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(Abstract) 

A general purpose cascaded pi section representation of 

a transmission line for a Transient Netvork Analyzer was 

desig:µed. The pi sections modeled single and doubl.e circuit 

lines at 34.5, 69, 138, 345 and 765 KV levels. 

Representations of mutual impedances produced by 

nontransposition and mutual impedances and electrostatic 

coupling in double circuit lines are included in the model. 

Line data was collect~d for the above mentioned 

transmission line configurations. Impedance and capacitance 

matrices were calculated for each line. The 11atices were 

scaled to model voltage levels. Equations were derived 

relating these matrices to model cpmponent va1ues. 

Inductors were designed for the mod.el. 

sections were built and tested. 

Finally, the pi 

Test results indicate steady state responses were 



generally correct to five percent. Kaxiaua steady state 

error aeasured was 8 .6 percent. Resul.ts from the transient 

response tests were indicative of lines represented by very 

fev pi sections. 
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I. INTRODUCTION 

As pover systems have grown the need for accurate 

modeling of the systeas has also grown. System modeling is 

necessary for studying all types of system problems such as 

load flow, short circuit analysis, switching and lightning 

surges,and transient stability studies. The four approaches 

which have been developed for system modeling are physical 

analog aodeling, analog computer modeling, digital computer 

nodeling, and hybrid computer aodeling. 

Physical analog models were the earliest models 

employed. DC network analysers were first empl.oyed to give 

approximate values for short circuits (7]. Need for greater 

accuracy resulted in AC network analysers and continued 

improvement in the elements being modelled. Present day 

Transient Network Analysers (TNA} provide the accuracy 

needed for transient studies of power systems. Transient 

Network Analysers now include representation of 

el.ectromagnetic and electrostactic coupling of untransposed 

and doub1e circuit 1ines, magnetic saturation of 

transformers, nonlinear surge arrestors, and 11.odels of 

circuit breakers and generators (9]. 

The advent of digital computers gave power system 

engineers the capability of representing the power system 

elements mathematically and solving the large number of 

equations involved in power system modeling[1,2J. 

Hybrid simulators often use analog computer elements to 

1 
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represent the many non1inear elements and to integrate the 

differentia1 equations of the pover·syste•. The digital 

coaputer solves equations of the linear elements of the 

syste• and the transport delay functions which represent 

idea1. transaission lines ( 10 ]. 

The need for accurate simulation of all types of power 

systea probleas is necessary in the design phase to produce 

the aost· econoaic· and s01Jnd design. In operational studies 

accurate simulation is needed to solve specific ope;-ating 

probleu. switching and lightning surge studies can predict 

what kind of overvoltages wil1 be present on system 

This information is then used in designing 

insulation coordination for the systea. Short ci:ccuit 

ana1ysis deaonstrates· the aagnitudes of fault currents 

possible on a systea. Ratings of power apparatus and system 

relay design and coordination can then be planned 

accordingly. Locations for new plants, lines, and 

interconections can be evaluated and their effect on systea 

stability can be determined before any constructon is begun. 

Today, the steady state probless of load flow and short 

circuit analysis are routinely performed using the digital 

computer (7]. Transient stability studies are done with the 

digital computer or with hybrid'aodels, while the Transient 

Network Analyser (ffA) is most often used for over"VOltage 

studies. The nonlinear effects and frequency dependent 

parameters of such elements as surge arrestors make digita1 
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simulation much 1110re challenging today. 

There are several characteristics that make a physical 

model attractive. Other physical equipment such as metering 

systems, control systems, and protective relays can be 

connected directly to the model. Also, _it simulates 

pheno•ena in real. time, thus critical timing relationships 

are maintained in the model. The model can maintain a 

steady state indefinitely. There is no counterpart to the 

"integration error" which prevails 

These features also make a physical 

training and educational tool. 

in computer models. 

model useful. as a 

The power system simulator at Virginia Tech will be of 

the physical analog model. TNA type. It will include 

representations of . generators, transformers, circuit 

breakers, and transaission lines. So•ewhat similar 

facilities exist at several industrial labs around the 

world . This paper will concentrate on the design and 

construction of the line section elem~nts. 



II. LINES TO BE KODELED 

The line section element of the power system. si•ul.a tor 

is a pi type representation of a transmision line. The line 

to be modeled would be 11ade up of several sections joined 

together to make the actual length of the line. 

The major high voltage levels in the country are 34.5, 

45, 69, 115, and 230 kilovolts. The~aajor extra high 

voltage levels are 345, 500, 765, and 1100 kilovolts. As 

voltage level increases, the conductor size and spacing 

increase, with conductor bundling being used at the ERV 

level.s. From these the following type of lines were 

selected to be modeled: 

1. 765 kv single circuit line section 
2. 345 kv single and double circuit lille 
3- 138 kv single and double circuit line 
q.. 6 9 kv single and doubl.e ci.tcui t line 
5. 34.5 kv single and double circuit line 

Line data for each of the circuit types listed above 

was obtained fro11 the American Electric Power service 

Corporation (AEP) for actual AEP lines. It will be used in 

this 1110del as a representation of those c1asses of 

transmission lines. This information included tower 

configurations, conductor sizes and types,and conductor sag. 

This line data was used as input data for the 

Electromagnetic 'fransient Analysis Program (EttTP). This 

program calculated the line· impedance and charging 

susceptance matrices and the positive and zero sequence 

propagation velocities for each line. 
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The EftTP. progra• uses the following equations and 

assuaptions ( 11] in calcu1ating the impedance and adaittance 

lllatrices. The prograa uses carson •s formula [ 5) for 

calculating the iapedan~ .matrix:. rt is asst111ed that 

conductor spacing is large enough so that the p~oxi.11ity 

effect is negligible and that the conductors are long enough 

so that end effects are negligible. Also, the earth is 

to have a uniform conductivity •. The diagonal 

of (Z] given by equation (1) belov ar~ the self 

iapedances·. · The off:-diagonal elements given by equation (2) 

are the •trt.ual impedances. The resulting iapedance eleaents 

are in ohas/ka. 

Z (ii) = ( R(ii) + 4R (ii) + j (2w-10-+ ln 
2h (i) 

Gl'!B (i) 
+ AX (ii)) 

( 1) 

Z(ik) = Z(ki) a R(ik) + j (2,..,.10-• ln 
s (ik) 

s(ik) 
+AX(ik)) 

where 

:a (ii) 
h (i) 
s (ik) 

= resistance of conductor i in ohm/km 
= height of conductor i above ground 
= distance between conductor i and image 

of conductor k 
s(ik) = distance between conductor i and k 
Gl!lB(i)= geometric mean radius of conductor i 
C.) = 2• ff •f vith £=frequency in hertz 

( 2) 

Carson developed an infinite integral for the earth 

return correction terms. 6R and AX• These teDls are 

functions of the angle ;:;=0 for self impedance, ;=;(ik) 
(Fig. 1) for autual iapedance, and the parameter •a• which 



I 
- I 
h(i) I 

0 

6 

s(ik) k 
-o 

0 images 

Pig. 1 Conductor Images 
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is defined as follows: 

where 

a = k•S• (f/p ) 

k=4• rr • f's• 10-"" 

s = 2h(i) in m. (for self iapedance) 
S = S (ik) in 11. (for 11t.utual impedance) 
p = earth resistivity in ohm-a. 

( 3) 

( ~, 

For ass ,the infinite integral is deve1oped into an 

infinite series. The EBTP program computes as many terms of 

the infiite series as is needed to converge to a given 

tolerance. 

used. 

For a>S, another finite series approximation is 

The shunt capacitance aatrix (C] is the inverse of the 

matrix [ P] of the potential coefficients, equation ( 5). 

( 5) 

The elements of [ P] are calculated fro• the geollletry of 

the line. The diagpnal elefflents are given by equation ( 6). 

