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F—10 HOUSE PHASE SHIFT TRANSFORMER
SHORT CIRCUIT TESTSH

Alstract

This report documents the theory, testing, and modeling
of the phase shift transformer internal 60H: impedances.
The internal impedances are used to help predict the
commibtation amngle and ripple characteristics of rectifier
loads and to determine available short circuilt cwrrents. The
results of bhese tests were used on & per wunit basis
in the design of the &08 Booster main magnet power supply.
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1.9 INTRODUCTION
1.1 Furpose

The purposs of this test was to develop & one-line phase
shifter transformer model for the AGS Booster main magretl
power supply. This model will help detgreine commutation
angles for various Booster loads. Specifically it was bhe
per unit reactances based on the circuit BVA that were
regquired. The per unit reactances were obltained by
performing short circuit tests on the HMEOFBLW P.S. +/-7.5
degree phase shifter in the F-10 House., These per unit
values were used as rough estimates or as Ybhench marks" for
irnitial studies of the AGS Booster 1Z3.8kV phase shift
transformers.

1.2 Transformer Rating

The transformer connection diagram is shown in Fig. 1
with rated currents and voltages. Its circullt ratings sre:

46OV, 400RVA (2 X 200kVA)  ZE-phase  6H0H=
/- 7.5 degree phase shift

The transformer has ons S-phase input (&,B,C) and two 3-phase
gutputs (D,G.1) and {(E,F,H). E=ach inpul phase is connected
with two shift windings (+7.5 and ~-7.5 degree). The delta
current is determined by the difference of MMF' s in these two
shift windings. This means that the delta current can vary
as the relative powsr Tactors of the two oubtput circulits
change even though the circuit EVA loading remains constant.
The transformer’s rating is given as its cirouit rating,
i.g., what the transformer can actually delever from its
termninals at the rated temperatuwre rises (400kVA). This is in
contrast to ites "magnetic BVAY rating or "parts VAT as
raferred to by some authors and is givern by [17:

ri
8 = (1/2) Z 5i
t
whera
5 = magnetic VA of transformer
8i = volt-ampere rating of sach winding

numbar of windings

_..,
s
i

The magnetic kVA is the volit-amperes that are transftormed
through actual magnetic coupling rather than by direct
glectrical conduction. Both of these processes ococur in
autotransformers. The physical size and weight of the
transforngr is dependent on its magnetic VA, not its circuit
“kVA rating even thouwgh by convention it is the circuit kVA
rating that appears on the nameplate. For this reason
auntotransformsrs are generally smaller and lighter than



conventional 2-winding transformers of the same circult VA
rating. In the case of the phase shifter only & small
portion of the circuit VA is transformed magnetically.
Refering to Fig. 1 the magnetic VA is:s

5 o= Z(L/2Y0(70)X(249)+ (460 (4.95) ]

5 o= 2%9.56kVA magnetic

= 7.4% of rated circuit VA {(400)

With one Z-phase output open circuited the magnetic kY
iz calcuwlated from Fig. 2 as:

it

g F(L/2Y0(4603{(18.7)+(35) (247} ]
= 6.1 BEVE magnetic

= 13% of circuit VA rating (Z00)

8



2.0 OME-LINE CIRCUIT MODEL
2.1 Thres WHinding Representation

The phase shift transformer is classified as a 3—-winding
transtormer because it has three independent sets of 3-phase
terminals (ARC), (DGH), and (EFI). The one line circuit
representation is shown in Fig. 3 [23,031. The per unit
reactances of esach pair of windings is shown as a function of
the reactances #p and xs in the circuit. Winding resistances
and magnetizing reactances sre neglected. This
representation is & special case where the reactance between
the primary and each of the secondaries is equal. This was
intendsd in the design of the phase shifter and the short
circuit tests showsed that the two secondary impedances were
different by 5.5%.

o

22 Commutation Effects in Rectifisrs

The one—line model in Fig. 3 helps determine the SCR
commtation angle because it gives the resctance contribution
ot the phase shiflter. The modesl also indicates that the.
reactance #p will appesar as Zip to sach rectifier on either
gecondary if both rectifiers are commuitating at the same
time. The reactances #g are nob scaled as long as they drive
only one rectifier circuit ssch. In comples rectifier
circuits the pulses nunber and the commutation angle determine
when and how ouch more xp is to be weighted than xs with
respect to each rectifier. Hecause these bwo reactances are
ot welighted equally the sum zp+txs and the ratio (p/ius are
regquired to determineg the commutation angles in phass-shifted
rectifier circudits. These reactances are found through short
clircwilt bests.



