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The impact of Static Var Compensator (SVC) on the apparent impedance seen by the transmission line
distance relay is investigated in this paper. Analytical results are presented and verified by detailed sim-
ulations. It is shown that the connection type of the windings of the shunt coupling transformer of the
SVC has a remarkable effect on the apparent impedance seen by the distance relay. Six different phase
to phase and phase to ground measuring units of the distance relay are simulated to resemble the behav-
ior of the relay. The impact of SVC is more pronounced on the apparent impedance seen by the phase to
ground fault measuring units than the others as is shown by the results. Simulation results include dif-
ferent power system operating conditions, SVC control system settings and different fault-type scenarios.
The impact of SVC on the relay tripping boundaries is also clearly demonstrated. Detailed and sophisti-
cated models are used for simulating distance protective relay in a digital simulation environment.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Static Var Compensator (SVC) is one of the earliest Flexible AC
Transmission System (FACTS) devices. It generates or absorbs reac-
tive power at its point of connection, usually in the middle of a
high voltage transmission line. Before the evolution of SVC in the
1960s, synchronous compensators performed such compensation.
Generally, SVC is used to maintain the voltage magnitude at the
middle of a long transmission line, thereby to increase the power
transfer capability in a given transmission line. Since SVC cannot
generate or absorb real power (neglecting its relatively low inter-
nal losses), the power transmission of the system is affected indi-
rectly by the voltage control. SVC regulates the voltage at its
terminals by controlling the amount of reactive power injected
into or absorbed from the power system. When the system voltage
is low, SVC generates reactive power (capacitive mode) and when
the voltage is high, it absorb reactive power (inductive mode) [1].

However, the employment of a SVC in a transmission line cre-
ates certain problems for the protective relays and fault locators
using conventional techniques because of the rapid changes intro-
duced by the associated control actions. Apparent line impedances
seen by conventional distance relays are affected due to the varia-
tion of the voltage at the point of SVC connection. It is worth noting
that distance relays estimate the fault location by calculating the
apparent impedance using the voltage and current values at the
relaying point [2,3]. When a single a phase fault occurs on a trans-
mission line compensated by SVC; the system voltage decreases, so
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the SVC takes remedial actions to recover the voltage to its refer-
ence value (V). In this sense, reactive capacitive current is needed
to be injected by SVC; therefore, the impedance seen by the dis-
tance relay starts to change by the intervention of SVC.

Generally, the impact of compensators on the transmission line
protection is categorized as series compensation, shunt compensa-
tion and series/shunt compensation. The impact of series
compensation on the performance of conventional distance relay
is presented in [4-7]. The impact of shunt compensation on conven-
tional distance protection has already been studied in [8-10];
meanwhile the impact of series/shunt compensation devices are re-
ported in [11-14]. In these works, it is shown that the presence of
FACTS compensators in a fault loop affects the apparent impedance
seen by the distance relay. In [8], the impact of STATCOM is investi-
gated. In [9], the performance of distance relays in presence of shunt
FACTS compensation devices, i.e., SVC and STATCOM is presented.
The main focus of Sidhu et al. [9] is on the impact of STATCOM on
the performance of distance relay.

In this paper, the impact of SVC on the apparent impedance
seen by a conventional distance relay is evaluated both analytically
and by detailed simulations. The merits of this study are summa-
rized as follows:

(1) The impact of SVC is investigated analytically by applying
accurate modeling concepts which is missing in most of
the literature in this regard, then the analytical results are
verified by detailed simulations.

(2) Sophisticated models are used for sources, transmission
lines, protective relay and other devices in the sample
network.
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(3) SVC control system is simulated by detailed transient mod-
els. Static models for SVC, as used in some published papers,
does not accurately present the behavior of SVC during a
fault; hence the performance of the distance relay is not
clearly evaluated in this case.

(4) The impact of SVC on the trip boundaries of the distance
relay is investigated and interesting results are provided.

(5) In this paper, it is shown that the connection type of the
windings of the SVC’s coupling transformer directly affects
the behavior of the relay.

