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B. DPefinitions

Certain terms will be employed repestedly in the pages to follow,
and 1t will be well %o set down preoisely the significance to be
attached to these terms. Tor this reason oertain definitions will now
be given.

Non-loop Network -- The Non-loop or radial network is a network

such that energy may arrive at a given point from a single given source
by only one path.

Loop Network - A loop network is a network which allows emergy to

be supplied at a given point from a single given source by two or more
different paths,

Veotor Transformation =~ A vestor transformation is a transfor-

mation which may involve & change in the scomplex value of the transfore
wation constant, |

Phese Transformation -= A phase transformation is a transfor-

metion which inwolves only a change in the argument of the transformation
conatant,

Magnitude Transformation -~ A magnitude transformation is s

transformation which involves only a change in the absolute value of

the transformation wonaﬁanta
C. Types of Transformstions

The elecstrionl engineer often expresses complex numbers in ternse

of their veotor representations and has become acocustomed to speak of



complex quentities in terms of the vectors representing these complex

guantities. For this reason the terms veelor power, vestor current,

and veotor voltage have come to replace the %terms complex power,

somplex surrent, and complex voltage im engineering usage.

The transformation bapahﬂitiau of the power transformer, & nonw
rotating plece of eleotrio machinery, has been the major fastor in the
preponderant use of alternating current in transmission systems.

A single core power transformer of the Yype usually used in con=
neotion with the traneformation requirements of lﬂngle-»phsu ayst«m
is indioated dlagrammatically in Figure 1. Tranaformers of this type,
in their idealized form, are capable of producing voltage and ecurrent

transformations ﬁhiuh are given by the complex transformation equations,

Bg ®a By (1)
1

where ?2:. is the walue of the induced s.m.fs in the primery winding of
the transformer and I is the valus of the primary ocurrent. By and Ig
are the corresponding values for the secondary winding. The transforw
mation ratio & which in this oese of a single-phase transiormer is a
soalar number is determined by the ratio of the number of sesondary
turne to the number of primary turns on the windings of the transformer.
The walue of the transformation constant is given by the familiar scalar

eguation:

& = ng/ny ()



)

P 'd
D
D

e

Figure 1. Singli Phase Transformer
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Figure 2-A. Complex Voltage Plane

Figure 2-B. Complex Current Plane
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Figure 3. Veotor Transformer
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Figure 4-A. Complex Voltage Plane

Figure 4-B. Complex Current Plane
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Figure 4-C. Complex Transformation Plane
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by the relations:
Ba = 09% By | (10)
Ig = ed% 1, ‘ (1)

A transformation of this type is represented in Figures b-a,
5«8, and 8«0, v

The point merked A in the complex transformation plane of Pigure
4-C may be taken %o r&prumt graphically the walue of the wniplnx
wlmgo transformation sonstant for some given vestor transformation.
‘munngia of the transformation is g, and the magnitude of the vblhgc
transformstion sonsbant is given by the length of the vestor from the
origin %o the point A.

The aomﬂax current transformation constant B may be easily found
by the use of a simple geomstricel construotion, well kmown in complex
wariable thwvy,i for the dﬁum&mﬁén of the inverse with rnpabwk %o
the unit sirele. |

To find the aMm ﬁmmﬁrmﬁmn oconstant simply draw two
straight lines. Drew the line OA from the origin to the point A and
draw & 1ine from the point A such that it will pass bangent to the wnlt
circle. The minﬁ on the line OA w which a ;m'panaiéuhr ﬁé# thé
line 0A putéa through the point of tmgmay found above is the inverse
point B. This simple prosedure is simply reversed when it is desired
to determine a point inverse to an interior point of the unit eirele.

It will be m’b-umé that both the point A and the point B lie on



y ~ L
/ N\
/ % AV
1 B
\\ /
\ /
\ 4
\\\ //

Figure 5~A. Complex Volhgo Plane

Figure 6~B. Complex Current Plane
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Unit Circle
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Figure 6~C. Complex Transformetion Plane
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portions of a network for the purposes of grounding. Transformers

used for this purpose are usually referred to as lsolation transformers.
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D, Transformation Effeots

Magnitude transformations can immediately be sesn to be transfor.
mations of the most far-reaching significance. For almost all appli-
ecations the magnitude of the voltage to be made available is a primery
sonsideration. Any ordinary voltage magnitude requirement oan be met
by simply providing e transformer of the appropriste turns retio such
that 1% will supply energy at the required wvoltage from & soures whish
may have a cenai&érably different voltage. In power transmission and
distribution praoctice it has very often been found wise %o oconstruet
this transformer in such a way that its retio may be adjusted to ac~
commodate the slterations that the source voltage may undergo as a
result of variable loading.

The distribution of average wveotor powsr over the network is not
influenced by angle transformations in the case of a single radial
system.

The distribution of average vector power, partiscularly real power,
over & network comsisting of two radial systems intercomnected by a
single path will depend upon the ?alatiw' phases of the e.m.f.'s
generated by the generators of these individual redisl systems. The
angles of these e.m.f.'s are readily controlled by appropriate governor
sottings of the prime movers to maintain a desired distribution of real
power between the generating systems. The contribution of each gener-
ator to the reactive power supplied to the network of such & system, as
is well known, may be apporticned by raising or lowering the e.m.f. of
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& given generator either by altering its exeitation or by allowing it
to supply the network through a trensformer of adjustable ratio.

I% is however, the loop type oiroult which displays the most
interesting behsvior under the influence of magnitude and angle
transformations. The behavior of loop systems is less well kmown end
congiderably more diffisult to determine then that of the simple radial
or the simply intereonnected (mon~loop) system. It will be the purpose
of this thesis to oconsider loop systems in detail with & view to the
determination of their behavior under the influencs of vestor transfor-

mations whose produet around every olosed loop is not real wnity.
E. loop System Behavior

A gimple loop system is shown disgrammatioally in Pigure 6. lLet
A=A' and B~B'! represent transmission lines from a generator, @, to
Iy and Ly, Ty 1s 8 vector transformer. This simple loop system will
sorve to illustrate the effeoct of the veotor transformation upon the
power flow in systems which involve olosed loops.

If the loop is left open at the load end it is possible to adjust
the wveotor transformer & suoh that the value of ¢, indicated on the
figure as the voltage aoross switoh 8, is zero, Under these ciroum-
stances the switeh 8 may be al,aasd," and the ourrents and voltages over
the entire ays*em will remain unaltered with the closing of the loop.
 The conditions under which the system is operating may reasonably be
those indicated in Figure V.

If transformer T is adjusted Yo give an in-phase increment of



Figure 6. 8imple Loop Bystem
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Figure 7. loop Operation With No Ciroulating Current
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Figure 8. Loop Operation Under Magnitude Transformation
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voltage o soross the switeh prior to the closing of the switeh then
upon elosing the switoh this wvoltage will cause a current to cireulate
through the ﬁy@%eﬂh‘ ¥ost of the eurrent will e¢iroulate around the low
impedsnce path formed by the transmlission lines. As these transmission
lines are normally quite inductive this current, E&,'ill ordinarily lag
the wvoltage produsing it by nearly 90°, Thus this ciroulating current
rdds almost direetly to and subtraets almost directly from the quadra-
ture components of surrent already flowing in lines A-A' and B«B' as is
shown in Figure 8. The net effect has been an inoresse in the resotive
power supplied by line ﬁgéi_&nﬁ & reﬂnﬁtioanaf!iaaativa power supplied
by line B~B'. The important conclusion which hes been illustrated is
that magnitude changing transformers may be used %o apportion the flow
of reactive power on loop systems in systems having large Xr/R ratios
in their transmission lines.

