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generator units avallable.

This paper presents still another method of representing the loads,
this tise by sdjusted sonstent ispedsaces. Tais method retains the con-
venience of the amm imps dance method mim above, but gives a more
assurate meﬁm uring and shortly after the fault. The loads ave
divided into the thres important Yypes--inducticn motors, eynchronous
tors, and Jighting and heating loads~~and eash type is discussed separately.
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N A +?o.2o o

V2 = 1.00/-10.5°

P3 =
l Py = l 0.
l.oo
) Fault , .
= ‘ ‘ +30.30 gi by
1 i‘% ; 1.03/0 .
Ear = -———J
1.18/-25.3°
All impedances are pér unit values. s Induction :
Pre-fault values of power and voltage Motor Load Motor Load

are shown.
Figure 1
Preliminary ,Power Systenm

Equivalent Circuit for
Induction Motor Studies
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Tuble 1

Per Unit Paramsters of
Small Induction Motors
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Slip - per unit

Figure 2

Equivalent Admittance
Components of Average
Induction Motor
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Synchronous Torque of
Average Induction Motor




10
After the fault oosurs, the terminal voltage of the induction motor
drops, ts slip inoreasss, and its equivalent admittance presented to the
system increases according te the surves of figurs 2. The accelerstion is

g
where (0 = actual mobor speed in radians per sesond,
Ty' = mobor output torque in newton-meters,
7! = load torque in newton-meters, | |
4 = motor and connested load inertia in newton-meter-secondsZ,

(1)

The actual spesd is
wﬂw"’ﬁ" (2)
and

4 e :
- g 2

where W, ™ synchromous speed in radians per sseond,
&' = slip in redisns per second.

Substitution of equation (3) inte equatiom (1) with a rearrangement gives

AﬂusMWmmmt@MMfWWleﬁfmuMmﬁy
problem, equation (4) was written as

Agt = —H—smB=lat)y, (5)

where At = the time intervel used in the step-by-step process,
As' = ghange in slip during time interval At.
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1 « Exact swing curve for synchronous motor.
2 =~ Curve using constant induction motor equivalent admittance

equal to pre-fault value.

3 = Curve using constant induction motor equivalent admittance
corresponding to a 116 per cent increase in pre-fault
load torque.

4 = Exact curve using network analyzer.

Synehronous motor: Gg=1,00; Hg=2.0; load=100%.
Induction motor: G4=1,00; Hi=0.5; load=100%,

Figure 4

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load
Using Preliminary Equivalent Circult
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Figure 5

Power System Equivalent Circuit
for Constant Impedance Loads
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+3100
————_—————

» Vo =1.00
+150 4350 .
l«O.ZO
. | Y , ,
' Fault
Vl = +3150
. 1.03/0 _ J
E2' =
1.20/-27°

- All impedances are percentage values. L_ Synch.

Induction Motor Load

Pre-fault values of power and voltage [‘Motor Load
are shown.

Figure 6

B
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Preliminary Network Analyzer
Power System Equivalent Circuit
for Induction Motor Studies
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in the equivalent ciresite explains the non-similerity of the two ourves.

nal squivelent eircult to inelude some resistance.

WMMWﬁwwrnmﬁmwmmwmmm
MM£wwwthtmﬁammmﬁ£wm#aw ‘ :
motor, mﬁmﬂlﬁ but the settings ac ally used on the metwork snalyser

re slightly smaller then these by the values of the inherent resistances.
A pebwork analyser polution of this new problem shewed that the systea was
stil) wnatable, Oince 1t was desired te have the eystem just on the point

' Anstability, the problem spevifications were again modified. Firet, -
'mmwwimmwmwmamwmmmmmmm
unstable. WWWWMMI&&MW&&&&%M
mmmﬁLMtantﬁfW#mmm,mmua
Mnﬁﬁ&hm%m&a&nn&mﬁtwﬁ&mm m%min-
lent m&,m&mmwmw&.@;wmmmwm
induotion motor and synehroncus motor have been reduced to 80 per cent of




. +}.fo |

7.5%325 7.5%325
X
Fault
Vi =
1.05/0
All impedances are percentage values. Synch. duction Motor Load
Pre-fault values of power and voltage Motor Load
are shown.

VVF igure 7

Network Analyzer Power System Equivalent
Circuit for Induction Motor Studies

Induction Motor Rating =3 -
Synchronous Motor Rating
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The caloulstions for the exach curve for this cirouit are summariszed
in table 4 and the exaot cwrve iteedf is shown in figure 8. The caloula~
ﬁm using the constant pre~fault induetion motor lupedange are summarigzed
4n table 5 and the resulting approximste ourve is also shown in figure 8.
The remaining two curves of figure 8 wers cbtained in a simllor mamner.

