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ABSTRACT
This four-volume final report is concerned with Phase II of

the DOE/JPL project "RF Model of the Distribution System As a
Communicatior. Channel." An earlier Phase I effort was concerned with
the design, implemente$ion, and verification of a computerized model
for predicting the steady-state sinusoidal response of radial (tree)
configured distribution feeders. That work demonstrated the feasi-
bility and validity based on verification seasurements made on a

imited size portion of an actual live fegder. The Phase II effort
1s concerned with 1) extending the verification based on a greater
variety of situations and network size, 2) extending the model capa-
bilities for reverse direction propagation, 3) investigating para-
meter sensitivities, 4) improving transformer models, and 5) investi-

gating procedures/fixes for ameliorating propagation "trouble spots."
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PREFACE

This volume contains a collection of miscellancous apnendices, most of which are essen-
tially verbatum copies of selected internal memos on subjects of general interest. The
subject/titles are listed on the following pages.
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APPENDIX 1

TUTORIAL REVIEW OF “PERTURBATION” THEORY AS USED
IN DIFNAP PROGRAM NTWKANS;j

R.C. Rustay

Late in the Phase I work, J.T. Gajjar conceived an exact perturbation theory which enables
efficient calculation of the effects of single load variation (say, for example, short circuit fault
to ground effect) and propagation due to any single source not located at the original root sec-
tion source. This work was reported in the following reports by J.T. Gajjar.

[1] Matrix Analysis of Effects of Load Variation on Signal Propagation on Multicon-
ductor Lines, 7/14/77.

[2] Reciprocity in Multiconductor Systems With Application To Effects of Load Per-
turbations on Multiconductor Lines.

This Appendix, benefitting from the insight gained from these reports, presents an alter-
native approach to the understanding of this theory.

Further relevant comments are contitined in Appendix 2 concerning using reciprocity and

precomputed driving point admittance to compute reverse direction voltage transfer ratio ma-
trices.

Circuit Analysis Background

The following is a summary of periinent circuit analysis whick will be of use in explaining
J. Gajjar’s Perturbation Theory. Consider first a two port network with equal number** of
terminals in each port and represented by ABCD parameters, i.e.,

E,\, E,, I,, I, each n-vectors
2 Sketch 1

** A requirement for the use of ABCD representation with invertibility capability. If the number of terminals are
not equal, then “‘one way" representation may be possible if ‘“‘controllability’® conditions are satisfied. Even

with equal number of terminals, ‘‘controllability’® conditions may not be satisfied. Ir applications of interest
bidirectional controllability is assumed,
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The circuit equations are*;

E\ = AE, + B, A-1
for Sketch 1
11 = CE2 + D[z 1\'2
from which (and using other fundamental circuit propesrties) can obtain
Ez o DTEl - BTII A'3
for Sketch 1
[2="' CTEI",'ATII A'4

First note the reciprocity of transimpedance and transadmittance,

The transadmittance is concerned with the short circuit output current resulting {rom an
input voltage. From A-1 with E, =0

E: bl BIZ Ez = O A'S
so that B~1Tis the transadmittance from port 1 to port 2. Similarly from A-3 with £, =0
E?’ﬂ'—' BT11 El=0 A"6

so that (taking into account the positive sign/direction of [, defined in the Sketch 1) B-!T
represents the transadmittance from port 2 to port 1, and it is again seen that these two trans-
admittances are related simply by their transpose, i.e., reciprocity.

The transimpedance is concerned with the open circuit output voltage resulting from an
input current. From A-2 with [, =0

Il = CE2 12 = 0 A"7
so that C-! is the transimpedance from port 1 to port 2. Similarly from A-4 with /, =0
12 = - CTEI Il = 0 A'8

so that (taking into account the positive sign/direction of /, defined in the Sketch 1) C-IT
represents the transimpedance from port 2 to port 1, and it is seen that these two transim-
pedances are related simply by their transpose, i.e., reciprocity.

It is of interest to note that the transimpedance which can be derived from equations A-1
and A-2 with [, = 0, i.e., from port 2 to port 1, can easily be shown to be

E =|B-aci, A-9
which implies that
Cc-\T= [Ac-lp - B] A-10

This can be proved utilizing, appropriately, various identities relating the 4, B, C, D matrices.
This exercise illustrates the ‘‘redundancy’’ of the ABCD parameters and that results derived
using them should always be carefully examined for possible simplifications.

Next consider the following circuit.

* The ABCD matrices are related by A7D—CT B = [ from which many equivalent relationships can be derived.

1-2
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—t c D :
R Yy iy
J in! P nut i 2
Sketch 2
Using equations A-1 and A-2 the following relationships are easily derived
Yy = (C+DY,) (44 BY,)™! A-11
for Sketch 2
YOUT = (D+ Yl B)_l(C+ Y]A) A-12
where Yy is the driving point admittance looking into port 1 with (only) Y, connected to
port 2, Similarly Y,yr is the driving point admittance looking (back) into port 2 with (only) i
Y, connected to port 1.
Next consider the equivalent circuit corresponding to Sketch 3, i.e., i
S i
| e el I £
_I.l% ! A C : -__g.e>
! I D ' .
i | :
ic ;
L& - e e o r————#—ngj
‘ Sketch 3 1
It is easy to show using equations A-1 and A-2 that the 4,, B,, C,, D, matrices for the ,I
equivalent circuit (bounded by dashed lines) are
A, = A+BY, A-13
5, =B A-14
C,= Y\A+ C+ (v,B+D) v, [orSketch3 A-15
D,= Y B+ D A-16
so that
E,= A,E, + B,I,, A-17
for Sketch 3 .
I, = C,Ey+ DI, A-18 i
and their inverse from A-3 and A-4
1-3
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Ey, = D,TE, — B,1,, A-19
for Sketch 3
I = C,TE, + A,T1,, A-20

Next consider the following circuit with a current drive /;. (Note /; and Y| form a
Norton's equivalent source.)
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Sketch 4
Using equations A-9 and A-10 the following equation is easily obtained
- -1 3
By = [4+B1)]” |7+ (c+ DY) (a+ B 7', A-21
voltage transfer Y;N
or after some simplification (or directly from A-18) f for Sketch 4
E2= [Yl(A+BY2) + C+DY2]-111 J A-22

What has been obtained is the forward {port 1 to por: 2) transimpedance for ‘he total net-
work denoted by the dashed iine boundary. Equation A-22 will be used to develop the fun-
damental perturbation equations. Note that the result A-21 can be directly obtained using
A-5 and A-18, i.e., C,~!. For port 2 to port | transimpedance use A-20

Ej=-CT 'l
as expected.

Finally consider the following circuit with a drive I,

Sketch 5

r—-=—"fFr=-—"==-=1-"1
e
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Using reciprocity stated earlier

E =~— [Yl(A+BY2) + c+1)}'z]"””12 A-23

[t is of interest for subsequent analysis to develop a rather obvious expression for £, Using
A-12 obtain

Ey= - [ 1D+ Y B (CH 4| A-24

Your

which can be expanded to yield
Ey=~ [(D+ Y,B) Y, + (C+ Y;A)]—l(D-i- Y,B) I, A-25

This same result can be obtained from A-18 with /;, = 0.
Development of Exact Analysis for Single Load Perturbation

The procedure for exactly computing changes in voltages due to a change in a (single)
load was originally devisud by Prof. J. Gajjar and reported in references [1] and [2]. The
analytical development to follow arrives at the same procedure via a somewhat different logi-
cal route, which however, has depended on the insight obtained from Gajjar's approach.

Frequently we are interested in the following circuit with a current drive /; and zero out-
put current (i.e., all loading is represented by Y,).

B

A B
b c D L Txo

T

e

i

X * Sketch 6

The current [, and voltage E, is given by (see A-22)

1l= [YL(A+BY2)+ C+ DYZ] Ez for IZEO D-1
Also note the voltage transfer relationship (see A-17).
E| = [4+BY,] E, for I, =0 D-2

Now suppose that the load Y, changes from Y, to Y,+A Y, while J| and other circuit
parameters remain unchanged. Then E, will change to E,+AE, and E; will change to
E\+AE,. By substituting

E,— E, + AE, D-3
E2 — Ey+ AE2 D-4
Y= Y, +AY, D-5

1-5
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into equation D-1 and D-2 it will be shown that A £, and A £, resulting from the change A Yy
can be evaluated computationally by driving the output side of the vircuit in Sketch 6 by a
current =\ Y5 (Eykd £5), il

|

Alil
1 c D
E‘ : AY, (E?_+AE?_ )

-9

Sketch 7

and that AE, can be gotten from A Y, using various circuit parameters associated with the
original unperturbed networks.

As a first step make the substitutions D-3, D-4, D-5 into the transimpedance relationship
of D-1 and then subtracting D-1 obtain the following equivalent forms, each of which are
exact

AE, m —=[(D+ Y| B) Yot (C+ Y| ) ]-U(D+ ¥y B Ey+A Es) D-6
AEy m —[ IyF(D+ ¥V B W+ A HA Vi (EtA Ey) D-7
Your
AE: - — .’3+A Yz’}‘(D'*‘ Y|B)“‘(C+ z‘; £ 51 YzE: D-8
tour

Next make similar substitutions into the voltage transfer relationship of D-2 and then sub-
tracting D-2 obtain the following exact form

AE, = BA Y (ExtA Ey) + (A+BHAE, D-9
Substituting D-7 into D-9 obtain the exact form
AE| = (B — (4+BY)) Y, + (p+ Y\ B~ (C+ }’lA}“‘} A Yo(E+A Ey) D-10
Your

Now make some observations. First compare Sketch 7 with Sketch § and correspondingly
equatjons D-6, D-7 with A-25, A-24 and conclude that if a current source A Ya(Ey+A Ey) is
computationally applied to the unperturbed circuit, in the manner shown in the sketch, then
the voltage at port 2 will be A E,. Similarly using equations A-17, A-18 (with I,e=0) with
equations A-13, A-14, A-15, A-16, the result of D-10 can be obtained with
Le=A Yo(E;+A E;) and the voltage at port 1 being A E|. Hence, if this equivalent current
A Y,(E,+A E,) can be evaluated, then the voltages A £y and A £, can be evaluated by compu-
tationally driving the unperturbed circuit as shown iz Sketch 7,

Also by noting that the form of equation D-%0 is exactly that of A-9, the reciprocity rela-
tionship of equation A-10 can be used to obtain the relationship (see A-23)

AE, m — [ ¥\ (d+BY)+C+DY,ImTA Yy (E;+4A Ey) D-11

transimpedkine

as a replacement for D-10

KE A
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Finally note that the equivalent drive current A Y,(£,+A E,;) can be evaluated if A E, can
be computed, which can be done using equation D-8 which involves known and available pa-
rameters,

Thus the computational procedure for evaluating the change A £, caused by a change in
A'Y, is as follows:

a) Compute A E, using D-8, noting that Yyyr, Ys, Y are available from the previously
computed unperturbed network for any two locations comprising port 1 and port 2

b) Compute the ‘‘drive’ current A Y,(E,+A E,) noting again that £, is also available at
every port of interest in the original unperturbed network analysis.

c¢) Determine the forward transimpedance from port 1 to port 2 using Y,y and the vari-
ous voltage transfer ratios also available from the original unperturbed network analysis

d) Transpose the transimpedance found in step c¢) above and use it in equation D-11 to
find the desirec voltage change A E, at the input port.