If instead of allowing T3 to produce an in-phase inorement of
voltage ¢ it is adjusted to produce a small quadrature voltage differ-
ence of ¢ before olosing the switoh the behavior is quite different.
This situstion is shown in Figure 9. Again a ciroulating current Ig 1s
prodused which lags the vnltage*whiéh,han produced i% by almoat %0° 4n
the predominantly reastive loop circuit. Again, as before, the highly
induetive, low impedance, lines present the most important path for
this sireulating owrrent,

I% is evident that in this case the in-phmse component of the
surrent in line A-A' is quite decidedly inereased, and the in-phase

component of the surrent in line kuB* is correspondingly decreased.
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Figure 9. Loop Operation Under FPhase Angle Transformation
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A vuugg important conmolusion can be drawn, It is that phase
transformations allow the control of the distribution of real power
over a metwork which has large X;/R ratlos in its trensmission lines.
The point should be made here that ocnly the distribution of real power
flow ocan be controlled., The total amount of real power flowing over &
network depends only on the governor settings of the prime movers of

+he maechines involved.
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I1. REVIEW OF THE LITERATURE

The interoonneotion of systems beceme general in the 1920ts.
The question of controlling power flow on interconnected systems of
the typs that close upon themselves was immediately encountered.
smmn's“') pioneer pupw in 1827 disoussed the advantages gained by
employing retio (magnitude) and phase transformers in various network
situationa, Blume derived the oriteria for minimum system loss and
showad that in a ’resé.stiw loop, or even in a loop in which the ratio
of the inductive resmotance to the resistance for all peﬁiahs ‘of‘ the |
loop are equal, the surrent ﬁia’eribnﬁm for minimum iaas ogours
mimraliy; Blume also &ﬁrivﬁaytﬁzo relation which m:w be satisfied if
voltage is %o be injeoted into & loop to make the system losses a
minimm, | | |

The difficulty in designing systems _iumlvmg phuo angle control
prompted wnt(%) %o remark in 1930 that the greatest problem was not
with the equipment, miah he asserted was quihbl« in relﬁhh end
simple form, but rather with the ealoulation of the amount of phase
shift required %o mﬁiafy m’rtai‘n predetermined conditions.

kaeer&g were indo of power flow in large loop systems and Lyman
published m‘ sot of date gathered in tests of such & system in 1930.
Lmn(m) used his deta to caloulate an "effective impedance”, experi-
mentally d«ﬁamﬁmd, of the system loop te quadrature wvoltage.
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loaded one of the two lines supplying this load.

Ferri and %ﬂghnﬂ(i") in 1945 desoribed the opsration of a 138 kv,
104.7-ampere phase shifter used in the Akron-Cmnton, Ohio, area for the
gsontrol of power flow on an interconnectsd loop system. ZThis large
phase shifter was construetsd to provide a phase shift of 12 degrees
in 16 equal steps. The phase shifter was installed for the purpose of
maintaining the power flow over the tie lines of the three inter-
oonnected companies in ascordance with the contractual atipuhtiam
among those companies.

The Central Station Engineers of the Westinghouse Corporation in
the Weestinghouse Transmission and Distribution Reference Be@k(zs) have
disoussed the question of the smolution of networks involving vector
transformations. They have proposed s simplified spproximats method
for the solution of sush ecircuits for the speoial case of small re~
sidual phase angles or small transformation ratios resulting from the
complete traversal of the transformmtions of a given loop.

Hobson and Lewis(10) nave devoted soms atbtention to the solution
of oirouits involving regulating transformers. They have shown that
in the case of symmetriecal components a phase tuntfamr shifts the
positive gsequence gquantities positively by the transformation sngle,
the negative sequence guantities negatively by the trmfomtioh
angl&, and the sero uquunaé qnamsiﬁiou undergo no phase shift whatever.

Kimb#rk, in the discussion of the article on regulating trans-
formers by Hobson and Lewie, has pointed to the inherent diffioulty of

reprosenting phase transformations on a single phase system. Kimbark
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has suggested a method which involves the use of a two phase equivalent
olireuit.

Westinghouse network analyzer engineers in their network anslyszer
manual present as altermatives two separate methods of representing a

phase changing transformer on a network analysger.



II1I. SOLUTION OF LOOP CIRCUITS

A. Analytiocal Methods

Leep eircuits which close, but*whiah in aloaura involva a net
transformation ratio of exastly real unity may ba solved by the
familiar mathod of reduction to a common base %o eliminate the
equations introduced at the points of transformation. Once this so~-
1nﬁian has been obtained the solution of the e¢ircuit in terms of actual
quantities is readily obtained from the known ratio of base to actual
quantities in all parts of the cirouit.

Loop eircuits which close, but wnich in closure do not involve a
net transformation ratio of exaetly real unity may not be solved for
an examoct solution by the above method ag all of the cirouit constants
may not be expressed in terms of a single common bese value. Under
these oonditions the relative transformation ratios exert their own
effect to alter the distribution of power over the system.

Several methods exist for the mathematical solution of loop
eirouits of which the most fundamental is unque#ﬁ&anubly the simul-
Yaneous solubion of bobh the aireaiﬁ and the transformer oqmatians.
These solutions, even in tha simp&aut onge, w111 be pandaroua As every
transformer retained introduces two eguations in addit&an to the
circuit equations of the assoclated network.

Power flow in loop oircuits is determinable graphiecally by the
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application of methods well known in power olrcle diagrem theory.
While these methods are among the more oonvenient methods of solution,
they are less aatiafactefy because they are graphlicel in nature.

loop eiroults which involve only & very small inecremental
transformetion afe aommaniy solved by an approximaste method, The
effect of an external generator upon the system is computed. This
sxternal generator supplies an incremental e.m.f. identical in both
magnitude and phase with that supplied by the %ranarérmmr.z For come
9aratively‘amn11 inserted values of e.m.f. this mﬂ%ﬁd& will yield
satisfastory approximate answers. 1% becomes inereasingly in error,
however, a8 increasing e.m.f.'s are supplisd from the external source.
Thess additional watts and wars supplied by the external generator
produce errors over the system.

The technique to be set forth in‘ﬁhis thesis, the two generator
method, is equivalent to the method above except that an additional
"genarator™ has been incorporated that absorbs the volt-amperaes

introduced by the ineremental e.m.f. generator,
B. Analyzer Methods

Loop oirouits which involve only mﬁgnitnda transformations present
no problem in thelr solution by a network analyzer. It le only neces-
sary to employ & transformer or an auto~transformer of appropriste
ratio to represent the transformation econditions which are in existence

in the setual eireult.
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In the case of loop circuits whioch involve angular transformations
the problem is less easily solved. Quadrature ocomponents of e.m.f. are
not 80 readily available in & single~phase snalyzer as they are on a
three~phase system. ww»u is the basic reason why such bransformations
are nores diffieult to represent.

