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ABSTRACT. With a rising trend for transmission system voltages in the
EHV and UHYV ranges and a consequent increase in insulation costs of
these networks together with their associated equipment, the need for
rigorous system analysis for the sake of optimal design considerations is
realized. This paper highlights the significance of fairly accurate analysis of
interruption phenomena in three-phase multiconductor transmission sys-
tems as an essential prerequisite for the optimal design and operational re-
quirements of interruption equipment. A mathematical algorithm has been
developed in the paper to simulate very accurately the transient wave-front
of fault current following fault inception. The development is then im-
plemented to compute waveforms of recovery transient voltages at circuit
breaker location in the crucial microseconds succeeding contact separation.
In the paper distributed parameter as well as frequency dependance effects
are being considered. Furthermore the influence of source effects on the re-
covery transient initial rate of rise and on its maximum values are
adequately highlighted.

1. Introduction

The analysis of circuit interruption phenomena in three-phase multiconductor trans-
mission systems is of prime importance for planning, design and operation strategies
of these networks. This is particularly emphasized as transmission voltages continue
to increase in the EHV and UHYV ranges in order to satisfy the ever increasing de-
mand for electrical energy. With such high level operating voltages, continued ef-
forts are being made to optimize laying down design specifications for system insula-
tion coordination considering that insulation costs rise very rapidly with working sys-
tem voltages“].
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The current paper considers a proposed technique for accurate assessment of cir-
cuit interruption of three-phase multiconductor transmission systems. This conforms
with present-day trends which call for more rigorous analysis of these systems with a
view to procure optimal design considerations'*®!. The technique is based on the
theory of natural modes!"* and the modified Fourier Transform methods for fast
transient calculations!'”'"!, Both the distributed nature and frequency dependance of
system parameters have been accounted for.

The paper will demonstrate how, following fault inception, transient fault currents
may be evaluated for short line faults of a 380 kV multiconductor line and also how
the wave-fronts of such currents may be accurately reproduced around the zero
cross-over point needed for simulation of the phenomena of circuit interruption.
Furthermore, during the crucial microseconds following separation of circuit
breaker contacts, the paper analyses the problem of the recovery voltage transient
which is detrimental to the success of circuit interruption“zl. It shows how computer
models may be built in order to evaluate the wave-front and peak value of such re-
covery transient!" with a high degree of accuracy taking into consideration both line-
side and source-side transient effects!'*"®

The paper concludes by presenting some computational results to validate the
proposed technique for a number of operating system conditions.

2. Natural Modes Theory and Fourier Transform Methods

From the instant of fault inception to the time of circuit interruption, the transmis-
sion system undergoes a fast transient process. The accurate solution of this process
has been carried out by application of the theory of natural modes and Fourier Trans-
form methods!**!. Special algorithms have been developed by these techniques to
suit the analysis of transient fault problem and circuit interruption in multiconductor
transmission systems.

In the the following sections a brief summary of basic relationships for the theory
of natural modes and Fourier Transform methods is presented. In addition and fol-
lowing the occurance of a fault on the line, the transform of the resultant fault current
is evaluated.

2.1 Theory of Natural Modes
The basic line equations for a multiconductor transmission line are given by

v _

= 1Z11Y] V] (1)
2

Z—X—i=[rl[zm] )

where [ V | and [ / ] are the conductor’s voltage and current vectors, while [ Z ] and
[ Y ] are the multiconductor line impedance and admittance matrices.
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The complexity in the solution of Equations (1) and (2) has been resolved by the
theory of natural modes!”!. A 2-port network representation has been developed for
the solution of the steady-state problem. The voltage and current relationships for
the input and output terminals are given by the following nodal admittance matrix

equation
1 |4
)15 @
where
[A] =1[Y,] [cothyl]
[B] =[Y,] [cosech y!]

l

line length in m.

[ A Jand [ B ] are symmetric matrices. [ Y, ]is the line’s surge admittance matrix. ¢
is a matrix function given by ¢ = Q y Q™' , where Q is the eigenvector voltage
transformation matrix and [ vy ] is line’s propagation constant matrix.

Equation (3) yields the steady-state solution of the three-phase transmission sys-
tem problem. It is necessary to combine this equation with the Fourier Transform
method in order to obtain solution of the transient problem. The well established
Modified Fourier Transform technique has demonstrated its success in dealing with
fast transients problems in transmission systems.