Specifically then to carry out the exact perturbation analysis for a single load variation all
that remains is to establish the forward transimpedance from port 1 to port 2, Consider the
following sketch which shows a portion of a total (tree) network

Section j-1 Section j
IN. Ej Ek
Y v,y ‘
out:j | INj Yputk YINk —J
-’ = — .
| Sketch 8
L

where it is of interest to determine the change in voltage of Ej (and E,) due to a change in

Y, a load connected to port 2 of section j. As a result of analyzing the unperturbed network,
the following quantities (vectors and matrices) are available.

Your, - equivalent Norton’s source admittance looking back into the output port 2 of

section j—1
IA{, - equivalen: “iorton’s source current out of section j—1
YIN, - admittance looking into port 1 of section j
E, - original voltage at port 2 of seciion Jj

Yourk - equivalent Norton source admittance looking back into the output port 2 of
section j

Yy, - admittance looking into port 1 of section k= j+1

Yj - external load (not including Y,Nj)' connected to port 2 of section j—1
Y, - external load (not including Y,y ) connected to por: 2 of section j
1-7
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T, - voltage transfer ratio from port I to port2 of section j Note this voltage
transfer ratio may itself be the product of many sub-sections in cascade which
form section

Then to conduct the perturbation analysis associated with a change A Y, in Y}, form or com-
pute

Y=Y+ Your, D-12

Yy= Yo+ Yy D-13

Ey= E, L 14

AY, =AY, D-15

C-t =Tyl Yourt Y17 forward transimpedance across section j D-16
AE, = = [Y;+A Yyt Yo 1A T E, D-17

AE| = = CTVTAYy(EytA By = [Your+ V)1 T, TA Yy (Ey+A Ey) D-18

Note that either or both Y, and Y, may be zero (null matrices),
Development of Exact Analysis for Reyerse Direction Propagation

This procedure is concerned with the computation of voltage propagation in the reverse
direction, i.e., considering Skeich 9

B A B E,
C D
YIN - (-Yout:
- Sketch 9

with any relavent load and termination admittances absorbed into the equivalent 4, B, C, D
as shown in Sketch 3 and gquations A-13 thru A-20, what is £, given E,? Letting, as before,
Yo to be the admittance looking backward into port 2, and using the transimpedance
reciprocity relationship, then

reverse direction transimpedance

El - C—lT YOUT Ez E'l
This is easy to show analytically, i.e., using A-1, A-2 with I, 40 obtain
E| = [A—BD~'ClE, = [AC-'D-B] D-!CE, E-2

From A-10 note AC-!D—~B=C-IT the reverse direction transimpedance and for the
““unloaded’’ circuit of Sketch 9 D~1Cis Y,y (see A-12 with Y;=0). Thus all that is required
is to develop the transimpedance as explained previously for the load perturbation case. All
necessary circuit parameters such as Y,up, T; etc are known and available from the original
unperturbed circuit analysis.

1-8
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The previous form suggests an equivalent Narton source current effect. Consider the fol-
lowing circuit

1
o e T
1 zg:(’,alo

2

E x 5] E
!
l

k4

where Y, and ], represent a Norton’s source. With /=0 it is easy to show that
E, = [(4+BY,)(C+DY)'D-BlI, E-3

Now using A-13, A-14, A-15 and A-10 note that the matrix [(4+BY,)(C+DY,)~'D—-B] is
the reverse direction transimpedance. (This can be observed easily by assuming Y, to be
imbedded in 4, B, C, D and letting Y,—0 yielding 4C-!D— B as before. Hence finding the
equivalent Norton’s source may be more convenient than specifying the voltage E,.

A final note of interest is to expand equation E-1 into terms involving external behavior,
ie. Yy, Your and the voltage transfer matrix 4,1, i.e.

E, = A" E, E-4

Again emphasizing that all load and termination admittances are absorbed into the ABCD net-
work of sketch 9 then

Yiy = CA~! E-5
so that
C 1= Yyl 417 E-6
Substituting into E-1
Ey== YNt 47V Your Ey E-7

where A~! is recognized to be the forward voltage transfer ratio matrix, Yy, Yoyr and the
“‘overall forward voitage transfer matrix’’ are all avaijlable (i.e, computed and saved) and pro-
vides a compact procedure. Equation E-7 has been derived using ABCD network representa-
tion which implies 4 to be square (equal number of terminals at input and output ports).
However, if

EZ = REI E'8
then
El = Y]N-l RT YOUT Ez E-9

is perfectly general whether or not input and output ports have equal aumber of terminals.
This can be shown using general admittance matrix representation of the two port network or
more directly utilizing the reciprocity of transimpedances, i.e., (with suitable sign conven-
tions)

Ey=Zpu YIWE\=>R=Z, Yiy=>2Zy=Z,T=Y,"' RT E-10

P 4



e e “-""'{';(_‘f- S DR DA 4 e it - S TR Wt H T TRy ST S T T

ORIGINAL PAGY 9
OF POOR QUALITY

Ey= Zy Your Ey= Yiy~! RT Your Ey E-11
Note on Cumulative Voltage Transfer Matrices

The preceding discussions have shown how reciprogity properties makes possible the use
of a cumulative forward transfer function matrix (R) to compute reverse path propagation to
the original source. Also implied in this approach is the possibility of computing point to
point propagation. However, in using reciprocity and cumu'ative voltage transfer matrices for
this purpose, a subtle computational situation arises as pointed out by J,T. Gagjar. This prob-
lem can be illustrated by the following sketch.

2 T m
Q2 T2 B 5 m | T, n
J i ~ O
root m
Tos
k i
A

Sketchy 11

The voltage transfer ratio mairix T, relates input and output by

Suppose that this network has been analyzed in the conventional outbound direction so
that the voltage transfer ratios T, Ty; and T,* are available (along with the various Yy
and Ypyr admittances), and it is desired to propagate from point 3 to point 4, or from point 3
to point 2. In either case it will be necessary to obtain R,; (among other items).
Now

T13 lel

Ty=TuTu 7, mu

Ty kxl F-2
Ty; nxm

* Note these are *‘cumulative’ voltage transfer rates from a common source point and are available (computed
and saved during outbound computations)., Using them instead of multiplicative chain muitiplies could be a
cemputational advantage during the reverse diréction computation, albeit the ‘“‘cumulative’’ ratios need to be
computed during the outbound processing, but tese can be done once and for all,

1-10
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Obviously if m> n then T;y~! does not exist. In this case, the above equation can be por-
tioned as indicated by the following equation {as pointed out by J.T. Gajjar).

Ty T3 Ty,
nxm  onx(l=m) | =1 nxm X mxm  mx(l—m) F-3
Ty3p T\3R Typ Ty
Then
Ty3p= Ty Tiap F-4
Tizp= Ty Tiap F-5

Now T\, is square and presumably T,,~! exists so that
Tsr = Tisp Tizp™ F-6

Obviously by recording the rows and columns of T3 = T,3T|; could generate m

combinations for T|yp, i.e., the number of equations in Ty; = T,3 = T, represent an over-
determined case for determining T3 In practice those columns (of T',) associated with the
m terminals of E, will be used. Note that the ability to make this identification is possible
since a record is kept during the outbound processing of any transitions (3:2, 2:1, 3:1) and
transpositions which may have been involved in the T{, path.

1-11
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APPENDIX 2
USING RECIPROCITY TO COMPUTE REVERSE DIRECTION
VOLTAGE TRANSFER RATIO MATRICES

R.C. Rustay

The following attachment is a verbatum copy of an internal memo concerning the relation-
ship of voltage transfer ratio matrices, driving point admittance matrices and the transadmit-
tance matrices. It is included in this report for possible tutorial interest.




DIFNAP SYSTEM MEMO # 21
10/14/80

TO: C.A. Stutt
J. Gajjar
W, Hughes
R. Wooding
R. Rustay

FROM: R.C. Rustay

SUBJECT: Comments on Voltage Transfer Ratios with Potential Application to the DIFNAP
Main Program NTWKANS

Recent discussion with W. Hughes regarding the mathematical properties and relationship
between outbound and inbound voltate transfer ratios have stimulated the writing of this
memo. Also, recent discussions with J. Gajjar regarding my desire to compute the outbound
voltage transfer ratio matrix from the source to any section, also has stimulated comments in-

cluded herein regarding the application of these analytical results to reverse path computa-
tions.
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Reciprocity of Transimpedance and Transadmittance

The following is a short tutorial discussion of transimpedance and transadmittance recipro-
city. This discussion will begin assumming reader acceptance of the completeness and gen-
erality of the "y" parameter representation of linear circuits for those which "y" parameters ex-
ist. Consider the following circuit:

— I =YE
Y mxm

ol

Figure 1

where /is an m vector corresponding to the currents entering the m terminals. Similiarly Eis
an m vector of the terminal voltages measured relative to a (zero potential) ground. Next
separate the vectors /and E each int two partioned subvectors [y, [, and E}, Ej, i.e.

=40 _ |5
where I; and E; are n vectors associated with the ‘‘first” n terminals and simmilarly /, and

E, are m-n vectors associated with the remaining m-n terminals. Then Figure 1 can be
redrawn to

H

E —Ls Y DY
1 12 'T12 Y., nxn
I
I : 11
o 2 | ;“'i'_ -: ------- -1 ¥qp X (m-n)
2 12
! Y22 ¥, (m-n) x (m-n)

Figure 2

o
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where the Y mxm matrix has been partioned as shown. Y),7, the vanspose of Y, occurs be-
cause of the intrinsic symmetry of matrix Y, YT= Y. Figure 2 can be redrawn to frame it
into a more conventional two port, i.e, an input and output

[}
I Y VY I
1 11 : 12 ) 2
}
El “""T"T“"‘—“_—" E2
1
n terminals le ! Yzz m-n terminals

=
Figure 3
The vector matrix equation associated with Figures 2 and 3 are
L=Y E+YpE, I Yi, Yy, y E D
<> =
I=Y,"E\+ Yk, I Y, T Yy E, 2)

from which all subsequent results can be obtained.
Transadmittance

Suppose all the E, terminals are shorted to ground, i.e., E,=0 then we observe from
equation 1 that Y;, is the input driving point admittance* with the output terminals shorted
and that the transadmittance* is Y,,7 (from equeiion 2). Similarily if input terminals are
shorted to ground, i.e., E;=0 then the driving point admittance* seen looking into the output
terminals is Y,, and the (output to input) transadmittance* is seen to be Y}, Hence che tran-
sadmittances between the two parts are said to be reciprical, i.e. one is equal to the transpose
of the other.

Transimpedances
The equations 1) and 2) can be inverted to the form
E=Z, 1+ Z,I, E, Z, Zy, I 3)
= X

Ex=Z,T+Zpl, == E, Z,7 Zy I, 4)

where Z,;, Z;5, Z, are the corresponding matrix partitions of Zand
Z=17Y"1 5)

Since Yis symmetric, so also is Z.