The off-diagonal ele•ents are given by equation ( 7). It is 

assumed that the conductor spacings are large compared to 

the conductor radii. 

daraf-km. 

The resulting elements of ( P] are in 

2 h (i) 
p {ii) = 18•106 ln----

r (i) 

S (ik) 
P(ik) = 18•106 ln------

s (ik) 

( 6) 

( 7} 



8 

where 

r(i) = radius of conductor i 
S(ik), s(ik), and h(i) are defined above 

Output quantities from the prograa are in ohms/Dli.le for 

iapedance matrices and mhos/mile for the susceptance 

matrices. An earth resistivity of 100 oh•-•eter vas used 

for all lines studied. Constants for several lines from 

· each voltage level were ca.lcula ted • A typical line was then 

selected from these to represent each circuit type. 

The line impedance and charging ~sceptance matrices 

produced included the unequal mutual impedances produced by 

nontransposition of the lines. It also included the •utual 

impedances between double circuit lines and electrostatic 

coupling between all conductors. 

The pi type line section was designed to account for 

effects of nontransposition as well as the mutual coupling 

between parallel circuits. 



III. TRANSMISSION LIRE Snltrr.ATIOH THEORY 

An important consideration is the error involved in 

using cascaded pi sections to represent a transmission line. 

The folloving-derivation ( 8] for a single phase line will. 

give soae idea of the proble•. 

!'or the pi section of Figure 2, the admittances and 

illpedances are related by equations (8) and (9) • The driYing 

point and transfer adaittances and impedances are given by 

(10)' through (13). Driving point and transfer admittances 

are calculated as a ratio of a current to a vol.tage with one 

end of the section shorted. 

1 

Y1 

1 
Z2 = -

Y2 

I1 
y11 = 

y12 = 

E1 

I2 

E2 

= y22 = 

= y21 = 

y11 

I2 

E2 

I2 

:!1 

z11 = z22 = ------
y112 y122 

y12 
z12 = z21 = --------

y112 - y122 

Y2 

2 

= - Y1 

+ Yl 

( 8) 

( 9) 

(10) 

(11) 

(12) 

(13) 

Writing cu.rrent and voltage equations for the cascaded 

pi sections shown in Figure 3 produces equations ( 11.J) and 

9 
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Y2 -r 

10 

YI 

Y2 -r 

Pig. 2 Sinqle Phase Pi Section 

I2 ,< 

/ 

's 
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,I 

Fig. 3 Single Phase Cascaded Pi Sections 
J . 
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(15) • 

I(k)= - y21•E(k-1) - y22•E(k) = y11•E(k) + y12•E(k+1} 
{1 ti) 

E (k) = z21•I (k-1) - z22•I (k) = z11•I (k) - z12•I (k+l) 
(15) 

Equations (14) and (15) can be simplified to (16} and 

(17) • 

2•y11 
E (k-1) + ---- E (k) + E (k+1} = 0 (16) 

y12 

2•z11 
I (k-1) - ---- I (k) + I (k+1) = 0 (17) 

z12 

Using equation (10) through (13) equation (17) can be 

written as follows: 

2•y11 
I(k-1) + --- I(k) + I(k+1) = 0 

y12 
(18) 

Equations (16} and (18) are solved by assuming a 

solution of the following form~ 

E (k) = A e-10' 

I (k) = B e-kl 

(19) 

(20) 

Substituting (19) and {20} into (16) and (18) produces 

the fol.loving: 

(e1 + 
2•y11 

e-1') --------- + E (k) = 0 (20) 
y12 

(e" 
2•y11 

e-Y) + ----- + I (k) = 0 (21) 
y12 
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In solving for 1, the propagation constant of the 

cascaded pi section, equation (21) simplifies to (22) • 

Using hyperbolic function relations and the impedance 

relations ( 8) t_hrough (13), produces equation (23). 

yl 1 
cosh 1 = - ----

y12 
(22) 

(23) 

Substituting the boundary conditions E(O} and I~) into 

(15} , (19) and (20) and simplfying produces (211) the 

cascaded pi section characteristic impedance. 

A 
Zc = -- = z11 - z12•e-l 

B 

Row consider a single phase line with an impedance (Z), 

admittance (Y), propagation constant ( ¥(line)}, 

characteristic ilftPedance (Zc(line)), and length (J) as given 

in Equations (25) through (28) 

z = l• (R + j L} 

Y = I.• (G + j C) 

J(l.ine) = Jz•Y 
Zc (line} = 4 (Z/Y} 

(25) 

(26) 

(27} 

(28) 

To represent this line with cascaded pi sections the 

values of the impedances of the individual pi section would 

be as follows: 

Z1 = Z/n (29) 
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1/Z2 = Y/D. (30) 

where Zand Y ar~ the long line iapedance and ad!li.ttance and 

n is the number of pi sectons used in the representation. 

Substituting these values (29) and (30) into (23) and (2q) 

and siaplifying produces (31) and (32). 

'I (1ine) )z 
Zc (pi) = Zc (line) 1 + ---

2n 

(pJ.) • 2n sinh-1 (!~~;~) 
(31) 

(32) 

Eguations (31} and (32) then relate the error of the 

characteristic iapedance and propagation constant between 

the long ._line and the cascaded pi sectl.on. The error 

increases with increasing frequency ( ¥(line) is a function 

of frequency) and it decreases with increasing n, the nuaber 

o£ pi sections. If the square root of equation (31) and the 

sinh function of equation (32) are expanded in power series, 
.. 

it evident that the error in the characteristic 

i.llpedance is th:cee the error in the propagation 

constant[8 ]. 

ls an exaaple, consider a line 100 ai1es long that is 

110deled with 10 pi sections. At a frequency of 2~00 the 

va. velength would be about 90 riles, and the percent error in 

Zc (pi) and ¥'(pi) would be 7.91 and 2.61 respectively. In 

transient analysis problems this frequency response limit on 

a pi . section representation of a line is an iaportant 

consideration. 



IV. CONVERSION TO MODEL COftPONENT VALUES 

The line impedance and the charging suseptance matrices 

output fro• the E?!TP program were used as input to a program 

which ca.1culated the model. component values. This program 

first scaled the two matrices to model levels. The nominal 

li~e voltage and 100 ftVA vere used as bases for the nominal 

power system. Hodel voltages and typical currents were used 

as the bases for model levels. Reactances were changed to 

inductances expressed in 11.illihenries, and susceptances vere 

changed to capacitances expressed in microfarads. From 

these decisions the following sea.ling factors were 

established. 

Resistance factor=(100 HVA / (line KV)Z) • 
(model voltage / model. current) • 
(length) (33} 

Inductance factor=(resistance factor) • (1000 / 377) 
(34) 

Capacitance factor=( (line kv) 2 / 100MVA] • 
(model current / model voltage)• 
(length) • (106 / 377) (35) 

Because of the siz_e, weight and the expense invol.ved 

the total number of inductors must be kept to a minimum. 

For this reason the same inductors were used in the pi 

section for each circuit type. 

The objective then, in scaling the impedance and 

su.sceptance matrices was to produce phase inductances in the 

impedance matrix which were as closely matched as possi.blth 

The model voltage, model base current and line length 

15 
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represented vere the three variables that could be adjusted 

to produce this • Only two model voltages were used because 
' line sections operating at different voltages 11.ust be linked 

with transformers. ffore model voltage levels would- require 

more transformers. 

Line lengths represented needed to be of a reasonable 

size. As was shown earlier, each line modeled needs to be 

composed of several line sections to be represented 

accurately. I.f too many line sections were needed to model 

a line it would prove expensive. 

While the inductors were matched as closely as 

possible, the capacitances and resistances for each voltage 

level represented were quite different. In the model, these 

are switched in and out for each voltage level represented. 

The capacitances that resulted needed to fal.l in the range 

of 150 pP to 1 uF. Values smaller than this are difficult 

to obtain precisely because of stray wiring capacitance and 

large values tend to be expensive. 

