ATP-EMTP investigation of detection of fault
position with respect to the compensating bank in
series compensated line by determining the contents
of dc components in phase currents
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Abstract--This paper presents an analysis of possibility of
detection of a fault position with respect to the compensating
bank in a series compensating transmission line. The algorithm
designed for this purpose is based on determining the contents of
dc components in the distance relay input currents. Fuzzy logic
technique is applied for making the decision whether a fault is in
front of the compensating bank or behind it. The delivered
algorithm has been tested and evaluated with use of the fault data
obtained from versatile ATP-EMTP simulations of faults in the
test power network containing the 400 kV, 300 km transmission
line, compensated with the aid of the compensating bank installed
at midpoint. The sample results of the evaluation are reported
and discussed.
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[. INTRODUCTION

NCREASED transmittable power, improved power system

stability, reduced transmission losses, enhanced voltage
control and flexible power flow control are the reasons behind
installing Series Capacitors (SCs) on long transmission lines.
The environmental concerns stand for that too.

Both, capacitors of fixed value (FSC - Fixed Series
Capacitors) and of controlled value (TCSC - Thyristor
Controlled Series Capacitors) are installed in series
compensated lines. This paper deals with distance protection
issues for a line compensated with a three-phase bank of series
capacitors (SCs) installed at the line midpoint (Fig. 1). SCs are
equipped with their overvoltage protection devices: typically
Metal Oxide Varistors (MOVs). Each MOV is in turn
protected from overheating with aid of the thermal protection
(TP), which eventually sparks the respective Air-Gap, in order
to by-pass its MOV.
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Fig. 1. Schematic diagram of series compensated line for considering distance
protection: Fa — fault in front of SCs/MOVs, Fg — fault behind SCs/MOVs.

The compensating bank when installed in a line, creates,
however, certain problems for its protective relays and fault
locators. In the case a series compensated line suffers a fault
behind the SCs as seen from the relaying point (fault Fg in
Fig. 1), a fault loop measured by a distance relay contains
depending on a type of fault, one (L-G faults) or even two
(inter-phase faults) systems of SCs and MOVs. As a
consequence, the operating conditions for protective relays
become unfavorable and include such phenomena as voltage
and/or current inversion, subharmonic oscillations, high
frequency oscillations due to MOVs.

The most important singularity of series compensated lines
as objects to be protected, lays, however, in the fact that the
positive sequence impedance measured by traditional distance
relays is no longer an indicator of the distance to a fault. The
SC and its MOV affect both the apparent reactance and
resistance seen by the relay

The aforementioned problems with protective relaying for
series compensated lines are being extensively explored as a
series of studies have been performed by relay vendors and
utilities. Protection of networks with series compensated lines
is considered as one of the most difficult tasks. There is still
much room for developing efficient protective relaying for
such networks. The approach presented in this paper is one of
the attempts for realizing that.

II. MEASUREMENT OF FAULT LOOP IMPEDANCE
IN SERIES COMPENSATED LINE

Two hypothetical places of faults (F, and Fg) are indicated
in Fig. 1. In the case of fault F, (fault in front of the
compensating bank) the measurement of fault loop impedance,
performed by a distance relay from the substation A (Fig. 2) is
analogous as for the traditional uncompensated line. In this
case a fault resistance influences the measurement of the fault



loop impedance (as shown in Fig. 2). This impedance (Z, ;)

consists of:

e dZ, - positive-sequence impedance of the line section
between the relaying point A and the fault point F
(d denotes the per unit distance between these points),

. E; — complex impedance which represents the fault path

resistance seen from the relaying point .
Note: in Fig. 2, and also in Fig. 3 for the fault behind

SCs&MOVs, the complex impedance Eg is drawn as the pure
resistance twisted clockwise, i.e. by a certain angle from the
range [ 0+(=90°) ]. However, it can remain untwisted (if there

is no pre-fault power flow at all) or twisted counter-clockwise

(by a certain angle from the range [ 0+90° ).

Measurement of fault loop impedance for the case of fault
FB (fault behind the compensating bank), performed by a
distance relay from the substation A (Fig. 2), differs from the
case of fault F,. The fault loop impedance (Z,_,,) consists of:

e dZ, - positive-sequence impedance of the line section
between the relaying point A and the fault point F
(d denotes the per unit distance between these points),

U E; — complex impedance which represents the fault path

resistance seen from the relaying point,

®  (Rscamov—jXscamov) — impedance of the R—C character,
which represents presence of the compensating bank in
the fault loop.