2. Sample system modeling

Fig. 1 shows the sample system used for the study. It contains
two parallel 300 km, 230 kV transmission lines, with the SVC in-
stalled in the middle of Line 1. The positive sequence line imped-
ances are the same and equals Zyi; =Zj12 = 0.0255 +j0.3520 Q/
km; the zero sequence line impedances are Zg; = Zo» = 0.3864
+j1.5556 Q/km. Short Circuit Level (SCL) at G and H = 8500 MVA;
system frequency = 60 Hz; load angle between sources = 30° and
the ratio between the magnitudes of the source voltages at G and
H=1.07.

The SVC considered contains one 100 Mvar TCR bank and three
100 Mvar TSC banks which are connected to the middle of Line 1
using a 230 kV/16 kV (Yg/d), 340 MVA coupling transformer. Each
three-phase bank is connected in delta so that, during normal bal-
anced operation, the zero-sequence triplen harmonics (3rd, 9th,
etc.) remain trapped inside the delta, thus reducing harmonic
injection into the power system. Switching the TSCs in and out al-
lows a discrete variation of the secondary reactive power from zero
to 300 Mvar capacitive (at 16 kV) by steps of 100 Mvar, whereas
phase control of the TCR allows a continuous variation from zero
to 100 Mvar inductive.

SVC control system is presented in Fig. 2. Positive sequence fun-
damental-frequency primary voltage magnitude V,(Prim), is mea-
sured by voltage measurement unit and then is compared with
Vger- The obtained error passes through a PI regulator and presents
the primary susceptance, B,.. The associated Phase Locked Loop
(PLL) is used to take into account the variations of the system fre-
quency. Distribution unit in Fig. 2 uses By, to determine the TCR
firing angle o and the status (on/off) of the three TSC branches.
The firing angle o as a function of the TCR susceptance Brcg is
implemented by a look-up table extracted from:

2(m — o) + sin(2)

Bier = po (1)
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Fig. 1. Single line diagram of the sample system.
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Fig. 2. SVC control system.

where Brcg is the TCR susceptance in p.u. of rated TCR reactive
power (100 Mvar). A synchronizing system using a three PLLs
synchronized on line-to-line secondary voltages V,,(Sec), and a
pulse generator that send appropriate pulses to the 24 thyristors
(six thyristors per three-phase bank) are the main components of
this SVC control system.

Generally, SVC has two different operational modes:

(1) Voltage regulation mode: In this case Vg, value is specified
by external controller. SVC holds output voltage in Vges by
absorbing or generating reactive power and it is performed
by a PI regulator.

(2) Var regulation mode: SVC reactive power is fixed in this case
and the SVC susceptance is kept constant. The presence of
voltage regulator is not necessary in the control system in
this mode, so Bsyc is applied directly by external controller
to the SVC.

3. SVC impact on the apparent impedance measured by the
distance relay

Fig. 3 shows the positive, negative and zero-sequence networks
of the sample system of Fig. 1 with the SVC in the middle of Line 1.
Distance relay is installed at Bus P to protect the associated trans-
mission line. Following parameters are used for the analysis:

Vop: Vip, are sequence phase voltages at relay location at
Vap Bus P;

Iop1, Iip1,  are sequence phase currents through Line 1 at
Irp1 relay location at Bus P;

Iop2, I1p2,  are sequence phase currents through Line 2 at
Lpo relay location at Bus P;

Ioq1, i1, are sequence phase currents through Line 1 at Bus
L1 Q;

Vor, ViE, are sequence phase voltages at fault location E;
Vag

Zos1, Z1s1,  are sequence impedances of the Line 1;
Z2s1

Zos2, Z1s2,  are sequence impedances of the Line 2;
2252

Ry is fault resistance;

X is fault per-unit distance from the relay location.
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3.1. Single phase to ground fault

For a single phase to ground fault (L-G) following equations can
be used:
Voe+Vig+ V=0 (10)
By using 6, 7, 8, and (10) we have:

Viee = X[Zisilp1 + (Zost — Z151)]op1]
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Fig. 3. (a) Positive sequence network. (b) Negative sequence network. (c) Zero
sequence network.