The program was run for various combinations of aodel 

voltages, currents, and lengths and an acceptable set of 

base quantities and lengths was decided upon. 

decisions are summarized in Table I. 

These 

After scaling, the values of the impedance and 

susceptance matrices becam~ the impedance and susceptance 

lftatrices of the pi sections of the model. The equations to 
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Table I. 
Line Section Base Quantities 

--
Circuit Length Voltage CU.ri:ent 
Type (Miles} (Volts) (Amps)' 

765 single 50 40 0.025 

345 double 7 ~o 0.025 
345 single 10 40 0.025 

138 double 20 10 0.100 
138 single 20 10 0.109 

69 double 4.5 10 0.100 
69 single l:J.. 5 10 0.100 

34.5 double 1.5 10 0.100 
3:J.5 single 1. q. 10 0.100 

------- --------------------------
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relate model component values to the matrices were then 

derived as shown below. 

For a single circuit the illlpedances of the pi section 

were assuaed to have a·configuration as shown in Figure 4. 

The illpedance aatrix corresponding to .this configuration is 

given by the fol~wing: 

f' ZA+Zlf ZN+!!.lB ZN 
[Z] = I ZN+l!AB ZB+Zlf ~N+KBC 

I Zlf Zlf+!ICB ZC+ZB 

I:f the scaled iapedance matrix 

follows: 

IZ1 
( Z 1 = I Z4 

IZS 

Z~ ZSI 
Z2 Z61 
Z6 Z3f 

I 
I (36) 
I 

is represented as 

(37) 

Then vhen the two are equated the following 

set of equations (38) results. 

ZN = ZS 
ZA = Z1 - ZS 
ZB = Z2 - ZS 
zc = Z3 - ZS 
l!AB = Zfl - ZS 
BBC • Z6 - ZS (38) 

Pora doub1e:circuit the i•pedances of the pi sect.ion 

were assuaed to have a configuration as shown in Figure 5. 

The impedance aatrix corresponding to this is given by 
• eg ua tion (3 9) • 
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ZA 

CSN 

r·I :r·· I' 

,:, 
Pig. q single Circuit Configuration 
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Fig. 5 Doub1e Circuit Configuration 
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IZA1+ZN KABl+ZR Zlf ZN ZN ZN I 
l'1AB1+ZN ZB1+ZN l!BC+Zlf Z1f Zlf ZN I 

[Z] = IZN l'!BC1+ZN ZC1+ZN Zlf ZN ZN f 
IZN ZN ZN ZA2+ZN KAB2+ZN ZN . I (39} 
IZN ZN ZN !U.B2+ZN ZB2+ZN 11BC2+ZNI 
fZN ZN ZH ZN ff.BC2+ZN ZC2+ZN I 

where \. 

ZlfS+!U! 
ZN = 

2 

The scaled matrix is re presented as follows. 

I Z1 Z7 ZS Z13 Z1 ti Z15 I 
I Z7 Z2 Z9 Z1~ Z16 Z17 f 

[Z] = I Z8 Z9 Z3 Z15 Z17 Z18 I 
I Z13 Z1 q. Z15 Z4 Z10 Z11 I 
I Z14 Z16 Z17 Z10 ZS Z12 I 
I Z15 Z17 Z18 Z11 Z12 Z6 I 

There are now 12 variables in the first case and 18 

variables in the second. Since the mutual coupling between 

circuits is only represented in the neutral in the model, an 

average of the circuit coupling vas used. 

Z (ave} = (Z13 + 2•Z14 + 2•Z5 + Z16 + 2•Z17 + Z16)/9 

It vas also noted that in all cases Z (ave) vas a ve~y 

· good approximation of Z8. This occurs because the spacing 

between circuits is of the same order as the spacing between 

A and C phase of each circuit. 

rewritten as follows: 

r Z1 Z7 ZS Z8 
I Z7 Z2 Z9 ZS 

[ZJ = I ZS Z9· Z3 ZS 

' Z8 Z8 za ZLI-
I Z8 Z8 Z8 Z10 
t Z8 Z8 Z8 za 

Equation (41) was then 

ZS ZS 
ZS Z8 
za Z8 (43} 
Z10 Z8 

ZS Z12 
Z12 Z6 
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Equating (ijJ) and (39) produces the following set of 

eguations. 

ZH = ZS (44) 
ZA1 = Z1-Z8 
ZB1 = Z2-Z8 
ZC1 = Z3-Z8 
~AB1 = Z7-Z8 
aBC1 = Z9-Z8 
ZA2 = Z4-Z8 
ZB2 =· zs-za 
ZC2 = Z6-Z8 
aAB2 = Z10-Z8 
ftAC2 = Z12-Z8 

This· still leaves ZN to be split into ZNS and Nft. ZNS 

was set equal to the single circuit neutral. impedance and 

Na was any.reaaining inductance. 

Equations (38) and (~4) now represent sel.f and mutual 

impedances in the aodel line sect.ion. However, the actual 

physical mutual inductors will also have a self impedance 

equal to their mutual impedance. This must be subtracted 

from the phase self impedances to give component values for 

the phase self impedances. 

Since only a few sizes of inductors were to be built, 

average values of a11 the phase and neutra1 inductors, and 

al.l mutual inductors were needed. Average phase 

inductances, average mutual inductances and average neutral 

inductances vere calculated for each class of lines being 

modelled (Table II). These average values were then 

averaged to give the values of the inductors to be used in 

the •odel (Table III). 

Resistances of the inductor windings were measured and 
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an esti.Dlate of core losses at 60 hertz was made fr011 the 

manufacturer's curves. These were subtracted froa the phase 

and neutral. resistance values to give the resistor sizes 

needed in each phase and neutra1. The higher voltage EHV 

lines have very high Q's and needed very little resistance 

added. 

The capacitances are calculated in a similar fashion. 

For a single ·circuit the susceptances of the pi section were 

assuaed to have a configuration as shown in Figure q_ The 

capacitance matrix corresponding to this coufiguration is 

given by the following: 

CAN+cAB+CAC -CABZN -CAC 
(C] = -CAB CBN+CAB+CBC -CBC 

-CAC -CBC CCH+CAC+CBC 

The scaled capacitance aatrix is represented by 

equation (q6) • 

1c1 
[C] = (Cti 

!CS 

c~ cs1 
C2 C61 
C6 C3f 

When the two ma tricies are equated the following set of 

equations (47) result. 

CAB = -0.S•Ctl (47) 
CAC = -0.S•CS 
CBC = -0 .S•C6 
CAN = 0 .5• (C1 + C'J + CS) 
CBN = 0.5• (C2 + CLJ + C6) 
CCN = 0.5• (C3 + cs + C6) 

The capacitance derivation for the double circuit is 

completely analagous to the single circuit case. 

The effects of using average inductances in the line 



Table II. 
Inductance Coaponent Values Calculated 

. Average Inductances {mH} 

KV Circuit Phase Neutral. 
Type 

Self autual Self autual 

765 single 17.5 2.9 10.9 0 

3q5 double 18.0 2.0 7.4 ~-1 
345 single 20.2 2.8 11.4 0 

138 double 20.0 2.3 0 11.0 
138 single 22.6 0.8 9.4 0 

69 double 18.7 2 .1 0 10.3 
69 single 18.6 1.7 7.8 0 

34 .s doubl.e 21.8 2.9 0 19.1 
34.5 single 21.7 1.2 18.6 0 
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Table III. 
Inductance Compon~nt Values Used In aodel. 