Several methods are in common uss to effeot a representation of
the phase~shifting traneformer in analyzer studies. One of the most
common of these methods utilizes a load and a generator in cascade to
represent the transformation. The loaud and generator are both adjusted
until the terminal conditions at the lcoad advanced by the wwsue
trans formation angle are identical with the terminal conditions at the
generator., Buch a scheme requires the adjustment of four variables in
order to reach a proper agreement of their values across the reguman%
represented by the transformer. Not only are these adjustments mutually
interdependent, but their adjustment will also affect other adjustments
throughout the system. ;

The problem of ﬁnﬁcnwvmnuaawaaaa using such a scheme clearly
beoomas & pondercus one,

Oscasionally problems may be solved by analyzer methods negleoting
ths effeot of phase transformations. The phase transformations are
then taken into peaenam by analytic means.

There is & second generally used method for the representation of
phage transformers., In this method a series mmn&wu&aﬁ is employed.

The s.m.fs generated by this generstor is in quadrature with the input

e.m,fs The input circult is tuned to resonsnce by means of a parallel
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IV, THE TWO-GENEBRATOR BQUIVALENT OF
THE GENERAL VECTOR TRANSFORMER

A transformer e&pahle of producing conditions st its terminals
which satisfy exactly the transformation equations is oalled a "perfeet
transformer”, and it is usually represented by the symbol for two
soupled coils, Beceuse of inescapable imperfectlons such as winding
resistance, flux leakage, oore reluctence and core loss the behavior
of an asctual trsnsformer is never that of a perfect transformer al~
though it may epproach it quite closely. These imperfections produce
the seme affects thet would be produced by impedances in series and in
parallel with the terminals of a perfest transformer in so far as the
terminal behavior ia concerned. In faot an equivalent network may be
devissd by the proper combination of a perfect transformer with series
and parallel impedances whieh.wiilyﬁisplay the sames behavior at itas
terminals e the actual transformer that it is designed to represent.
Such an equivalent oircuit is shown in Figure 10-A. The parallel im-
pedance shown is of high absolute valus in the case of a properly
designed transformer, and its effect is mormally of littls significance
in evaluating the behavior of the btransformer under conditions other
than zero or very light load. Thus the equivalent cirouit for a loaded
transformer may be represented by the two series impedances and a
perfeot transformer as shown in Fig. 10-B.

In this analysis 1t will not be necsssary to eonsider the effeot
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Figure 10-A. Equivalent Circuit of Transformer

Figure 10-B. Equivalent Circulit of loaded Transformer



of the equivelent series impedances of the primery and secondary of the
transformer, It will be necessary only to work with that portion of the
representation which is the perfect transformer. The equivalent ceries
impedances may be sonveniently added to the external network when the
analysis involvws‘an~a@hu&1 transformer, as may the ahuﬁt branch.
Conelder the perfect transformer of Figure 11, The primery voltege
and eurrent may be glven as %2 anﬁ‘zg‘ The corresponding secondary
values of voltege and ourrent as §§.and Eﬁ. The secondary valuee may
be expressed as the vector sum of the corresponding grimary‘value.an&

some vector fraction of the primery velue., Thus,

ﬁg L4 EF k 4 ZXEF ‘ (14)
and
Ig = I+ SIp. | (18)
By definition, under a vestor transformation,
Es = aod%E, (16)
gnd .
1

This readily allows the development of the basic volt-ampere

requirement of the vegbor trensformer as,

3313 » Egiﬂ (la)
Bols = (aed%p)(2 o3%1p) (19)

Egly = o32%5,1,, (20)



By the use of the equations first proposed we may express the above

equation as,

Bp(l + A)Ip(1 + 8 ) = o32%g,1,
(1+A)(1+5)=e8

(Le 8 + A #AS)*eggn

Snu(lw

8ince, ss has been postulated,
Eg = Bp + A Bp
= (1 +A }Epf
The perfect transformer requires,
Eg = ael9Bp= 4 Ep,

It is apparent that,
14 A =gedtay,

Thus, the expression for & may be written,

v (1 » 53_2“ )
A

a

'”CI”B)A-

(21)

(22)
(23)

(24)

(28)

(14)
(28)

(27)

(28)

(29)

(20)
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The original equations may now be written as,

Eg »Bp + ABp ‘ (14)

Iy = I, -1 - &2z, (31)
This expression for the seoondery voltage and surrent in terms of
the primary voltage snd current desoribes the circuit shown in Figure
12. The osircuit of Figure 12 is therefore an equiwelent girocuit of the
perfect veotor transformer. It is composed of two generators. One
gonerator is a voltage generator. It supplies the voltage _A_kja to the

oirouit. The other generator is a ourrent gensrator. It supplies the

current, (1 = &#)Ip, %o the cirouit. The positive directions for each

generator are as indloated on the diagram. If a perfect transformer ip
replaced by this equivalent network the terminal conditions will remsin
invarient under the substitubion. | |
Regulating or magnitude transformers are more widely used than
veotor traneformers. For this reason the reduction of the equations
to that speoific ofise will now be shown., lat us phoasa %o represent
by primed values the constants involved in & magnitude transformstion
ag contragted with unprimed values in the wvestor case.

For & wector transformation it has besn proven,

5w (12520 (24)
1+ A
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Ep Es
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Figure 11. The Perfeoct Transformer

o

Figure 12. The Two-Generator Equivalent
of the Perfeot Vector Transformer



+A1dde g3Tused TOUTI oY)} YOTUA J0J UOTIVEIOTSULIL oYL JO J040W9.16YO

oqs ATH0UTAETP uUrwsuLem of JepJo ur sersrsuvendb pewtsd erqnop sw pesou
~8p 018 wWopjwmIoeusiy eseyd sand w Wy peayoaut oaw geﬂax,ndw.@ad ummw
83UBLIUCS SYL ‘POATISP 0q MOU TTTA 3T PUw “eJey juwgJoduy sy Jeuwzol
~susly eswyd @ Jo jTneJdie jueymagnbe oﬂw g»ﬂmn«vueeaw .ﬁmwasakeuusaua
epnytudun sand w Joyzo Yy gaewvuakeaumauv eswyd eand v WO ww SUOTHVU
-107 sy susucdwoo omq 847 OJUT UOTJEEIOIBUELs 103004 HWOATE euy Jo
naasaﬂaamw oYy seJinbes sworjywmIOjsWEL) Jojoea Jupapoaut swerqoad jo

tezlyeus ylomgen v Aq wopgntes eyy Lo pejuesexd Bq of poysew eyl

N +1. g
NV
pue
(2¢2) dy 7 + 99 « %5

59 ussyTIM oq Aww
wopjvmIcreuely epngiudew syy Jo suopyenbe eyy ‘g7 eanIyy uUT umous WYY

0J0J040YY 8T UOTIBBIOISUBLY epnjiufew v toJ sTnOITO jueteArnbe euy

Aﬁ»v * (e} -
v+ 1
*ueyy
. \q =/
Oe?®
9 =3

HOTHWHIOT SUBLY J9TE0S ¥ JMpUf

w O -



- 4] -

For the general vestor transformetion,

J2e

ja

a
By definition for the general veotor transformation,
14+ A\ = aed® (34)

Awaed®. g, (35)

For a phase transformation a = 1 and o

A* = 35“ - 1
. o1 + 0% (36)
Thus for a phase transformation,
8w ¥ =l 4 ed% u /\n (87)
8% = A\», ) (28)

The equetions whioch express the bebavior of a phase {ransformer

beconms ,
S AL (39)

x“ od Ia * A“Ip. ) (4&"})