.0 SHORT CIRCUIT TESTS
.1l Procedurs

The most direct method used to measure impedance per
phase of & btransformer is to connect a short circuit to the
secondary and to drive the primary with a voltage source.
Usually the current is increased to its rated value at which
point the resulting voltage is defined as the impedance
voltage. For the unit under test the rated current with one
secondary shorted is 2516, If the impedance is roughly 24
then the voltage requirvred is (.02)(460) = 9.2V, This ratioc
of voltage to current is very awhkward in terms of fine
voltage control in available slectrical sguipment.  An
alternative procedure is to measuwre the impedance of one
phase winding based on the magnetic VA (or winding kVA)
rather than on the circuit BVA rating. Since the magnetic
VA die much smaller than the circult BVA of the transformer
the effective ohmic impedance of the primary and sscondary
windings is much higher as compared to a standard 3-phase
short circuilt on one or both owtputs. The comnection for
mEasuring impedance based on magnetic kYA is shown in Fig. 4.
A LEOV, 1046 variac single phase source is sufficient to drive
short circuilt cwrrent through this connection.

The advantage of this method is that the current
requirment for the sowrce is smaller by a factor of 6.3 or 13
for the same winding short circult current depending on
whether one secondary or both secondaries are shorted. The
EVA requirment is also reduced becauss the test is single
phase. VYoltage and cuwrrent contrel is improved bescause of
the increased ohmic impedance.

The disadvantage of this method is that the ohmic
impedances mneasured are not the values thsat represent the
phase shifter in & one-line diagram as shown in Fig. 3.
Howsver, the required values can be obtained from the test
values by mathematical transformations as shown in Section
o :x u

In summary, this procedure measures the. impedances of
the individual pairs of transformer windings and then the
characterictics of the phase shifter as & single unit are
caloculated based on circult analysis and mathematical
transtormations. The approach is based on the premise that
the impedance characteristics of any transformer connection
regardless of complexity can be determined entirely 1if a&ll
the individual pairvs of winding impedances are known.

- ey

FZ.3 Test FResults
Fa2.) Test Measurements

Short circuit test measurements ars shown in Fig. 3.
The voltages and currents refer to the civcult diagram in



Fig. 4. The three phases are assumsed to be identical so that
only one phase is tested. Three short civouilt tests wers
run: primary to secondary 1, primary to secondary 2, and
primary to secondaries 1 and 2. The primary is defined as
the delta AR winding. The two sscondaries are the two shift
windings DC and EL. Note in Fig. 4 that the current in delia
windings BC and CA is zero for all three short civrcuit bests.
Several voltage and current levels were ussd for sach short
cirouit comection to confirm the lineariby of the circuit.

- oy

Z.2.2 Bingle FPhase Eguivalent Cilrouit

The windings that were energized for the test
measurenents as shown in Fig. 4 (AB, DC, and EC) constitute a
single phase 3—winding transformer. The purpose of this
szction is to determine the impedances of the equivalent
circuit for the transformer as shown in Fig. 6. In order to
simplify the cxlculations the winding resistances are
neglected, however, the procedure is unchanged if the
resistances are included. In the latber case the winding
impedances would become complex numbsrs but the form of all
gquations and matrix transforsstions would remain unchanged.
The impedances are treated as being eqgual to the reactances
in the following caloulstions although it is known that this
is not true.

fs seen Trom terminals AR in Fig. 4 the impedance of th
transformer with winding CE shorted was

]

JIL3.13710)

e

It

o
i

e

= j1.31 ohm
With windings CE and DC shorited the impedance was
o= J{4.537/710)
o= 3..457 ahm
From circuit analysis the transformation aq@étiang SrEE

Mp + oHs o= jl.31 obhm

iy

wp o+ (L/72)¥xs = 3,457 ohm

The sglution is:

t

®p —~iad hum

J2.11 ohm

i

wp oz
PR3

“These reactances are referred to winding AB. It is noted
that the impedance values in JF-winding transformers are
allowed to be zero or negative as long as the net impedance



betwesn any pair of windings is positive [47.

The turns ratico betwesn AB and CD was measured as 12.8
and caloulated as 1E.156 for a 7.50 degree phase shift. A
valug of 13,000 is used as the tuwrns ratio throughout this
analyeis.