Average Inductances (mlJ) 

KV Circuit Phase Neutral 
Type 

Self Mutual Self Mutual 

765 singl.e 19.5 2.3 ~o.o 0 

345 double 19.5 2.3 0 2.3 
345 single 19.5 2.3 10 .o 0 

138 double 19.5 2.3 0 10.5 
138 single 19.5 0 10.0 0 

69 double 19 .5 2.3 0 10.5 
69 single 19.5 2.3 10.0 0 

34 .s double 19.5 2.3 0 19.1 
34 .s single 19.5 2.3 19 .s 0 
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section must be considered. Changing inductances will 

affect the propagation matrix and characteristic impedance 

of the line to be represented. The propagation matrix and 

characteristic impedance matrix of a aulti-phase line are 

derived from the apedance and ad•ittance matrices as 

follows [ 12 J. 
If [L],[R], and (CJ are the inductance, resistance, and 

capcitance matrices for a multi-phase systea, then equations 

{48} and (49) relate the voltage and current in the &--ystem. 

~[v] cl ( i] --- =- [ L] --- + [R][i] 
ix at 
;[i] ~[v] 

= [C] --ax at 

Applying the Fourier Transform results in equations 

that are a function of frequency and changes partial 

differential equations to ordinary differential equations. 

d[ V] --- = ( Z (w) ](I:] (50) 
dx 

d[:I] - ---- = ( Y (w) J[ V] (51) 
dx 

where 
[ Z (,.) ] = [ R (w) ] + j [ L Cc.a} ] 
[ y (u} ] = j [ C (~) ] 

When equations (50) and (51) are differentiated with 

respect to x and proper substitutions are made, th~ 

foll.owing independent eguations, (52) and (53) result. 



d2(V] 
- · ·- = ( Z C..,) ][ Y (w} ][ V ] 

dx2 

d2( I] 
--- = ( Y Cw) ][ Z (w) ]( I ] 

dx2 

21 

The following solution is asswaed (5~ and 55). 

(52) 

(53} 

( V] = e-lA.lx (A] (54) 

(I] = e-1~ ,c ( B] (55) 

Substituting the assumed solution (54) and (55} into 

(52) and (53) produces (56} and (57) • The differentiation is 

performed by expanding the exponential function using the 

Cayley-Ba11ilton theorem ( 13] and then differentiating. 

(56) 

(57} 

Equating (56) and (57) with (52} and (53} yields the 

fol.loving. 

[l.] = IT z (w) )( y (w) ]} 1/2 

[l;] = ([ Y (w) ]( Z Cw) D 1 / 2 

Using the 1st derivative of [I] in (51) produces 

(.~4.] (I)= [Y(w} :[V] 

[ V] = [ Y (w) J-1 [l,.J ( I J 
[VJ= [Y(w) J-1{ [Y(..,) ](Z(ea,)]} 1/Z(I] 

(58) 

(59) 

(60) 

(61) 

(62) 

Equation (62) relating voltage and current at any point 

along the line defines the characteristic impedance (63}. 

(Zc) = (Y(w} 3-1 [(Y(~) ](Z(~) ]) 1/2 (63) 
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Substituting the boundary conditions ( V (0)] and [ I (0) ] 

into (StJ) and (55) provides a solution for (A] and [ B]. 

(V(o)] = (A] 
[ I (o) ] = [ B] 

(6~) 
(65) 

Using average values for the inductors results in a 

change in the propagation matrix for the line section. The 

propagation 111atrix must re•ain. constant in order for the 

line section to continue to represent the sa•e ·length of 

line. To maintain the same- propagation matrix, the LC 

product (for the lossless line} must re111a.in the saae. A nev 

capacitance matrix is calculated to maintain this product. 

[ C' ] = [ L ' J-1 ( L ][ C] 

where 

( c• ) = Rev capacitance matrix 

(66) 

(L'] = Nev inductance matrix (vith average inductances) 
( L] = Original inductance matrix 
(CJ= Original capacitance matrix 

For the lossless case, the nev characteristic impedance 

matrix of the line section is now 

( Zc' J = ( C' J-1 {[ C • J( L • ]} 1/ 2 (67) 



V. !ODEL. DESIGN 

After averaging the inductance values, five inductors 

were selected to be built. The cores selected a.re 

aanufactured by Arnold Engineering, 11arengo, Illinois. The 

cores are made from a oriented alloy of 50% nickel and 50% 

iron. It has a saturation flux density of 1 .5 Tesla. 

Single winding inductors were wound on q mil cores. The tvo 

winding autual inductors were wound on 2 mil cores which 

have a lover core loss than the 4 mil cores. These cores 

have a very square aagnetization curve( 6 J as in Figure 6. 

They have relatively lov losses (approximatel.y 0.2 vatts per 

pound at 60 Hertz) • 

There vere several constraints involved in the inductor 

design. The air gap length in the core had to be large 

enough to be able to control it pi:ecisely but small enough 

to prevent a large fringing flux. This limited the air gap 

to the range of 0.7 to 10 millimeters. Another constraint 

was that the Q of the coil must be high. The higher voltage 

lines have higher Q's than the lvwer voltage lines. Nu-.ber 

12 wire was used so that the resistance of the windings 

could be kept low, resulting in a higher Q. The lower Q •s 

for lower voltage lines vere obtained by inserting a 

resistor in series vith the inductor. 

Finally, the inductor could not go into saturation at 

short circuit current levels. A value of 5 amps was ·used 

29 
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for the inductor design. 

The following equations (70) and (71) relate core 

dimensions and currents with inductances and magnetic flux 

densities. 

where 

0 .4 • 1f • NZ • A • 108 
L = ------------

lg + l/,,.11 

0. 4 • '1'( • N • I • 10 a 
Bmax = ---------

lg + 1/pm 

L = inductance in henries 
B = number of turns 
A= cross sectional area of iron core in cm 
I= RttS cur:x:ent in amperes 
Bmax = maximum flux density in teslas 
lg·= gap length in centimeters 
l = mean length of iron core ~•.= per11teability of iron core 

(68) 

(69) 

For the gap lengths and core dimensions used in these 

inductors these equations reduce to the given by equations 

(70 and 71). 

0.4. 11"'. NZ. A. 108 
L = ------ (70) 

lg 

0. Li • 7( • N • I • 10 s 
B11ax = ---------- (71} 

lg 

Using an average value for gap length and 5 amps for 
' 

the current, a trial and error approach WilS used to select a 

core of approximately the right dimension. Core dimensions 

affect the number of turns and the cross sectional area of 
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the core. The inductor was then designed by adjusting the 

nuaber of turns and the gap length. An acceptable design 

was one in which the coil filled the window area of the 

coil, the gap was within the right range, and the inductor 

did not saturate at high current levels. 

All for the •odel were selected to aaintain 

a two percent accuracy in the aodel. All but the .51 oha 

resistors were three watt, one percent tolerance resistors. 

The .51 oh• resistors were five percent, two watt resistors. 

The capacitors that were used had varying tolernces 

fro• one percent·to ten percent. However, the capacitance 

of all the capacitors was 11easured to maintain the tvo 

percent accuracy. The saaller capacitors, up to 1500 pF 

have a 500 volt rating. Pro• 1800 pF to .33 uF the 

capacitors have a 600 volt rating and the .~7 uF and above 

have a·400 vol.t rating. 

In building the pi sections two types (designated type 

1 and type 2) of chassis were used. The type 1 contains the 

double circuit coupl.ing capacitors, the extra switch for 

these capacitors and the neutral mutual inductors which are 

used in the double circuit representation. Separate chassis 

were also used for HV and EHV line sections. This results 

in four different type chassis being built. 

Figures 7 through 16 provide a view of the •echanical 

design of the pi secti~ns. Figures 17 through 20 show the 

electrical connections of @ach of the four types of pi 
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sections. All val.ues on figures 17 through 20 are 

calculated values. Resistances are in ohas, inductanc~s are 

in mi11ihenries, and capacitances are in picofarads and 

11icrofarads. Figures 21 and 22 show pictures of the front 

panel and chassis internals of the HV type 1 chassis. 
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Circuit Type Se1ector Switch 
Isolation Switches 
· Bananna Jacks 

0-0 -- -0--0 

0-0---0-0 
0--0---0-0 

0--0 - --0-0 

I J_ o-o-

Fig. 7 C~a.ssis 1 Front Pan~i Layout 
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Circuit Type Selector Switch 
Isolation Switches 

Bananna Jacks 

0-0---0-0 

0--0- - -0--0 
0-0---0-0 

0-0---0-0 

d 

Fig. 8 Chassis 2 Front Panel Layout 
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. 

a b 
.. 