The equivalent cireuit for the case of & pure phase transformation
is that shown in Figure 14, In this oireuit the positive direetion of

ﬁhs'uarran% Zﬁﬁxn bhas been chosen to retain ZSFIP as a positive

ki ——



©
Figure 13. Two-Generator Equivalent of
the Magnitude Transformation
A“EP
—— Ig
__....>.
AE {
-—.»P
Es
O

Figure 14. Two-Generator Equivalent of
the Phase Transformation
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quantity just as the direotion was ohosen to maintaein the corresponding
gquantities of the previous two cases positive,

The great simplicity of the relations in the particuler case of
the phage transformation provokes curiosity concerning them. This
gimplicity among the variables for the cass of a phase transformation
contributes greatly o the ease with whioh these %rﬁnuformationa,‘gnd
indirectly vector transformations, may be represented physically on the
- network anslyser. Further details of this transformation will be
presented when the topie of physical representation is considered. For
the mnmant‘it will be sufficient to consider the problem of determining
the general sonditions under which the relation § = A holds,

It has been shown that for the vector trensformation,

PR RN Lt
1+

(28)

If the condition is now imposed that,
§ =A==,

We have,

l—;‘ «(1 * r‘ - ojga)

P+ 2 + (1-e8%%) wo

["= -1 : ‘\/aaaa‘

e 1 = 2/edR8 o t4ja, (42)

(41)

But for the general weotor transformation,

14+ A =aedl (28)



Figure 16. Conditions for the Equality, §" = A"
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For N\ equal %o [ %this besomes, ,
1+ [0 = aede, (29)

But there has already been derived,

M4 1 mgad®, (42)
8ince -

M+ l=1+]",
8o

t oJo x gol8

8 ®+l, and a = -1, ' (438)

It has then been shown that there are two separate sonditions of
angular transformation for which the per-unit walue of the difference
bstween primary and secondary voltsge and ourrent have a common value.
These situations are illustrated in the vestor diagrem of Figure 15.

The information whioh has been presented has given the tools for
& mode of attack for the exmct solution of those problems which
involve loop cirouits whose transflormation ratios do not form the product
of real unity on traversing the loop. 7

Beyond this, the method allows tﬁa use of eennidarable Judgment in
simplifying #atwarkx for approximete solutlons witk the sonsequent wveaah

reduction in somputational effort.
4.  The TwoeGenerator Equivalent as an Analytiocal Method.

It ha# been shown that sny perfect vestor transformer may be

represented by an equivalent network consisting of two generators.



This equivalent nebtwork is shown again in Figure 18. The input
voltage, Ep, may be considered to arise from the contribution of two
separate &ffaats of which the voltege Bpo arises from the action of
all the sources external to¢ the equivalent network of the transformer,
and the voltagéigg érisax from the joint action of the surrent and

voltage generators of the two~generator equivalent circuit. Thus,
Ep = Bpo + op (44)

Similarly, the eurrent‘iarmay be considered to arise as the sum
of the aﬁrronﬁ produced by the aotion of all the external generators
322 plus the current 32 arising from the joint aetion of the two

generators of the equivalent ecirouit., Thus,

The egquivalent circuit may then be drawn and labeled as in
Figure 17.

The procedure %o be followed in determining the performance of a
eircuit involving a veector transformation may now be outlined, The
eirouit is first solved under the assumption that /\ = 0. From the
resulting solution thq values of §23 anﬁ‘fgg‘may be immedistely de~
termined as wall as all of the other ourrents and voltages in the
eircuit for this base conditlon of & real unity transformation ratio.
This solution may bs termed the "base-ratio” solution. |

The cirouit is now solved with all of the external generators

short oirouited, but with the generators of the egquivalent circuit
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Figure 18. The Two-Generator Equivalent
of the Vector Transformer
Without Losses
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Figure 17. The Two-Generator Equivalent for Analytical Studies
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delivering energy to the system. A new set of currents and voltages
for the entire system is determined by this solution. This solution
is tsrmaé the ”1nurahmnwa1~ratio” solution.

The exact solution to the problem for any vector transformation
ratio is then obtained by auﬁcrimpoaing the sets of walues obtained for
the base-ratio solution and the inoremental-ratic solution,

_ The twowgenerator equivalent represents only the perfect transfor=
mation portion of the equivalent eireoult of an actual transformer.
Ascordingly, the sguivalent seriss impedsnce snd shunt admittance of
the equivalent oirouit of an aetual transformer must not be overlooked
as these parameteres must be included in both the base-ratio and the
ineremental-ratio sireuit solutions. |

A complete solution of a problem invelving a vector transformation.
will in general sonsist of two component solutions. The first of these
twe solutions is the base-ratio solution whiech assumes thet the net
transformation in traversing the loop under consideration is equal %o
real unity. Even in the event that the problem is to be solved for
several different values of veotor transformetion this solution need be
made only omee for any given network.

The second component solution is the inoremental-ratio solution,
and it 1s superimposed upon the base~ratioc solution to determine the
oomplete solution of the problem. It is evident that a new incremental~
ratio solubtion must be determined each time a new veotor transformetion

ratio is investigated,



B, The Iwo-Generator Equivalent as an Analyser
Representation of the Fhase Transformer

The problem of aiméia%&ng a8 veoctor transformation on a network
analyzer has been a diffioult one. A vector transformation may be
resolved into two component transformations, the one a phase transfor-
maﬁiah invelving pure rotation and the other a megnitude t?ansfbrmation
involving pure radial stretching or compression about the origin in
the ocomplex transformation glﬁne,

The network analyzer is ordinarily operated ae a single-phase
device, Under these circumatences the effect of a magnitude transfor-
mation is sasily represented by the introduction of a magnitude
troansformer or auto~transformer of appropriaste ratio into the cirouilt,
The effeot of u phase transformation is not so easy to duplicate since
the quadrature components of voltage which are available in the h-phase
212ﬁ£§ are not so available in the single-phase system.

It has been shown earlier, however, that a vector transformer may
be represented by an equivalent network involving two related generw
ators, It is from these sources that the required quadrature
ecomponents may be drawn.,

The egquivelent eirouit which has just been studied is readily
adaptable to oconstruotion in physical form for use with certain types
of network analyzers, The equivalent cirouit whioh may be used is
shown in Figure 18. The effect of pure phase transformation which

this oircult san produce on the vectors used to represent graphically
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Figure 18. 1Iwo~Generator Cirouit for Produeing
Phase Angle Transformations



the complex quentities involved in the transformation is shown in
FPigure 19, |

In order ts‘ produce & desired phase transformation angle, a, it
is necessary to determine the magnitude end phase sngle of the
quantity /X . The quantity [\ determines the complex velues of
voltage and current which must be injected into the sircuit in the
manner shown in Pigure 19 in order to achieve the desired phase
trensformation.,

The qu&n%iﬁy.£§h is a complex number. As such it has both
magnitude and direction. The qmnisity:_n&:_ mey therefore be repre=
m:ﬁmdkna A ejﬁ where *_L_A'“L is the absolute walue, and _{\2 the
phase angle of the quantity [\ .referred to the corresponding E, or I,.