2.2 Modified Fourier Transform
The Fourier Transform and its inverse are given by

+ x

Flo)=J F(r)ye'™a )

F(t)=%fj:F(w)ef"”dw )

Day, et al."" developed a modified version for the Fourier Transform and its inverse
in order to overcome some of the difficulties met in the direct application of Equa-
tions (4) and (5). The modified version is given

Q .
F(w—ja)=f0 F(t)e ™ el g (6)
at T .
F(t)=e—77-f0F(w—ja)e’“"crdw %

where

Q) = anupper trancation frequency

a shift constant

sin(mw/ T)/( 7w/ T),asmoothing factor
= observation time of transient

SER
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1)
T

For computational purposes a number of half range expansions may be used for
evaluating the transient response, such as

angular frequency variable
time variable

at T .
F(t)=Real%f0F(w—ja)e"‘”—o--dw ®)

If odd harmonics are selected with step length twice the value of fundamental fre-
quency ( 2 w, ), then Equation (8) becomes

at N-1 .
F(t)=2%_2w,Real ¥ F(w-ja) e -0 9)
2m n=1
Where
2 N = total number of harmonics chosen for the evaluation of the frequency re-
sponse
=(2n-1)o,
= S“[‘ 7[77(72( rzzf 1_)1 /) (/2(12V}i] 1_ )1] )] , known as sigma factor.
o, =7m/T,
T, = observation period

2.3 Transform of Fault Current

A cancellation voltage is applied at the fault location, Fig. 1(a). The system data is
given in the Appendix II. Use is made of Superposition and Norton’s theorem to
simulate the fault condition at the fault point taking into consideration sound phase
and faulty phase cases. Figure 1(b) shows the equivalent 2-port network. Terminal 1
is the source end while terminal 2 is the faulted end. Y, and Y are suitable source and
fault admittance matrices. Based on Fig. 1b the following relations are true.

Ll1_[A+Y -B 14
[12} [ - B A+YfHV2] (10)
As terminal 2 is faulted, [ /, ' =[000 Jand [/, ]'= [ Y;- E 00 ], where E_ is the

A,B I2

<&
<

Phase 2\,\

Phase 3 Vo v1

FiG. 1(a). Single-phase-to ground fault. FiG. 1(b). Two-port equivalent.
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steady-state voltage existing in phase prior to fault inception, and r denotes transpose
of vector.

Consequently solving for frequency domain voltage and fault current /, at circuit
breaker location yields

0 =(A+Y,)V, - BY, (1)
Y,E, = -BV, + (A +Y,)V, (12)
giving finally
Vi=[(A+Y)B ' (A+7Y,)-B]"'YE (13)
L =Y,V (14)

Equations (13) and (14) represent the Fourier Transform of bus voltage and fault
current. The time domain solutions for Equations (13) and (14) are obtained by the
inverse transform of these equations.

3. Analysis Models for Circuit Interruption

The recovery transient voltage calculations are based on three distinct mathemat-
ical models. One basic model describes the analysis of fault current following fault in-
ception. For this solution of the line’s steady-state equations are derived and the
Modified Fourier Transform technique is used to obtain the system fast response due
to fault occurance. Of particularinterest during this period are the waveforms of
transient fault current and voltage at the circuit breaker location. Another model is
required to define fairly accurately the wave-front of transient fault current around
the zero cross-over point where circuit interruption is expected to take place.

Furthermore a recovery transient model is needed to describe the recovery trans-
ient phenomena in three phase systems. Such models will now be briefly explained.

3.1 Fault Inception Model

The well known principle of cancellation is employed. Ifa( 1 ~ ¢ — G ) fault de-
velops on phase 1, then at the instant of fault inception, the overall fault current is ob-
tained by superimposing the steady-state component prior to fault occurance with
the resulting transient component. The resultant current is the bus fault current at
the circuit breaker location.

3.2 Fault Current Synthesis Model

Following fault inception and depending on the speed of protective system, the
transient fault current computation is stopped around a specified current zero cross-
over where circuit interruption is contemplated. The duty of the current synthesis
model is to determine fairly accurately the wavefront of the transient fault current
around the zero cross-over point at which the circuit breaker contacts begin to sepa-
rate. It is worthy of note that the transient fault current computation progresses for a
short time interval after current zero, which period represents the time of interest for
observation of the recovery voltage transient.
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Figures 2(a) and 2(b) show a hypothetical waveform of fault current transient with
an indentical current to be injected at the breaker terminal for cancellation purposes.
The regular time interval for computation of the transient response is A ¢t whereas
k A tis a fraction of A ¢ indicating the time of zero cross-over. On the basis of linear
segments of transient fault current intervals A tand k A ¢, the precise time for circuit
interruption T is obtained from

T—nar B0 (15)
= n —
fn _fn—]
Also
f, At
kAt = — 16
; fn_fn—l ( )

where, f, , f,_, are the system response at the nth and ( n - 1)th time interval.
n being the interval count.

fault current to be
current " injected
Ny ¢ b g '2 ‘ rn"
™ 0 7 : 3 :
N~ ' ' )
g (n-t) ar | o
(n-1)at } pN¢ _—time - :
T [l e 1 kat ¢ n
nat =T b
fault current nat ]
,-—AM-—AJFA(LAH'
F1G. 2(a). Synthesis of recovery transient cur- FiG. 2(b). Zero-crossing time step.
rent.