C d e f g h I 

. k I J m n 0 p q r 

a. 34.5 kv, 1 ckt, side 1 j. 34.S kv, 2 ckt, side 1 
b .34. 5---kv, l ckt, side 2 k .. 34.5 k.v, 2 ckt, side 2 
c .. 69 kV, 1 ckt, side 1 1. 69 kv, 2 ckt, side l 
d.69 kv, 1 ckt, side 1 •• 69 kV, 2 ckt, side 2 
e .. 138 kv, 1 ckt, side 1 n. 138 kv, 2 ckt, si.d~ 1 
f. 138 kv, 1 ckt, side 2 o. 138 kv, 2 ckt, side 2 
g .138 kV, coup., side 1 p .. 138 kv, coup., side 2 
h.34.5 kv, coup., side 1 q. 69 kV, coup., side 1 
i.34.Skv, coup., side 2 r. 69 kv, coup., sid~ 2 

Fig. 9 HV Chassis 1 Capacitor Soard Layout 
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. 
·• 

a b .. C d e f 

h 
. . k I g I j 

a. 34.5 kv, 1 ckt, side 1 g. 34.5 kv, 2 ckt, side 1 
b .3'4 .5 kv, 1 ckt, side 2 h. 34.5 k.v, 2 ckt, side 2 
c. 69 kY, 1 ckt, side 1 i. 69 kv, 2 ckt, side 1 

' d.69 kv-, 1 ckt, side 1 j. 69 kv, 2 ckt, sid~ 2 
e. 138 kV, 1 ckt, side 1 k. 138 kv, 2 · ckt,. side 1 
f. 138 kv._ 1 ckt, side 2 1.. 138 kv, 2 ckt, side 2 

Fig. 10 HV Chassis 2 Ca2acitor Eoard Layout 
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,. 

.a. 765 kv, 1 ckt, side t 
'b. 765 kv1 1 ckt, side 2 

h c. 345 kv, 2 ckt, side 1 -- d. 345 kv, 2 ckt, side 2 . 
e. 345 kv, 1 ckt, side 1 

a b C d . e f g f .. 3q.5 kv, 1 ckt, side 2 
g. 345 Jtv, coup., side 1 
b. 345 kv, coup., side 2 

Fig. ·11 EHV Chassis 1 Capacitor Board Layout 



39 

. 

a. 765 kv, 1 ckt, side 1 
b .. 765 kv, 1 ckt, side 2 

a b C d e f c. 345 kv, 2 ckt, side 1 
d. 34S kv, 2 ckt, side 2 
e. 3q5 kv, 1 ckt, side 1 
£. 3q5 kv, 1 ckt, sid~ 2 

Fig. 12 ERV Chassis 2 Capacitor Board Layout 
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Q 
a. 19.5 :aH 
b. 10.s mli 
c. 2.3 111H 
d. 10.0 m.H 
e. 19.1 llli 
f. TE:!rmi.ual l1lock 1 

Q 
I, I 213141 slsl 1lal 9\10111 I,~ 

G] G] 
g. Ter:1tina.l block 2 

Fig. 13 RV Chassis 1 Ld.fOUt 
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Gl a I 

IT] IT] 
d 

I, l2l3l4lslsl1lal9l1olul1zj 
w G 

a. 19.5 mu 
b. 2.3 11H 
c. 10 .o mH 
d. Terminai block 3 
P.. Ter~in.al block~ 

Fi~. 14 HV Chassis 2 Layout 
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87654321 e 

a I 

G] a. 19.S 11H 
b. 2.3 mH 
c. 10.0 IRH 
d. Termina.1 block 1 
e • Terainal. block· 2 

· Pig. 15 EBV Chassis 1 Layout 
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8 7 6 5 4 3121 ii e 

GI w G ·-·-

IT] GJ IT] 
a. 19.5 IIH 
b. 2.3 mH 
c. 10.0 mH 
d. Ter11inal block 3 
e. Terminal. block 

I I I 213141 sl sl 1j el sl,ol 11 !1~ 

Pig. 16 EHV Chassis 2 Layout 
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I . 

Fig. 21 EHV Type 1 and 2 Chassis Front Panel 
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Fig. 22 EHV Type 1 Chassis Internals 



VI. HODEL TESTING 

The testing involved tests of the inductors and tests 

of the coaplete pi section. Both steady state and transient 

tests were performed. Initial inductor checks were made by 

measuring voltages and phase angles across a resist.or placed 

in series with the inductor. These tests indicated that 

inductances were within three percent of design values at 60 

hertz. Further testing was done on the 19.S, 10.0, and 2.3 

aH. induc..-tors. Pictures (Figure 21) of the oscilliscope 

trace were made as a capacitor (3.105 microfarads) vas 

discharged through the inductor. From th~ frequency of 

oscillation, the inductor sizes were then calculated. From 

the decay rate, the inductor resistance was calculated. 

These results are shown in Table IV. 

Steady state .values of open circuit voltages and short 

circuit currents were calculted for each pi section. .These 

quantities were then measured and compared to the calculated 

values. All tests were made with 10 volt inputs. The 

voltages were generated by a real time computer based 

generator model. The frequency of this voltage source Yas 

59.9 hertz. For the open circuit test, voltage was applied 

to phase 'A' and the voltage on the other phases vere 

measured. For the short circuits, 10 volt balanced three 

phase voltages were applied to one encl of the section and 

currents were measured on the phases indicated in the table. 

These results are shown in Tables V through IX. Values 

so 
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measured in the 34.5 KV open circuit tests floated up and 

down about five percent each way. Values shovn in ~he 

tables are averages for these floating voltages. 

Transient response to a 10 volt step wave was aeasured. 

Two 138 KV single circuit sections vere connected in series 

for the transient test. Figure 24 shows the receiving end 

voltage for the positive sequence mode. The tiae scale is 

one ailliseconds per division. Figure 25 shows the 

receiving end voltage for the zero sequence mode. The time 

scale is one milliseconds per division. Fro• these the 

velocities of propagation were calculated to be 181,000 

miles per second for the positive segu~nce cilld 12ij,OOO miles 

per second for the zero sequence. Neither trace shows a 

square wave response because of the limited frequency 

response obtained by using only two sections. 
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Fig. 23 Capacitor Dis~harge Through 19.5 mli Inductor 
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Table :IV. 
Inductor Test Results 

Oscillation Measured Inductance tteasured 
Inductor Frequency Inductance Error Resistance 

(aH} (HZ) (llH) (%) (Ohas) 

19.5 634.4 20 .27 3.9 1'.1 

10.0 891.7 10.26 2.6 2.0 

2.3 1860 2.36 2.s 2.1 
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Table V. 
EBV Open Circuit Test Results 

Circuit Calculated Measured Error 
KV Type Phase Chassis (Volts) (Volts) (%) 

765 Single A 1 10.0 10.0 o. 
B 1 1.30 1.32 1 .s 
C 1 0.561 o.ss 2.0 

345 Double A 1 10.0 10~0 o. 
B 1 1.96 1.98 1.0 
C 1 1.35 1.38 2.2 
A 2 0.716 0.73 2.0 
B 2 1.03 1.03 o. 
C 2 1.39 1.39 o. 

3q.5 Single A 1 10.0 10·.o o. 
B 1 1. ~, 1.'l3 1.4 
C 1 0.625 0.63 0.8 
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Table v:r:. 
BV Open Circuit Test Results 

,, Circuit Ca1cul.a ted l!easured Error 
KV Type Phase Chassis (Volts) (Volts) (I) 

138 Double A 1 10.0 10.01 o. 
B 1 2.57 2.58 0 .'4 
C 1 1.90 1.90 o. 
A 2 1.48 1.47 0.7 
B 2 1.68 1.68 o. 
C 2 1.91 1.91 o •. 

