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Abstract-This paper presents modelling of fault conditions
and analysis of the relevant, both steady state and tran-
sient, phenomena for protection of series compensated
transmission lines. Based on the results of analysis, cer-
tain recommendations have heen given regarding the
protection techniques for series compensated lines.
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L INTRODUCTION

When a series compensated line suffers a fault behind its
series capacitors {SCs) a fault loop considered by a distance
relay contains one or even two complexes of SCs and their
overvoltage protecting arresters (usvally Metal-Oxide
Varistors (MOVs)). The 8Cs with their MOVSs cause certain
shift of the measured impedance vector: down {(due to the
negative equivalent reactance of SC and MOV), and right
(due to the equivalent resistance). As a result, a far end fault
may be seen by the relay much closer than actually located.
Therefore, to avoid overreaching, the first zone of a relay is
usually set to cover less than 30% of the total line length
providing very poor protection for a line [1,2].

The investigation towards better protection for series
compensated lines calls for detailed modelling of fault con-
ditions and carefil analysis of the phenomena, what is the
primary miotivation for this paper.

1. THE MODEL

This paper is focused on single line arrangement with the
SCs installed in the middle of the line (Fig.1a). ATP-EMTP
is used as a simuiation tool [3,4].

The line (300km, 400kV, 50Hz, compensated at 70%) is
modeled as a cascade of four-ports, each representing a
50km Jong line segment (transposed Clarke model used [3]).

The MOVs are modeled as non-linear resistors approxi-
mated by the standard v-i characteristic [3,5] (Fig.1b):

i=P (1
VREF
where: i,v MOV current and voltage, respectively,
Vrer  the reference voltage,
P the reference current,
q the exponent of approximation.

Each MOV is protected from overheating by firing the
complementary air-gap by the thermal (overload) protection.
The MOV protection is modeled as energy-based: the energy
absorbed by the MOV is integrated and the MOV becomes
shunted by firing the air-gap when this energy reaches its
pre-defined limit (Fig.2).

The relay measuring chain is modeled as well. CVTs are
represented by their 4th order linear models while CTs are
simulated taking into account their saturation branches [6].
The analog anti-aliasing filters are represented by the 2nd
order approximation with the cut-off frequency set at 1/3 of
the sampling rate [7].

Numerous simulations have been performed using the de-
veloped model. The studied factors include: pre-fault power
flow; fault type, location, resistance and inception angle;
source impedances; energy limit for MOVs; and others.

Such statistical picture taken for the considered line en-
ables to draw a number of conclusions regarding the operat-
ing conditions for a distance relay for series compensated
transmission lines.

III. THE RESULTS

Both faulty semi-steady-state and transient bahaviour of
the stndied system have been considered in the paper.
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Fig,]. One-line diagram of the studied 300km, 400KV series

compensated line (a), and the v-i characteristic of the installed
MOVs (b). The MOV data used are P=1kA, Vrep=150kV, q=23.

A. The equivalent series RC circuit for the SC and MOV

For analysis of relay operation, the parallel connection of
fixed capacitor and its non-linear protecting resistor (MOV)
was represented by the first harmonic equivalent series reac-
tance X, and resistance R, as shown in Fig.3a [8]. X, and
R, occur in any fault loop considered by a relay during a
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Fig.2, The basic arrangement of the SC, MOV and the
thermal protection (D - damping reactor,
S - switch for permanent by-passing of the SC).

fault behind SCs and make such a loop non-linear with re-
spect to the current amplitude.

For comparison the equivalence has been done in iwo
ways:
1. analytically, assuming the sinusoidal wave of the current,

2. by means of digital simulation assuming sinusoidal wave
of the electromotive forces of the supplying systems and
allowing the current to assume its natural waveform
during the faulty steady state.

Figs.3b and ¢ present the results. n gencral one con-
cludes:

(i) the parallel connection of SC and MOV acts as a pure
capacitive reactance up to certain level of the current
(here 2.1kA); this is so due to the MOV operating only
above the certain level of the voltage drop across the SC
and MOV,

(ii) the equivalent series resistance displays its local maxi-
mum,

(iii) the equivalent reactance decreases with the increase of
the current, and consequently:

(iv) for low currents, the SC and MOV system acts as a pure
capacitive reactance, while for high currents - as pure
resistance,

{v) as a result of a kind of feedback, this equivalent R-X
circuit controlled by the current controls back the fault
current itself,

Comparing Figs.3b and ¢ one observes considerable dif-
ferences between the equivalent circmits. Since the actual
fault currents are not pure sinusiodal waves, the method
denoted as (2) assuming the electromotive forces to be sinu-
soidal is more accurate and is recommenced in this paper.