It will be notised that the curve for the pre-fauli induction mstor lmpe-
dange indicates a stable rather than unstable condition which is a comsid~
erable deviation from the exaot curve. The cther two approxime

use induwetion metor impedentes eorresponding to imeresses of load torque
of 85 por cent and 115 per sent. M&mmmmmmmm
their position it may be estimated that an increase in load torque of

100 per osnt would give a ourve approximating the exact curve.

A siniler set of caloulations were mads for an imitisl losding of
75 por eenb en both industion meter and aynshronous metor, and the result-
mwmmm/ﬁm% Agsin, the curve corresponding to &
100 per gent. ineresse in load torque of the induction motor seems to
spproximate the exact curve, albhough here the shape of the curve is less
sensitive to changes of torque.

With the initial loading retwmed to 80 per cent of full load, the
industion mobor inertis was increased by a faotor of four to give an H of
2.0, and the curves of figare 10 were obtained. The pre-fault impedance
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1 - Exact swing curve for synchronous motor.
2 = Curve using constant induction motor equivalent impedance
corresponding to the pre-fault load torque.

'3 = Curve using constant induction motor equivalent impedance

corresponding to an 85 per cent increase in pre-fault

load torque.
L = Curve using constant induction motor equivalent impedance
corresponding to a 115 per cent increase in pre-fault

load torque.

Synchronous motor: Gg=1.00; Hg=2.0; load=80%.
Induction motor: G4=1.00; H;=0.5; load=80%.

Figure 8

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load



~gy=~step Caloulations for
mmm lotor smg_%m
Utiliging Hetwork Analyser

by its Pre~fault Impsdance

Table 5

Time

Py

0,00+
Q.004
0.05
ﬁol@
ﬂ.ﬁ‘*
0,20+
04204
*?u%
0.30

) @035

Q.40
Qu45
0,50
0.55
0.60

0,00
~0.090
-0,165

-0.115
“0,060

1.1
+ 9.1

. % Bk

+ 6l

‘*‘ ?ol

"’13&

+15.9

“22.5

“1d4
= kel
+ 34
+ 7.2
+16.3
+30.1

*%GQ
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Swing Angle - degrees

-160

Time - seconds

0 0.1 0.2 0.3 0.4 0.5

2 T3
Fault Cleared |
~— A%Qri
. / /4
|
T
|
f
1 F -]
B I S

1 - Exact swing curve for synchronous motor.

2 - Curve using constant induction motor equivalent impédance
equal to pre~fault value.

3 = Curve using constant induction motor equivalent impedance
corresponding to an 85 per cent increase in pre-fault
load torque.

L, = Curve using constant induction motor equivalent impedance
corresponding to a 115 per cent increase in pre-fault
load torque.

Synchronous motor: Gg=1., 00; Hg=2.0; load=75%.
Induction Hotor: Gi=1.00; Hi= O. 5 load=75%.

Figure 9

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load
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Time - seconds

=40

2

Swing Angle - degrees
A
3

0.1 0.2 0.3 0.4 0.5

~_Fault Cleared

a

1 =~ Exact swing curve for synchronous motor.
2 - Curve using constant induction motor equivalent impedance
squal to pre-fault value.

Synchronous motor: Gs=1.00; Hg=2.0; load=80%.
Induction motor: Gi=1.00; H4=2.0: load=80%.

Figure 10

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load




3
identical in the two cases, The caleulations for the exact swrve are
similar to ?M&q of table 4 but differ in the ooefficient used in finding
the As term, Here it is one~fourth its original value or mmﬁg Is
‘will be noticed frem figure 10 that the exast and the wm; impedance
ourves are practically identisal. This indicates that the mzi method
of representing the induction motor load by its pre-fault impedanse 1s
aseurate when the induction moter inertia is large. This sesms logical
for the lapedanse of the industion motor is a function of the slip only,
and as the siip of the high inertia induotion metor cmmmy slightly,
from a pre~fanlt value of 0,036 to a m of 0,079, the &ﬁM m
dance of the m alse changed myam&&y from its Mmm MM.

; Three more sebs of caleulations for mmmmmmm con~
stant of 0.125 result in t&a eurves of :W 1. Here %"‘>W‘w
insrease in lead torque appears to be about 230 per cent. For this value
of inertis constant, the slip of the induction meter ineressed from its
pre-fault valus of 0,036 0 a value of 0.450 ab 0.35 sesond and was still
inereasing at that time, |

Transient Studies with Induction Noter ﬁwtm
Equal to Ope-fourth of
¥otor Rating
In order to study the effests of & smaller total installed capacity
of umma motors; the rating of the sguivalent industion mﬂr wse pre~
duced to mwfmﬁk of its original value, or to 0,05 per unit on the net~

work maxym base. This required an {norense im the induction motor per



Swing Angle - degrees

0 0.1 0.2 0.3 0.4 0.5
0 T T
_Fault Cleared | ‘ !
-80 ]
. A; 4
-120 .ﬁ
.160 A 4

»

Time - ssoconds

1 - Exact swing curve for synchronous motor.
2 - Curve using constant induction motor equivalent impedance
corresponding to a 115 per cent increase in pre=-fault
. load torque.
3 - Curve using constant induction motor equivalent impedance
' corresponding to a 230 per cent increase in pre-fault

. load torque.