138 Single A 1 10.0 10.0 o. 
B 1 2.05 2.os o. 
C 1 1.80 1.81 0.6 

69 Double A 1 10.0 10 .o o. 
B 1 2.57 2.57 o. 
C 1 1. 90 l.91 o.s 
A 2 1.t;6 1.45 0.7 
B 2 t-.67 1.65 1.2. 
C 2 1.92 1.90 1.1 

69 Single A 1 10.0 10.0 o. 
B 1 2.66 2.67 0.3 
C 1 1. 77 1.77 o. 

34.5 Double - A 1 10.0 10.0 o. 
B 1 3.38 3.29 2.7 
C 1 2.52 2.qa 1.6 
A 2 2.59 2.£40 7.3 
B 2 2.57 2.35 8.6 
C 2 2.53 2.33 7.9 

3~ .s Single A 1 10.0 10.0 o·. 
B 1 3.32 3.22 3.0 
C 1 2.52 2.~6 2 .ij 

-- --
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Table V:t:t. 
Phase A to Ground Short Circuit ~est Results 

' Circuit Calculated l!easured Error 
KV ~pe Phase Chassis (Aaps) (Aaps) (I) 

------
765 Single A 1 0.815 0.810 0 .6 

2 0.810 0.6 

31J5 Double 1 0.904 0.909 o.s 
2 0 .90-~ o.s 

345 Single 1 0.809 0.802 0.9 
2 0.787 2.1 

138 Double A 1 0.801 0.794 0.9 
2 0.7?4 0.9 

138 Single A 1 0.857 0.840 2.0 
2 0.843 .6 

69 Double A 1 0 .804 · . 0. 797 0.9 , 
2 0.798 0.7 

34.5 Double A 1 0.607 0.598 1.s 
2 0.599 1.3 

34 .s Single A 1 0.600 0.593 1.2 
2 0 .595 0.8 
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ftble Vl:ll. 
Line to Line to Ground Short Circuit Test Resu1ts 

Circuit Calculated !leasiJred Error 
KV Type. Chassis Phase (All-pS) (J.11ps) (I) 

765 Single 1 .l 1.111 1.098 ~-0 .. 
B 1.179 1.126 ~-5 

2 .l 1.111 1.097 1.3 
J3. 1.179 1.170 0.76 

345 Double 1 A 1.174 1.144 2.6 
B 1·. 1LJ1 1.109 2.8 

2 A 1.174 1.159 1.3 
B 1.141 1.133 0!"70 

_Single 1· A 1.110 1.080 2.7 
B 1.173 1.130 3.7 

2 A 1 .. 110 1.064 ~-1 
B 1.173 1.179 0.51 

... 

138 Double 1 .l 1.150 1.195 ~-9 
B 1.094 1.050 4.0 

2 l 1.150 1.119 2.7 
B 1.09q. 1.069 2.3 

Single 1 A 1.168 1.130 3.3 
B 1.163 1.120 3.1 

2 A 1.168 1.149 1.6 
B 1.163 1.141 1.9 

69 Double 1 .l 1.155 1.098 4.9 
B 1.099 1.052 4.3 

·2 A 1.115 1.124 2.7 
B 1.099 . 1.072 2.5 

Single 1 • 1.133 1.070 5.6 
i3 1.055 1.003 4.9 

2 A 1.133 1.097 3.2 
B 1.055 1.020 3.3 

34.5 Double 1 A 1.069 1.012 4.9 
B 0.999 0 .942 4.1 

2 1 1.069 1.033 2.8 
B 0.999 0.959 2.3 

Single 1 A 1.069 1.012 5.3 
B 0.999 0.942 5.7 

2 A 1.069 1.033 3 .4 
B 0.999 0.959 q .o 
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Table IX. 
3 Phase to Ground Short Circuit Test Results 

Circuit Ca1cula.ted f!easured Error 
kV Type Chassis l?hase (Aaps) (A11ps) (~) 

, 
765 . Single 1 A 1.265 1.252 1 .o 

B 1.279 1.215 s.o 
t 1.252 1.220 2.6 

345 Double 1 A 1.272 1.246 2.0 
B 1.267 1.218 ~-9 
C 1. 251 1.227 1.9 

.. 
Single 1 A 1.263 1.2ij7 1_.3 

B 1.276 1.217 4.6 
C 1.247 1.220 2.2 

138 Double 1 A 1.250 1.191 4.7 
B 1.246 1.197 3.9 
C 1.216 1.182 2.8 

Single 1 A l.291 1.224 3.6 
B 1.292 1.262 2.3 
t: 1.297 1.260 2.9 

69 Double 1 A 1. 254 1.200 4.3 
B 1.252 1.196 4.5 
C 1.223 . 1.193 2.5 

Single 1 A 1.221 1.159 S.1 
B 1.209 - 1.153 q .6 
C 1.183 1 • 1 Q.1' 3.3 

34. 5 Double 1 A 1.174 1.114 · 5 .1 
B 1.167 1.123 3.8 
C 1.128 1.oaq. 3 .9 

Single ' 1 A 1.170 1.112 5.0 
B 1.168 1.107 5.2 
C 1.132 1.081 '1.5 
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V. COifCLUSIONS 

Inductor resistances shown in Table IV are •uch higher 

than those estimated fro• the manufactures curves at 60 

hertz -(Appendix). Estiaates the manufactures curves at 

the frequencies of oscillation agree with the resistances as 

measured in Table IV. This means that the resistances in 

the model are very frequency dependent. 

rn the steady state, all values except the 3~.5 kv open 

circuit voltages are accurate to 5.2 percent. Test results 

indicate that the floating voltages aeasured on the 34.S kv 

open circuit test result from stray capacitances which 

affect the small (125 picofarads} values used in the aodel. 

All·but tvo of the short circuit currents measured vere 

lover than the calculated values. Further study is needed 

to deteraine i£ this is caused by greater core losses than 

expected or by inductors that are la_rger than design values. 

The distortion of the waveforms the expected 

square waves) in the transient response test result froll 

using only· tvo sections. The px:opagation velocities 

measured are appropriate for the line aodeled. 
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APPENDIX 

Table A.-I. 
34.5 KV Double Circuit Capacitor Component Values 

. 
Measured, Valuesi 

Actual N911inal 
Location Valuei Valuesi Chassis 1 . Chassis 2 

-- Side 1 Side2 Side 1 Side 2 

·-· ---
AB 288 270 274 274 274 274 

15 15 .4 15 .9 15.5 15.7 

AC 151 150 152.5 152.2 152.2 152.4 

AN 509 500 '199 499 q.99 ~99 
10 10.5 10.5 10 .s 10.5 

BC 281 270 273 273 273 273 
10 10.5 10 .5 10.5 10.s 

Btf ti07 200 202 203 203 203 
200 202 202 202 202 

CN 550 500 501 501 501 501 
47 46.2 ti-6.6 46.1 46.1 

1values in p? 
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Table A-II. 
34.S IT Single Circuit Capacitor coaponent Va1ues. 