The mathematical formulation of the Fourier Transform of the cancellation cur-
rent to act as a stimulus at the circuit breaker terminal is now obtained from the dis-
crete values of fault current response.

fN—l

1 -jwNA
I'wAr_fN(1+j—_)]e’ |

_+_
[ wlAt

_ 1 1 fi
F(w)—ﬁ)lifo(l_ijt)+ joAt

-jwkAt

L )Y ((fa -2 4 f )e"“r“]]e
j_w-—At_. r+1 r r—1

1 fo 1 SjukAl
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where,
) =(2n-1) v,
v, =a/T,
T, = observationtime forrecovery transient period.
A T = time step for fault current calculation.
N = number of discrete values of fault current.

3.3 Recovery Voltage Transient Model

Figure 3(a) shows a faulted three-phase transmission line with a last breaker pole-
to-clear. The equivalent circuit is shown in Fig. 3(b). Using nodal equation with a
fault current stimulus I, the model for recovery voltage is given as follows

[lf}z[AwLYs - B ][VSL] (18)
0 -B A+Y, v,
where,

Vi, = line-side recovery voltage transform.

V. = faultpoint voltage transform.

I = injected fault current transform.

Y, = terminal fault admittance matrix.

Y, = terminalsource admittance matrix.

A, B = line matrix constants.

Yor
___@_@_%f(\ , }f , A,B Ir :s()
Vi
O A |

Q- — st v
A |

F1G. 3(a). Last pole-to-clear. F1G. 3(b). Two-port-equivalent.

Solving (18) yields the recovery voltage transform
Vg =[(A+Y)-B(A+Y) Bl (19)

Solution of Equation (19) in the time domain gives the recovery voltage transient
on the line side of the circuit breaker. To obtain the voltage across the circuit breaker
( Vg ) thisis given by the difference of steady-state voltage on the source side ( £ )
and line side ( V, ) of the breaker, namely

Vg = Es = Vg (20)

The recovery voltage V. given in Equation (20) ignores the effect of the circuit on
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the source side voltage ( Vg, ). For extreme accuracy, however, the source side
transient voltage, or supply transient should be taken into consideration. This is par-
ticularly important as the rate of rise and peak value of the breaker recovery voltage
may be significantly influenced by the component of supply transient. Sources are
usually fed from transformers, and in practice lumped capacitance due to CT’s and
VT’s may exist at the breaker terminals and consequently their influence must be
considered in the simulation process.

3.4 Source-Side Voltage Synthesis

To take into consideration the influence of the source side transient component,
the Fourier Transform of the source-side voltage wave is carried out. Figure 3(c)
shows typical discrete time domain values for the computed source-side transient
voltage obtained around the instant of circuit interruption 7. The Fourier Transform
F () for this component is given by

Fu-

1 fi 1 —jwNAT
Fle) = {fo(l ront) Trent lyea U ol e
jw At ~jwk At
Ao S 2 e
%{ﬂ)(Az-kAz)+f]_A_
(At -kAt) kAt
e oY L e v R A <3 2D
Setting Vi = F(o) (22)

the recovery voltage transform across the breaker terminals may now be accurately
obtained taking into account the effect of the source side transient. This is given by

Ver = Vs = Vi (23)

The inverse transform of Equation (23) then yields the solution for the recovery
transient across the circuit breaker terminals. The computer program chart shown in
Appendix 1 clarifies the procedure.

P

|
|
|
|
|
!

R

]
|
(n—1)Ati At | At
R
hot

Fic.. 3(c). Voltage synthesis.
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4. Computational Results and Discussion

For investigation purposes a 20 km, 380 kv three-phase multiconductor line is con-
sidered with a single line-to-ground fault occuring at its far end of one phase as the
voltage on that phase is passing through its maximum value. A variety of operating
conditions have been considered to illustrate the principles presented in the paper
with regard to circuit interruption in three-phase multiconductor transmission sys-
tems. (Line data are presented in Appendix II).

4.1 Infinite Bus-Bar Source

Figure 4(a) shows the transient fault current waveform for 1 — ¢ — G fault on
phase 1. Phases 2 and 3 are unfaulted and the system is initially unloaded. The
faulted phase current is clearly distorted during the initial stages of fault occurance
due to successive reflection between source and fault terminations. Phases 2 and 3
transient currents are almost negligible. These minor components are due to mutual
coupling between sound and healthy phases. Figure 4(b) shows the voltage
waveforms at the source termination, and as expected due to infinite bus source
these waveforms are pure simnusoidal waves.