Synchronous motor: Gg=1.00; Hg= 2.,0; load=80%.
Induction motor:  Gy=1,00; Hi=0.125; load=80%.

Figure 11

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load



e

V, = 1.0/-3°  A124j155 +3155
1
7.5%j25 7.5%325 ,
. k P2 = P =
0.160 0.030
Fault ‘ B
98 <
V= _ , 10 528 s
1.05/0 - +J150 +j4170 25L0
E oo
i ‘ 0.039
0.890/=21°
A1l impedanées are percentage values. Synch. Induction Motor Load
Pre~-fault values of power and voltage Motor Load
are shown,
Figure 12

Network Analyzer Power System Equivalent
Circuit for Induction Motor Studies

Induction Motor Rating =1
Synchronous Motor Rating 4
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.1 - Exact swing curve for synchronous motor.
2 = Curve using constant induction motor equivalent impedance

equal to pre-fault value.

Synchronous motor: Gg=1.00; Hg=2.0; load=80%.
Induction motor; Gj=0.25; Hi=2.0; load=80%.

Figure 13

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load
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. Time - ssoonds
0 0.1 0.2 0.3 0.4 0.5

~_Fault Cleared

S

Swing Angle - degrees

~160 , .

1 - Exact swing curve for synchronous motor. :
Curve using constant induction motor equivalent impedance
equal to pre-fault value. e
Curve using constant induction motor equivalent impedance
corresponding to a 97 per cent increase in pre-fault
load torque.
I, - Curve using constant induction motor equivalent impedance
corresponding to & 126 per cent increase in pre-~fault
load torque.

wooN
1 1

Synchronous motor: Gg=1.00; Hg=2.0; load=80%.
Induction motor:  G§=0.25; Hi=0.5; load=80%.

Figure 14

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load



=40

Swing Angle - degrees

=160

3

Time -~ seconds
0.1 0.2 0.3 0.4 0.5

2
< Fault Cleared / 3
Z}

.

//

N4 I

D

1 - Exact swing curve for synchronocus motor.
2 = Curve using constant induction motor equivalent impedance
corresponding to a 238 per cent increase in pre-fault

load torque.

3= Curve using constant induction motor equivalent impedance

corresponding to a 250 per cent increase in pre-fault
load torque.

Synchronous motor: Gg=1.00; Hg= 2.0; load=80%.
Induction motor:  Gy=0.25; Hi= 0.125;l0ad=80%.
Figure 15

Swing Curves for Synchronous Motor
with Parallel Induction Motor Load



| 38
uait impedances by a fagtor of fowr and & corresponding redustion of the
initial power and torque by the sams fastor of four, The new emwm
sireuit is shown in figure 12 along with the new pre~fault or initial eon~
ditions. The salsulations were then repested for induction moter inerties
sonstants of 2.0, 0,50, and 0,125 with the resulting Surves heing shows
in figures 13, 14, and 15, The induction moter pre~fault slip was 0,039
for all three imertias snd the mexisum slips were 0.066, 0.134, and 0,307,
respectively, for the three studies. From these curves it &s apparent
that the pre-fault industien moter impedasies will agaim give acourate
results for the high inertis indu  motors. For an induetion metor
inertis constant of 0,50, the nesessary inerease in induetion motor load
torque is between 97 per cent and 134 per cemt, but is not ab all eritical.
For the low inertia induction motors, the necessary load téwque incresse
is sbout 250 per cent but sgain it is not oritical.

Results

The results of the last eix cases are sumsarised in table 6. It
should be noted from this teble that the resulis of the Gy = 1.0 cases
can be used in the Gy = 0.25 cases with only a slight lozs of acourascy in
the last case. If this is done, the cosbised resulis can be presented in
the form of carves as in figure 16, For convenisnss in metwork analyser
setups, the ordinates of these curves are plotted in terms of the parailel
equivalent resistanges and reastanses corrssponding to the loading condi~
tiwms of teble 6. These resistantes and reactances are percentage values
referved to the induction motorts own base lmpedsnce of 100 per aent or




Table 6

Necessary Inorsases in Pre~fault Load Torque
for a Constant Impedence RBepresentation
of Induction Motor load

1.00 :
0.25 Q 9% - 12 250




1,8
o]
O

valent R and X - per cent
5
o

[
Q
[®)

\
O

Induction Motor Equi

0.05

Range of

0.1 0.2 0.3 0.4 0.5
Induction Motor Inertia
Synchronous Motor Inertia

_Induction Motor Rating _
Synchronous Motor Rating 0.25 to 1,00

Figure 16

Equivalent Parallel
Resistance and Reactance
for Induction Motor Load




“
1 per unit, and must be sodified 4f the system base is different.