!leasured Va1uesi 

Actual lfo11inal 
Location Valuei Va1ues• Chassis 1 Chassis 2 

Side 1 Side 2 Side 1 S;de 2 

AB 64 47 fl6. 7 45. 7 46.2 46.0 
18 18 .6 18. 7 18.6 18. 7 

AC 83 82 82.6 82.8 83.3 82.5 

AB 250 150 1ti8 .6 148.8 1!J9.4 149.2 
100 100.4 100.S 100.s 100 .s 

BC 32 33 32.7 33.0 32.7 33.1 

B?f 219 200 199.0 198.7 199.1 199. 1 
21 20.9 20.9 21.1 ~-9 

Clf 242 200 202 202 202 202 
39 39.7 39. 7 39.7 39. 7 

1va1ues in pF 
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Table A-III. 
69 KV Double Circuit Capacitor Component Values 

Measured Valuesi 

·--Actual Nominal 
Location Valuei Values• Chassis 1 Chassis 2 

Side 1 Side 2 Side 1 Side 2 

AB 1929 1100 1095 1099 1100 1100 
820 829 829 828 828 

AC 997 500 500 500 500 500 
~00 497 498 L(..97 q.97 

AN 6518 4700 L(..560 4550 4550 qS60 
2000 2010 2000 2030 2010 

BC 2114 1500 1q59 1'+49 1£t.61 1459 
680 673 672 673 673 

BN 4517 q.700 4490 '+490 4530 4500 

CN L(..759 4700 4770 4760 1,4.780 4780 

1values in pF 
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Table A-rv. 
69 KT Single Circuit Capacitor Component Values 

M.easured Values1 

----Actual. Nominal. 
Location Value1 Valuesi Chassis 1 Chassis 2 

-- ---
Side 1 Side 2 Side 1 Side 2 

AB 2393 2200 2210 2220 2200 2210 
200 202 202 203 203 

AC 1354 6~0 677 680 675 674 
679 671' 679 681 

AN a11q. 6800 7000 6970 7010 6990 
1200 1197 1202 1196 1196 

BC 2311 2200 2300 2300 2320 2300 

BN 6084 4700 4570 4570 4580 4590 
1500 1527 1526 1523 1520 

CN 7739 6800 7030 7050 7030 7020 
680 682 681 683 686 

1values in pF 
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Table A-V. 
138 KV Double.Circuit Capacitor Component Values 

Measured Valuest 

Actual Nominal 
Location Valuei Valuest Chassis 1 . Chassis 2 

Side 1 Side 2 Side 1 Side 2 

; 

AB 1+3.6 39 39.1 39.0 38.9 39.0 
2.2 2.25 2.25 · 2.25 2.25 
2.2 2.27 2.27 2.27 2.27 

AC 22.56 150 22.6 22.s 22.s 22.s 

AN 137.5 68 68.9 68 .4 68.8 69.0 
68 68 .'J. 68.8 68.5 68.3 

BC 1+6.9 4 7 46 .• 7 46. 7 46.8 46. 7 

BN 96.7 68 67.9 67.9 67.9 67.9 
22 22.1 22.2 22.2 22 .2 
68 6.83 6.85 6.82 6.82 

CN 10ti.5 100 100.2 100.2 100.0 100 .o 
4.7 4.68 4-.80 '4.69 IJ.67 

tValues in 10 3 pF 
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Table A-VI. 
138 KV Single Circuit Capacitor Component Values 

l'1easured Values1 

Actua1 Nomina1 
Location Va1uet Valuest Chassis 1 Chassis 2 

Side 1 Side 2 Side 1 Side 2 

AB 4q.. 7 39 39 .1 39.2 39.3 39 .J 
2.2 2.29 2.29 2.27 2.21 
2.2 2.35 2.33 2.33 2.33 
1. 1 1.078 1.080 1.064 1.073 

AC 39_q. 39 39.4 39.Q. 39.3 39 .ll 

AN 185.4 150 150.9 151.1 151.0 151.1 
33 33.7 33.5 33.5 33 .s 

BC 43.1 2.2 2.26 2.26 2.26 2.26 
39 39.2 39.2 39.2 39.2 

2.2 2.23 2.22 2.22 2~23 

BN 168.Q. 100 99.8 99.8 99.7 99. 7 
68 68.2 68.2 68.3 68. 7 

CR 185.3. 150 149.7 149.1 148.9 150.2 
33 34.0 33.8 33.8 33. 7 

1Values in 10 3 pF 
'> 
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Table A-VII. 
345KV Double Circuit Capacitor Component Values 

Keasured Vci.luesi 

Actual Nominal 
Location Value 1 Values1 Chassis 1 Chassis 2 

Side 1 Side 2 Side 1 Side 2 

AB 4.613 11-.7 4.65 4.59 4.63 Ll.65 

AC 2.281 2.2 2.28 2.28 2.28 2.28 

AN 22.29 22 22.3 22.3 22.3 22.3 

BC 5.423 4.7 4.72 4.79 4.78 4. 7.q. 
.68 .68£+. .669 .670 .68'+ 

BN 15.10 15 15.20 15.21 15.29 15.27 

ClJ 15.25 15 15.08 15.09 15.12 15.11 

tValues in 10-3 uF 
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Table A-VIII. 
345 KV Single Circuit Capacitor Component Values 

Measured Valuest 

Actual Nominal 
Location Valuet Valuesi Chassis 1 Chassis 2 

---
Side 1 Side ·2 Side 1 Side 2 

AB 8.30 6.8 6.81 6.81 6.81 6.82 
1.5 1.528 1.466 1.51.JS 1.537 

AC 3.163 1.2 1.213 1.213 1.210 1.210 
1.4 1.'4-63 1.463 1.tJ6ij. l.ti64 

.5 .498 .498 .501 .'l98 

AB 56.82 33 33.3 33.3 33.3 33 .3 
22 22.6 22.6 22.6 22.6 

BC 7.34 6.8 7.41 7.10 6.95 6.97 
.267 .381 .381 

BN q.5_55 22 22.6 22.9 22.9 22.9 
22 22.9 22.6 22.6 22 .6 

CR 56.82 22 23, l 23.1 23.0 23.0 
33 32.8 32.8 32.9 32.9 

1val.ues in 10-3 uP 
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Tabl.e A-IX. 
765 KV Single Circuit Capacitor Coaponent Values 

Measured Val.uesi 

Actual. No11ina1 
Location Va1ue1 Values 1 Chassis 1 Chassis 2 

Side 1 Side 2 Side 1 Side 2 

AB 191.1 68 67.8 67.8 67.7 ·67.7 
.100 99.f.l. 99.5 99.7 99.6 

22 22.7 22. 7 22.7 22. 7 

AC 72.39 33 33.4 33.2 33.1 33.3 
39 39.2 39.2 39.2 39.2 

AN 1445 470 £1.70 1.n1 473 473 
1000 996 980 975 977 

BC 172 68 68.0 67.6 67.5 67.6 
33 33.1 33.0 32.7 32.6 
68 68.1 68.2 68.6 68.6 

BN 1170 150 151.2 151.5 151.9 148.5 
1 1.002 1.006 1002 1001 

CN 1445 470 463 464 Q.76 466 
1000 1012 1011 1007 1008 --

1va1ues in 10-3 uF 
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Table A-X. 
34.5 KV Circuit ~oupling Capacitor Coaponent Values 

!easured Values 

Actual Nominal 
Location Value1 Values1 Chassis 1 

-- --Side 1 Side 2 

AA 166 150 153 .4 153.6 
12 12.0 12.6 

BB 101 100 100.2 100.2 

cc 148 150 148.5 148.5 

AB 131 120 121.7 121. 7 
10 10.4 10.4 

BC 124 120 122.3 122.3 

CA 164 150 153 .s 153.2 
10 10. 7 10.8 

AC 167 150 153.9 153.7 
12 12.0 12.1 

BA 128 120 122.0 122.0 
5 5.6 5.7 

CB 125 120 121.9 121.9 
5 s.o s.o 

1values in pF 
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Table A-XI. 
69 KV Circuit Coupling Capacitor Component Values 

!!easured Values 1 

Actual Nominal. 
Location Value_1 Valuesi Chas;sis 1 

Side 1 Side 2 

AA 937 820 831 831 
100 100.9 101.6 

BB 704 500 ~99 499 
200 204 204 

cc 1379 680 694 690 
680 684 686 

AB 871 820 831 831 
39 39.5 39.9 

BC 1034 1000 1004 1004 
33 33.5 3~--4 

CA 1176 680 676 676 
500 499 499 

AC 131ll 820 825 825 
500 496 49~ 

BA 779 500 509 504 
270 268 27tJ 

CB 997 1000 984 984 
10 10 .2 10.1' 

1 Values ·in pF 



Table A-XII. 
138 KT Circuit Coupling Capacitor Component Values. 