Circuit interruption has been carried out at the second zero cross-over with a last
pole to clear. Figure 4(c) shows source-side and line-side voltage following separa-
tion of breaker contacts. It also shows the recovery voltage transient across the cir-
cuit breaker. As expected, the line-side transient waveform is characterised by the
line’s natural oscillations. These oscillations are damped out due to system losses in
about 800 psec. The recovery voltage across the breaker rises steeply at an initial rate
of 2.2 kv/usec to a peak value of 1.5 p.u. voltage then decays to the steady-state value
of the infinite bus source. The source-side voltage is a pure cosine wave and this is
clearly reproduced over the stated observation time by using the proposed synthesis
algorithm for voltage waveform.

Figure 4(d) shows similar results for the above network but with a longer observa-
tion time of 4000 wsec for the transient period. This longer observation period clearly
indicates the damping effect of the voltage transients due to system losses. It is of in-
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FIG. 4(a). Transient fault current waveforms.

FiG. 4(b). Voltage waveforms at source end.
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FIG. 4(c). Source-side, line-side and breaker re-  FiG. 4(d). Transient waveforms for longer ob-
covery transient waveforms. servation time.

terest to note that both line-side and recovery transients are heavily damped at
around 800 psec following circuit clearance. This may be attributed to modal interac-
tion, especially that to a greater influence of the earth mode.

4.2 Finite Source of 20000 MVA Short-Circuit Capacity

With the above finite source feeding the transmission line, Fig. 5(a) and 5(b) show
current and voltage waveforms for a 1 — ¢ — G fault at the remote end of the line.
Clearly the faulted phase voltage is significantly reduced compared with the sound
phase voltage. This is due to the effective source inductance and the flow of fault cur-
rent in that element. Both sound phase waveforms are influenced by high frequency
oscillations as aerial and earth modes propagate up and down the line. Figure 6
shows line-side source-side and recovery voltage across breaker terminals over an
observation period of 800 psec following contact separation. The influence of the
source capacity is clearly demonstrated in the figure. Due to finite source effects both
the peak and rate of rise of the recovery transient are markedly reduced giving better
prospects of arc extinction and hence successful circuit interruption.
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FiG. 5(a). Current waveform for finite source. Fic. 5(b). Voltage waveform for finite source.
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F1G. 6. Source-side, line-side and recovery waveforms.

4.3 Infinite Bus Source with 2000 pF Terminal Capacitance

The effect of bus capacitance due to terminal equipment at the source end is shown
in Fig. 7(a) and Fig. 7(b) for current and voltage waveforms of 1 — ¢ — G fault at the
far end of the line. Figure 7(c) shows the results of transient voltages due to circuitin-
terruption. Here the effect of terminal capacitance is quite noticeable on the first
peak of the recovery voltage as well as its initial rate of rise. Both parameters are ad-
versely altered and this may be alarming for enhancing circuit interruption.
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F1G. 7(a). Current waveform. FiG. 7(b). Voltage waveform.
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FIG. 7(c). Source-side, line-side and recovery waveforms.

5. Conclusion

The paper has presented an accurate analytical technique for the evaluation of in-
terruption phenomena on three-phase multiconductor transmission systems. The
technique is based on the theory of natural mode and Fourier Transform method and
discusses the principles of simulation of fault inception as well as those of circuit in-
terruption.

The paper has resolved two main problems. One is related to the development of
a fairly accurate Fourier Transform algorithm for obtaining the wavefront of the
fault current to be interrupted. The algorithm has been applied in the paper for cir-
cuit interruption around a zero cross over point of fault current. The model is also
valid, however, for current chopping. The second problem is related to simulation of
the effect of the circuit on the source side of the circuit breaker. An algorithm for
Fourier Transform of the source side transient voltage in the existence of source in-
ductance and terminal capacitance is developed. This transform enhances the inclu-
sion of the source side transient component needed for the accurate analysis of inter-
ruption phenomena. The computational results presented demonstrate the validity
of the models proposed for the analysis of circuit interruption in three-phase trans-
mission systems.
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Appendix I

Flow Chart of the Computer Program
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Appendix I1
Line Data

Single circuit with vertical configuration
Phase conductors = 3; d = 30.92cm
Earth wire = 1; d = 1.80cm
Sub-bundie =4
Conductor resistivity = 32.1 x 10" ohm-m.
Inductance correction factor = 0.21088 for both phase and earth wire
Line length = 20km
Earth resistivity = 100 ohm-m.
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