For positive sequence network according to Fig. 3, following
equations can be derived for Lines 1 and 2 for a fault at B with
the fault resistance Ry

Vip = XZisilipy + (x = 0.5)Z1s1Iysp + Re(lipt + Lisn + 1) +Vie - (2)

Vip =Ziohpe + (1 = X)Zisihiqn + Re(lipt + Iisn + Tig1) + Ve 3)

Extracting V¢ from (3) and replacing it in (2) we have:
(x—0.5) k4

X
Lig = a—x Lipt + 1-x) Ligh — a-x) Lipz (4)
where
kl :leZ/lel (5)

By substituting (4), in (2), the following equation is obtained:
Vip =xZ1silip1 + (X — 0.5)Z151L1n

1 0.5 k
-i-Rf<(1 =% L + a —X)I]Sh G _1X) IlpZ) +Vie (6)

The negative and zero sequence voltages are obtained from
Fig. 3 in the same way:

R

+ (1 —fX) [Ip] - K1Ip2 + (K] — K())Iopz] + AV, ¢ (11)
where
Vopt + Vipt + Vop1 = Vi¢ (12)
Topr + Iipt + Ipp1 =1 (13)
lop2 + Tipz + bpo =12 (14)
lor + Iisn + Ipsh = I (15)
and
AV ¢ = (x—0.5)Zis1sy + (x —.05)(Zos1 — Z1s1)or

Ry
Jrmlsh (16)

For a single phase to ground fault, the apparent impedance is
obtained by using the above equations:

_ Vig _ Vi
It + [(Zos1 — Z161)/Z1sillopn Ti—¢

From (11) and (17) we have:

Zic (17)

Z]__G = XZ151 + [Ip] — k]]pz + (k] — ko)l()pz] + AZL_G (18)

Ry
(1 — X)IL_G
When there is no shunt compensation AZ; ¢ in (18) is zero and
the apparent impedance is the same as uncompensated lines, so
AZ;_c depends on the shunt compensator and equals:

I I
AZ,_c = (X—0.5)Z5 I “G + (x—0.5)(Zos1 — Z151) ﬁ

0.5 I
(] — X) I_¢

+Rf

(19)

It can be deduced from (19) that the presence of shunt compen-
sator in the fault loop affects the calculated impedance by the re-
lay. When the fault distance from the relay is 0.5 p.u. or the
shunt compensator is not present in the fault loop, its effect on
the impedance Z;_¢ is only through Ry.

3.2. Phase to phase fault

For a phase to phase fault (L-L) we have:
V1E = aVZE (20)
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where
a=-0.5+j0.886 (21)
From (6), (7), and (20) we have:
Vip — aVap = XZ151 (Ihpr — alzpr) + (X — 0.5)Z151 (Isn — alosn)
R
+(1—j)() [(Ihpr — alopr) + 0.5(I1sn — alysp)
+ ki (alop — I1p2)] (22)

The apparent impedance for a phase to phase (L-L) fault is as:

V]p — aVzp _ V]p — aV2p

2= Iipr — alyps It (23)
By replacing (22) in (23), we have:
ZiL =XZis1 +(1_Rﬁ [(Iip1 — alop1) + kq(alopy — T1p2)]
+AZ_| (24)

In above equation, AZ;_; depends on presence shunt compensa-
tor and it is equal to:

(115h — alzsh) 05Rf
AZ,_; = (x-0.5)Z
11 =(X—0.5)Z1¢ I, -l
In above equation Ry is the fault resistance between two phases.
According to (25) for Ry = 0, the shunt compensator impact is due to
the negative and positive sequence current differences.

(Iisn — alysh) (25)

4. Simulation results

The simulation is performed by using MATLAB/Simulink
software environment with SimPowerSystems toolbox and the
Simulink library [15].