The equivalent R-X circuits are the solid base for correc-
tion of the impedance measured by conventional distance
relays and fanlt locators,

B. The relay overreaching

The equivalent negative reactance X, appearing in a fault
loop may cause the relay to overreach as shown in Fig4
where from the actual fault position, given by certain frac-
tion of the line impedance vector, one moves by the twisted
(the infeed effect) fault resistance, Ry, and next moves down
due to X,, and next - right due to R, making the seen faylt
position much closer than the actual one. In addition, the
final placement of the seen impedance depends on the cur-
rent amplitude which controls X, and Ra.

The fault current depends on fault location, fault resis-
tance and system impedances. The current controls the op-
erating points of MOVs and thus the equivalent resistance
and reactance of the systems of SCs and MOVs. These pa-
rameters in turn control the current to certain extend.
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Fig.3. The equivalenting principle for the SC and MOV (a), the
equivalent series resistance (b) and reactance (¢ ).
1 - the phase current assumed sinusoidal,
2 - the electromotive forces assumed sinusoidal.

Therefore for the same fault location and resistance, the
impedance seen by a distance relay depend on the system
(source) impedances. In particular, under very weak systems,
the line acts as fully compensated (liner range of MOV op-
eration), but under strong sources the line is no longer com-
pensated (few percent of capacitance seen - compare Fig 3¢
for high fanit currents). This effect is not observed in tradi-
tional non-compensated lines.

However, by measuring the amplitude of the curreat, dis-
tance relays and fault locators may compensate for the R-X
circuit representing the parallel arrangement of SC and
MOV. The current flowing through the SC and MOV is
available to the rclay, however, only when a fault occurs
behind the SC and MOV as scen from the relaying point.
For fauits in front of SCs some extra techniques are needed.
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Fig.4. Nlustration of the effect of relay overreaching in series com-
pensated lines (Rr - fault resistance twisted due to the
infeed effect).

C. The subsynchronous oscillations

The subsynchronous oscillations in both currents and
voltages at the relaying point appear during faults behind
SCs with low fault currents when the MOVs almost do not
operate and do not damp these natural oscillations. Such
oscillations are a source of considerable measuring errors,

During low current fanlts the MOV operates in its linear
range - with very high parallel resistance, Thus, for such
fault currents ncgletion .of the MOV is justified, and the
compensating capacitor is considered as fully included in the
fault circuit. This simplification leads to the R-L-C circuit
model of a fault loop. In consequence, both the relaying
signals are distorted by slowly decaying oscillatory compo-
nents of the subsynchronous nature. An analysis of relaying
signals spectra showed [97 that oscillatory subsynchronous
components are of the frequency very close to the fundamen-
tal one (Figs.5a and b).

In general, this frequency depends on:
e source impedances,
¢ line length,
e compensation rate,
o fault resistance, and
» distance to a fault.

As the line is longer (300 km) and the compensation rate
is higher (70%), the frequency of such subsynchronous oscit-
lation disturbance is closer to the fundamental one. At the
same time, the frequency decreases as the distance to a fault
increases.

The presence of such components in the processed signals

creates certain difficulties for measurement. This is clearly
illustrated by the simulation results from Fig.6. Three-phase
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Fig.5.Variation of the subsynchronous oscillatory components

frequency (f,) with the distance to a fault for different line length
and compensation rates.

fault on the transmission line of 300km length, compensated
at 70% with fully linear operation of MOVs, was studied
there. A fault was applied at a location 50km away from the
remote line end (Fig.la). Secondary voltage and current
signals contain oscillatory components of the frequency
equal to around 42Hz. Quite small difference between this
frequency and the fundamental one results in characteristic
envelope of the signals (Figs.6a and b). Very slow increase
of fault currents is observed and voltage transients are also
long lasting. Figs.6c and d present voltage and current am-
plitudes estimated by the half-cycle Fourier algorithm. In the
figures considerable measuring errors are observed. The
same effect is observed as far as the fault loop impedance is
considered [9].

Effective rejection of subsynchronous oscillations from the
relaying signals by any kind of filtration is troublesomte. It is
so, because the data window of such the filter onght to be
adequately short (for fast operation of a relay) and at the
same time, the components to be filtered out have the fre-
quency comparatively close to the fundamental one. In addi-
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Fig.6. Fault behind a capacitor with linear operation of MOVs: (a)
secondary voltage waveforms, (¢ ) voltage amplitudes estimated by
half-cycle Fourier algorithm, (b) secondary current waveforms,
{(d) current amplitudes estimated by half-cycle Fourier algorithm.

tion, this frequency is not constant - it depends on such ran-
dom factors as a fault type, distance to a fault, and value of
fanlt resistance. The subsynchronous oscillations decay
usually with a comparatively long time constant. For the
simulated system and considered solid faults this time con-
stant is of the order of 70ms. However, if a fault occurs
through the resistance, this time constant becomes ade-
quately smaller,

The measurement algorithm [9] overcoming these diffi-
culties assumes the R-L-C character of the fault loop. In such
a model C is known, while R and L are ¢stimated with the
use of least-squares method, The method provides good
results and in addition it is immune to frequency deviations.

