUB 500

IF T1 - T2 > 0.0 GOTO 280

PRINT "LOAD GREATER THAN MOTOR TORQUE"1l GOTO 330
DEF FNT4(W)=1.0 / (T1 - T2)

GOSUB 700

IF J=1 GOTO 360

IF V2(I,J) < V7 GOTO 340

IF J > 2 GOTO 330

PRINT "MAX VOLT EXCEEDED W/SMALLEST CAP REACT"
STOP ~er

GOSUB 900

. STOP

IF V2(I,J) > V5 GOTO 360

IF J < J9 GOTO 445

PRINT "INSUFFICIENT CAP REACT AVAILABLE"
STOP



360
365
366
370
375
380
385
390
391
392
393
400
405
410
415

- 420

425
430
435
436
437
438
440
445
450
455
456
460
500
502
503
504
505
510
511

512 -

515
520

530

531
532
533
535
540
541
545
600
605
610
611

V3=ABS(V2(I,J) - V6)

V4=V3 + V9

Vo=vV4
IF I=25 GOTO 385
I=T + 1 :5=5 - 854

' GOTO 210
IF J < > 1 GOTO 425

J2=J

- FOR I=1 TO 25

14(I) = T3(I) :Z7(1) = Z6(I)
NEXT I -

GOSUB 900

M5=V4

. IF J=J9 GOTO 455

J=J + 1

GOTO 150

IF V4 > M5 GOTO 440

J2=J

M5=V4

FOR I=1-TO 25 ‘ :
I4(1) = 13(I) :Z7(1) = Z26(1)
NEXT I .

IF J=J9 GOTO 455

J=d + 1

GOTO 150

GOSUB 900

GOSUB 999 ! PLOT 1

. STOP

REM SUBRT. FOR PIECEWISE LINEAR REP. OF LOAD TORQUE FUNCTION
IF (W - W4(1)) < 0.0 GOTO 520
IF (W - WA(1)) = 0.0 GOTO 505
IF (W - W4(1)) > 0.0 GOTO 510

T2=T8(1)  :GOTO 545

IF (W - WA(25)) < 0.0 GOTO 530
IF (W - W4(25)) = 0.0 GOTO 515
IF (W - W4(25)) > 0.0 GOTO 520
T2=T8(25) :GOTO 545

_ PRINT "LOAD TORQUE CURVE DATA NOT WITHIN MOTORS SPEED RANGE"

FOR M=2 TO 25 . :
OTO 540

IF (W - WAQM)) < 0.0 G

IF (W - WA(M)) =.0.0 GOTO 535
IF (W - W4(M)) > 0.0 GOTO 535
NEXT M

T4=M - 1

T2=T8(I4) + (T8(M) - T8(I4))*(W = WA(I4))/(WA(M) - WA(I4))
RETURN | .

REM SUBRT. TO REQUEST LOAD CURVE DATA

PRINT:PRINT

PRINT "INPUT TWENTY FIVE VALUES OF THE LOAD TORQUE CURVEM
PRINT "IN ASCENDING ORDER"
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620
- 630
640
641
650
660
670
680
690
- 691
695
700
710
715
740
745
746
750
900
. 902
903
905

910
911
915
916
920
921

922 .

923
930
931
1200

READY
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PRINT "TYPE THE LOAD TORQUE VALUE AND THE CORRESPONDING"
PRINT "ANGULAR VELOCITY VALUE SEPARATED BY A COMMA FOR"
PRINT "EACH DATA POINT.'

PRINT:PRINT

FOR I=1 TO 25

PRINT '"DATA POINT NUMBER" I

INPUT T8(I),W4(I)

PRINT :

NEXT I

PRINT: PRINT: PRINT: PRINT: PRINT
RETURN

REM NUM. INTEG. SUBRT. TO FIND TIME
IF I=1 GOTO 745 :

G= ((B1+FNT4(W))/2)*S4*W1

T=T+G

T(I,J)=T*K1

B1=FNT4 (W)

RETURN :

REM PLOT SUBRT. HERE; MEANWHILE LIST RESULTS

PRINT: PRINT: PRINT

S=1.0 - - '

PRINT "TIME (SEC)"; '"MOTOR VOLT", YAND VEL", " "; "MOTOR
CURRENT" ‘ :