The impedance of winding CD and EC referred to 35V is

#uo= JLL/LEYRRZ(Z.11)

e o= 3.0132% ohm

2.3 Bhort Circuit Calculations

The purpose of this section is to compute the
symmelrical rms 3-phase fault cuwrrents supplied from the
lines when a 3-phase fault ococurs at rated voltage. Thres
casges arg computed: primary to secondary, primary to bobth
segcondaries, and secondary to secondary. In the last case
the primayy is open circuited and the source is conneched to
one of the secondaries with the remaining secondary shorted.
These current magnitudes vield the impedances for the phase
shifter ong line diagram shown in Fig. 3. The 3-phass
currents are calculated by using civowit analysis and the

single phase eqguivalent circuit developed in Sgction 3.2.2.

2.5.1 Primary to Secondary

The Z-phase oubput on one secondary is shorted and a 3-
phase 480V source is connected to the primary terminals.
Since a S-phase fault is a symmelbrical fault the conditions
i all three phases of the bransformer are identical and
displacsd by 120 degrees from sach othesr. By the sams
principle the voltage at the fault bus must be zsvro and
coincident with the system neubtral on a phasor diagram.
Becauss of the balanced ZF-phase condition ths faull bus
voltage must be zere regardless of whathsr this bus is
grounded or whether the system is grounded o ungrounded.

The voltage on windings AR, CD, and EC therefore appear
as in Fig. 7. The 3-phase short circuit is actually on
terminals (DBI)Y in Fig. 1. The conditions on each phase are
shown Ln Fig. 7. Since terminals D, G, and I are all at zero
potentisl the terminal D in Fig. 7 is labeled (0). The
supply voltages are VA/LZO degrees, VB/Z240 degrees, and VC/O
degress in ssquence A~C-B. Terminal € is therefore at 27770
valts/degrees with respect to the system neubrsl. Terminals
A oand B oars at 277120 and 2F7/240 volts/degress with respect
to the neutral. The voltage beltwesn & and B is therefore:

J1R0° - RTT/E40°

VER = 27

i3 I

i

VER = 480/90°V

O



These voltages are shows in Fig. 7. Bince winding CE is not
involved the problem is a conventional 2-winding transformer
circuit and is reduced as shown in Fig. 7. The curvrent in
winding CD is:
(-3 o
ICD = (Z77/0 4+ Z7/90)Y/(1.01235 ~ J.003E55)
y - ] o °

ICHD = Z1.28/-82.4 kA
By the tuwrns ratio law the current in the delta winding must
bes:

IAR = (1/713)%1CD

Ing

i

2EFE/-B2.4 A
The lins current is detgrmingd by the KCL at node © in Fig.
3 as:

I = B1.54/-90 k&

Therefore the Z-phase 480V faullt current supplied from the
lings when one secondary ls shorted is 31.56HA sym rms.

F.5.2 Primary to Both Secondaries

In this section the line currents are calculated for (2)
F-phase short circuits on (DBI)Y and (EFH) as shown in Fig.
10. The single phase model developed from test resulls in
Section 2.2 is shown in Fig. 9 with voltage conditions during

a double Z-phase fault. Nodes D and £ are coincident with
the system neutral on a phasor diagram since they are both on

a short circuit bus. The voltage accross AR ig 480V and is
90 degress out of phase with the phase C to neutral voltage
as illustrated in Bection 2.3.1. The eqguivalent cirouit
manipulations shown in Fig. 9 give rise to the following
system of eguations:

1 -1 -1 Ii 0
J 00355 wi L LES 0 Iz = BEOS 17204
RS R % o R s - ANy ST fe
G LOOEER ] J,Ui“q) 13 (\ 2RO/ ~TF 5

“The solution is:



11 = 13Z703.7/0 6
I2 = 2II95/-72.9 A

1% = 23195/72.8 A

Feferred to winding AR the delts curvent is:

i

ITL = (L/713)(13703.7)
It = 1084 A

The ELCL equation at node T in Fig. 10 gives the total
short circuit line current as:

IL = 44.14/-90 kA sym rns

Therefors the 3-phase 4800 Tault current supplied from the
lines when both secondaries are shorbed is 46.1kG6 sym rins.