D. The DC components of the relaying signals

The DC components in both voltage and current signals
have been analyzed in the paper under variety of operating
conditions. The following conclusions are drawn:

+ the DC components in phase voltages are caused rather
by CVT induced transients than by the phenomena spe-
cific for series compensated lines,
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o if the line suffers a fault behind its series capacitors as
seen from the relaying point, the DC components in the
phase currents are not observed: either the envelope is
observed (a liner operation of MOVS) or almost pure sine
waveform (non-linear range of MOV operation),

¢ if the line suffers a fault in front of its series capacitors,
the DC components are always present in the phase cur-
rents except the case of a single-phase fanlt with certain
inception angle.

This observation can be a base for recognizing the fault
position with respect to the series capacitors.

E. Impedance trajectories

Fig.7, as an example, shows the fault trajectory for the R-
to-S-to-ground fault located at 2/3 of the line length with
6002 fault resistance. One may see the large displacement of
the seen impedance due to X, and R, in the first stage of the
faulty steady state (position (a) in Fig.7). Next, 46ms after
the fault, the phase R MOV is shunted by its thermal protec-
tion (movement from (a) to (b)), so is the phase 8 unit few
ms later (movement from (b) to (¢ )). Those switchings move
up the measured impedance to its natural position (¢ ) since
the fault loop (R-to-S) is no longer compensated (both the
SCs are by-passed).

In general, protective relays and fault locators operate un-
der a sequence of events, such as: fault, asynchronous by-
passing of MOVs in some of the phases, and finally clear-
ance of a fault. In order to compensate for the equivalent
impedance of SCs and MOVs one needs to identify whether
or not the system of SC and MOV in a particular phase op-
erates or just got by-passed (shunted).

V. IMPEDANCE MEASURING ALGORITHMS
In this paper two impedance algorithms from the frequency
domain family are considered [10]:
(a) a full-cycle Fourier method,
(b) a half-cycle Fourier method;
and four algorithms from the differential equation domain:
(c) a rectangular differentiation based method,
(d) a rectangular differentiation based method with addi-
tional pre-filtration,
(e) a Gear three-point differentiation based method with
additional pre-filtration, and
(D) a rectangular differentiation based method combined with
orthogonal components.

Based on a number of simutations the following conclu-
sions have been drawn [10].

When a fault Joop does not contain SCs&MOVs, the op-
erating conditions for any impedance algorithm are better
and:
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Fig.7. Impedance trajectory for a phase-to-phase fault located
behind the SCs as seen from the relaying point,

¢ fundamental frequency based methods give accurate
impedance estimates when the pre-fault samples leave
the data window,

o the differential equation based methods return the accu-
ratc impedance estimates after time delay caused by the
additional pre-filtration; it is justified to apply pre-
filtration with very short data window;

» none of the considered methods shows oscillations and/or
danger of transient overreaching - the estimated imped-
ance settles surely at its faulty semi-steady-state position.

In contrary, when a line suffers a fault behind its SCs, and
consequently, a fault loop contains the system of SCs and
MOVs:

» the fundamental frequency based methods give the accu-
rate impedance estimates with the delay of the data win-
dow plus additional three quarters of a cycle up to one
cycle;

» the differential equation based methods must be equipped
with additional pre-filtration otherwise they give very
poor time response both during transients and in fanlty
semi-steady-state;

e the method combining differential equation technique
with orthogonal components and the method based on
differential equation with Gear three-point differentiation
and additional pre-filtration provide the settling time
around half a cycle regardless the fault location.

V. CONCLUSIONS

The developed EMTP model for generating the input data
for study of the distance relay principle applied to series-
compensated line allows to investigate the influence of
MOVs nonlinear operation on voltage and current relaying
signals and impedance measurement.
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Faults behind a series capacitor, i.e. with involvement of a
capacitor in the fault loop, have been studied from the point
of view of the distance relaying principle.

For low current faults, with linear operation of MOVs, the
linear model of a fault loop was considered to determine the
frequency range of subsynchronous oscillations in the relay-
ing signals. The analysis has shown that such distortion of
the relaying signals is a source of considerable measurement
erTors.

For high current faults nonlinear operation of MOVs has
been studied. The presented sample simulation results ex-
plain the nature of MOVs behaviour. An influence of MOVs
nonkinear operation on the fault loop impedance measure-
ment is shown. In order to study quantitatively the distance
principle, the series R-C nonlinear equivalent of the parallel
arrangement of a compensating capacitor and its MOV pro-
tection has been introduced. The derived equivalent has been
used for determining the shift of the impedance, seen by a
distance relay, due to operation of MOVs,

Six methods for impedance measuring in series compen-
sated lines have been studied [10].

The method combining the differential equation technigue
with orthogonal components is recommended since it pro-
vides half a cycle settling time for both short circuits in front
of and behind SCs. In addition the method is immune to
frequency deviations.

The simulative analysis has also shown that to speed-up
further the impedance measurement it is justified to switch
adaptively between different algorithms depending on the
anticipated fault location.
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