Now suppose all the E, terminals are open circuited, i.e., /;=0 and a set of input currents
are caused to occur. Then from equation 3) Z,, is seen ‘0 be the input driving point im-

* all admittances are in general matrices which can be 1x1
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pedance while from equation 4) Z|,7 is seen to be the transimpedance (input to output).
Similarly with the input terminal open circuited, i.c., /;=0, then Z,, is the driving point im-
pedance looking into the output port and Z,, is the (output to input) transimpedance. Hence
as before the transimpedances are also seen to recipricol, i.e., one is equal to the transpose of
the other,

LA

Note that the matrix elements in equations 3 and 4 are the equally well known ‘'z
parameters which can obviously be expressed in terms of the ‘'’ parameters,

Relationship of ZPyy, Z;;, Zyto Yy, Yyp, Yo

For possible future reference the relationship of Z,;, Z,5, Z5,, will now be given. These
relationships can be obtained by matrix algebra operations on equations 1) and 2) or
equivalently making use of well known partioned matrix inversion procedure, the following
results can be obtained

i -1
Zy=|Yu—Tn Yol Y1, 6)
-1
Zyy=— [Y”— Y1 Vppt Yn’] Y Vool = = Z) Y V7t * 7
' -1
Zyy= | Yo=Y TY 7 Yy 8)

Admittance Matrix Equivalent for a Two Port Circuit With External Loading

The purpose of discussion is to show that a4 two port linear circuit, with external loading,
i.e.,

]
E I !
1 1 Y Y 1) I
-—_ ) —_ 1l _: 12 2 -<"2" .
1 T . | 2
| Y vy -
Y 12 ' 22 Y
1 ; 2
‘:‘%{—-

Figure 4

can be easily converted to an equivalent unloaded two port of the type discussed in the
preceeding section. Writing obvious equations

11- Y1E1+111- (Y”+ Yl)E1+ Y12E2 9)
]2 - Y2E2+121 - YIZTE1+(Y22+ Yz)Ez 10)

Hence, the equivalent Y matrix is seen to be

* Many other equivalent expressions can be formulated
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Figure 5

Thus the discussions of the preceeding and following sections are perfectly general.
Relationship Between Input to Output and Qutput to Input Voltage Transfer Matrices

This section is concerned with the properties of the voltage transfer ratio matrices from in-
put to cutput and output to input for a two port linear circuit of the configuration shown in
Figure 3 where it is assumed that any external loading has been imbedded into the network Y
matrix as discussed in the preceeding section. This discussion also assumes observability and
controlability (also implied for the preceeding sections but more likely to be overlooked in
this context) which imply that ¥,,~! and Y,,~! exist.

Voltage Transfer Matrix G';; from Input to Output Port

Given a voltage E, (vector) applied somehow to the input port of Figure 3, the voltage E,
at the output port with those terminals open circuit, i.e. J,=0 (remember any loading on the
output port has been imbedded into the circuit Y matrix*) is easily seen to be from equa-
tion 2)

Ey= Y lYTE = GpE,  [;=0 1D
i.e.,
Gip=— Yp ' 1,7 12)

Alternatively using the ‘“Z’ representation of equations 3) and 4) it is easy to obtain, for the
same condition that /,=0

Ez ol leTZl,"l 12""‘0 13)
i.e.,
Gy = 2,72 14)

* i.e., from the preceeding section this output loading admittance would be linearly added to the original circuit
Yy and thus Yy,~! in equations 11) and 12) will involve this loading

2-6

TV SRR S SR SRTRE T

B

S T Y e AT, 5



ORIGINAL PAGE 13
OF POOR QUALITY
& x\;' S T

Voltage Transfer Matrix G,; from Output to Input Por

it

Similarly, given a voltage £, (vector) applied somehow to the output port of Figure 3, the
voltage £, at the input port with those terminals open circuit, i.e., /;=0 (remember any load-
ing on the input port has to be considered and also imbedded into the circuit Y matrix) is
easily seen to be from equation 1)

El = Y“-l Y12E2 = GZIEZ 11"'0 15)
ie.,
Gy =~ Y'Y 16)

Similarly and alternatively using the ‘“Z’’ representation of .:quations 3) and 4) it is easy to
obtain for the same condition that J;=0

El = lezzz-lEZ ]1’0 17)
ie,,
Gy = Z1,Zy"! 18)

Observations Regarding Voltage Transfer Ratio Matrices
Gy=— Yy ' Y,T= Z,7Z),! 19)
Gy == Y "\ Y, = Z,Z;"! 20)

observe that they involve the ‘“‘transadmittance’ Y;, or the “‘transimpedance’’ Z,, commonly
between them. Obviously G, and G,; are not reciprocol. Also if G, Y3y, and Yy; (or Gy,
Z,5 Z4;) are known then G,, can be calculated, i.e.,

Gy = Y/71G Yy = Z,1G 72y, 21)
Similarly for G;, (but not usually of interest)
G = Yu1Gy Y = Z;,G,7Z)"! 22)

It is appropriate at this point to reemphasize that as used in these discussions concerning
voltage transfer ratio matrices, Y,;, Y, and the Zy contain the embedded effects of any ter-
mination (see Figures 4 and 5) (including any “‘source’’ admittance) since obviously the G,
and G,; are dependent, in the context implivd here, on both terminations.

The alternate formulations given above, in terms of Yor Z parameters represent short cir-
cuit (admittance) and open circuit (impedance) approaches respectively. The latter form is
used in the DIFNAP programs because open circuit conditions (with terminations imbedded)
are generally of interest, i.e. terminal voltages. In the context and terminology of the DIF-
NAP system Z,;~! is referred to as Y, and Z,,"! is referred to as Y, so that equations 21)
and 22) become

Gy = Y, 7' G Yoy 23)
Gy = Y, 1G, 7Y, 24)
2-7

G et il

L e TR R



ORIGINAL PAGE 15
OF POOR QUALI
It is interesting to observe the physical interpretation of Z form of Equations 19) and 20).
Consider the voltage transfer G, from port 1 to port 2, The current /; into port ! is
I, = Y, E, and the port 2 voltage E, due to [} is E, = Z,,7I}, so that E,= Z,,7Y, E, or
Glz == ZlZTYm as before.

The relationships 21 and 22 involving Z,, = Y,,~! and Z;, = Y,,~! offer a procedure for
calculating the reverse path voltage transfer ratio matrices in the DIFNAP program
NTWKANSI. Some discussions on such an algorithmic procedure are discussed in the next
section.

Comments Regarding Algorithmic Procedure for Computing Reverse Path Voltage Transfer
Matrix

This discussion is concerned with some tentative and embryonic ideas regarding algorithm-
ic procedures which could be implemented into the DIFNAP computer program NTWKANSj
for computing the reverse path voltage transfer ratio,

Consider, for the purpose of an example to illustrate the possible algorithm, the following
cascaded sections. (It is obvious that branching presents no conceptual difficulties; practically
it will depend upon having available appropriate matrix admittances associated with
branching.)

- -

Py L1 Pgy L_%__ 24 L_?Llr Py

12 23

Y
I~ <"‘Y221 y) — Y99

2

As a result of normal outbound response calculations, the voltage transfer ratios Gy, G,
Gy, the network driving point admittance Y,y and the ‘‘equivalent Norton source admit-
tances” Your,» Youry Your, are available. (As mentioned above there may be a lack of com-
plete saved data when branching is involved.) Now consider the three following cases:

Gy
From equation 23
Gyu = Yiv ' G, "Your, 25)
Gy
Similarly
Gy = Yy, ' G Your, 26)
But
Gi3= GG => GT= G,7Gy7 27)
Gy = Yy, 167Gy TY oy, 28)
Gy
Similarly
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Ga = Yiw,™' GlYorr, 29)
But

Gy = G33GpGy=> GuT= G37Gy TGy " 30)

Gy = Yoy 71 G 127Gy TGy Yoy, 31)

Hence, it is easily observed that a recursive computaticnal algorithm can be realized in the
same sense that the present Norton’s equivalent source admittances (looking in the reversz
direction) such as Ypur, Your, and Your, represent the total affect of the network upstream

from that point towards the source. For example during the normal outbound processing, say
to get the voltage e, the result of the computation

Yy 1 G TGy " 32)

could be saved with the other data saved with section 2. Then progressing to section 3 the
corresponding quantity

Yin, 1 G1aTGy3 TGy T = (Y ~1G 137Gy ) * Gy T 33)

could be computed and saved with that section’s data. (Note an appropriate RCR subroutine
already exists for computing £'sr487)

Then either on demand, or at the time the above conmputations are made (and saved for
later recall) the reverse path voltage transfer ratio couid be computed, i.e., for exampl2

Gar = (Yin, "1 G1aTG33 7G5y * Your, 34)

» susly many “‘bookkeeping’’ activities need to be considered. For example, during the
NUs L ~stbound NTWKANSi calculation, the recursively accumulated matrix such as
Y;n~1G137Gy;7 should be saved in core and saved with the data associated with the next
downstream section (or two with branching) to avoid an extra disc access when later recalling
this data for computing on demand the reverse direction voltage transfer ratio matrix., How-
ever, if the extra computing time is acceptable, the reverse direction voltage transfer ratio
matrix could be computed for every section. However, it is not necessary that all sections
will be evaluated tending to ‘‘throw out’’ this procedure. For the ‘‘on demand’’ procedure an
extra dimension would be required to the LIFO (push down stack) matrix array to accommo-
date to the potential level of branching traversed while computing an outbound propagation.

Finally it is noted that the above procedure implies transfers back to the original source.

2-9
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APPENDIX 6
MAIN PROGRAM NETGENS1 FOR GENERATING GENERIC NETWORKS
R.C. Rustay

Included in this Appendix is a copy of an internal memo describing a main program NET-
GENSI for generating generic network:.

T
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Memo To:

From:

Subject:

— L iy S

DIFNAP MEMO #24
11/17/80

C. A. Stutt
J. Gajjar

R. Wooding
D. Rodriguez
W. Hughes

R. Rankin

R. Rustay

R.

C. Rustay

Main Program NETGENSI for Generating Generic Networks

Please be advised that a main program NETGENSI is now opera-

tional.

This program provides a convenient procedure for generating

a simple class of generic network files, of the form DNWKINij, and
which are characterized by the following items:

1)
2)

3)

The generated network is everywhere three phase

Only one level of branching is available, je. as i1lus-
trated on the attached sketch.

The networks shown in the sketch are composed of segments,

the one originating at the source or root section being

designated as the main "route" segment; all others being

designated as laterals with up to a maximum of 10 being ;
user definable. i

Each segment will have an invariant line/cable configura-
tion which is user definable.

Each segment can be composed of many sections with the '
sections in any segment being equal length (except possibly

for the last one)., These section lengths are user definable

for the main route and all laterals.

The user can invoke an option to cause the program to auto-
matically place a distribution transformer at the end of
each section. The program automatically balances this
loading by cycling the assignment of the DT in turn to each
phase. The user can elect to defeat this option in which
case all lines will be unloaded.
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The user defines the total ?ength of all segments.

The user defines the distance along the main route (from
the root/source) at which each lateral will be attached.
Note: In the present first edition, the logic necessary

to introduce "zero length" sections to permit tertiary or

higher order branching has not been included. Therefore,
at the present time, it will be the user's responsibility
to preplan to avoid this situation. If a need occurs and
time/resources allow, this additional logic for higher
order branching could be included.

The user can arrange for a lateral to be appended to the
end of the original main route segment by specifying
connection distance for a lateral to be greater than the
total length of the main route. This procedure can be
cascaded. This procedure allows the user to construct

a cascaded sequence of segments where each segment may
have its own and different 1ine types and/or section
lengths. Subsequent laterals can be specified to branch
off anywhere on the, now, augmented main route.

The resulting network is placed in a file whose mane is
of the form DNWKINij where ij is specified by the user.
The program includes a check/alert to the user to guard
against over-writing an existing file of the same name.

The output file includes an additional column which gives
the accumulated length along any segment (including any
augmented main route). This added column will not inter-
fere with the reading of this file by the main network
program NTWISERSj; this last column is simply ignored.
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APPENDIX 7
MAIN PROGRAM SUBNETS1
R.C. Rustay

Included in this Appendix is a copy of an internal memo describing a main program SUB-
NETS1 which can extract as a subnetwork a portion of a larger network.