-

Z.E.T Becondary to Becondary

The primary is open circwlied and the fault current is
driven from the source on one secondary to a 3-phase short
circuit on the other secondary. The Z-phase circuit is shown
i Fig. 12 with the single phase development and basis for
calowletion shown in Fig. 11, This situation is unlike the
previous cases in Sections T.3.1 and 3.3.2 in that the
vialtage at node C is unkrnown. This nessecitates a fouwrth
equation to solve Tor the fowr wiknowns VE, TI1, I2, anag I3.

The Tirst two sguations can be formed from the twrns
ratico law for currents. Referring to Fig. 1l:

Tr'/L

;
vﬂ = j.or28 L, + (—-V:)

o =T + (Vo—277
V_SZ‘—‘)'OIZS ~z < >
— [ e
Ve =(35) % Voo =(35) V,

- 3T 2 . .8 " T _(=V) =0
' %%e— +) = b J-eotzs Ly (~Vo)



This equation can be wiritten as:

<|+J,B3iyﬁg+),o%wgq-—yczayizzzo

The other loop sgustion is:

E 37‘\/2" ‘,_"_é_. - - T — —_— -
S 4+ 3221, -).028 I, (V. 2.77) (o

This second eguation is writhen as:

G_[+j.@gz>vl4—J,o¥éH;Il—JﬁlL§132=-—277

The ECL at node £ is:

Jew/z Jj¥a/3 .
I e — I ~(I,-1,)=0©
: 772 .
(3Ie -—I,+T,.=0

The fourth eguation is given by the law of balanced
transforner MMFs that demands that the sum of &ll the winding
MMFs on each core leg be zeros

]3_7:, -—"IZ_ _..,Ig —

In matrix format these equations become:

14§ 1332 §.04615%  —j.0L125 Ve o
—14j L AEEE §.04615 o —j. 0128 | 11 277
0 1% —1 o o
o G173 -1 1% o

The solution was cbtained by calling the fortran IMBL routine
LINCEG on the Vax computer:

VG LEE + J41 Y
Ii BO5 - JETI0 &
12 ) &HEHL — 124200 a
1= K 0 -~123073 Al



The fault current is thersfore 25.1kA symmetrical rms. The
fact that IZ has zero as & real component is significant.
The transformer model was assumed to be purely inductive.
This mgans that regardless of the complexity of the
connections, phase shifting, or any other aspect of circuit
topology the final fault current must be 70 degrees out of
phase with the supply voltage at nodes D.  IT the computer had
returned any result where I3 had & nonzero real component
outside of computer accwracy this would be indicative of an
grror in the matrix equations. This principle also applies
to the two previous cases in Bections 3.3.1 and 3.3.2.

The final solution for the winding curvrents is shown in

Lol

Flg- g

10



4.0 FIMAL ONE LIME EQUIVALENT CIRCUIT
4.1 HMathematical Tests
The results of the Z-phase short circuilt calculations at
480V gave the following results from Section 2.5,
Short Circuit Calculation Results
Line current Delta current
Trom source {sym rms &)

{sym rms Q)

Frimary to secondary Z1860 2EFE
Frimary to both 46145 10546
secondaries

Secondary to secondary 25073 3823

Table l: SBhort Circuit Magnitudess on the 400EVA,
460V, E—phase +/-7.5 degree phase shifter
fiom 480V source.

The transforoer one line model in Fig. 2 is shown with
the two secondary reactances egqual. This means there are
only two unknowns (#p and xs) and only two of the three short
circuit results from Table 1 are reguired. The third test
werves as a mathematical check since it should be in
accordance with the one line model developed from the first
two short circuit tests. .

The solution for xp and s based on the short circuait
results from Table 1 are shown in Fig. 13, A mathematical
test for this model is described as follows. The model in
Fig. 13 predicts that the secondary to secondary shorhk
circuit current will be:

T = Z77/(2%.000834%(1L.00863 k%)

Th = 246574 A sym rms

The value caloculated in Section 2.7%.3% based on the single
‘phase model was

TL = 28073 & sym rms

i1



This represents an error of:

error = (25073 — 245745 /23077 % 100

i

2.0

Theoretically this error should be zero. It is nobt krnown why
bthis error exits. I the faullt cwrrent of 245746 is
multiplied by the sqguare of the sffective tuwrns ratio in Fig.
1% (1.008631%%2 the srror is almost eliminated but it is not
clear why this would be a valid procedure. Therse seems to be
o basis for introducing the bwne ratio in this manner.