No claim ie made as to the aceuracy of results obtained with the
squivelent impedsnces of figure 16 when used with systems other than the
~one spesified for this problem. Additions) data would be necessary before
& general statement sould be made, However, for this particular system,
phe  extended Lo tover faults other than the simple thres

For & line~to~line fault the positive-sequenss and meaqma
equivalent sireuits sre required for s solution, and for single-line~to-
ground and double~line<~to~ground faults, the sero~sequencs oircuis is re-
quired in eddition. Usually, in small-size 1 lastion mobors, the asutral
is not grounded, and the induction motor will not be a part of the zero-
sequense equivalent cireuit, In the negetive-sequence eircuil of the in-
dustion motor, the equivalent load resistance appesrs as

B = o (16)

and the effects of smell deselerstions or changes of slip tend %o be
suppressed. Therefore, a fixed value can be used to represeut the
| mgaﬁwamm impedanee for all values of imduction motor inertia
sonstant. Corresponding to the oirewit in figure 16, with an aversge
slip of 5 par cent, these sonstant megative-sequence values are about
R = 35 to 40 per cent and X = 20 per cent whers the motor base impedance
is 100 per cent. The values to be used in the pusitive-sequence circuit
‘san be taken direstly from figure 16.




_ Assumptions and Procedurss

The studies of the effests of synchromous motor loads were quite
similar to those for the induction mobor loads in that the same power
system squivalent eireuit and the sams provedures were used. The equiva~
lent cireuit is shown in figare 17 with the induction motor replased by
* the equivalent synchronous metar.

~ Studies were made with variouws sambinations of inertia and power
fastor for metor no. 3 mﬁ the values for the mdng curves for moter no, 2
ware caloulated for esch combination. The exact curve for each ccubinstion
was found by the onventionsl three-mashine M*-&rmp procedure. Then
a fixed lmpsdance was substituted for motor no. 3 and the spproximate curve
was found by the twomachine procedure deseribed in the preceding section.
The rating of motor no. 3 was one~fourth that of no. 2. Studies were at-
tanmpted for conditions where the two motors were of equal reting, bub it
soon becane apparent that it would be impossible o substitute a fixed
impedanse for the synel

ropous motor no. 3.

The sssumptions made were as follows:
1. The sending end of Lhe transaission line is conmected to an infinite
bus, reprose 3&8 & system which is very large with respect to the
~ portion under study,
‘2, The receiving end load sonsists of twe synshroncus motors——one having
a rating of one-fourth the other, and both loaded to 80 per cent of




V2 = i.oo[-g"
P = P =
lo?ls lo?‘oa
10 LO
+3150 . +3600
Eor = E3v =
l.02z-20f 1.00/-20°

All impedances are percentage values. Synch. Motor Synch. Motor
Pre-fault values of power and voltage No. 2 No. 3
are shown. ' ’ :

Figure 17
. Network Analyzer Power

System Equivalent Circuit
for Synchronous Motor Studies



bk« .
their ratings to be sonsistant with the previow industion metor
studies. |

3. Since the time constact of & %&u@ﬁﬁ motar's field eireult is much

 Lenger then the transient intarval usder considerstion, the flux

inkages of the field winding may be wg sonsbant durdng the inter-
val, ﬂfﬁaﬁy @va synohvonous moboré? wolteges bask of gn tran~
sdent reastanses are slse assumed to be eonstark ab gx detersined
by the initial pre~fault condltions. ,
. they are usually smell in a%ﬁng to the synchronvus torques.
5. The inertia constant for motor mo. 2 is 2,0 Joules per volt-ampere,
‘snd for no. 3 4t s 0.5, 2.0, end 8.0 for each of the thres groups
of studles. Two joules per «ew»ga&a is an aversge value of inertia
constant for synshrenous motors and their comected loads.

6. A& thres-phase fault oseurs ot the middle of oms of the tramsmission
Lines and is aleared 0.2 sesond later by simultansous opening of eir-
cult breakers at both ends of the fanlted line,

7,  The tims interval used in the step-by-step calewlations is 0.05 see~
ond.

 Nine studles were made with differsnt sombinstions of inertia and
power factors for machins mo. 3. The powsr fsctors used were unity,
0.8 lag md 0.8 lead, and the inertia constants were 0.5, 2.0, and 8.0
joules per volt-ampers. The firet six studles with inertia constants of
0.5 snd 2.0 were made on the netwark ansiyser. The last thres, for the
inertis eonstant of _?F wers computed long-hand as the analyzer was not
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1 - Exact swing curve for synchronous motor no. 2.

2 = Curve for no. 2 when no. 3 is replaced by a constant
resistance equal to 10 per cent of its pre-fault value.

3 = Curve for no. 2 when no.3 is replaced by a constant
resistance equal to 5 per cent of its pre~fault value.