T M
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DIFNAP SYSTEM MEMO #23

11/13/80

Memo To: C. A. Stutt
J. Gajjar
W. Hughes
R. Rankin
D. Rodriguez
R. Rustay
R

. Wooding

From: R. C. Rustay
Subject: Availability of Main Program SUBNETSI to Extract Subnetworks

Please be advised that a main program SUBNETSI is now opera-
tional. This program allows the user to extract from a given network A
file (usually with a file name 1ike DNWKINij) a "subtree" of that i
network. This subtree is defined to the program by specifying the i
section number (which, of course, must alieady exist) which is to ]
become the new root section. The program then extracts the portion
of the original network which is outbound from that new root section,
and places the resulting subnetwork specification into a file whose
name is specified by the user. The program-SUBNETSI employs conversa-
tional input and is self-explaining during running of the program,.

Conforming to RCR policy, the user can and should exit from the
program by typing a negative number when prompted.

Any section identification number cannot exceed 2000 with the

present dimensioning. This arbitrary limit can easily be increased,
if necessary,at the expense of additional core requirement.

RCR: jw i

s

2 t:;%.:::f::t:i:z.ﬁ;‘,}jk:
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APPENDIX 8
NETWORK DESCRIPTION

This Appendix contains specific information on the parameter variations analyzed during
the study. Each variation is identified by its network (or system) number which is also used
to identify the output data for that variation. Unless a parameter is specifically mentioned, it
can be assumed that the parameter is the same as it was for the associated reference network.

8-1
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Network #8

Network #9

A e A e

Reference Networks

1/4 Wavelength underground cable network.

Same as Network #% except section lengths
reduced to 42.5m for a total length of
3400m.

Neminal underground cable network

Aluminum phase conductors GMR - .385 inches
21 copper neutral strands, each with a radius
of .64 inches, evenly spaced around the phase
conductor at a radius of .896 inches.

Main insulation has an inner radius of .515
inches and an outer radius of .750 inches.

Quter jacket has an inner radius of .780 inches
and an outer radius of .880 inches.

Center to center spacing of phase cables is
2.0 inches, equilateral spacing assumed,

Phase conductor temperature = 75°C
Neutral temperature = 45°C

Earth resistivity = 100 %/p3
Signal frequency = 8.13 kHz

Total of eighty transformers, one loading each
section, rated at 25 kva with load admittances
of -78.8 dB at -27.3 degrees.

Eighty sections, each 200m long for a total
length of 16,000m. No branches, no loops,
entire line is three phase.

Diagonal Tload at the end of the line has three
equal elements, 4.77 x 1074

8-2
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Network #10 - Nominal overhead reference network.

Geometric arrangement as shown in Fig. (6a).
Phase conductors are 336 Widgeon ACSR with 1/0

ALCOA ACSR neutral wire. Diameters are .721 inches

and .398 inches, respectively. Cross~sectional
areas are ,408 inches2 and ,124 inches2
This line type code is 101,

Total of eighty transformers, one loading each
sectien, rated at 25 kva, with load admittances
of -78.8 dB at -27.3 degrees.

Eighty sections, each 200m long, for a total
Tength of 16,000m. Mo branches, no loops, entire
line is three phase.

Temperature of conductors = 25°C
Earth resistivity = 100 /.3
Signal frequency = 8.13 kHz

Diagonal load at the end of the 1ine has three
equal elements, 4.77 x 10'4 -68.22° mhos each,

8.2 Qverhead Geometry Varijation Networks

System #11

System #12

System #13 -

Referred to network #10; Phase conductor changed
to 4/9 ALCOA ACSR. Diameter reduced from .721

inches to .563 inches, a 21.,9% reduction. Cross-

sectional area reduced 39.0%.

Referred to network #10; Phase conductor changed
to 2/p ALCOA ACSR. Diameter reduced from .721
inches to .447 inches - a 38% reduction. Cross-
sectional area reduced 61.6%.

Referred to network #10; Phase conductor changed
to 447 HEN ACSR. Diameter increased from .721
inches to .883 inches, a 22.5% increase. Cross-
sectional area increased 50.0%.

8-3
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System #14

System #15

System #16

System #17

System #18

System #19

System #20

System #21

Referred to Network #10; Neutral conductor changed
to #4 ALCOA ACSR. Diameter reduced from ,398
inches to ,250 inches, a 37.2% difference. Cross-
sectional area reduced 60.5%,

Referred to network #10; Phase conductor to phase
conductor spacing increased from 3.667 faet to
4,033 feet, a 10.0% difference.

Referred to network #10; Phase conductor to earth
spacing increased from 35.063 feet (for Phase A)
and 33.667 feet (for phase B & C) to 38.569 feet
and 37.033 feet, respectively. This is an increase
of 10.0%.

Referred to network #10; Neutral' conductor to earth
spacing increused from 27.333 feet to 30.066 feet,
a 10.0% difference.

Referred to network #10; Miscellaneous conductor
added, 23.458 feet above the earth. Assumed to be
at ground potential.

Referred to network #10; Two miscellaneous conductors
added at 23.208 and 23.458 feet above the earth,
Both assumed to be at ground potential.

Referred to network #10; Two open circuit secondary
conductors added at 26.000 and 26.667 feet above the
earth. Both assumed to be at ground potential.

Referred tu network #10; Neutral conductor changed
to Triplex. Diameter increased from .398 inches to
.92 inches, a 131% difference. Cross-sectional area
increased 434%.

8-4
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System #22

Network #28

Network #29

Network #30

Network #31

Network #32

Network #33

Network #34

Network #35

Network #36

Network #37

Network #38

Network #39

]

1

Referred to network #10; Configuration changed to

spacer cable. See Figure (&=-1]

Referred to 1/4 wavelength version of network #10;

same variation as system #11,

Referred to 1/4 wavelength version of network #10;

same variation as system #12,

Referred to 1/4 wavelength version of network #10;

same variation as system #13.

Referred to 1/4 wavelength version of network #10;

Same variation as system #74.

Referred to 1/4 wavelength version
same variation as system #15.

Referred to 1/4 wavelength version
same variation as system #16.

Referred to 1/4 wavelength version
same variation as system #17,

Referred to 1/4 wavelength version
same variation as system #18.

Referred to 1/4 wavelength version
same variation as system #19.

Referred to 1/4 wavelength version
same variation as system #20.

Referred to 1/4 wavelength version
same variation as system #21.

Referred to 1/4 wavelength version
same variation as system #22.
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8.3 Transformer Loading Variation Networks

Network #13

Network

Network

Network

Network

Network

Network

Network

Network

Network

Network

#14

#17

#42

#45

#56

#57

#58

#59

#60

#61

Referred to network #10; The diagonal load at the end
of the line is removed, leaving it open circuited.

Referred to network #10; The admittance of each
distribution transformer load is doubled to -72.8 dB
at -27.3 degrees.

Referred to network #10; The diagonal load at the end
of the 1ine is removed whilz at the same time the
admittance of each distribution transformer lcad is
doubled to ~72.8 dB at -27.3 degrees.

Referred to 1/4 wavelength version of network #10;
same variation as network #13.

Referred to 1/4 wavelength version of network #10;
same variation as network #17.

Referred to 1/4 wavelength version of network #10;
same variation as network #14.

Referred to 1/4 wavelength versjon of network #10;
all distribution transformer loading is neglected.

Referred to network #10; same variation as network #57.

Referred to network #10; admittance of each distribu-
tion transformer load is cut in half to -84.8 dB at
-27.3 degrees.

Referred to network #10; overhead geometry varied as
in system #11, loading varied as in network #59.

Referred to network #10; overhead geometry varied as
in system #12, loading varied as in network #59.
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Network #62 - Referred to network #10; overhead geometry varied as in

system #13, lToading varied as in network #59,

Network #63

Referred to network #10; overhead geometry varied as
in system #14, loading varied as in network #59.

Network #64 - Referred to network #10; overhead geometry varied as

in system #15, loading varied as in network #59.

Network #65

Referred to network #10; overhead geometry varied as
in system #16, loading varied as in network #59.

Network #66 - Referred to network #10p overhead geometry varied as

in system #17, loading varied as in network #59,

Network #67

Referred to network #10; overhead geometry varied as
in system #18, loading varied as in network #59.

Network #68

Referred to network #10; overhead geometry varied as
in system #19, loading varied as in network #59.

Network %9 - Referred to network #10; overhead geometry varied as in
system #20, loading varied as in network #59.

Network #70

Referred to network #10; overhead geometry varied as
in system #21, loading varied as in network #59.

Network #71

Referred to network #10; overhead geometry varied as
in system #22, loading varied as in network #59.

8.4 "Set up" Time Reduction Networks

Network #11 - Referred to network #10; the Tength of every other
section is doubled to 400m with the in-between sections
reduced to zero length. Same overall length and lsading
are maintained. Number of sections is effectually cut
in half, though not actually.

S



Network #12 - Referred to network #10; the length of every third

Network

Network

Network

Network

Network

Network

Network

Network

Network

#15

#16

#18

#19

#20

#21

#23

#24

section is tripled to 600m with the in-between sections
reduced to zero length. Because 80 is not evenly divi-
sable by 3, the next to last section is doubled instead
of tripled in length to maintain the same overall length
as the reference network. Same loading is maintained.
Number of sections is offectively reduced to almost a
third of the original number.

Referred to network 10; same variation as network #11
with the admittance of each transformer load doubled
to -72.8 dB at ~-27.3 degrees.

Referred to network #10; same variation as network #12
with the admittance of each transformer load doubled
to -72.8 dB at -27.3 degrees,

Referred to network #10; Temperature changed from 35°C
to 30°C, a 20.0% increase.

Referred to network #10; Temperature changed from 25°C
to 20°C, a 20.0% decrease.

Referred to network #10; temperature changed from 25°C
to 10°C, a 60.0% decrease.

Referred to network #10; Temperature changed from 25°C
to 0°C, a 100.0% decrease

Referred to network #10; temperature changed from 25°C
to -10°C, a 140.0% decrease.

- Referred to networt #10. Earth resistivity changed

from 100 %/p3 to 50 %/,3, a 50.0% reduction.

Referred to network #10. Earth resistivity changed
from 100 %/3 to 75 ¥/p3, a 25.0% reduction.

8-9



Network

Noetwork

Network

Network

Natwork

Network

Natwork

Natwork

Network

Network

Network

Referred to network #10, Earth resistivity changed from
100 “/pd to 126 7,3, a 25.0% inerease,

6 - Referved to network #10.  Earth vesistivity changed

E

#40

#

3

#3 -

#l“} -

#46 -

7 -

#48 -

#49 ~

from 100 %7,8 to 150 ¥/,3, a 50.0% increase.

Refarred to network #10. It is not assumed that the
neutral conductor is at ground potential everywhere
along the line.

Referred to 1/4 wavelength version of network #10,
Same variotion as network #11 except that section
lengths ave adjusted for 1/4 wavelength,

Referred to 1/4 wavelength version of network #10.
Sama variation as network #12 except that seection
Tengths are adjusted for 174 wavelength,

Referred to 1/4 wavelength version of network #10.
Same variation as network #15 except that section
Tengths are adjusted for 174 wavelength,

Referred to 1/4 wavelength version of network #10,
Same variation as network #16 except that section
lengths are adjusted for 1/4 wavelength.

Referred to 1/4 wavalength version of network #10,
Same variation as network #18.

Referred to 1/4 wavelength version af network f10,
Same variation as network #19.

Referred to 1/4 wavelength version of network #10,
Same varfation as network #20.

Referred to 1/4 wavelangth version of netwerk #10.
Sama variation as network #2%.
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Network #50

Network #51

Network #52

Netwark #53

Network #54

Network #55

Network #74

Network #75

Referred to 1/4 wavelength version of network #10.
Same variation as network #22.

Referred to 1/4 wavelength version of network #10.
Same variation as network #23,

Referred to 1/4 wavelength version of network #10.
Same variation as network #24.