4.1. Distance relay modeling

The distance relay model is developed according to (17) for L-G
faults and (23) for L-L faults, where three phase voltages and cur-
rents are passed through anti-aliasing low-pass filters [3], then the
phasors are extracted using Full Cycle Discrete Fourier Transform
(FCDFT). Finally, after calculation the positive, negative and zero
sequence components of the estimated phasors, the apparent
impedances for the six measuring units (A-G, B-G, C-G, A-B,
B-C, and C-A) are evaluated [2,3].

4.2. Single phase to ground fault

AC system voltages are normally balanced and therefore com-
pensators normally control all three phases of their output current
together. This means the SVC control system normally establishes
three identical shunt admittances, one per each phase. Conse-
quently with unbalanced system voltages the compensating cur-
rents in each phase would become different. It is possible to
control the three compensating admittances individually by
adjusting the delay angle of the TCRs so as to make the three com-
pensating currents identical. However, in this case the triplen har-
monic content would he different in each phase and their normal
cancellation through delta connection would not take place. Thus,
this operation mode would generally require the installation of the
usually-unnecessary third harmonic filters. For this reason, indi-
vidual phase control for SVCs in transmission line compensation
is rarely employed [1]. Therefore, SVC is unable to equally compen-
sate all the three phases during L-G faults. Fig. 4 shows the SVC
three phase currents, for an L-G fault (A-G) occurred at 0.4 s at
225 km from the relay. According to Fig. 4, after the A-G fault,
SVC is unable to equally compensate all the three phases, hence,
all the three phases of the SVC output currents are going to have
the same phases. Therefore, the zero-sequence component of the
injected current (lor) increases. According to (19), this current
has a direct impact on the apparent impedance. Apparent imped-
ance seen by the A-G measuring unit of the relay for the same
A-G fault is shown in Fig. 5. As can be deduced from this figure,
presence of SVC in the fault loop and its injected capacitive current,
forces the relay to under-reach. According to the analytical analy-
sis, SVC effect in the impedance Z;_¢ is due to AZ; ¢ as in (19),
where the imaginary and real parts are extracted for this A-G fault
and is shown in Fig. 6. Comparing the results of Figs. 5 and 6 indi-
cates the consistency between the simulation results and the the-
oretical analysis presented in the previous section.

In order to demonstrate the effect of Iy; on the apparent imped-
ance seen by the distance relay, the connection type of the SVC
coupling transformer could be selected in such a way as to nullify
the impact of Ior. For example, the transformer primary connection
could be changed from Yg to Y. The same results are simulated and
shown in Fig. 7 for the same A-G fault for this new connection; it
can be clearly deduced that the SVC impact is diminished
significantly.

In the model of SVC, TSC branch is used instead of Fixed
Capacitor (FC). For investigating the effect of SVC on distance re-
lay, it could be deduced that the TSC or the FC as part of the
SVC, has no significant difference, because during the fault the
SVC generates all its reactive power to compensate the voltage

Amplitude (p.u/100MVA)

Time (Sec)

Fig. 4. SVC three phase currents, for an L-G fault (A-G) occurred at 0.4 s at 225 km from the relay.
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Fig. 5. Apparent impedance calculated by the A-G measuring unit of the relay for
an A-G fault occurred 225 km from the relay.
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Fig. 6. Imaginary and real parts of AZ;_ for an A-G fault occurred at 0.4 s at 225 km
from the relay.
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Fig. 7. Apparent impedance calculated by the A-G measuring unit of the relay for
an A-G fault occurred at 225 km from the relay.

drop at the fault point. It means TSC will be fully utilized and
thereby, thyristors will be short circuited, hence, converting the
TSC to FC.

4.3. Phase to phase fault

For an A-B fault at 225 km from the relay, the apparent imped-
ance calculated by A-B measuring unit is presented in Fig. 8, which
shows that the presence of SVC in the fault loop does not have an
appreciable impact. Real and imaginary parts of AZ;_; as (25) are
shown in Fig. 9. As can be deduced from this figure, the effect of
phase to phase faults on the apparent impedance is negligible.
The simulation results are in good companion with the analysis
presented by (25).