Synch. motor no.2: G=1.00; Hy=2.0; load=80%; pf=1.00.
Synch. motor no.3: G3=0.25; H3=0.5; load=80%; pf=1.00.
Figure 18

Swing Curves for Synchronous Motor
*rith Parallel Synchronous Motor Load
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1 - Exact swing curve for synchronous motor no.2.

2 = Curve for no.2 when no.3 is replaced by a constant
resistance equal to 10 per cent of its pre-fault value.

3 - Curve for no.2 when no.3 is replaced by a constant
resistance equal to 5 per cent of its pre-~fault value.

Synch. motor no.2t Gp=1,00; Hp=2.0; load=80%; pf=0.8 leading.
Synch. motor no,3: G3=0,25; H3=0.5; load=80%; pf=0.8 lagging.
Figure 19

Swing Curves for Synchronous Motor
with Parallel Synchronous Motor Load
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1 - Exact . swing curve for synchronous motor no.z2.

2 = Curve for no.2 when no.3 is replaced by a constant
resistance equal to 10 per cent of its pre-fault value.

3 = Curve for no.2 when no.3 is replaced by a constant
resistance equal to 20 per cent of its pre~fault.value.

Synch. motor no.2: Gp=1,00; Hp=2.0; load=80%; pf=0.8 lagging.
Synch, motor no.3: G3*0.25; H3=0.5; load=80%; pf=0.8 leading.
Figure 20

Swing Curves for Synchronous Motor
with Parallel Synchronous Motor Load



Swing Angle - degrees
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50

Time - seconds

0 0.1 0.2 0.3 0.4 0.5

< Fault Cleared

Exact swing curve for synchronous motor no.2.

Curve for no.2 when no.3 is removed completely.

Curve for no.2 when no.3 is replaced by its pre-fault
.resistance,

Curve for no.2 when no.3 is replaced by a constant
resistance equal to 20 per cent of its pre-fault value.

R~ wh e
1

Synch. motor no.2: G3=1.00; Hp=2.0; load=80%; pf=1.00.
Synch. motor no.3: G3=0.25; H3=2,0; load=80%; pf=1.00.

Figure 21

Swing Curves for Synchronous Motor
with Parallel Synchronous Motor Load
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1 - Exact swing ocurve for synchronous motor no.2.

2 -Curve for no,2 when no.3 is replaced by a constant resistance
equal to 20 per cent of its pre-fault value.

3 = Curve for no.2 when no.3 is replaced by a constant impedance
equal to 20 per cent of its pre-fault impedance. ‘

Synch, motor no.2: Gp=1,00; Hp=2,03 load=80%; pf=0.8 leading.
Synch. motor no.3: G3=0.25; H3=2.0; load=80%; pf=0.8 lagging.

Figure 22

Swing Curves for Synchronousfuotor
with Parallel Synchronous Motor Load
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1 - Exact swing curve for synchronous motor no.2.

2 = Curve for no.2 when no.3 is replaced by a constant resistance
equal to 20 per cent of its pre-fault value.

3 = Curve for no.2 when no.3 is replaced by a constant resistance
equal to 20 per cent of its pre-fault resistance in
parallel with a constant reactance equal to 12.5 per cent
of its pre-fault capacitive reactancs.

Synch, motor no.2: G=1,00; Hp=2,0; load=80%; pf=0.8 lagging.
Synch. motor no.3: G3=0.25; H3=2.0; load=80%; pf=0.8 leading.

Figure 23

Swing Curves for Synchronous Motor
with Parallel Synchronous Motor Load
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1 - Exact swing curve for synchronous motor no.2.
2 = Curve for no.2 when no.3 is replaced by a constant resistance

equal to its pre-fault valuse.
3 - Curve for no.2 when no.3 1s replaced by a constant resistance
equal to 20 per cent of its pre-fault value.

Synch. motor no.2: Gp=1.00; Hp=2.0; load=80%; pf=1.00.
Synch, motor no.3: G3=0.25; H3=8,0; loadsSO%, pf=1.00,

Figure 24

Swing Curves for Synchronous Motor .
with Parallel Synchronous Motor Load
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1 - Exact swing curve for synchronous motor no.2.

2 = Curve for no.2 when no.3 is replaced by a constant resistance
equal to its pre-fault value.

3 - Curve for no.2 when no.3 is replaced by a constant impedance
equal to its pre-fault impedance.

Synch. motor no.2: Gp=1.00; Hp=2,0; load=80%; pf=0.8 leading.
Synch. motor no.3: G3=0.25; H3=8.0; load=80%; pf=0.8 lagging.

Figure 25

Swing Curves for Synchronous Motor
with Parallel Synchronous Motor Load



=40

Swing Angle - degrees

=160

55

Time - seconds

0 0.1 0.2 0.3 0.4 0.5

__Fault Cleared 2 3

| . l
.«.__....*4,..‘.1}_,‘ B T s T SIS Iy S R

S VU S —— et
i
1

1 - Exact swing curve for synchronous motor no.z2.