The sbsolute value of /N is evident from the simple

trigonometry of Figure 20 as detailed below,

|Epl
Al = 2 830 £ (47)

For small angles,

6 ~ Sin a (48)
Then approximately,
1Al ~a ; (49)

Thus the magnitude of /X is shown to be a simple funotion of

the phase transformation constant alone. It will next be necessary
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Figure 19. Phase Transformation by the Two-Genserator Method
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Figure 20. Determination of the Magnitude of A"



to relate the phase position of A to the phese transformation
constant a.

The basic requiremsnt of a weotor tranaformetion is that the
vector powsr be invariant under the transformation. Thus the sum of
the vestor powez;w inje#tod by the generators [\"Ep and A1y under a
phase transformation nust be gzero.

Referring to Figure 21, it is evident that the quantities of

interest may be written in the polar form of complex motation as

Bp = [Bpl oJ(8 * 2)

Ip = [1l 0%

A“E;& - ’ Aaﬂﬂ 33(3 + 9+ 3)

AT = |Argy| &30 2D

By = |Ep| (@ + 9+ a)

Ig = |Ip| 03(‘9 + a) .

Vector power is given by the product of the conjugate of the
.complex voltage multiplied by the emplex current itself, It is
possible then to express the fmet that the sum of the power inserted
by the current generator and the power inserted by the voltage gazﬁarv
ator is zero by writing the following equation using the vimculum to

denote the complex conjugate.

EpA" Ipe A" EpIg =0 (50)
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Figure 21. Determination of the Phase Position of A®
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1Bple™3 (@ * DA np [ ® D Augy o= * @20 B Al

[BolIA "L 167 4| A g |30+ @ +B) 3@ 2 0) g

|Bpll & “IFWS{B" v, |ty | | Tp] ol A - »

[1Bpl1A "1p1] oIf . 128 | 11pl] o3 p e (51)
Thus,
[Impl 1A *1pl] = [1ABpI 1 1 I (52)
And,
B=a~p +u (58)
28w=a+w
»lel
P 3%
= 90° a% (54)

Dafining &S ' as,

/9 ¥ uﬁ - 900 (55)
There results, ’
ARE - (s6)

It has therefore been shown that to realize a shift in phase of
& degrees under a pure angular transformation the magnitude of the

veotor é‘mnt be equal to 2 8in % and the phase angle of A" must



w BE =

be equal to 90° *% .

Thus,

A" = | z'sm%‘ ,3&5* 'g') (57)



V. CONSTRUCTION OF THE NETWORK ANALYZER
REPRESENTATION OF THE PHASE TRANSFORMBR

The information which has been given served as the foundation for
the synthesis of & phase-shifting devise to simulate the effect of phase
| transformations in the network analyser representation of cireuits in-
volving vegtor transformers. A block diagram of the type of ecirouit
which was selected appears in Figure 22. The signal woltage for the
voltage injestion cireuit, the appropriate fraoction of the terminal
input voltage of the simulated transformer, was derived with the aid of
a voltage divider. This voltege was then shifted in phase by the amount

90° + -% and supplied to an amplifier with a very low output impedance.

Sush an amplifier closely approachss a voltage source in its oharacter~
istics. By means of the voltage divider the amplifier was adjusted to

supply & voltege of megnitude (2 S‘in% JB, at & phase angle of 90° + 7

with respect to the input voltage. The voltage source was then
connected in series with the input volbage ﬁg.

8imilarly the excitation for the current injestion elrouit was
derived from the input current with the aid of a low resistence shunt
and & current transformer. This signal was also advenced in phase by

90° + -g- and used to excite an smplifier employing pentode output tubes

L
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Figure 22.

Simplified General Scheme of Two-Generator Phase Transformer
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The ocurrent injection eirouit, by virtus of the symmetry of the
situation, was arranged in much the same menner, A current trans~
former , EE? excited by the potentisl drop scross the one~tenth ohm
shunt fg'?&ﬁ arranged to excite the grid of ﬁha cathode follower
st&ge,yﬁé. Again the cathode followsr 1is provided with the magnitude
adjuatmﬁnx’§giwhich appears on the front panel and the sorrestor for
ahaageafaf magnitude with phase angle, ﬁ&?ﬁ Conneotion to the outpud
wag then made to the reversing switah,.ﬁi, which fud,khs»pﬁaae—shif#ing
eireuit. The reversing switoh is incorporated in the eirecuit to allow
the injected values to be reversed through 180% in order to make
svailable both poeitive and negative phase shifts, The phase-shifting
network provided the variable rexistmrs{§§i for front panel control of
2. eand Ryg for the permanent setting of a 90° phase shift. The phase=
shifs n;;;;;k wag directly connested to the grid Qf.EZ‘ ‘zz excites the
pushepull driver staga|3§ through & voltage dividsrﬂﬁ;g.usad for the
purpose of setting the general lovel such that a maximum setting of the
magnituds control, fﬁf will just utilize the full cepabilities of the
eircuit, The oukput stage zg coneists of two 8L8's connected as push-
pull pentodes. The output of thie ebegs wes coupled to tb.e input
circuit of the simulated trensformer by a low lmpedance link between
the trénaformerﬁﬂzg and 3&@3 Eg.and 33g.wsra two low guality output
transformers, .?.3;9. was disassembled and turns were removed from ite
bhigh voltage side to provide a ratio such that the tubes zg'wure Just
able to injeot enough surrent to provide a shift of 16° at a maximum

loading of 1/2 ampere. Such an arrangement with pentode conneoted
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Figure 24, Front View of Phase Transformer
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left oontrol the auérenkninjsution eiroult; the two on the right
eontrol the voltage~injeotion eiroult.

Of these two groups the right-hand sentrol in each case is for
the adjustment of the phase positlion of the injected quaniity, and
the lafﬁ~hané‘aantral is for the adjustment of the magnitude of the
injected quantity. Small témporary paper markers have besn used to
provide the calibration for the instrument.

Figure 25 is a rear top view of the phase transformer. This
view shows the general placement of the more important parts.

The voltage~injection amplifier appeare at the rear of the chagsis
with the oubput tubes on the right side in the photograph,

The current-injestion amplifier terminates in its output stage
shown at the left of the photograph and near the front panel.

The two phase-shifter adjustments for providing 90° of the
9%° + B phase shift required of the injected quantities are also on
the top of the chassis. Both are adjustable with the use of a sorew
driver, The one nearest the fromt panel adjusts the current-injection

sireult.



Figure 26, Rear Top View of Fhase Transformer
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VI. ¥IBST OF THE W0 GENERATOR EQUIVALENT OF THE
PHASE SHIFTING TRANSFORMER

The two generator equivalent of the phase shifting transformer
was completed in physieal form end when completed was given final
tests by conneoting it to the network analyszer. 'By ths use of the
network analyzer i beogma possible to observe not only the asction of
the phase shifter itself, but also to observe the effeot of phase
trans formations throughout the entire simulated system.

The phase shifter had been calibrated crudely previous to the
test. It was found that even these crude markings were surprisingly
useful in setting up the phase shifter for a given angle of transforw~
mation. The two ga@srator equivalent of the phase transformer was
tested under many different conditions of loading with the particular
objeotive in mind of observing any tendenoy toward instebility which
might exist. HNo instability was observed in these tests for all
transformation angles up to and inoluding fifteen dagre@a.

The equivalent series resistanse and ressctance of the phase
shifter as well as its apparenty shnﬁt sondustance and susceéptance wag
determined by network analyzer readings. These wvalues of reactance
and susceptance given below are those net values whioh remsin after an
effort has been made to tune sertain of these quantities out by the
use of sultable reactances.