Measured Valuesi 

Actual 11011.inal 
Location va1ue1 Values• Ch~sis 1 

Side 1 Side 2 

AA 18.76 15 14.76 14. 75 
2 1.888 1.901 

2.2 2.24 2_.13 

BB 13.78 6.8 6.87 6.88 
6.8 6.90 6.90 

cc 27.42 2.2 22.8 22.7 
. q._ 7 Ll.66 q..66 

AB 17.26 15 15.39 15.35 
2 1.9<:>3 2 .oai 

BC 20 .26 6 .8 6.75 6.78 
6 .s 6.77 6.77 
6 .-8 6.80 6 .80 

CA 23.43 22 23.2 23.3 

AC 25.84 22 23.1 23.1 
2 .2 2.29 2.33 

Bl 15.21 15 15.16 15.19 

CB 19.81 2.2 2.23 2.24 
15 15.39 15. LIO 

2.2 2.24 2.23 

1values in 103 pF 
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Table A-XIII. 
345 KV Circuit Coupling Capacitor Coaponent Values v. 

!leasured Values.• 

Actual 
Location Val.ue 1 Values 1 Chassis 1 --

Side 1 Side 2 

-- --
AA 1122 1100 1124 1126 

BB 1286 1200 1231 1231 
56 57.1 56-9 

cc 3026 1500 1466 11'66 
1500 1554 1552 

AB 1477 1500 14(;7 1467 

BC 2187 1100 1089 1095 
1100 109jJ 1088 

CA 2308 2200 2290 2310 
15 16.0 

AC 2738 1500 1520 1218 
1200 1222 1522 

BA 1167 500 501 501 
680 665 665 

CB 2059 2000 2050. 2050 

ivalues in pF 
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Table A-XIV. 
3~.s KV Single Circuit Resistances 

Chassis 
Phase Type 

1 1 

B 1 

C 1 

N 1 

A 2 

B 2 

C 2 

N 2 

Total Inductor Resistance Resistance 
Resistance Resistance to be Added Osed 

3.34 o. qo 2.94 3 

3.67 0.48 3.19 4/20 

3.67 0 .40 3.27 4/20 

2.62 0.32 2.3 5/4 

3.34 0.40 2.94 3 

3.67 0.48 3.19 4/20 

3 .67 0 .40 3.27 4/20 

2.62 0.32 2.3 4/5 
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Table A-XV. 
34.5 KV Double Circuit Resistances 

·---Chassis Total Inductor Resi.stance Resistance 
Phase Type Resistance Resistance to be Added Used -----

A 1 3.27 0.40 2.87 3/q.7 

B 1 3.l+6 0.48 2.98 3 

C 1 3.75 0.40 3.35 4/20 

N 1 5.01 0.46 q..ss 5;147 

A 2 3.27 0 .40 2.87 1+1/3 

B 2 3 .46 0 .48 2.98 3 

C 2 3.75 0.40 3.35 Ll-/20 

N 2 5.01 0.46 4.55 5~7 
--



78 

Table A~XVI. 
69 KV Single Circuit Resistances 

Chassis. Total Inductor E.esistance Resi.stance 
Phase Type Resistance Resistance to be Added Used 

--
A 1 2.ij9 0.40 2.08 3/7.5 

B 1 2 .66 0 .48 2.17 4/5 

C 1 2.66 0 .40 2.26 4/5 

N 1 1.20 0.28 0.92 1/10 

A 2 2.49 0 .40 2.08 3/7.5 

B 2 2.66 0 .48 2.17 5/4 

C 2 2.66 0.40 2.26 . l+/5 

N 2 1.20 0 .28 0.92 1/10 

--
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Table A-XVII. 
69 KV Double Circuit Resistances 

Chassis Total Inductor Resistance Resistance 
Phase Type Resistance Resistance to be Added Used 

A 1 1.Ll-7 0 .40 1.07 1.S/q. 

B 1 1.52 0 .t.i8 1 .04 2/3 

C 1 1.6 LJ 0 .Q.O 1.24 2/3 

N 1 2.09 0.19 1.9 2/tiO 

A 2 1.47 0 .,.o 1.07 t.5/4 

B 2 1 .52 0.48 1.0Lf. 1.5/IJ 

C 2 1.64 0 .40 1.2~ .2/3 

N 2 2.09 0 .19 1.9 2/1+0 
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Tab1e A-xn:rr. 
138 KV Sing1e C1rcuit Resistances 

Chassis Tota1 Inductor Resis'blnce Resistance 
Phase Type Resistance Resistance to be Added Used 

A 1 2.39 0.32 2.07 3/7.5 

B 1 2.53 0.32 2.21 ~/5 

C 1 2.39 0.32 2.07 3/7.5 

If 1 1.15 0.28 0.87 1/7 •. S 

A 2 2.39 0.32 2.07 3/7.5 

B 2 2.53 0.32 2.21 4/5 

C 2 2.39 0.32 2.01 3/7.5 

lf 2 1.15 0.28 0.87 1/7.S 
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Table A-XIX. 
138 KV Double Circuit Resistances 

Chassis Total Inductor Resistance Resistance 
Phase Type Resistance Resistance to be Added Used 

A 1 1.6Lf. 0.40 1.24 2/3 

B 1 1.69 o.~s 1 .21 2/3 

C 1 1.82 0 .,w 1.ij1 3/3 

N 1 2.29 0.19 2.1 1.5/1'+ 1 

A 2 1.64 O.Q.O 1.24 2/3 

B 2 1.69 0 .48 1.21 2/3 

C 2 1.82 0. Q.O 1.~ 1 3/3 

N 2 2.29 0 .19 2.1 1.5/4+1 

--
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Table A-XX. 
3q5 KV Single Circuit Resistances 

Chassis Total . Inductor · Resistance Resistance 
Phase Type Resistance Resistance to be Added 8sed 

A 1 0.693 0.40 0.29 1/1/1 

B 1 0.792 0 .48 0.31 1/1/1 

C 1 0.693 0.40 0.29 1/1/1 

If 1 2.35 0.28 2.07 3/7.5 

A 2 0.693 0 .40 0.29 1/1/1 

B 2 0.792 0.48 0.31 1/1/1 

C 2 0.693 0.49 0.29 1/1/1 

N 2 2.35 0.28 2.07 3/7.5 



83 

Table A-llr. 
345 KV Double Circuit Resistances 

Chassis Total Inductor Resistance Resistance 
Phase Type Resistance Resistance to be Added Used 

' l 1 0.590 0 .40 0.19 .51/.51/ .51 

B 1 0.619 0.48 0.14 .51/.51/.51 

C 1 0.709 0.40 0.31 1/1/1 

R' 1 1.59 0 .36 1.23 2/3 

.l 2 0.590 0.40 0.19 .51/.51/.51 

B 2 0.619 0 .48 0.14 .51/.51/ .51 

C 2 0.709 o .iio 0.31 1/1/1 

?I ·2 1.59 0.36 1.23 2/3 



Table A-XXII. 
765 KV Single Circuit Resistances 

Chassis Tota1 Inductor Besistance Resistance 
Phase Type Resistance Resistance to be Added Used 

--
A 1 0.376 O.t.JO 0 0 

B 1 o.~37 0.48 0 0 

C 1 0.376 0.40 0 0 

N 1 2.20 0.28 1.92 2/i4,0 

A 2 0.376 0.40 0 0 

B 2 0.437 0.48 0 0 

C 2 0.376 o .,rn 0 0 

lf 2_ 2.20 0.28 1.92 2/IJ0 
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