2 = Curve for no.2 when no.3 is replaced by a constant resistance
equal to its pre-fault value.

3 = Curve for no.2 when no.3 is replaced by a constant resistance
equal to 20 per cent of its pre=fault value.

Synch. motor no.2: G,=1.00; Hy=2,0; load=80%; pf=0.8 lagging.
Synch. motor no.3: G3=0.25; H3=8.0; load=80%; pf=0.8 leading.

Figure 26

Swing Curves for Synchronous Motor
with Parallel Synchronous Motor Load
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Table 8

nehronous motor no. 2: Go= 1.00; Eigw a.@. ,
3mmm motor no. 3t Gg= 0.25. |

Kg = 0.5 Hy = 2.0 K3 mﬁ,ﬁ ‘

Pf3 = 0.8 lagging 10 20 100
Py " 08 lesting 15 2w

These squivalant rm&ﬂmme are referred to the
synehronous motor's own base impedsnce 100 per cont .
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Inertia of synchronous motor no.3.
Inertia of synchronous motor no.Z2.

l.- Pre-fault power factor of motor no.3 =
2 - Pre-fault power factor of motor no.3 =
3 = Pre-fault power factor of motor no.3 =

Rating of synchronous motor no.3 _
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Figure 27

Synchronous Motor
Equivalent Resistance
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HEATING AND LIGHTING LOADS

It was sssumed that heating slements such as are used in ranges,
ugﬁ heators and water heaters would ?ﬂs enough thermal ineprtis that
their temperatures would remain constant during the transient interval.
If thelr temperatures remasin constant, gg;ag resistances also remain
donstant and the pre~fault values of resistance a&. be used in the _vesaq
system equivelent circuit during the first swing of the adjacent synchro~
nous machine. |

Incandescent m.gﬁ.gm wgﬁ

Incandescent lamp filements have a un?ﬁi% low thermsl inertia,
and their resistances vary even with 60 aw&,w changes of voltage. The
poway versus voltage relationship is mwdg by the following ﬁgﬁ,g
(1, po 724). ,
log P = As(leg 3»«.,., Byleg ¥, (a)
vwhere P = per unit power, B

V = par unit wiltage,

Ay = G087 for 40 = 150 watt gas f£illed lamps,

0.083 for 200 watt and larger gas filled lamps,

By = 1.52 for 4O - 150 watt gas filled lamps,

1.54 for 200 watt and larger gas filled lamps.
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Figure 28

Resistance Characteristic
for Tungsten Filament Lamp
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1 - Exact swing curve for synchronous motor.
2 = Curve with incandescent lighting load resistance held
constant at its pre~fault value.

Synchronous motor:
Incandescent lighting load: GpL=1,00;

Figure 29

Gg=1.00; Hg=2.0; load= 80%; pf=1.00.
load=100%; pf=1.00.

Swing Curves for Synchronous Motor
with Parallel Incandescent Lighting Load



63
The power and corresponding resistance values m gamputed from W
aquation weing average yalues of Aq and 33, and the resulting resistance
versus yoltage curve is shown in figare 25.

The effect of the incandescent lamp load was studied using the same
power system squivalent cireult as in the preceding two sections. The
1ighting load was assumed to be one per unit and the adjseent synchronous
mcter was sssumed to be opersting at unity power factor and at 80 per cent
of its rated loed, After ihd fault was applied, the :Lm woltage éroppod
and with the ald of figure 28 the equivalent lighting losd resistance was
adjusted to a new value corvesponding to the decressed load voltage. This
readjustaent was repeated at esch step in She step-by-step prosedure. The
results of these step~by-step caleulations are presented as the exact curve
in figure 29. Figure 29 also shows the swing curve which is obtained if
the lighting load equivalent resistance is held senstant at its pre-fault
value. As the two ourves are prectically coineident, it may be concluded
that for this partioulsr problem, the incandescent lighting losd resistance
may be held eonstant at its pre~fault level throughout the transient inter-

val.

In order to study the effect of a slinline fluoreseent lighting Load,
the average gmgmum of 18 slimline fixtures wers obtained, Each
fixture consisted of two 96T2 slixline fluorescent lamps and one General
Electric series ballast no. 69G39. The characteristics, presested in
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Equivalent R and X - per unit
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Points 1 and 2 are resistances calculated from transient tests
on 18 slimline fluorescent lamp fixtures,

Each fixture consists of two 96T12 slimline fluorescent lamps
and one General Eleciric no. £9G396 series ballast.
Figure 30

Average Steady-state Characteristics
for Slimline Fluorescent Lighting Load
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Figure 31

Transient Performance of Slimlino
Fluorescent Lighting Load
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1 - Exact swing curve for synchronous motor.