4,3 CDonclusions

A test procedure has besn pressnted that describes how
the phase shift transformer impedances can be measured using
short circult currents that are smaller by an order of
magnitude as compared to the transformer rated current. This
procedure reguires only a single phase source that operates
at rouwghly oneg halft of the EVA that is regulred by & standard
threse phase short cirvcuit test. The final modesl of the phase
shiflhing transformer can be used to predict the available
short circuit current at full voltage and the relative effect
oy bl commatation angle for phase shifted rectifier loads.

The method presented was mathematically checked in the
foallowing way. The final transformer model was used to
predict the value of secondary-to-secondary short circudit
current. The sams current was calculated using the procedurs
shown in Section 2.3.3.0  The two results were in agreement Lo
within 2Z.04. Although a 2.0% scowracy in short circuit
current caloulations is sufficient for most practical
purposes it is not clear why any error should exist at all.
IT & numerical or procedural esrror does exist it was missed
during sxtensive mathematical checks.

15
-



F..0

FIGURES

13



Corvesths  shown | 249,25
. in amrercs, , > - A,

Ned mmf
{ o ) -

=3 (7-%‘147-5 —2%1/=2.5 )

=32.5/%0°

oV
4oo kVA

B

70.0y
C ~—TUJ‘V1$ ha.,'}‘l‘o:i
. o
MQijJ‘\‘TL ‘kvA1
S =34 [(m) (249 +(so)(4.95)]
= |7.85 kKVA 249/=7.5°
—_ n
o A
Yoy vV
200 KVA "
] B"
. Fig. 1 —— Transformer Connection Diagram With Rated Voltages
: and Currents

14



2Y91.5°

. Curmff{f SLcwvx ) —_— {,A,
‘lV) OvnAFQ?‘Q,s' ' %6"f‘v
200kVA ,
C
i J
A — 8
O—
Y60V
200kVA
B
C
' o

,Majne‘kc, kVA : .
S = 3-4-[GooXiza) +G5)(2¥9)

=241 kVA —

Fig. 2 — WVoltage and Current Soclutions With One Output Gpen-—
. . Circuited



37,5‘>
I:].00862 e

y 2 g Seconds ry

3¢ |

- PV7Mar/

-7.5"
I:l.ooge3 e
2 g Secondm’/
3¢ ~

Fig. & —— Transformer Une Lihe Equivalent Circuit

1é6



Fw)@_ Coarse

Con+ro l co n+ro (
Fooy ;G \
S 0Y+ ‘\r u;

h cirea T \ I, 120V
date  shown &0Hz
1 F'ﬁ 5 — é J¢

A

Secona‘ary co'\“lS_
FC and PC are

§Lor+ C‘)rcu\u_h?d ;h order 4o
AB— CD/CE

medasure_ wind vn

;W\ ch ances.

Fig. 4 — Connections

\
[0CmV\ Werriac Variac

' Troces ‘or
I Vl ﬂho'{ I' e
.T'c k‘\‘rov';)( L]L6 8

F}')G(S% S)nf‘{_ Tranctormer

heoV, tookVA (2x200 KVA)
+ .57 Fl'mse_ shif+

For Short Circuit Tests

17



_F)'\ase, Sh}-(—f‘
‘H20 PBLW PS.

j—;&m §1[ormev

F"/’O Houﬁ'&

T‘f‘5+ DGJ‘“G{

® LféOV) Yoo kVA =+ 75° 3—f}m9e LOoH=
Turns ‘raﬂ“;o VA“B/VC.E ——<‘30 0/2 33> [2.88
(les"\t‘ Ciren + Sl\ou?m s r-ﬁ AtC)Y’5>
V" T i I; I 3 1 ,yi _c‘_' be;huez(n
Pr‘ mar Pmma Secondtary Secondar Vo |Teanl an
VDH—5/ Am;)g/ AMFS/ cAmFs currc_m‘l‘_ 2t ros
Windings € D concd  CE Shorted: (Faken 7/1/39)
2,63 b o 2¢ 22 /2?/
3, ©0 6.0 27 =2 >
3,78 8.0 50 52 '
53 59 2.1
W, 17 9.0
N 66 2.1
U 57 10.0
T o0 1.0 70 /0 2.0
. \/\/inol; na C = 5}\91;)_60! : <‘("o\ kem 7/|/9<3>
J
6.53 e £z © =¥
o 3.0
q.2¢ 6.0 71
= o 3.
12,24 2.6 0
> © ES
13,71 9.0 y - _
1503 0.0 32 o >3,
16,53 1.0 . L+ 23
Winding D chortecd : (taken 8/13/3% X
3 = ( "‘O / / ) 5> 2.2
&.l h.o
79 2./
g'é é'O o
105 2.2
1.4 8,0 o
12.% o A >2
IU»'B 1.0 133 3.3
. |O.O O |4, Z.>
5.6 .o o
. Fig. 5 —— Short Circuit Test Measurements