Referred to 1/4 wavelength version of network #10,
Seme variation as network #25.

Referred to 1/4 wavelength version of network #10,
Same variation as network #26.

Referred to 1/4 wavelength version of network #10.,
Same variation as network #27.

Referred to network #10. Each section is reduced
in length to 190m to give an overall length reduc-

tion of 800m, or 5%.

Referred to network #10. Each section is increased
in length to 210m to give an overall Tength increase
of 800m, or 5%.

8.5 Cable Networks

Network #76

Network #77

Network #78

Network #79

Referred to network #9. Earth resistivity changed
from 100 /3 to 50 %/ 3, a 50.0% reduction.

Referred to network #9. Earth resistivity changed
from 100 Q/m3 to 150 g/m3 , a 50.0% increase.

Referred to network #9. Earth resistivity changed
from 100 */p3 to 200 %/ 3, a 100.0% increase.

Referred to network #9. Temperature of phase :
conductors changed from 75°C to 65°C, a 13.3% decrease.
Temperature of neutral strands changed from 45°C to

35°C, a 22.2% reduction. :
8-11 :
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Network #81

Network #82

Network #83

Network #84

Network #85

Network #86

Network #87

Network #88

Network #89

- Referred to network #9. Temperature of phase

conductors changed from 75°C to 95°C, a 26.6% increase.
Temperature of neutral strands changed from 45°C to
65°C, a 44.4% increase.

Referred to network #9. The length of every other
section is doubled to 400m with the in-between
sections reduced to zero length. Same overall length
and loading are maintained. Number of sections is
effectively cut in half.

Referred to network #9. The length of every third
section is tripled to 600m with the in-between
sections reduced to zero length. Because 80 is not
evenly divisible by 3, the next to last section is
doubled instead of tripled in length to maintain the
same overall length as the reference network. Same
lToading is maintained. Number of sections is effec-

tively reduced to almost a third of the original number.

Referred to network #9. The admittance of each dis-
tribution transformer load is doubled to -72.8 dB
at -27.3 degrees.

Referred to network #9. The admittance of each dis-
tribution transformer load is cut in half to -84.8 dB
at -27.3 degrees.

Referred to network #9. A1l distribution transformer
loading is neglected.

Referred to network #8. Same variation as network #76.
Referred to network #8. Same variation as network #77.

Referred to network #8. Same variation as network #78.

8-12
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Network

Network

Network

Network

Network

Network

Network

Network

Network

Network

#90

#91

#92

#93

#94

#95

#96

#97

#98

#99

R o8 TEs R

Referred to network #8.

Referred to network #8.

Referred to network #8.

Referred to network #8.

Same variation as network #79,

Same variation as network #80.

4.

Same variation as network #871.

Same variation as network #82

except that section lengths are adjusted for 1/4 wave-

length network.

Raeferred to network #8.

Same variation as network #83

except that section lengths are adjusted for 1/4 wave-

length network.

Referred to network #8.

Referred to network #8.

Referred to network #8.

Referred to network #9.

Same variation as network #84.
Same variation as network -#85.
Same variation as network #86.

The Tlength of each section is

reduced to 190m to give an overall length reduction

of 800m, or 5.0%.

Referred to network #9.

The length of each section is

increased to 210m to give an overall length increase

of 800m, oy 5.0%.
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APPENDIX 3

Y PARAMETER ANALYSIS OF SYMMETRIC DISTRIBUTION TRANSFORMER
WITH BALANCED LOADING AND BRIEF DISCUSSION
OF A RLC LUMPED PARAMETER MODEL

R.C. Rustay

The material contained in this Appendix was originally issued as an internal memo early in
the Phase II work as an attempt to summarize, at that time, what in our judgement was apt to
be the most useful type of distribution transformer model (and also any single phase two
winding transformer). At that time, two candidate models;

Y Parameter Derived Algebraic Model with ;
Frequency Dependent Parameters :

A KLC Luxﬁped Parameter Model
were selected.

The writing of the original memo followed laboratory measurements and analytical studies
performed by J.T. Gajjar which demonstrated the feasibility of the Y parameter derived alge-
braic model. Also, at that time, R.W, Rankin had performed response measurements (see
plot at the end of this Appendix) which strongly suggested the feasibility of a simplified RLC
lumped parameter model for frequencies less than, say, 50-100 kHz. R. Wooding subse-
quently showed that indeed an RLC model, with appropriate selection of the lumped parame-
ter values could account for the measured response. Subsequent ‘‘full scale’’ measurements
were made to develop the parameters for both models. Also at that time, measurements
were made of critical admittance and transfer characteristics which were used to verify the
selected model.
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DIPNAP SYSTEM MEMO #14

MEMO TO: C.A. Sttt

FROM:

J, Gajjar

R. Wouding
R. Runkin
W, Hughes

R.C. Rustay

SUBJECT: Y Parameter Analysis of Symmetric Distribution Transformer

with Balunced Loading and Brief Discussion of a RLC
Lumped Parumeter Model

1. INTRODUCTION

This memo presents, for reference, the results of "'V parameter analysis of a distributinn
transformer for the special conditions of symmetric construction and balanced sacondary loading,.
These conditions were suggested by J, Gajjar for modeling/simulation beccause:

1. in most cases the algebra is greatly simplified and leads to inverse linear relationships involyv-

2.

4,

ing loading

these conditions/assumptions are the best that can be assurmed f'or modeliny in the sense that
there is no apriori basis for assuming other than balanced secondary loading and that for the
lower frequencies at least the DT's de appear to be electrically symmetrie with respect to the
secondary electrical characteristics

these conditions and the resulting simpie algebraic models reveal and $ugusst easy to meusure
sets of parameters (open circuit voliage transfer ratios, open circuit impedances) us well as
some of the conventional Y parameters which avoid the sensitivity tc measurement

precision/error that appear to occur when all ''v'’ purameters are used.

these conditions lead to particularly convenient and computationally stable algebrawc formula-
tions for driving point admitiances

Also presented are comments on a *‘zeroeth’ order two winding RLC (plus ideal transtormer model).
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2. ALGEBRAIC MODEL DERIVED FROM * ¥’ PARAMETER ANALYSIS

The material contained in this memo represents a simplification of the more general results con-
tained in Appendix Q of Vol, 3 ol the **RF Model ---’* final report, plus reurrangements to include
other than ' ¥'" purameters.

Figure 1-1 is the generic/gencral distribution transformer schematic model with connected loads
from which the various special subcases can be derived. This schematic serves to deline terminology
and convection labeling,

Y, Admittance loud connected across primary terminals
Y, Y5 Y3  Admittance represcntation of secondary load
Yy  Neutral to ground admitlance

O—

|

<

=<
R VYTV ITTY ham
..[ Y20 0'e g | S
- —— —|—_——
L=<
< L
v__ |

[ -
o

W

e
—

Figure 1-1. General Distribution Transformer Schematic Model with Connected Loads

Figure 1-2 is a gencral distribution transtormer schematic (without loading) and serves to define its
associated y, parameter representation in terms of the associated Y, admittance matrix shown on
Figure 1-3. In Figure 1-3 only the independent matrix elements y, are shown; the other matrix ele-
ments can be derived/deduced from symmetry and the (row-column) zero sum property of an
ungrounded network. Figure 1-4 is similar schematic for the terminal loads, including the eurth to
ground admittance Yy. Figure 1-5 is the asscciated terminal load matrix ),. The matrix admittance
representation corresponding to Figure -] is then seen to be the sum Y, + Y.

Various special cases can be easily obtained using the admittance matrix Y.+ Y, and applying the
terminal conditions associated with the special cases.

Finally, it should be noted that the convention adhered to in this memo has all terminal voltages ¢,
representing terminal to ground potential, and all terminal currents i, posilive into circuit as shown on
various schematics.

As mentioned above, this memo is qonccrned with results asscciated with electrically svmmetric
transformer characteristics and bulunced secondary loading. These conditions are represenied hy the
statements:

. ‘ 3-3
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Figure 1-2. General Distribution Transformer Schematic

Yr =

Jil

-

J12

Y2

J13

Y

Y33

Y14

Y4

Y34

Y44

Figure 1-3. Associated Distribution Transformer Admittance Matrix Yr

Yi=1Y,
Y=Y
Yi=—Yp
Yyo= Yy

Yyuu= Y=~V
Yiu=1T1p

leaving only the following ‘‘independent’ elements

Jil

B &)

Y2

Y23

Yi4

Figure 1-6 shows the associated distribution transformer admittance matrix Y, subject to these electrical

symmetry conditions.
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1, %

Dt T
v
Iy

®

WY

@

T

-
Figure 1-4. Terminal Load Schemalic
i Y 0 0 -Y 0 ]
0 Yo+ Yy =Yy 0 -Y,
Y= 0 ~Yy Y+ Y 0 -Y;
-1 0 0 Y| 0
LO -Y, -Y; 0 Y+ Y+ Y5 |

Figure 1-5. Associated Terminal Load Admittance Matrix Y,

Y

Yr= | -

e

Figure 1-6. Associated Distribution Transformer Admittance Matrix Y, Symmetric Electrical Properties

Jiz2 I Ji4 -
Y o Jya ~Yi2 -
- Y2 12 -

- = Jn =

3-5
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Case A = Phase to Neutral Primary Conuneetion, Newaral at Zero Potential

This case represents the most frequently oteuring conneetion and assumption regarding the neutral
being at zero potential,  This case can be denved trom he general case of Figure 1-1 by applying the
terminal conditions *

eymegm 0 () = )

The resulting schematie is shown on Figure A-1 and the sssociated total admttance matrix Y is given
in the following equation

Aty M2 -2
Yol yiz ParkYebYan o pa=¥ay A-l
-2 da=Yuo o yakPrePa

or in equation form

i\ ANTE R Y -’12 ] e,
= ¥ daklrkPy ya-Ya [ X A2,A3,0-4
i -2 Yu—Tn St YpEly Q)

O—

 nhententenebaeieliatiey

l
|
Y: | 3 b
|
J

-
e
o<

ihe

m——
a ke

~— |y

L v . — . —— s ]

A

Figure A-1. Distribution Transformer Schematic - Phase to Neutral Primary Connection, Neutral at
Zoro Potential { '\ o)

In accordance with the assumption stated earlier regurding a balanced secondary louding, it will be
assumed for the remainder of this note that

Yy = ¥, A-S

With this balanced load assumption the equations become

T ———————
¥,

* Which elfectively deletes the $th and 3'th cow and columns,
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di 4
h yut?t Y Y12 e
=] ¥ rutYeEYn yu=Yy | x|e; A-6,A-7,A-8
iy -y Yu—Yun yutYsYau e3

By applying appropriate terminal conditions to these equations, all desired results can be obtuined.
Finally, it is evident that with symmetric electrical characteristics and balanced secondary loading,
ey 8 —ea for primary to secondary considerations.* Also it is of interest to notz that for i} 20
Y12
yutl

which is valid for any conditiorc where both e; and e; (or their difference e,~e;) is specified by external
conditions.

e = — (e;—e3) 1) A0 A-9

* e, fy=iy=0

g T T T
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Case A — Primary to Secondary: iy=iy=0, Yy=Y;, =0, Yy = oo

This case represents the situation looking into the primary terminal | with Y;=0 (since we are
interested yn the input driving point admittunce to the transtormer). Applying the terminal condiiions
i=i3=0 and the fact that ej=—e¢, obtain eusily

—Y1i2
—gymigymm A-10
R e X 2T
b
i F — e A"ll
l 'y“ yu—yutVar2loy |
If the open (secondary) circuit primary driving point impedance 23
1 wh T
— e Py —ie VomQm Y A-12
I ru Y-y 2 B
is avaflable, J.T. Gajjar has suggested the following equivalent expression
1 1 Yo+2Yy
==+ —-— -~ e A-13
N P o 21 | ey V2V [

Noting that the open (secondary) primary to secondary line to line voltage transfer ratio gy is given by
e,—e;3 =2)12

= = Ya=0=Y A-14
812 € Y=y ) >
so that
Ya+2Ya |
eym —y = |2 — —Z2IB A-15
812 J12
Yy +2Y
= | | R AL6
11 A 1 Y2+2Y23— 12
g1z

If the parameters zyy,y}1, 712,812 are measured, the following identity-redundancy can be used 1o validate
the measurements.