2 = Curve with slimline fluorescent lighting load 1mpedance held
constant at its pre-fault value.

3 - Curve with slimline lighting load represented by an infinite
impedance during the fault and by its pre-fault impedance
after the fault has been cleared,

Synchronous motor: Gg=1.00; Hg=2.0; load=80%; pf=1.00.
Slimline fluorescent load: Gp=1.00; load=100%; pf=0.99 leading.

Figure 32

Swing Curves for Synchronous Motor
with Parallel Slimline Fluorescent
Lighting Load
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approximation to the exact ourve could be cbtained, as shown in figure w». .
The pre~fanit impedanve used consisted of a resistance of 1.06 per unit in |
parsllel with a capacitive reactance of 5.97 per unit, referred to a w?m :
base w%ag of 1.00 per unit,

g%uﬁ?ﬁ%ﬂ% 8 ﬁﬁ&i% wwaﬁﬁug lighting load wers ob~

. ggﬁggﬂxgﬁg §w§§¢§§$y§? ﬂ%%

the ﬁxﬁwﬁ were oﬁwg with Sylvenia no. G~1056J two-lamp ballasts mnd

»a% with «nnm% Electric Co. o, 234~881-012 two-lamp
ballasts. §¢ sharacteristics were a%ﬁ%& n».na mecsured values of . |
| ggm.: %«»ﬁ § and resctive %« a% are. vﬁ»ﬁa& in figure 33 o
8 a E&&kaw sombinstion of a%»%ﬁ% and wgewwaﬁ ond in figure 36
a8 o ;ﬁg eonbination, .

aﬁa gﬁwg porformance of the %%5: gmﬁ% lomp load
1 shown in the one: »%%&%ﬁzﬁ ?4%%2%%5% |
 made to be ga m§m§ of the fault and wﬁ?&ﬁﬁ. load voltages of the |
gi%ﬁ agu ibout four aycles is required for the pover to desresse
to a steady value ahﬁ% the sbrupt gﬁﬁ in ﬁﬁa% in contrast to the
one cycle required for the slimiine gﬁ ¥hen the 3»»3« rises ggﬁ
the power rises to a steady vilue in sbout 1.5 %ﬁﬁ stags at that level
for about 4.5 oysles, and then slowly insreases to the higher level.

The load resistance as calewlated fyom the oseillogram woltage and
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Points 1 and 2 are resistances calculated from transient tests.

Values are a#erages for six fixtures, each with two 4U watt lamps,
Two of the fixtures have Sylvania no. G-1056J two-lamp ballasts

.and the remaining four have Jefferson Electric Co, no.234-881-012

two~lamp ballasts.

Figure 33

~ Average Steady-state Charscteristics
for Starter-type Fluorescent Lightlng Load
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Steady-state resistance for increasing voltage.
Steady-state capacitive reactance for decreasing voltage.
Steady-state capacitive reactance for increasing voltage.
Estimated transient resistance characteristic for flrst
0.1 second after fault clsearance. -
Estimated transient resistance characteristic from
0.1 to 0.4 second after fault clearance.
Estimated transientreactance characteristic for first
0.1 second after fault clearance.
Estimated transient reactance characteristic from
0.1 to O.4 second after fault clearance.

Figure 34

Averége Series Characteristics for
Starter=-type Fluorescent Lighting Load



i——_117v =1 pu

1041 sec. T

na

T

s AAAN
AA'NAR

il

MJ

002?\1

0.57 pu

I!Wl ‘

Figure 35

Transient Performance of Starter-type
Fluorescent Lighting Load
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powar levals did not correspond Lo the ataaérﬂma value for that partie~
ular voltags, thus demomstrating that the transient eharacteristis of the
starter-type fluorescent Mghting load is different from the steady-state
characteristis. The transient values of resistance and reactance corres=
ponding to the two lavels axmnwwwmmﬂ%%mmm%.
and estimated ewrves are sketshed through these single points for small
ranges either side of 0.79 per unit voltage. |

The same power aystem equivelent eire: “’;ts was again used to study the
transient effect of this starter-typs flucrescent lighting load on an sdje~
gent synehronous mobor. During the fault intervel or the firet 0.2 second
of the m;whrm caleulations, the load weltage was so low 'mt the
equivaleat 1ighting load impedance was assuned to be infinite. From 0.2
second to 0.3 sesond, the load resistence and resctance corresponding to
the load voltage st the psrticular instant were taken from the upper esti~
mated eurves of figure 34, and beyond 0.3 second, from the lower estimsted. -
curves. These step~by-step caleulations resulted in the exact curve of
figure 36,

As with the slisline xm, no fixed impsdance ¢ould be found which
would produce the same transient effect as the astual load, When the
squivalent inpsdence was assumed to b infinite during the fault interval
and o be equal %o the pre~fault value, theresfber, the sesond curve of
figuve 36 was obtained. The similarity of these two curves shows that pre-
fault impedsnse may be used to represent the starter-type flucrescent light-
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: Time - seconds
0.1 0.2 0.3 0.4 0.5

0
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=160

1 - Exact swing curve for synchronous motor.
2 = Curve with starter-type fluorescent lighting load represented

by an infinite impedance during the fault and by its
pre=fault impedance after the fault is cleared.