— With SVC

=
o
o
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S D o]
o o o
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3

Apparent Resistance (ohm)

Fig. 8. Apparent impedance calculated by the A-B measuring unit of the relay for
an A-B fault occurred 225 km from the relay.
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Fig. 9. Imaginary and real parts of AZ;_; for an A-B fault occurred at 0.4 s at 225 km
from the relay.
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Fig. 10. Apparent impedance calculated by the A-G measuring unit of the relay for
an A-G fault occurred at 225 km from the relay for different reference voltages.

4.4. The effect of SVC setting

Figs. 10 and 11 show the apparent impedance and reactive
power injected by SVC for an L-G fault (A-G) occurred at 0.4 s at
225 km from the relay when the SVC voltage settings (Vges) are
0.95 and 1.01 p.u., respectively. As can be seen from Fig. 10, SVC
will have the same effect in calculated impedance by the relay
for different Vges values. After inception of an A-G fault, SVC reac-
tive power injection is the same for both Vg values. In other
words, whether SVC injects reactive power (Vger=1.01), or absorbs
reactive power (Vger=0.95) before a fault, it will inject the same
value of reactive power after the fault. This SVC behavior is justifies
as follows:

After inception of an A-G fault in any pre-specified Vg value,
the measured SVC positive-sequence voltage |Vieqs| is less than
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Fig. 11. Reactive power compensation of SVC with different SVC setting for an A-G
fault occurred at 0.4 s at 225 km from the relay.
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Fig. 12. Apparent impedance calculated by the A-G measuring unit of the relay for
an A-G fault occurred at 225 km from the relay for different short-circuit levels.

1
Load Angle=70 deg ||

Load Angle=30 deg ||

Load Angle=50 deg

Apparent Reactance (ohm)

150

Apparent Resistance (ohm)

Fig. 13. Apparent impedance calculated by the A-G measuring unit of the relay for
an A-G fault occurred at 225 km from the relay for different load angles.

Ve, therefore, SVC should inject reactive power to increase |Vmeqs|
to the Vges value.

4.5. The effect of system Short Circuit Level (SCL) and load angle

Fig. 12 shows apparent impedance calculated by A-G measur-
ing unit for an A-G fault occurred at 225 km from the relay and dif-
ferent system SCLs with presence of SVC. As can be seen from
Fig. 12, the impact of SVC on the apparent impedance is significant
for weak systems and this impact is more pronounced on the
apparent reactance. This is due to the fact that fault currents are
lower for weak systems in comparison to the strong systems.
Therefore in systems with small SCL, the SVC injected capacitive
currents are appreciable in comparison to the fault currents. For
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Fig. 14. Trip characteristic without SVC for A-G fault.
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Fig. 15. Trip characteristic with/without SVC for an A-G fault.
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Fig. 16. Trip characteristic calculated by the A-G measuring unit with/without SVC
for an A-B-G fault.

different load angles and the same A-G fault, the impact of SVC
on the apparent impedance calculated by the A-G measuring unit
is shown in Fig. 13. As can be seen from this figure, SVC increases
the R/X value by increasing the load angle.

4.6. Trip characteristics

The trip characteristics of the relay is obtained by keeping the
system operating conditions constant, while the fault location
(0-95% of the length of transmission Line 1) and fault resistance
R¢ (from O to 200 Q) are varied [12].