1
- =y + V12812 A-17
2y

It is seen that the dependancy on the secondary load condition Y;+2 VY, (remember Y=Y, ) has a
simple inverse lirear fashion. The forms A-15 and A-16 involve easily measured quantiues

glz,-zl-,y“,yu. The form A-16 is inwitively and computationally attractive because _L and yy,
n

“11

. . Y1
represent the asymtotic limits. Also further analysis will show that Y,+2¥ 5~ —= always has a positive
612
real part and therefore will not ever be zero.
* An equivalent und alternute expression is
. " 1 1
fy=yn+ |=——Ju e A-1Ta
- S| Yo+2 Vs
Y 2

~ .
.

s
e T



ORIGINAL Prn rs

ko

OF POOR GUALITY

L AT )

Case A — Secondary to Primary: i1=0, Y=Y, Yy—oo

The purpose of this condition is t0 rcemphusize 4 conclusion reached eurlier [see (A-9) that for any
condition wherz e, und ¢; or their ditference e;—e;) is specified, then

Y12
’ It Yl ez 6’3)

Because of various manners in which the secondary can be driven various speuial subcases will be con-
sidered.
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Case A — Secondary to Primary 1;=0, iykiy=0, Vym= ¥y, Vy=—co

This case corrasponds to a “floating™* drive with a voltage ¢y=ey or where a *halanced' drive with
¢y & —ex In the former case obviously rtrmls In the Litter vine k=0 because ol the dssumptions
that Y= ¥y and the transtormer 1s clectrically symmeirie. Then (s before)

J12 o
ey T (ey—ey) A-19
i1 l Yy | ya—vy yh
ey~ 2¢, Yo 2 + 2 Jut Yy A-20

secondary  leckage  rellected
load primary

Note tina )’23-{-—?— just represeats (with Yy= Y3 the line to line admittance us expected. As before,
the measred primary (o secondary open circuit voltage transfer ratio

=2y

Jayn ‘
could be used %o replace the difficult 10 measure vya=-ya. Similarly if the line to line secondary 10 open,
circuit primary voliage transler ratio is g3y, where analytically

S~ A-22

e )}
8 = . A23
Y1
is measured then
8
ey ™= —= (ey—ey) A-24
N
I
and
( )' s JUTT
2 - Yn + s - ‘)"!3“ B e 12‘»2'1 A-25
ey 8 Yy
| o —
N

Other varintions and measurements are possible. For example, if' the following measurements were
available

TR Y
Yie ™ _h s (leakage effect) A-26
Qy—Qy S 2
7’2)-1‘}-0
{ Y-y g
Yoo = 2 - )’::o).s _ _Jj_t_g_ A-27
ey V=0 - Y
)‘u-)':-()

they could be used to obtain the desirable form

Iy Y, Yoo =V
— Y —_— e e 22
'01_03 3 + 2 + J-N + Yl A 8
J

* Nongrounded
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. . . Yy :
Obviously lor this case, Yy =+ 5 is the line=to=line secondary load and hns been included to show that

. . . . L

it does not effect the secondary to primary voltage transler and enters into ==>== only 45 a paraliel
ey
*

load, all ay expected. The set off measurements v, 3, M 820 Seem appropriate Far secondary 1o prie
mary in this case of Noating line o line drive. Note that these neasurements are redundant GF viss
measured) and are related by

Soe ™ W ot Endn A28

3-11
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Case A — Sccondary te Primary: =0, 1;m0, Yyt F, Yy—o
This case curresponds 1o a *line 10 neutral™ secondary drive with the other “line" free 10 take on a
voltage determined by vireuit considerations, 1t will he observed that Por this case that the secondary 1o
primaey voltage transter will be theoreteally dependent on the connected secondary load (a1 )y,
¥a). Note in order to show the dependance on the secondary loading 1y has not been assumed egual
to Y Using equuions A-2, A=4 (1=1y=0) oblain
PQatyat 1)
™ » E) €
Pla=Qpek Y Qo Vst Vo)
_ Yu PhEQ U YY) G F)
yutr yiv=Qrk YO Qraak Yk Yy)
where the last form on the right is an algebraic rearrangement to show the difference from the line to
line drive sitnation (sec A-9 or A-18). For reference
yhEQuAY) =Yy
; T 4
=0k V) Goak Yk )
k= (n+ 1) Q= papk V2 yy)
=yir=(ek ¥ Gk Yot )
where the last form on the right shows a difference factor from the “‘ideal® transformer situation,*

€y

2 A-28

Q3 ™

- ["*1 + € A-29

- . . . h , . . .
The driving point admittance . can be obtained using the above and equation A-3, i.e.
"2

By 2h 20ty + Vol s M g =y = Vi@ akyals V) = Yol A30
€ T Pi= 0k Y0 Qark Yok V)

secondary load shunting the ¢ voltage drive
It is of interest to observe:
S . .
a. The voltage transfor . (see A-28) depends on the secondary loading Yy and Yy
2

b, If Yy—oo, j.e., shorting terminal 3 to ground yields (see A-28) the same voltage transter ratio
as A-18 or A-19. No attempt so tur has been made to examine the right hand form of A-28

. ¢ T
to examine how -(-2-‘- varies with Yy and Yy,
2

It is of interest also to note the special cases for Yy Yy= Yay=0, i..e. open secondary, i.e.,
Julortra) Y2 h+0n+Yry

Q) =~ 2 - A-31
T TR it Yh=n+en
b} bl .
Yi+0ut Yy .
gy = " 23 )‘3" )’3-! )'33-‘0 A-32
yh=0uk Yoy
i arkya) 2B Gk YO Gy
B Oty pG+0ut YO Ga-ia)) AL33

e Pa=0nk Yy

Because of the dependency on the secondary load which, of course, is highly variable, no attempt is
made here 1o suggest a parameter model,

¢ Note ) pacameters cannut be used to represent an el transformer

3-12
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Case B ~ Phase to Neutral Primnury Connection, Nevtral Not at Zero Potential

When the neutral is not at zcro potentiul, i.e., Yy finite (see Figure 4), then certuin modifications
are required. In order to uppreciute these modification requirements a short review ol ceruin aspects ol
modeling is in arder. First note that with a pole mounted distribution transformer it 1s obvious that the
only current puth to ground is via the intentional ground wire and associated ground rod, For vauit
mounted distribution trunslormers which obviously are in closer proximity ol uround it 15 still reason-
able to assme that any tank or conductor to ground stray capacity reactance is much greater than the
intentional grounding impedance. The significance of these observations is that the whole transtormer
has a single known current path to ground (through a footing admittance Y, ) and the effects ot Yy are
easily accounted for using the procedures discussed in Appendix I of Volume 3 “*Technical Appen-
dices” Final Report, Next note that for the same reasons the operation of the transformer (voltage
transfers, driving point admittances, etc.) is unaffected essentially* by imperfect grounding.

For outbound feeder to {eeder model computed propagation, the only effect of the distribution
transformer is to load the feeder from phase to neutral (for grounded wy® connection) or phasc to
phase (delta connected system and for some cases of grounded wye systems). Letting Y, be the
complex-scalar driving point admittance seen looking into the primary terminals of the distribution
transformer the three phase admitiance loadings are of the form

0 00 0 0 0

0 Yr 0 0 Yr =Y

0 00 0 -r Yrj
Yy phase 2 connecied A connected phase 2 + 3
L
= Yy—oo Yy—oo

for perfect grounding, i.e., Yy—oo, with imperfect grounding through a finite Yy these admittances
become

0 0 0 o0 0 0 0 0

0 Y 0 -Y 0 Yr =Yr O

0 0 0 0 0 -Yr Yr 0

0 ~Yr 0 YitYy 0 0 0 Yy
\j_phase 2 connected A connected phase 2 + 3
= Yy oo Yy oo

The above are single examples of many combinatioris that can occur and serve to illustrate that given
Yy which is unaffected by grounding considerations, the feeder loading admittance can be easily syn-
thesized algorithmically for perfect or impertect grounding.

* Conceivably a ground loop could exist viu the residenual groundmy, 1t s implicitly assumed that no voltage drop exisls along
the seeonditey ncutral,
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3. Analysis of Simple RLC (plus ideal transformers) Two Winding Transformer

This section examines a simple RLC (plus idea transformers) two winding mode! which takes into
account stray capacity effects, as a single lumped capacitor across the primary terminals (4 somewhat
arbitrary choice). This 1s considered to be a **zeroeth’ order or very simplistic approach und 15 oflered
only to the extent that it may result in a model which can be used reasonably well to predict e
response characteristics of two winding transformers at lower trequencies, say up to 50 kHz or possibly
somewhat greater. A next higher order model might assume lumped capucitors between ull external
terminals and from all external terminals to the cuse and/or c¢core. Obviously as lrequency range is
further extended the “‘finite element” representation would require further and further fineness 10
represent all inter and intra-distributed capacity effects,

The ‘“‘zeroeth” order approximation is being suggested here for consideration because based on
driving point admittance measurement made by R. Rankin 5/8/80 on a 25 kVA distribution
transformer, it appeared that such a model could be used to fit the measurements quite weil. However,
no attempt was made to see how well it would predict voltage transfer ratiog and secondary to primary
characteristics.

Also it should be noted that this model is only applicable to:

a. electrically symmetric distribution transformers

b. balanced sscondary loading

¢. L-L secondary drive

d. phase to neutral primary connection
The ‘“‘zerceth’ order lumped parameter model is shown on Figure 2-1 and is observed to be the well-
known 60 Hertz model with the lumped capacitor across the primary terminals. The above conditions
(a, b, c) effectively aliow the actual three-winding distribution transformer to be considered a two-
winding transformer (since for these conditions no correct flows out/into thic secondary mid-tap termi-

nal). See ‘*Magnetic Circuits and Transtformers’ (The Technology Press) for a good discussion of this
model and especially leakage reaclance.