These final values for the devies appear in Table I.
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Figure 26. Trial Circuit
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equal to szero.

The experimental work was concluded by rumning the curves shown
in Figure 27 and Figure 28 taken from the date of Teble II.

These curves lllustrate the regulation of the device.

The regulation curwes of Figures 27, and 28 have been plotted in
kerﬂar to display the regulation characteristics of the phase trans-
former. These regulation curves were determined by adjusting the
phage transformer controls to produce a perfeot tranasformation ratio
of 410 degrees while the phase transformer was loaded with a pure
resistance load drawing one-half of the rated maximum current of the
analyger. Then with the sontrols of the phase transformer untouched
its performance was measured under & series of loads from sero to full
load with pure resistance loads, with pure inductance loads, and with
pure capacitance loads,

The oMan of Figure 28 have been plotted to an expanded vertical
scale in order to display more clearly the effeet of thie loading on
the ratios of the ourrent magaitudes and on the ratios of the voltage

mgniﬁuﬁiu at the input and output terminals under various loads.
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TABLE I

Data and Derived Values for Regulation Curves

mow  fet hme @2 o a d
# " g:ggl:lﬁ ig:;gﬁ 1,02  ee= 10.° ~== 0
e ﬁ;’i lgjgﬁﬁiﬁ 1.016 0,993 10.8° 10.8° R
* g:‘zg “?Z? g:‘;ﬁg 1.00 1,002 10.0° 10.0° R
g g":;: ﬁ ig:gaﬁ? 0.985 1.008 10.0° 9.6° R
* %gﬁﬁ ig:fﬁ 0.976 1.016 10.0° 9.0° R
Y o ﬁ"e"ﬁ hore ﬁ 1,015 1.00 10.5° 9.8° L
* 2:2;3 :zg:gz hoted ﬁ 1.015 1.008 11.5° 9.5° L
v, e fAle 122 200 101 Lols 1200 8.0° L
. oo S-W.ﬁ” lg:gﬁﬁ- 1.008 1.018 12.0° 8.0° L
. ca.ma% .73 [2.0° 1.022 1.025 9.0° 10,00 ¢
* 0,126 /98,8° 9.85 /7,0° ° ~ ’
*» . g:zg , 5: f 12‘;? % 190 1,027 1,020 8,0° 9.5° ¢
* g:g%%v 12:? ﬁ‘i 1,052 1.015 8.0° 9.0° ¢
' g:g: ; 3*‘;: lg:g“ &@;mw 1,013 7.8° 9.5° ¢

Y The ﬁnigmﬂém 0, B. L, and C denote no load, pura'ruiu’mnm

load, pure induotance load, and pure capacitanse load respectively.
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Vil. DISCUSSION

The two generator equivalent oirouit of the wveotor transformer
has been shown to be adaptable to both analytic and analyzer studies
of loop systems.

As an analytls instrumentality it has the advantage that it
utiliges the base~ratio solution of the network which is generally
already known, or if not known, may be obtained by the ecomparatively
easy method of redustion to a common base. The solution then is simply
ab*bainsé by ’mxmriapaaxt;g the effect of the two equivalent generators
on the ayaﬁm‘. The sqlu‘bioa may be obtained for a general vestor
| trensformation almat’ as easily as for the special éasos of either a
pure magnitude or & pure phase transformation. Thus the method is not
limited in generality either by theoretical or practical sonsiderations.

The solution obtsined ie an exaot one although approximations are
always evident whioh will greatly decreasse the labor of solution should
it be elected that they be employed.

The current generated by the Qﬁrmn'e generator is of considerable

intersst. This ourrent is given by (1 4’!%23 )iy for a general veetor

’ .
transformation and by hr(m%ﬁ_r)lp for o magnitude transformation. Oo~-

M
sagionally it is desirable to omit the ourrent gensrator in en approxi-
mate evnluation of the operation of a oirouit. It will be observed that

the relative contribution of the ourrent generator is given by the
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fraotion,
AN N
s’&n e
=) (s1)
But for a magnitude trensformation, from (356),
At 58 -~ 1
80
' ..ma»‘"‘l‘
8t =)
‘l""ﬂ
B iy W 58
-3 (s8)

This fraction is plotted as a funotion of the sealar transfor-
mation ratio, &, in Figure 27, and it will serve as some indication in
the oase of soalar transformations of the relative effect of the ghunt
generator on system currents.

The physical representation of the phase transformer by the two~
generator method has shown itself to be of particular value in network
analyzer studies in which heretofore no autiafhatsry.taohniqua for the
purpose has uzicte&;” The two-generator phase shifter possesses the
property of being aa@ﬁﬁl« of being set to any glven phase angle within
its range and retaining closely this setting under all loads and
operating oconditions within the capabilities of the device. These
benefite aeurua'p&rtiaily,fram the alaetrbnia cirsuitry that ias as-
sociated with the two generators. Unfortunately the phase settings

are not retained perfectly under all loads for the two generator
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equivalent is itself a physical device with attendant internal ime
pedance and internsl shunt admittance, It must not be forgotten,
however, that the two generator equivalent eircuit will be used %o
- represent other physical devices end that these devices always have
internal series impedance and shunt admittance also,

In the event it becomes necessary to simulate the performance
of a perfect transformer this, too, is within the capabilities of
the two generator method because the astive sources may, by trifling
individual adjustments of their magnitudes and phase angle, be mada
to compensate for their internal losses.

The adjustments required are fairly independent of each other as
the adjustments for magnitude and phase are mutually orthogonal %o
eaoh other in the complex plane. Thus it is possible to make each
adjustment in turn and find upon completing the four adjustments that
each is essentially as it was first set and hes not been influenced
appreociably by later adjusiments.

The internal series resistance of the series generator of the
two generator equivalent depends direotly upon the secondary winding
resistance of the output trénnrormar and the sum of the primary winding
resistance and the tube plahé*tanpl&ta resistances both of the latter
divided by the square of the transformation ratio of the output trans-
former. 7Thus 1f large ineremental voltages are to be injected the
value of the transformation constant will be low and there will have
to be meny turns on the seoondary winding of the output transformer.

This means that the equivalent series impedance will be high. The



smaller the required phase transformation angle the smaller will be
the required voltage which must be injected and the higher the
transformation retio of the @ufput trans former. Ait‘would be very
desirable to have taﬁ# on the output trauafbrmar in order hhnt the
lawoat series insertion impedance yamﬁ.ble ba a.nurhd f‘w each phase
angle transfbrma%ion. This would be a mndifieaticn that should be
oonsidered if insertion impedance is an important factor in a
pnrkiaular appliecation of the device, |

8imilar remarks may be made for the aurr«nt generator. In ﬁha
case of the current generator it 15 essential that s low transformation
ratio be maintained in order that the shunt admitteance of the generator
be ﬁaintainnd as low as péssable. Again for the smaller phase angle
transformation ratios the trensformation ratio of the output trens-
former may be much lower thereby produeing a mush lower shnn% conductance
than is possible for the 1argar phase angle transformation iu%ias.
Again, if shunt conductance proves important, the characteristiecs of the
device can be improved by the use of a tap changer on the secondary
winding of the output transformer of the curreant generator.