Impedance which represents the compensating bank in the
fault loop is not fixed, but depends on the current flowing
through the bank [13].

Presence of the compensating bank in the fault loop
drastically influences the fault loop impedance measurement.
As a result of that, certain shortening of the distance protection
reach for the first zone may happen, if special
countermeasures are not undertaken.

The voltage drop on the compensating device can be
estimated on basis of current supplying the distance relay.
Such procedure of estimation of voltage drop was introduced
in [14].

Also, the presence of the compensating bank in the fault
loop can be reflected with use of the fundamental frequency

equivalent introduced in [13].
A

X A B
~
F, R
AT R}
N = '~
,l'dZIL ,,%
q ALy,
d 4
.
[
' Ry,
A

Fig 2. Measurement of fault loop impedance for the case of fault F5 occurring
in front of SCs&MOVs.
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Fig 3. Measurement of fault loop impedance for the case of fault Fp occurring
behind SCs&MOVs.

In order to counteract the negative influence of presence of
the compensating bank in the fault loop for faults occurring
behind the bank the position of the fault with respect to the
bank, in terms whether in front or behind it, has to be
recognised. The compensation for the compensating bank has
to be applied only for faults occurring behind the
compensating bank.

This paper presents the algorithm for detecting the fault
position. For this purpose filtration the dc component is
applied and the fuzzy logic technique is utilised for the
reasoning.

III. IDEA FUZZY LOGIC ALGORITHM OF DETECTION OF FAULT
POSITION — FUNDAMENTAL PRINCIPLES

The concept of Fuzzy Logic (FL) was conceived by Lotfi
Zadeh as way of processing data by allowing partial set
membership rather than crisp set membership or non-
membership. FL offers several unique features that make it a
particularly good choice for many problems.

It classic logic is based at on two represented values the
most often by 0 and 1 or truth and falseness. Border between
them is definite unambiguously and invariable.

Fuzzy logic introduces value between standard 0 and 1 and
fuzzification of the borders between them isw giving the
possibility of appearing the values from between this
compartment.

Schematic diagram of the proposed fuzzy logic algorithm is
presented in Fig. 4.
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Fig. 4. Schematic diagram of fuzzy logic based detection of fault position.



First, digital integration of phase currents is performed with
the aid of the trapezoidal principle as follows:

. . T,
i =i =)+ > o+ i) )

where:
n —index denoting the current sample of the processed current,
T, — sampling period.

Next, filtration for dc rejection [8] is applied according to:

] filter. filter. , Nl
ey =0 > " e T k) @)
k=0
where:
N — number of samples in the single fundamental frequency
cycle.
Then, the difference current is calculated:

i (n) = iy () = igy' " () 3)

The calculated samples of the difference currents undergo
fuzzification. For this purpose the set of five consecutive
samples (Fig. 5a) are considered for determining the
membership function in the shape of the triangle (Fig. 5b).
The points of this triangle are determined with the minimum,

average and maximum values of the difference current
(Fig. 5b).
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Fig 5. Fuzzification principle: a) difference current, b) membership function
of difference.
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Fig. 6. Illustration of fuzzy comparison.

The setting applied in the comparison was determined
arbitrary, for each fault type separately.

Making the decision on the fault position is a result of the
fuzzy comparison determined with the following relationship:

il

w="1 4
P “®

where:
P — area determined by the membership function u(iy),

P, — the area obtained from P by limiting it with the applied
setting (Fig. 6).

If the ratio (4) exceeds the specified threshold, the decision
is taken that the fault is in front of the compensating bank.

IV. SIMULATION AND TESTS CONDUCTED IN ATP-EMTP AND
MATLAB PROGRAMS

The presented algorithm for detecting the position of the
fault with respect to the compensating bank, in terms whether
a fault occurred in front or behind the bank, has been tested
and evaluated with the fault data obtained from versatile
ATP-EMTP [4] simulations of faults in the test power
network. Basic parameters are gathered in Table I.