3-14
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Figure 2-1. ‘“‘Zeroeth” Order Approximation for Two-Winding Transformer, with Stray Capacity Iron

Core
C = ‘“‘zerccth” approximation for stray capacity effects
L, = primary leakage reactance effect
R, = primary winding effective series resistance
L, = secondary leakage reactance efTect
R, = secondary winding cflTective series resistance
L,* = equivalent series magnetizing inductance (can be frequency dependent)
=T = equivalent series magnetizing loss (can be frequency dependent)

N|,N; = primary and secondary turns — ideal transformer
Ny
N,

*The magnetizing shunt branch is usually, at lower frequencies, basically inductive with some dissipa-
tion. Its representation could be either a serias L,, and R,, as shown or a parallel shunt arranzement.
In either representation the lumped parameters L and R will not be exactly frequency independent,
For the series representation R is generally small and for the shunt representation R is usually Jarge,
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The two winding transtormer will now be analyzed to derive various paramieters wdentified in Part 1.
For convenience the anahysis will be made in terms ol notation of’ Figure 2-2 Which has obvious rela-
tionship 1o Figure 2«10 For Prmary to Secondary we have:

Open Circint tSccondary? Prntary to Sceondary Voltuge Transfer Ratio 43

S s . e——— 31
¥, S a (14 Fydy)

A

Open Circun (Secondary) Primary Driving Point Admitance L

In
1 Yy
= Y : 3z
HT o F 14 W2y 4
Short Circiit (Secondaey) Primary Driving Point Adnuttance yyy
+a?¥yZ,
Yy me Y;‘ - - 3'3
T e i Zy (1 YoZy)
Primary 1o Secondary Voltage Trangter with Load
_\_’3_ - a
V) a1+ Y Z )2 wa 20+ YoZ) Y
- 1 1 3-4
a(l+YyZ) Zikat (4 Y Z) 2y . .
a1+ YZ)) i
Short Circuit (Secondary) Transadmittance 3y
i -7
— e - - 3"5
Mhew T ZalZy04 10Z)
i
Primary Driving Paint Admittance T’}— with Load
|
3 2 l '
{ a*Yy+ (+a )uZ}) YL 36
y

Yy + - -
LT R P ZOHZ R Z U R Z)) Y,

"
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Figure 2-2. Two Winding Transformer Analysis Model

. 3 3 i3 - » i s *
Now this expression for the primary driving point admitiance 7'- with load can be manipulated und
1

. 1 . .
expressed in terms of ——, ¥y, &12, Y12 as given above to yield
2

i ]
vt 2% T ol Remanie i 4 3-7
vy I [Zn ”] 812
» | - —Y,
.XR

Y
which should be compared to equation A-17a and where Y is obviously eguivalent o Y;;-&-*zi which

is the line to line loading as assumed n Part A.

Next we will look at the primary to secondary voitage transfer ratio. Equation 3-4 can be. manipu-
lated to yield

|
A2 I O W 3-8
i £12 rn

which is exactly equivalent to equation A-15 (realizing that the result in equation A-15 needs to be
multiplied by two to correspond to the line to line conditiont shown in 3-8).

The purpose of the above exercise in deriving equations 3-7 and 3-8 has been to demonstrate Lhat
indeed the equations derived in Section | under the assumption of balanced secondary loading and
symmetric distribution transformer electrical characteristics do represent a two winding transformer.
We will not make any attempt now to derive the secondary (line to line) to primary characteristics.

Reviewing frequency response data taken by J.J. LaForest it appears that the simple RLC-+ideal
transformer being considered here, could account for most of the observed behavior out to 80-100 kliz,
i.e., all the **»" paramuoters seem to follow similar patterns,  After 80-100 kHz a variety of *‘squirrelly™
behavior is noticed due to probably the distributcd-higher order stray capacity effects and possibly
instrumentation vagaries.

C. Conley and others have noted some additional resonance effects, usually small, in the 35-50 kHz
region, Before adopiing the simplified model suggested above, our transformer measurements should
be designed and cxamined 1o see i’ other resonuances occur,

Assuming the simplified RLC+ideal transformer model ol Figure 2-1 is acceplable, then measure-
ments can be dosigned to determine the appropriate lumped parameters. Generally it is not possible by
measurements to determine separately L and L, However, for mest transformer loading situations,
either on the secondary lor primary t4 sccondary considerutions or on the primary Por sccondiry to pri-
mury consideriations, the current through the magnetizing admittance ¥y (Figure 2-2) is small compured
to the current through Z,, and therefors the /Z, voltage drop is lutle allected by the current through

Yo. At very light loadings, suy open circuit, the series impedance cilect Z|+—)-‘;~ is dominuted by yl,
] v

3-17
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e, Z,+ <-1;- = L or I+ YyZ,=1. Net result of these considerations is that the following model is

[} 1]
usually a reasonabla approximation,

- N
L, Ri 613[, 2 KR ""'",
@ — - (YOO OO N e MWM'V D

[ 'S
ot

& | . Hm/ <

Figure 2-3

Based on the preceding discussion concerning the observation that | —}l,- | >> | 2y} de., 1+ Y2, = 1,*
0

and examining equations 3-1 to 3-6 where the factor 1+ Y,Z, is seen to occur frequently, procedures
for determining the lumped parumeters C, Ly, R.. L\+a*L,, Ry, Rs, a can probably be developed with
ingenuity. For example equation 3-1 indicates that the open circuit voltage transfer ratio should be rea-
sonably constant with frequency and equal to a~'. Equation 3-2 indicates, along with the model, that

.~ should asymtotically increuse 6 db/octave at high frequencies and could be used to determine C

(see attached gruph prepared by R.W, Rankm 5/8/80), Equuuon -5 or the model of figure indicates
that yy; could be used to determine R+a°R; and L,+e°L, R, and R, can be frequently.cstimated
from design standards or approximated by dc measurements. Similarly % leakage impedance (primarily
.reactance) data is available for all distribution transformers and can be correlated with measurements as
apprOprmle. Other measurements such as y;; (equation 3-3) could be used to help deduce the mugnet-
izing branch lumped paramelers, either by a shunt or series representation whichever tends to lead to
the least frequency sensitive components, Since L, and C tend to resonate at very low {requencies,
approximately 300 Hz, such a resonant trequency test could be used to deduce L,,. L, is usually more
difficult to determine and various schemes (involving connecting the primary and secondary windinas in
series bucking and series riding are used and any book of transformer measurements could be con-
sulted). However, at PLC frequencies, i.e., greater than say 3 or 4 kHz, we could ignore Yy since it
will be dominated by Y.,

If the simplified model of Figure 2-3 is shown to be satisfactory, then an extremely simple model
determination may be possible which will be good enough (since we never know exactly what the
secondary loading is in practice, we probably cannot justify a high degree of perfection in the model
anyway). The procedure would be to:

1. Determine the effective capacity C using (he asymtotic behavior of L
zn

2. Use nameplate available leakage impedance (reactance) specification to determine L +a’L,
Use known design Standards, to estimate R and R,
4, Ignore ¥,

The adequacy of this approach should be given serious consideration providing our contractual upper
frequency limit is reduced to 50 to 100 kHz.

* For PLC lreyuenties, 12,
R\+jwlL,

YoZ =
0ol Rytjwly,
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APPENDIX 4

PROGRAM FOR COMPUTING AND PLOTTING
RLC TRANSFORMER MODEL PREDICTED RESPONSES

R.C. Rustay and R.C. Wentz

This Apperdix describes a software program called ZPTRANS1 which given the RLC pa-
rameters, computes, and plots the predicted bidirectional driving point admittance and voltage
transfer ratio associated with the following transformer model.

o Y SO N

L £

This model is used to predict distribution transformer (DT) responses with the assump-
tion that the Dt is electrically symmetric and has a balanced secondary load, (see Appendix 3)
and where

Lumped Stray Capacitance (Including Bushing Capacity)
Core Conductance

Winding Resistance

Winding (Leakage Inductance
Voltage Ratio (essentially turns ratio for iron core)

Referred to primary side

BE™OO
RN

The model includes a frequency effect for the actual value of R.

The attachment included with this Appendix is a verbatum copy of an internal memo writ-
ten by R. Wentz further describing this program, its operation, and output.

-
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DIFNAP SYSTEMS MEMO #52
3/3/81

e e e

Memo To: C. A. Stutt
R. Wooding
J. Gajjar
R. Rankin
R. Rustay
R. Wentz
A. Dunham

From: R. C. Wentz

Subject: New Program for Analysis of Two Winding Distribution
Transformers

Please be advised that there is a new program in the catalog that
is available for use in the analysis of two winding distribution trans-
formers. OQutput of the program includes a plot file which may be plotted
on the Zeta plotter in Building #37. The source code of the program is
contained in a file named ZPTRANSI.

The program utilizes a lumped parameter model to calculate four
characteristics of the transformer, each over a range of frequencies
from 2 kHz to 100 kHz. The four characteristics are:

1) Voltage transfer ratio (in DB)

2) Phase angle of the voltage transfer ratio
(in degrees)

3) Input admittance (in DB)

4) Phase angle of the input admittance (in degrees)

The plot file produced is composed of two separate graphs. The
first is a plot of the voltage transfer ratio and its phase angle. The
second is a plot of the input admittance and its phase angle. Also
included in the output of ZPTRANST is an output file which contains the
numerical values of the four plotted characteristics, the frequencies
at which calculations were made, and the input parameters that produced
those results.

During operation of ZPTRANS1, the user is requested to specify
the following input parameters:



1) Mode of Operation

1
2

Primary to Secondary
Secondary to Primary

u

2) Load Characteristics - Used only for Mode 1 calcu-
lations, The user specifies the values of load
resistance and load inductance., For Mode 2 calcu-
lations there is no consideration of loads “downstream"
of the transformer.

3) Feeder Characteristics - Used only for Mode 2 calcula-
tions. The user specifies the values of a shunt feeder
capacitance and a shunt feeder conductance. For Mode 1
calculations, there is no consideration of feeders
"upstream" of the transformer.

4) Base Frequency - Since the winding resistance has been
determined to be dependent on frequency, a base value
must be known so that internal logic will produce the
proper equation for frequency dependency. See me for
details concerning this feature.

5) Winding Characteristics - The user specifies values
for the winding resistance and winding inductance, both
referred to secondary.

6) Turns ratio of the ideal transformer.

7) Stray Capacitance - A shunt capacitance on the primary
side of the model to account for stray capacitive effects.

8) Core Characteristics - The user specifies values for the
core inductance and core conductance.

9) Output File - The user can specify the name for the
output file or request output at the terminal, in which
case no output file is written.

10) Ordinate Range - The user can specify separate ranges
for the ordinates of each of the four characteristics
being plotted.

Plots produced by ZPTRANS1 are intended to be on the exact same
scale as those produced in the lab. This is to facilitate comparison
of model predictions with results of Taboratory measurements.

4-4
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Attached is an example of a typical termipal execution of
ZPTRANS1, a sample page of the output file, and reduced copiity of
the two graphs produced by the Zeta plotter,

If you have any questions concerning the operation of ZPTRANST,
please do not hesitate to see me.

e
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! ‘ OF POOR QUALITY

-
.

' 03703/31 10.611

THIS PRCGRAM USES THE LUMPED PARAMETER MODZL
T ANALIZE DISTRIBUTION TRANSFORWERS

w0Ce 1 CALCULATES PRIMARY ===> SZCONDARY
M0Ce 2 CALCULATES ScCONDARY =--> PRIMARY

ENTER ' FOR MOJE 1 OR 2 FOR #4NDz 2
a :

enTeR A VALLE OF C. FCR cLz=M&NTS YOJ wISH 10 IGNORe

- FEECER CAPACITANCE = 0. " JAICROFARADS
Fecuer CUNDUCTAMNCE = 0.1 CCOCC MHES
cNTER CR OIF OKAY, =L5z ENTER |

pASE FRECQUENCY FOR FREQUENCY JEPENLCANT
n INDING RZEISTANCE = 2CC00.JCCCCC HeRTZ
eNTeER CR [IF 0KAY, =LS:Z ENTER |

*

nINDINS RESISTANCE
WINDING INDUCTANCE

= 4C00C OAMS REF ZRRED TO
=NTER Cr IF OKAY, ELS< ENTE

0. |
0.3360GC ATLLLIR=NRYS ~ SECUNDARY
R *

]

TURNS RATIC Of IDEAL TRANSFOR4ER
STRAY CAPACITANCe

cNTER CR IF OKAY, ZLS= ENTER |
-

31.3C0000
C.0CICO0 MICRGFARADS

ENTER TURNS RATIO

a?&.q STRAY CAPACITANCE  (IN MICROFARADS) » b

L

e s e e
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TURNS RATIO OF IDEAL TRANSFOR%ER = 31.750000

STRAY CAPACITANCE = 0. MICROFARADS
ENTER CR IF OKAY, ELSz ENTER |

-

-

CORE INDUCTANCE = 0. MILLIKENRYS
CORE CONDUCTANCE = 0. MHOS
ENTER CR IF OKAY, ZLSz ENTER |

GUTPUT FILE- =DTOUT) &
saFtR CR IF OKAY, =LsE ENTER |

CO_YOU wANT OQUTPUT AT ThE TERAINAL ?
eNTER CR [F OXAY, ELSE eNTER |

L '

ENTER NAME OF OUTPYT FILE

QUTPUT FILE =0TOUT2
ENTER CR iF OKAY, eLS= ENTER 1

OPENED FILE = DTOLT2

FANG= OF VTR MAGNITUDE = -50.0 10  20.0 D3
RANGE OF VI7 #HASE ANGLES =-130.0 10 180.0 DEGREES
KANGZ OF YIN®UL MASNITUCE = -50.0 TO 20,0 DB
RANGE' OF YINFUT PHASE ==-130.0 TO 1&0.0 D=GREES
eNTER CR IF UKAY, ELSc ENTER |

=

*WROTE QUTPUT FILE = DTOUT2

FLOTTING VTR VS. FRIWENCY
PLOTTING VTR PHASE VS. FREQUENCY
FLOTTING YINPUT V¥S. FREMUENCY

PLOTTING YINPUT PHASE V5. FREQUENCY
WROTE PLOT FIL~=RPLOT0018 ) .