19



Eclu;\/alen'}” c}rcu}'}' of one Fkase of
F)'\aje, _ S)')v‘t["J‘lV}j ‘}‘ram?‘ékmt‘f?

4

Fig. 6 —— Single Phase 3-Winding Transformer Equivalent

. . X Circuit

17



VOHC«DC com5+rq)n’}5 —\[or /br‘»mar/ ‘/‘o SecoVW[a7 ‘é«uH‘:

J’szgﬂ_ )

{),0035‘5‘ . jeres
A - YY) Y'Y : 4? <
{ -
37/12° v RS 277/
] | |
BT v
277 + 3277 .
Tep = — = 3/280/-%2%Y% A

J ol2f —:) L0O38Y

— A = —gZ,éLD
Tog = 75 Lo 24086/~ A

Fig. 7 —— Frimary to Secondary Short Circuit Model



TA rec. (pl\aje Fau H’

\
2

. o H

N L)} 2393/157.6°
E
31280/—82.1°
o N
240/ w07V

T = 31220/ B2 — 2406 L326 + 240615 14
L

IL — gllgét_joo {(A Fn s S/m

Fig. 8 —— Frimary to Secondary 3-FPhase Shaort Circuit
Solution



277/180° V

27742V

. Fig. 9 -— Frimary to Both Secondaries Short Circuit Model



3"P))ase : FaucH‘S on
DGT andh  EFH

297,120° v
” (A'u S %VM\no«AS

ster

vt
nek J )

COFRCI

277/240° v
T = (05 F£& A
T, =23la5s=72Ez A
T, =23195/122% A
I.=I,-T; = Gy320 /=107 A

kel ot node C -

I, = ¥¥320/29" + 10§ f240° — jo5 /122 A

—

o :
= & (/100 KA Sy m rms
. . Fig. 10 —— Frimary to Both Secondaries 3-Fhase Short
- Circuit Solution

gy
et



Jolzs5n
:[3
. Fig. 11 -—— Secondary to Secondary Z—-Fhase Short Circuit Model



, /120" V
z17 S@cond&wy - "J‘o -

| G Secondory g—PAa.SEZ.

‘ _ s Foh
S V}::VLGQ w3
BRa4
V=V, e 77
= Vo
= J 3
2778V 2\ L e
I, -I, )
N 277/2Y40 v

FawH_ Current AIL = IB

]:L - ZLSi'/éﬁ::Bi, k/q -%7HA rms

Fig. 12 —— Secondary to Secondary I-Fhase Short Circuit
Solution .

e
£l



P72 315%¢o
X)’ s Yely S
X/, = 00322
X5 = 00355y 17.5°
1008562 e,
3
J,oofS"f’ jt
F%ﬂmazy
-i7.5"
l:l.ooge3 e
D,OcﬁTS‘* j;E
’ KDhe_ Ljhe; ranQI F;Y‘ l+6C”6 VOC%O/A '
+ 75° 'OI’MISC SL,'([7L’ Tmmsérme.}.”
Fil.] 13

~— Final One Line Equivalent Circuit Solution

Secor\oiary

I

Secoh&’a;’/‘/



REFERENCES

o
o

DR
3

Gibbs, J. B., Transformer Frinciples and Fractice, Znd
edition, McBraw-Hill Book Co., c. 17230, pp. 223, 227, Z2E28.

Stevensen, William D., Elements of Fower System Analvsis,
Zrd esdition, MeGraw-Hill Book Co., c. 1975, pp. 141-144.

Electrical Transmission and Distribution Reference Hook,
Central Station Engineers of the Westinghouse Electric
Corp.. East Pittsburgh, P&, published by Westinghouse.
Electric Corp., o. 1964, pp. 136, 137.

Ibid, p. 137.

I3
~d