Synchronous motor: Gg=1.00; Hg=2,0; load= 80%; pf=1.00.
Fluorescent lighting load: Gp=1.00; load=100%; pf=1.00.
Figure 36

Swing Curves for Synchronous Motor
with Parallel Starter-type Fluorescent
Lighting Load
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ing load after the famlt has been cleared. The pre-fault impedante used
‘wa$ o pure resistance of 1.00 per undt,
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10.

13,

7%

Under-voltage protective devices have sufficient time delay to pre~

vent &Wtzma during the fanlt interval.

The induction motor load is the muﬂmmt of a mge sumber of
small induction motors. ,

The decay rate of the magnstic fislds and associsted inbernal volt-
ages in the induction motors is so rapid that it has s negligible
effect on the stabllity of the adjacent synchronous machine,

The load torque om the equivelent induetion motor is a amﬁmﬁ,
regardless of the slip. |

Eﬁm loade have suffieient thermal inertda to prevent
changes in temperatures and resistances during the transient pomw.u

Caleulations bused on the above assumptions led to the following oon~

elusions:

2.

3.

When an equivalent induotion mobor loed has an inertis somstant equal
to that of an adjacent synchronous motor, the induetion motor may be
represented by its constant pre-fault impedance throughout the tran-
aient interval. |

If the induction motor has an inertla constant one~fourth that of the
eynchroreus motor, it may be represented by an impedance correspond-
ing to » wez per ¢ent incresse in its pre-fault load torgue.

For uﬁm&a sonstant ratio of one to sixteen, the necessary losd
tarque increase is about 230 per cemt.

The shove thres sonclusions sre valid for cases whers the equivslent



-

6.

T

8.

7

msm wtw rating is equal to the synchrencus motor rating and
m- muea whers it is one~fourth of the synchronous motor rating.

When an aqv_ﬁmxms synohronous motor has a rating of one~quarter

that of a second a&aw&smmm motor and when their inertia
constants are equal, the equivalent maghine may be replased during

 the transient mmwazmammﬁm squal. te zewamm’

its pre~fanlt equivaient m&iﬂmm This 48 walid w the pre~
fault power factor of the equivelent mm ia;u uniby, 0.8 lag, or

¥hen the equivalemt synehronous motep has an inertis senstant of
four times thet of the adjscent synchronous motor, and the ratic

of ratings is one te four, the equivalent machine may be replaced
during the transisat period by its fixed pre-fanlt squivalent resis-

tance. Agein, the conclusion is valid for unity, 0.8 lag, and 0.8

lead power fw‘&m
If the equivalent synchromous metor's rating aaé inertia constant are

‘both Mwm oL those of the adjacent mathine, then for unity power

fastor m& operation the equivalent machine may be replaged dur~

‘ing the transient perled by s fixed resistance egqual to 6 per cent of

it pre-fault squivalent resistance. For pre-fault powsr factors of
0.8 lagging and 0.8 leading, it may be replased by 10 per sent and
15 per oent, respectively, of ite pre~fault sguwivelent resistance,
Incandessent 1ighting loads may be represented by their pre-fault
resistances throvghout the transient period.
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+ Neithor the slimline nor the starter-type fluorescent lighting loads

may be similated by & single fixed impedance throughout the entire
transient period. However, they may be represented by infinite im~
pedanses during the fanlt interval and by thelr pre-feult impedances

- 304

The slimline fluorescent lamp power reaches sbeady values in about
oae oyele after an abrupt voltage drop from 1.00 per wnit to 0.5k
per wait and after an sbrupt rise @ﬁw &a 0.69 per unit occurving

0,12 sesond later. The starter-type fluorescent Lamp meiu requires

sbout four cyeles to reach s steedy valus afber sn pga voltage

gw?ﬁwtwowgﬁg&%w%ﬁf%ﬁgw&g%»%% ‘
,gﬁégaaw%vﬁxg@%wﬁmﬁwﬁ%&%ﬁ«@wgﬁ_

later. |
ALl of the above sonelusions are valid nﬁ, three~phase fauits on the
#pecified power system. For other types of faults invelving the

 negative-sequancs values, the mﬁ%%ﬁw negative-sequenes impe~

dances of the induction motor and of the synchronous motor may bs

. used throughout the transient interval. The positive-saquence impe~

dances are the ssas adjusted values a8 are used for the three-phase
faults. mﬁ, the lighting loads, the positive~ and %%g#..gﬁg
impedanses sre identical and equal to the values used for the three-
phase faults. |
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