The test power network contains the 400 kV, 300 km
transmission line, compensated with a three-phase bank of
series capacitors installed at mid-line. The compensation rate
of 70% was assumed. MOVs installed in parallel to series
capacitors were modelled as nonlinear resistors defined with
the analytical characteristic and its parameters as given in
Table 1. The thermal protection (TP in Fig. 1) preventing the
MOV from overheating was modelled as the component
integrating the accumulated energy. After exceeding the set
threshold for energy, the sparking of the associated air-gap
undergoes, and the MOV becomes shunted. It has been
checked that in the considered application, i.e. the application
related to high-speed protective relaying, the air-gap sparking
does not take place prior to detecting a fault position. Thus,
the thermal protection does not influence the algorithm.

The model includes the Capacitive Voltage Transformers
(CVTs) and the Current Transformers (CTs). The analogue
filters with 350 Hz cut-off frequency were also included. The
sampling frequency of 1000 Hz was applied.



TABLE I. BASIC PARAMETERS OF THE TEST TRANSMISSION NETWORK

Equivaleqt system Zisa (0.656+{7.5)
at terminal A
(9=0°) Zosa (1.167+j11.25) Q
Equivalent system 7 (1.314j15) Q
at terminal B = -
(¢=%15°) Zss (2.334j26.6) Q
Z,. (0.028+j0.315) Q/km
) Zop (0.275+j1.027) Q/km
Line AB -
Cip 13.0 nF/km
CoL 8.5 nF/km
Series Series capacitors 0.70 X,
compensation Position of 05 p.u
the compensating bank - p-u-
MOV P 1 kKA
characteristic: Vrer 150 kV
)
i =P 23
oy Vrer 5
Line length 300 km
System voltage 400 kV

Faults with different specifications occurring in front and
behind the compensating bank have been modelled. The
following parameters have been altered:

e  distance to fault,
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e fault resistance: for faults L-E and L-L-E resistance from
the range (0.1+50) Q and for faults L-L,
L-L-L (L-L-L-E) from the range (0.1+5) Q has been
set,

e point on the waveform at which fault has been applied: 0°
and 90°.

In the equivalent systems behind the line terminals A, B,
the equivalent impedances were altered (in Table 1 the basic
values are given). The angle of EMFs at the end A was set as
¢=0° (the cosine wave with zero phase shift in the phase a),
while for the end B: —15°+15°.

The presented algorithm (schematic diagram in Fig. 4) for
detecting the fault position has been reflected in MATLAB
environment [9].

The example 1, for which the results are presented in
Fig. 7, is for the fault F, (occurring in front of the
compensating bank) with the following specifications — fault
distance: d=0.15 p.u., fault resistance Rg=10 Q.

The example 2, for which the results are presented in
Fig. 8, is for the fault Fg (occurring behind the compensating
bank) with the following specifications — fault distance:
d=0.85 p.u., fault resistance Rp=10 Q.

The presented examples (Fig. 7-8) illustrate effectiveness

of the proposed detection algorithm. The detailed evaluation
results are gathered in Table II.
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Fig. 7. Example 1 — fault in front of SCs&MOVs (fault F,): a) phases currents, b) signals of fuzzy logic based detection of fault position.
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Fig. 8. Example 2 — fault behind SCs&MOVs (fault Fg): a) phases currents, b) signals of fuzzy logic based detection of fault position.



—
Y
S

—
=
S

-
)
S

g
g3
~_|

%
S
—_—

Difference Currents

rate of the order of 85% is considered as relatively high. Also
the approach from [10] was not 100% efficient.

Average time of the fault position detection is around
20 ms. In order to get higher speed of detection, the other
filtering digital algorithm, as for example applying the half-
cycle dc rejection can be applied.

TABLE II. EFFICIENCY OF DETECTION OF FAULTS Fa, Fg

/ Fault Number Detection Detection Average time
60 tyne of fault of fault Fy of fault Fg of detection
yp cases [%] [%] [ms]
40
/ Phase” 15550 83 100 20
2 to-earth
\‘/’\_,__EB________,_ Phase-
0 to- 2550 88 100 18
0 0.02 0.04 0.06 0.08 ‘O.l 0.12 0.14 0.16 0.18 0.2 phase
Time 151 Double
Fig. 9. The signal of dc components in phase currents: a) fault position in front phase- 2550 85 100 21
of compensating bank (F,), b) fault position behind compensating bank (Fg). to- earth
Three
In Fig. 7a the phase currents are shown. Since this is the phase 2550 88 100 18
fault occurring in front of the compensating bank, the current |7, _ fault in front of SCs/MOVs
from the faulted phase ‘a’ contains a considerable dc | F; - fault behind SCSMOVs

component. This current, together with the signals from the
presented fault position detecting algorithm are visualised in