4.6.1. Single phase to ground fault

Fig. 14 shows the trip characteristics without the presence of
SVC calculated by the A-G measuring unit. SVC effect on the trip
characteristics is shown in Fig. 15. According to this figure, the
presence of shunt compensator in the middle of the Line 1 caused
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Fig. 17. Single line diagram of the sample system 2.

the trip characteristics to be split into two parts. The lower part is
for faults that occur at 0-50% of Line 1 for Ry varying from O to
200 Q. According to the presented analysis, SVC effect on the
apparent impedance for these faults depends on the value of R,
i.e., for Rr=0Q the SVC has no effect, so by increasing Ry, the im-
pact of compensator increases; which can be also deduced from
the simulation results presented in Fig. 15. The upper part is re-
lated to the faults between the middle of Line 1 to 95% of the line
length with the presence of SVC in the fault loop. Fig. 15 also indi-
cates that for A-G faults with low Ry values, SVC increases both
apparent resistance and reactance; while for high Ry values, SVC
mainly decreases the apparent reactance in the voltage regulation
mode (Vger =1 p.u.) and mainly increases the apparent reactance in
Var regulation mode (absorbing reactive power) (Bsyc=—1).
According to Fig. 15 the impact of SVC with Y/A coupling trans-
former on the apparent impedance for A-G faults with low Rfval-
ues is mitigated.

4.6.2. Double phase to ground fault (L-L-G)

For double phase to ground fault A-B-G, the trip characteristics
that is calculated by A-G measuring unit is shown in Fig. 16. As can
be seen from Fig. 16 like the case in which A-G fault occurs, the
presence of SVC in the fault loop affects the apparent impedance
(mainly the apparent resistance) calculated by A-G measuring
unit.

4.7. The impact of SVC on the back-up relays

In order to analyze the impact of the SVC on the back-up protec-
tive relays upon failure of the primary distance relay, another sam-
ple system is designed and simulated. Fig. 17 shows the sample
system. In this system, Relay R2 is the main relay and R1 is the
back-up of R2. For investigation, a single-phase fault is imple-
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Fig. 18. Apparent impedance calculated by the A-G measuring unit of the R1 for an
A-G fault occurred at 170 km from the R1.
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Fig. 19. Apparent impedance calculated by A-G relay element with SVC and earth-
fault relay.

mented at 20 km from R2 and 170 km from R1, i.e., at Zone I of
R2 and Zone II of R1. Fig. 18 shows the simulation results for the
system with/without SVC. As can be deduced from Fig. 18, the
SVC impact on the back-up relay is under-reaching of R2, meaning
the fault at Zone II without SVC is seen at Zone IIl with SVC. The
SVC impacts on relay R2 to measure the apparent impedance more
than the apparent impedance to the fault point. This result is con-
sistent with the analytical results.

5. Remedial action

According to the presented analysis and simulation, the SVC im-
pact on the calculated impedance by the relay is only significant for
single phase-to-ground faults. It is also shown that this happens
due to the zero-sequence component of the injected current by
the SVC. If the SVC is bypassed during the time that the zero-se-
quence component of the SVC current is increased, then SVC would
have no effect on the apparent impedance. In order to recognize
the zero-sequence component of the SVC current, an earth-fault re-
lay could be used in the SVC current path [16]. The impedance cal-
culated by the distance relay for the same A-G fault and using an
earth-fault relay in the SVC current path to detect and bypass the
SVC is shown in Fig 19. It can be seen that the SVC has no remark-
able effect on the calculated impedance.

6. Conclusions

In this paper, it is shown that the impact of SVC is more pro-
nounced on the apparent impedance seen by the phase to ground
fault measuring units than the phase to phase units. This is due to
the zero-sequence current of the SVC coupling transformer pri-
mary connection (Ipy). If the winding connection of the SVC cou-
pling transformer is changed from Yg/A to A/Yg or Y/A, then the
zero-sequence current in the primary connection of the coupling
transformer would be zero, so the impact of SVC on the apparent
impedance for an A-G fault with low Ry values is mitigated. From
the results described in this paper, it can be observed that the trip
boundaries of the phase to ground fault measuring units of the re-
lay are influenced by the presence of the SVC. Therefore, to provide
a suitable trip boundary for the phase to ground fault measuring
units of the relay, the boundary needs to be adaptively manipu-
lated with the zero-sequence current in the primary connection
of the coupling transformer of the SVC.
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