The front panel ganﬁfal of the angle &' may in general be found
 inadequate for adjusting for a lossless transformetion under heavy load
a8 this adjustment allows the angle S ' to be varied by only a few
degrees whioh may be insuffioclent to allow the introduotion of suf-
ficient energy to counteract the losses under load. The larger angle
ég.in adjustable by a potentiometer at the rear of the chassis. Normale

1y this control is set to provide a 90° phase shift, the additional



small angle is provided by the S ' control on the front panel. If a
means is provided for escurately resetting the é_ sontrol to 90° 'aherg
is no objeotion to altering ﬁ"a setting %o simulate a perfect
W@nammﬂon. | |

Negative transformation angles sre quite ms likely %o be en-
countered on tranemission systems as positive e:.nglea; For this reason
i% is Just as important that negative angles be representable as it is
that péaiti.vo mgiu be representable.

mgﬁtiw séqmuoc thitias are shifted nigatively by the
transformation angle in passing through a phase shifting transformer.
I’ho’ solution of unbalanced networks by the method of symmetrical ocome
pam#ta requires the solution of Eath the pmi‘hiw snd negative
sequence networks. Thue it is necessary to provide for both positive
and naga’aiw éhﬁu angle shifts of equal amplitude in detemimtionu
of this kind. |
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VIII. SUMMARY

It has been showa hsre that a perfeoct vector transformer may be
replaced by a perfest ocurrent generator and a perfest voltage generator
with no shange in terminal oonditions. This resulting equivalent
oirouit has been demonstrated to provids & method by whish to attack
tranaformer problems. For the general case of loop cireuits in whiech
the transformation ratios fall to form a product of reel unity around
the loogp the analytiocal approach this method provides to the exast
solution is simpler than the classical method of solution.

A phase transformer based upon this equivalent circuit has been
osonstrusted., This device has proved very useful for representing
phage transformations on & network analysger.

A sample solutlon has been presented of a particular problem to
demonstrate the relative merits of the olassioal solution, the so-
lution by the two generator squivalent representation, and the solution
by means of the network analyszer utilizing the physisal counterpart of
the two-generator equivalent of the phsse transformer.

The solutions by these three methods have been found to be in

proper agreement,
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APPENDIX A. SOLUTION OF A TYPICAL LOOP CIRCUIT
BY THE CLASSICAL METHOD

An example will now be given of the solution by the classical
method of a typieal e¢irouit involving a pure phase transformation of
+10°, 7The cirouit is shown in detail in Figure 30. The loop equations

and traneformer equations are,

Vi« Bgy = Zp(Iy ~ Ip) - By = 0 (69)
By = Z(Ts = Ta) = Zy(Ia) = Z4(Tg = Ip) = Bg = 0 (e0)
By « Zg4(1g ~ Iy) = Zglg = 0 (61)
Eg = aed%, (82)
(T - To) = o3¢ 2= To) | (s2)

These equations form the simultaneous set of equations,
13(24 + 2Zp) *» T5(0) + Ig(=Zp) + By(1) + Be(0) = ¥y (84)
Ta(=Bp) + Ia(=Zg) + Ig(2p + Zg + Zp) *» By(-1) # Eg(l) =0 (685)
12(0) * Ia(Zs ¢ Zo) + Ia(~2s) + Ea(0) # Bg(-1) =0 (s6)
1,(0) + 14(0) + Ia(0) * By(aed®) ¢ Bo(-1) =0 - {s?i)

Ia(1) + Zg(-ae™3 4+ I(ae™3%1) + £,(0) + Bg(0) = 0 (68)



N\
Zy= B.2417597°
Z,
7 155 / Ip

El

O)-
7 ,m,_

Figure 30.

—0

Diagram of Test Cirocuit
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Solving by Cramer's rule the system determinant is,

(2, + zP) 0 Iy
~Lp -2y (Zp + 2g *+ Zp)
D= 0 (2 + 2g) “Zs
o o o
1 -ae™ 3% (se79%1)

Solving the determinant thers is obtained,
D= a®(ZaZg + Zplo *+ Zalp * Zulp + ZpZp)

009%(2a25) - 207%(252,) + (Zgly*

365‘ + Eoﬂb + ﬁaz,, * 3‘%):

(69)

Por the eircuit with the constants shown on Figure 28 the numerical

value of the determinant beoomss,

D= (7/00)(47.4/-18.46) + (1.846/82,86)(47.4/~18.46)

+ (7/80)(1.846/32.85) + (7/00)(8.24/76.97)

+ (1.846/52.85)(8.24/75.97) ~ (1/10)(7/90)(47.4/~18.48)

« (1/=10)(7/00){47.4/=18.46) + (6.58/68.2)(8.24/76.97)

+ (47.4/-18.46)(5.38/68.2) + (47.4/=18.46)(8.24/75.97)

+ (7/90)(5.38/68.2) + (7/80)(47.4/~18.48)
= 326 + j834.81
- 714/62.8

(10)
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a8 ewlmead with the aid of a glide rule,

The current Iy is given by,

v 0 ez 1 o
9 "‘2“ (ﬂP * zg * zb) -1 1
4] (zs * 25) “'za . ] -l
0 O 16 S ”3‘?‘ -1
0 PR L (aa‘éu-l) e o
I, »
D

104"z, + 2y) - asI%z,) - aed%s, + 472y + (24 + Z,)

o (71)

DI = 10/ [(1.66 + J1 + 2 + 38) - (1/-10)(47.4/=18.48) -
| {1/10)(47.4/-18.46)
+ (46 = J1B) + (2 + 36 + 45 315}]
« (70.5 + 135.7)

« 153.1 /62.53
[, o 1531 /6268
27 e fez.s

Henoe ,
I, = 4217 /e0.3 - |
= .217 ~ $0.001186, R (72)
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The current Ig is given by,

(2, * gy,} Vi ~Ip 1 0
=Ty 0 (Zp+zgezp) -l 1
0 0 -2 IS |
0 0 o © aed® .
1 0 (ae™3%1) 0 0
g = ‘ .

Vy[a%2p + ae %y « Z,)
D

-

(73)

For the sircuit shown Iy becomes numerieally,

- 10/0 [(1.56 + 31) + (1/10)(8.24/76.97) + (2 + 35)]
’ 714/62.8 T

Henos ,
Ig o

= .2072/10,98

= 2085 = J0.03944 , (14)
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The ocurrent Iy is given by,

(2 + %) o Vi 1 0
~Zp -Zg 0 -1 1
) (24 *,ﬁa)k o 0 -1
o o O aojﬁ —11
1 ~as™J¢ ) o o
Ip = o

(78)

D
Bumerieally,
~ 1,86 + 30) - (: 47.4/-18, +36) -318
Iy - 10/ [( ) - (1/10)(47.4/-18.48) + (2435) + (45-515)]
714 /f62.8
EBZW “%wgy
-
7Tl4 /62.8
= 0867 /-113.7
= «0.0887 /86,3

#

~0.01495 = J0.02408

It is evident from Figure 30 that,
bexz“'i&

VI’ ‘Ig"" Ia,a

(76)

(17)
(78)
(19)
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Fumerieally,
Ip = (.217 - j0.001138) - {(0.01512 + 30,03376)
- 282 + J0.083

= 285 Lg (80)

Is = (.2083 + j0.03944) - («.01512 - j0.03375)

= ,2184 + 30,0752

= .281 /el8.52 . - (s2)

The currents Iy, Iy and I, and Ip, I, and Ig are the quantities
of greatest interest hers. Their values will now be computed by a

gecond method,
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APPENDIX B. SOLUTION OF A TYPICAL LOOP CIRCUIT
BY THE TWO-GENERATOR METHOD

The twoegenerator method for the analytical solution of problems
involving wveotor transformations will now be illustrated by means of an
example, Again, the oircuit chosen for the example is that shown in
Figure 30.