Fig. 7b. As a result of integrating the faulted phase current one

.int.

obtains the signal: i,,” in which the dc component is highly

magnified. In turn, filtering the faulted phase current with the
digital algorithm (2) results in effective rejection of the dc.

component. The fundamental frequency components in the

: .int.  -filter.
signals iy, iph

Therefore, their difference ip (3) contains only the magnified
dc component (as the curve FA in Fig. 9).

In contrast, for the example 2 (fault occurring behind the
compensating bank) the faulted phase current is contaminated
with the subharmonic oscillations. As a result, the difference
current ip (3) contains much lower dc component (as the curve
FB in Fig. 9).

The samples of difference current ip from the fault interval
undergo fuzzification (Fig. 4) and then the fuzzy comparison.
The setting applied in this comparison was determined
arbitrary for each fault type. In further investigations, the self-
adjusting fuzzy settings will be applied.

For each fault type (phase-to-earth, phase-to-phase, double
phase-to-earth and three phase faults) 2550 cases were applied
in evaluation of the fault position detecting algorithm. All
faults occurring behind the compensating bank (fault FB) were
successfully detected (100% efficiency). In turn, the faults
occurring in front of the compensating bank (fault FA) were
correctly recognised with the efficiency of around 85%. This
is a result of initial assumption that a fault is behind the bank,
and this can be changed to opposite type (fault in front of the
compensating bank) only if the fuzzy comparison yields a
decision that this is fault with considerable contents of dc
component — thus a fault in front of the compensating bank.

In some fault cases with unfavourable point on the wave of
fault inception and/or high fault resistance the dc component
may be very low (or even not present) and very quickly
decaying for faults in front of the bank. This justifies why the
100% efficiency is not achieved for detecting faults occurring
in front of the compensating bank. However, the efficiency

are in phase and have identical magnitudes.

V. CONCLUSIONS

The paper presents the algorithm aimed at determination of
the fault position with respect to the compensating device. The
decision with respect to the fault position, i.e. whether a fault
occurred in front of the bank or behind it, is highly required
for design of the adaptive distance relay. Knowledge of the
position of a fault, allows to make the distance relay adaptable
to presence of the compensating bank in the fault loop. In case
of faults occurring behind the compensating device there is a
need for reflecting of presence of SC&MOV (or SCs&MOVs
in the case of inter-phase faults) in the fault loop considered
by the distance relay. For this purpose the differential equation
or fundamental frequency equivalenting approaches, known
from the numerous references, can be applied. By reflecting
the presence of SCs&MOVs in the fault loop, in the case of
faults occurring behind them, the quality of distance protection
can be substantially improved. In particular, one can avoid
shortening of the reach for the high speed first zone.

The presented algorithm for detecting the position of the
fault with respect to the compensating device is based on
exploring the contents of dc components in the protective
relay input currents. The decision with respect to the fault
position is made using fuzzy logic reasoning. The decision is
made with determining the difference current which is a
measure of dc contents in processed phase currents.

The delivered algorithm has been tested and evaluated with
the fault data obtained from versatile ATP-EMTP simulations
of faults in the test power network containing the 400 kV, 300
km transmission line. Different specifications of faults and
pre-fault power flows have been considered in the evaluation
study. In total, above 10 thousands of fault cases were utilised
in the analysis.

Application of fuzzy logic appeared as the tool which
allowed to obtain efficient detection of the fault place. The
faults occurring behind SCs&MOVs have been detected
perfectly correct (100%). In turn, faults occurring in front of
SCs&MOVs were identified in around 90% efficiency. Some



fault cases with very low dc contents were not detected as
occurring in front of the compensating bank. However, even
s0, in majority of unidentified faults in front of the bank, it has
been checked that the distance relay operates correctly and the
fault loop impedance enters the relay impedance
characteristic.

In future research on the issue of detecting the fault
position in series compensated line, it is expected that a multi-
criteria algorithm will be developed, hoping to obtained
completely correct identification of the fault position.
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