FOR I=1 TO 25 STEP 1

W=(1-S)*W1 :

PRINT T(I,J2),V2(I,J2),W,I4(I), z7(1)

S=S - S4

NEXT I

IF J > 1 GOTO 930

PRINT: PRINT “CAPACITIVE REACTANCE 0.0"

GOTO 931 .
PRINT: PRINT "CAP. REACT."; X4(J2); "OHMS' PRINT: PRINT
RETURN

END
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RUNNH . o

MOTOR SUNCHRONOUS SPEED (RPM)? 1200.0
RESISTANCE OF STATOR CIRCUIT? .294

RESISTANCE OF ROTOR CIRCUIT? .144

REACTANCE OF STATOR CIRCUIT? .503

REACTANCE OF ROTOR CIRCUIT? .209

MAGNETIZED REACTANCE OF MOTOR? 13.25

' OPERATING SLIP (DECIMAL FRACTION)? .02
RESISTANCE ‘OF EQUIVALENT IMPEDANCE? .159
REACTANCE OF EQUIVALENT IMPEDANCE? .111
STATION BUS (STABLE) VOLTAGE? 127.0

NOMINAL VOLTAGE AT MOTOR TERMINALS? 127.0
MAXIMUM ALLOWABLE VOLT. AT MOTOR TERM.? 139.7
MINIMUM ALLOWABLE VOLT. AT MOTOR TERM.? 114.3
MOTOR FULL LOAD CURRENT? 28.00

MAX. CAP. REACTANCE AVAILABLE? 0.4

INPUT TWENTY FIVE VALUES OF THE LOAD TORQUE CURVE IN ASCENDING ORDER.
TYPE THE LOAD TORQUE VALUE AND THE CORRESPONDING ANGULAR VELOCITY VALUE
. SEPARATED BY A COMMA FOR EACH DATA POINT. '

DATA POINT NUMBER 1
7 28.9,0.0

DATA POINT- NUMBER 2
? 29.3,5.1

DATA POINT NUMBER 3
? 29.7,10.2

DATA POINT NUMBER 4
? 30.1,15.4

DATA POINT NUMBER 5
? 30.5,20.5 '

DATA POINT NUMBER 6
? 30.9,25.5

DATA POINT NUMBER 7
? 31.3,30.7

DATA POINT NUMBER 8
? 31.7,35.9

DATA POINT NUMBER 9
? 32.2,41.0



DATA POINT NUMBER
? 32.6,46.1

DATA POINT NUMBER

- ? 33.0,51.3°
DATA POINT NUMBER

DATA POINT NUMBER
? 33.8,61.5

DATA POINT NUMBER
? 34.2,66.7

DATA POINT NUMBER
?'34.6,71.8

DATA POINT NUMBER
? 35.0,76.8

* DATA POINT NUMBER
? 35.5,82.1

DATA POINT NUMBER
? 35.8,87.2

DATA POINT NUMBER
? 36.3,92.3

DATA POINT NUMBER
? 36.7,97.4

DATA POINT NUMBER
? 37.1,102.6

DATA POINT NUMBER
? 37.5,107.6

DATA POINT NUMBER
'? 37.9,112.8

DATA POINT NUMBER
? 38.3,118.0

DATA POINT NUMBER
? 38.7,123.2

10

11

12

13

14

15

16

17
1
19
20
21
22
23
24

25
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NOTE: VOLTAGE MAGNITUDE IN VOLTS.

NOTE: CURRENT MAGNITUDE IN AMPS, ANGLE IN RADIANS

NOTE: ANGULAR VELOCITY IN RAD/SEC.

TIME (SEC)
.179694

. .348093
.505674

- .652868

- . .790206

+918192
1.03722
1.14776
1.25058
1.34578
1.43377
- 1.51499
1.58987

"1.7222
1.78052
1.83424
1.8837
1.92962
1.97263
2.0138

$2.05497
2.10033
2.16585
. 5.61756

CAPACITIVE REACTANCE 0.0

TIME (SEC)
.078699
.154144 -
.226382
.295453
.361427
424373
.484341
.541404
.595731
647311
.69623
. 74259
. 786499
.828072
.867449

MOTOR VOLT
- 104.353
104.387

- 104.425

104.469
104.518
104.576
104.642
104.719-
104.809
104.916
105.043
1105.195
105.379