DO YOU WISH TO ANALIZE ANOTHER TRANSFQORMZR ?
ENTER CR IF OKAY, =LS=z ENTER 1



RIS AR AL sl s ST YT YT TYTYTYTSSSLE Y L L LN

DTOUTL

*********************i*****l***l*i********ﬁ*&***!%*Q!****i**#k********ﬂ

03/03/81 8142 AM

MODE OF OPERATION = 2 ORIGINAL PAGE IS

OF POOR QUALITY

BASE FREQUENCY FOR FREQUENCY DEPEMDANT
WINDING RESISTANCE = 20000000000 HERTZ

FEEDER CAPACITANCE
FEEDER CQ:{GUCTANCE

WINDING RESISTANCE
WINDING 1'.DUCTANCE

TURNS RAT|O OF [DEAL TRANSFQORMER
STRAY CAPACITANCE

CORE INDUCTANCE
CORE CONDUCTANCE

FREQe (HZ)

<000,0
2500,0
3000,.,0
3500.0
4000,0
4500,0
5000,.,0
5500,0
6000,0
6500,0
7000,0
750060
80000
850040
9000.0
9500,0
10000.0
10500,0
1100040
11500,0
12000,0
12500,0
13000,0

0. MICROFARADS
0100000 MHOS

0140000 OHMS REFERRED TO
0.086000 MILLIHENRYS SECONDARY

31750000 :
N0«001000 MICROFARADS

= Oe MILLIHEMRYS
= Oe MHOS

VTR (IN DB) VTR PHASE YINPUT (DB) YINPUT PHASE
~14,071821lE Ol «8,737249E 01 =6,833358E£-01 =8,736528E 01
~1e265706E 01 <8,728B262E 01 =2,622187E 00 «B8,727362E 01
~1e424145E Ol =8,718020E 0Ol =4,206578E 00 ~B8,716940E 01
=1e558121E 0l =B,707449E 01 =5,546335E 00 -8,706189E 01
=14674190E 01l =8,696929E 01 =6,707022E 00 <B8,695489E 01
=1e776581lE Ol =8,686627E 01 =7,730932E 00 =8,685007E Ol
~1.868182E 0l <=B,6766L0E Ol =8,64694T7E 00 =8,674810E 01
=1e951054E Ol «8,666902E 01 =9,475665E 00 =8,664922E 01
=24026717TE Ol =8,657506E 01 =1,023230E 01 =84,655346E 01
=20096327E 01l «B,648412E 01 =~1,092840E 01 =8,646072E 01
=2.160782E 01 =~8.,639608E Ol =1.157295E 01 =8,637088E 01
=24220793E Ol =8,631078E 01 =1,217306E Ol =B.628378E 01
=2e276935E Ol «=8,622806E 01 =1,273447VE 01 =8,619926E 01
=26329676E 01 =8,614776E 01 =1,326189E 01 =8,611716E 01
=2e¢379407E 01l =B4,606974E 01 =14375919E Ol =B8,603733E 01
=24426451E 01 =B84599385E 01 «1,42296%E 01 =B8,595965E 01
=24471086E 01 <=84,591997E 01 =1.,467598E 01 -8,58B397E 01
~2¢513546E Ol =8,584799E 01 =1.510058E Ol =8,581019E 01
=2+554033E 01 =8,577778E 01 ~1.550545E Ol =8,573818E 01
=26592723E 01 =8,570925E 01 ~1.589236E 01 =8,566785E 01
«26629770E 01 =8,564231E 01 ~1,626282E 01 =8,559911E 01

~24665306E 01 =8,557687E 01 =1,661819E 01 =8,553187E
=206994652E Ol =B8,551285E 01 =1,695964E 01 =8,546605E

o1
o1
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APPENDIX 5
MATRIX BASED GENERALIZED NEUTRAL REDUCTION PROGRAM

R.C. Rustay

Attached, as part of this Appendix, is a verbatum copy of an internal memo concerned
with a generalized procedure to coalesce several electrically paralleled neutrals into one
equivalent neutral so as to be compatible with a program FEEDPUSj. The requirement for

this procedure arises usually from the analysis of multiphase cables as explained in the at-
tached memo,

5-1
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OF POOR QUALITY

Appendix U

Matrix Based Generalized Neutral Reduction Program

The purpose of this Appendix is derive a general (matrix) based algorithm for the neutral
reduction procedure required for the mXm, the Z and Y matrices encountered with under-
ground cables. The Z and Y matrices are defined by the steady state coupled ordinary
differential equations

av._ _ > 7 .
ix Z1 U-1
d __ v )
aXx 4 U-2

The neutral reduction procedure occurs because usually Z and Y are of a dimension,*

say m, which is at least twice as large as the number of phases, n This occurs because the ca-
ble parameter programs consider also, as part of “h1e dimension m, the cable sheaths and any
miscellaneous additional conductors which may be geometrically paralleling the cables, i.e.,
such as bare copper neutral wires. The purpose of the neutral reduction program is to obtain
“reduced’” matrices Zy and Yj, each of dimension n+1, by invoking the assumption that at
every point position X, all of the n+1 to m cenductors (the conductor indexing is ordered so
that the first n are associated with the phase conductors) are at equal potential V. ie.,

I.,'n-f-l“'Vn+2="'=i/"‘VE U-3

m

and that i, the equivalent current flowing through the equivalent (parallel) conductor is given
by

fo = lpy + in+2 +oe ity U-4
Thus given the represzantation of U-1 and U-2, i.e.,
v Zy Zy |1
.u - [ lT % [ 174 U-5
Vi Zyp' Zynl |14
Iy Ynwo Yy Vu
I - [ T X U-6
1 Yo' Yap Ve
we seek reduced equations of the form
Vu Zy Zy, Iy
v,1 712 2 *1i, U-7
Iy Yiu Yo Vo U.8
e X -
I, Ye Y2 Ve

where Z,,, and Y,,, are nx1, Z, and Y, are 1x n, and Z,, and Y,, are (complex) scalars.

* Implied in this Appendix is the fact that Z, ¥, Z,, Y; are square

1
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Reduction of ¥
Equation U-2 can be partitioned to

R R L S

i "1: P '
] [h* Yl 1 v
or
Iy= Yy Vu+ Yo ¥y U-10
Iy= YTVt Yo V), U-11
Introducing the m—nx1 “‘summing’ vector-matrix S
ST [1,1,...,1] U-12
then from U-4
iym ST, = STY|, TV + STYpV, U-13
Now since all the components in ¥ are equal to ¥,, see U-3,
V=S v, U-14
Thus U-10 and U-13 become
fp= Y ¥p+ Y2 S, U-15
iy = STY;,TW, + STY5, Sy, U-16
Equations U-15 and U-16 can be combined to form the desired reduced Y matrix, i.e.,
I, Y Yi,S ,
-l = |3

reduced Y matrix
It is clear that
STY;,Tis IXm—n
Y\2S is m—nx1 (transpose of above)
STY,,S is 1x1 scalar and simply sum of Y,, elements

Computationally the elements of Y,5 could be formed by the individual row sums of Y),,
and §TY,,8 is simply the sum of all the Y,, elements, a scalar. Note that this algorithm holds
for the case where n=1, m=2 (corresponding to a single phase cable).

Reduction of Z
Equation U-1 can be partitioned to

Vy Zy 2y Iy
v, ‘[z Tz U U-18
L 2t 2y L
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or
AV AN AN U-19
Py = Zy T+ Zady, U-20

lnverting U-20 obuin
I= Zy™ V= Zy™t ZpT U U-21

Utilizing the “summing" vector-matrix of equation U-12 and proceeding as before (see U-13
and U-14) obuin

o= STZy' 80, = STZay™ Z)2 Tl U-22
Solving for ¥,, noting STZx~1Sis a scalar, obtain
. STZn'Z),T 1
b = S g, U-23
57Z 1S STZ,-1S

Next substitute U-21 into U-19 and obtain (using U-14) ‘
”/."L"' (Z”—Zl2222~l2127) ‘[L'+ 2‘2222_18 ‘.!t’ R U'?.“

Substituting U-23 into U-24 obtain
Z12Zy' 88721 2,7 Z12Zn"'S
: —_—
STZ,"'S STZ 'S ¢
Naw note that Z2Z;,~'S is a single column vector-matrix and that STZy,~1Z,T =
(Z\2Z22718)7, since Z,,~! is symmetric, and suggests a computational approach. Also it is
observed that digital word precision could be a significant concern since an exact algebraic ap-

proach would reveal many cancelling terms in the matrix coefficient of 7, in U-2§.
Equation U-23 and U-25 can be combined to form the desired reduced Z matrix, i.e.,

Vem|Zy~20323071 2,7+ I+ u-25
\

- | b o
o g ootor o Z0ZR'SSTZRZ |V ZpZE's
P Zy—ZpnZnp'Zh + o By 1
STz5ls | STZ5lS
|
|
el T T e YU — dm e X |[----U-26
|
- \
v STzH'zl L1 ;
¢ STZH'S l STZH!S ¢
L. ! . L
[\ J

o

reduced Z matrix
Note that for the special case where p=1, m=2 (single cable situation), U-26 rgduces to U-18
as it should. Also as before S7Zy,~1Sis simply the sum of the elements of Z,,~1.
A rearrangement of equation U-23 using the identity
2122307 812577182520y 1 2,
STZ,-'S

Z12Z39' 2, & u-27

yields the alternate form

w
P
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! T [
- - - i
] Z,Zy! [5722215222- SST] ZH'Zy | | 72,258
Vu Zy - T ) : 1 1,
STZ3'S | S7Z5'S
|
| = e e SR X |===- U-28
|
|
v STz5'Z], ! 1 ;
¢ ] STZ5!S AT ¢
. | - e

where it is noted that 857 is square matrix of dimension m—n with unity for every element.

This upper left #X n submatrix in U-28 may be computationally more accurate than in U-26.
(Remember STZ,,~1S is a scalar.)

Finally the comment is offered that the utilization of the m—nXx1 vector-matrix in the
above analytical derivation does not imply that it needs to be used in the computational algo-

rithm since by itself operating on a matrix represents, as appropriate summing the elements
in each row or column.
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