The base~ratioc ecireuit is shown in Figure 3l. The impedance Z),

shown on Figure Il is,

(s‘zaywa.gvﬁte,sa/%s.a)
- (2+38) + (3.55+¢36)

v 1,492 + 35.822 .

The reduwsed sirouits of Figures 32«A and 32«B may then be drawn.

The base~ratio generator ourrent, Ig,a is then evidently,

1D/6
Tgo ™ 94.6/-5.35 (83)

"~2145z5s53
= 2137 + 3.02036
The voltage Vype is,

V’ba - xsazm
= 551325467*@-2)(.31&5‘5-55)’

« ,B1BE/72.58 (a‘)



e
VVV 0T
“ 26:;8.24[75.27‘
TICO
7 155 1 _Tre a2 5
—— AT —C ) ¢
/ y— Op—g——O—W—0—-
- Za. Z;pF=A£3¥fTA2§=&5’° Ze= 5 38/682
' - Ep-.
Tl{-z/O[_Lo ' /s 50
‘ Zo= 47.4/~18.46°
O )

2 - 8

Figure 31. Base Ratio Circuit
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7 1.492 3.522 45 18
B c

Figure 32-A. Reduction of Base Circult

46.492 4,478

AL
% i

IGO‘T<::) v =10 [©°

Figure 32-B. Reduced Base Circuit
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The current Ip, is,
Vbe
Tpo = 4pde

.81886/72 .55

L p
6.98/59.4
= ,1173/18.16 T Ty (88)
= 1142 » J.0267 .
The surrent Iy, is,

Yoo
BE o

+8186/72.56
»
8.24/75.97

= 0997/~3.42 | o (88)

Loo

- n@@% had 5-09312 »
The voltepge RPQ is,
Bpo * IgoZor * Ipolae |
= (.2145/6.53)(47.4/~18.48) + (.1173/13.15)(5.58/68.2)
= 9,066 « 31.642 | |

= 10.1/-9,57 | (87)

The inorementel~ratio circuit is shown in Figure 33, It must
next be solved., The loop equations of the inoremental ratio sirouit

are,



Pigure 33.

————
A(.l'f°+ ip) + Lf +ic

Incremental Ratio Cirouit

/50
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»37(14 + 1p) - 1.846/32.82 1, ~ e, = O
op + DN (Bpy + o) - 6.39/68.2 (A(Xp + 1p) + 1)
-~ 47.4/-18.46 [ (Ipo *# 1p) + 4+ 4g]=0
(Bpo + op) - 6.39/88.2 [ A(Ipo + 1p)[+ 4p
+ 8.24/76.97 i, ~ 1.846/32.82 1, = 0 .

8inoe,

A=A =]
- 10 -1
= ,1792/98

and,

Ipo = -1178/13.16
gm - 10»1‘*9.37

the loop equations give the simultanecus set,

1p(8.14/79.08 + 44 ‘\(7@;9;) + ep(l) =0
1p(~48.1/-2.02) + iy (~47.4/-18.48) +

op (1/10) = ~.61/12.82
1p(~6.88/87.2) + 44 (8.24/75.97) +

ep (.1742/95) = -1.762/62.04

(e8)

(89)

(%0)

(91)

(92)

(86)

(87)

(93)

(94)

(95)
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The system determinant is,

8.14/79.08 7/% 16
D= |-48.1/~2.02  -47.4/-18.46  1/10
~6.83/87.2 8.24/75.97 1742/95 | .

The system determinant ylelds,

D= ~713/72.93

(06)
?ha.aurrsnt 1p is, |
0 /0 )
-.81/72.82  ~47.4/-18.48 1/10
~1.m@_z:g__4 8.24/76.97  .1742/95
D Z715/12.95
- ~ax;£aa‘is
~718/72.93
- .1237/8.25 (97)

= .113 + 3.0064
The current i, is, | |
a.uﬁw 0 1/0
-48.1/-2.02  -.81/72.82 1/10
-6.83/67.2  -1,762/82.0¢  .1742/85
o " -713/12,93 |
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When the determinent is solved there is obtained for i,,

. 85.3488.&1

“715 ‘aoﬁﬁ

- ~.116?Z§3.48 (98)

. ,1153 » §,0272

()

The voltage op ix,

8.14/79.08 7/90 0
*48.1‘*3;32 «47 .4 *18;*8 ~'31£22.82
“6183‘&??2 8.2 &137 ”1.752‘82.0‘

ep = ;
«?15£ZZ¢93
L 242.2/94.37
~113/72.,93
= -,540/21.44 - (99)

.37 - §.1243
By superposition,
Ip = Ipo * ip (100)
= (L1142 + 3.0267) + (.113 + 3.0064)
. ,2276 + §.0352
= .230/8.3 v (101)
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1o Igo * io
= (.0996 ~ 3.00504) ¢ (*.1151§~ 3.0272)
» ~.0141 - J.03322
= ~,0362/67

ﬁpﬂﬂw*ap
» (9.985 ~ j1.842) ¢ (~.317 =|3.1248)
= 9.638 - j1.766

= 9,88/=10.36

The ocurrent I; is given by,

x;”:{g* xp
= (2276 + 3.0832) + (=.0092 + 3.039)

= ,2184 + 3.0722

= .230/18.27

(102)

(108)

{104)

(108)

(107)

(108)
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APFENDIX €. SOLUTION OF A TYPICAL LOOP CIRCUIT
BY THE HETWORK ANALYZER

The loop oireuit of Figure 30 was set up on the Iowa State College
Network Analyzer using the phese transformer previously desoribed to
produce the required phase transformation of +10 degrees.

The phase transformer was carefully adjusted to produce a loasless
transformation of 410 degreses. Readings were then taken of the vector
voltages and currents in the loop ciroult of Figure 30, These readings
are tabulated in Table III along with the figures obtained for the same
readingas which have been caloulated by the two-generator method and the
classioal method,

The eirouit given as an exampls has been solved by three different
methods, It will be observed that the values are in reasonable

agroement,
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TABLE II1

Gampu%d and Measured %lktgea and
Currenta for the Cirouit of Figure 28

Quantity® Classioal Method Two-Gemerator Method Network Analyzer
I, 0.217 (0,39 0.214 .0° 0,213 /f-1,0°
1a 0.207 /10.98° 0,208 /10.88° 0.204 /10,12°
Iy -0.037 /66,%° ~0.036 /87.0° 0,033 /76.2°
Ip 0.286 /8,0° 0,2% /8,3 0,215 /7,8%
I 0,087 /66,38° -0,036 /67,0° 0,038 /18,2°
1, 0.251 fi8.62° 0.2%0 /18.27° ' 0.216 A7.68°
Ep 9.82 /-10,36° 9.65 /=10,6°
Es 9.84 /+0.3° 9.66 /~0.5°

® Gurrents are expressed in polar amperes;
Voltages are expresssd in polar wlts.
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