105.885
106.237
106.685
107.265
108.029
109.054
110.453
112.39

115.088

- 118.775

123.464

MOTOR VOLT
128.396
128.212
128.015
127.804
127.579
127.337
127.078

. 126.798

126.497
126.172
125.821
125.441
125.03

124.586
124.107

ANG VEL
0

5.13127
10.2625

- 15.3938

20.5251
25.6563
30.7876
35.9189

~ 41.0501

46.1814

- 51.3127

56.4439
61.5752

71.8378

76.969

82.1003 -

87.2316
92.3628
97.4941
102.625
107.757
112.888
118.019
123.15

ANG VEL
0

5.13127
10.2625
15.3938
20.5251

- 25.6563

30.7876
35.9189
41.0501
46.1814
51.3127
56.4439
61.5752
66.7065
71.8378

MOTOR CURRENT

125.407
124.964
124,482
123.954
123.375
122,737
122.031
121.244
120. 365
119.374
118.251
116.967
115.489

111.746
109.338
106.431
102.866
98.4144

92.7397 -

85.3391
75.4502
61.9303
43.2053
18.2529

MOTOR

154.301
153.485
152.602
151.642

. 150.596

149.451
148.194
146.808
145.271
143.559
141.641
139.479
137.024
134.216
130.976

. 769802E-1

-.756569E-1

.742313E-1
.726916E-1
.071024

.692124E-1
.672384E-1
.650801E-1
.627122E-1
.601046E-1
.057222

.540226E-1
.504575E-1

.419909E-~1
+369485E-1
.312626E-1
.248602E-1
.176992E-1
.982565E-1
.149823E-2
.654808E-1
.125773E-1
.129601E-1
.12895E-2

CURRENT

.255654
. 254535
.25331"
.251962
.250474
.248825
.246988
. 244932
. 242617
.239997

~-.237011
-.233584

.229621
. 224999
.21956
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TIME (SEC) = MOTOR VOLT  ANG VEL -  MOTOR CURRENT

.904792 - 123.595 76.969  127.202 -.213095
.940322 - 123.052 - 82.1003 122,759 -.20533
.974219 122.489 87.2316 . 117.466. -.195899
1.00689 - 121.927 92.3628 111.075 -.184313
1.03879 - . 121.407 - 97.4941 103.245 °  -.169927
1.07074 121.008 102.625 93.4945 -.151912
1.1043 : 120.878 107.757 81.1486 -.129284
1.14323 . 121.285 .- 112.888 65.2655 ~.101108
1.20196 -122.693 118.019 44.6307 -.671771E-1

2.56924 - - 125.824 123.15 18.6018 -.296528E-1
CAP. REACT. .25 OHMS '
STOP AT LINE 460

READY



NOMENCLATUREL -

Es - Supply end voltage.
ER' Reéeiving end voltage.
H Inertia constant of the motor.
'.Ic - Continuous current throﬁgh the capacitor.
Inl Normél,current to other loads.
Isf Motor inrush current.
IFL _ Fuil-lqad current. |
M,Im Momentary total current through the capacitor,
I,I1 ‘ Motor»current.‘ |
J Moment of inertia of the mofor.
- KVA Kilovoltéaﬁperesy

KVAR Reactive kilovolt-amperes.

NS A Number of standard capacitor unifs required.
NS! Nearest whole nﬁmber to NS.

7Q1 Number of phases in the circuit.

Ty Stator resistance.

T, Rotor resistance.

R Resistance.

Re Circuét equivalent resistance.

1. Volts, amps, ohms, and MKS units used unless otherwise
specified. '
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‘Rotor slip.

Sum of the Voltage differeﬁqes during motor acceleration.
Loéd_tbrqué;

Motor eiéctrical torqﬁe.

Line-to-line voltage.

Voltage rating of the capacitor.

Stable (infinite) bus voltage.

Motor fefmiﬁal voltagé,<

Angular Veldcity.

Synchronous‘angular»velocify.

Magnetiiation reactance;.

Stator reactance.

Rotof reactance.

Total feeder reactance.

Cépacitive'series reactanée.

Circuit equivalent reactance.

Iﬁductivevfeeder reactance,

Circuit equivaient reactance.

Parallei impedance combination of the magnetization reactance and
rotor impedance.

Power factor angle.v
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