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Impact of Static Synchronous Compensator
(STATCOM) on Performance of Distance Relay

A. Salemnia, M. Khederzadeh, Senior Member, IEEE and A. Ghorbani

Abstract-- In this paper impact of static synchronous
compensator (STATCOM) on performance of distance relay is
investigated both with analytic and simulation methods. At the
first step the complete model of STATCOM with a 48-pulsed
voltage source converter and its control circuit are described. At
the next step, using analytic computations, the impact of
STATCOM on the impedance calculated by the relay is
investigated. Finally the impact of different factors like settings of
STATCOM, type of faults, the place in which faults are occurred,
load angle and the level of system short circuit on the relay
impedance are examined using simulations in
MATLAB/Simulink environment.

Index Terms—Static Synchronous Compensator(STATCOM),
Distance relay.

1. INTRODUCTION

T has been obvious that with a suitable parallel

compensation of reactive power, transferable power
increases in steady-state condition and voltage profile along
the line is controlled. STATCOM is a static synchronous
generator which is used for parallel compensating of reactive
power and, its inductive or capacitive current can be
controlled independent of system AC voltage. STATCOM
produces a set of three-phase voltages which are controllable
with AC power system frequency. Each output voltage
couples and synchronizes with its counterpart voltage in AC
system using a relating reactance which is provided by
coupling generator’s phase leakage inductance [1].

Distance relay is widely used in protecting transmission
lines which is based on calculation of impedance existed
between the relay and the place in which fault is occurred [2].
Presence STATCOM in fault loop influences the transient and
steady-state voltages and currents of the system. When a fault
occurs in the transmission system, severe voltage falling in the
system occurs and as a result, STATCOM reacts to improve
the voltage (i.e. recovering the system voltage to its setting
voltage) by injecting some capacitive current to the network.
The injected current interferes with the distance relay and
causes some side-effects. Some previously studied effects
have been investigated in [3], [4]. The effect of shunt and
series FACTS devices are discussed in the aforementioned
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works using both analytical study and computer simulations.
A comprehensive study of the impact of TCSC on
performance of the distance relay in different working
conditions is accomplished in [5]. In [6], impact of
STATCOM on performance of distance relay is considered in
which steady-state model of STATCOM is used in the
simulations. The impact of shunt compensators such as SVC
and STATCOM on distance protection is investigated in [7].
The results obtained in [8], scrutinizes the impact of UPFC on
the distance protection which is related to STATCOM and the
shunt part of UPFC. The studies done in [9], deals with the
effect of the place in which STATCOM is installed on tripping
characteristics of distance relay. In all the studies done in [6-
9], effects of other factors such as STATCOM DC capacitor
value and [, limiter in control circuit, haven’t been
considered in spite of the fact that these two factors play a
significant role in STATCOM performance. In [8], it is
claimed that the setting value of STATCOM influences the
impedance calculated by the distance relay; however it is
shown in this paper that the impact of STATCOM setting on
the calculated impedance by the relay is negligible. Complete
model of STATCOM is used in the simulations. 48-pulse
voltage source converter is used in the simulation based on the
fact that this kind of converter is popular in practice. Control
circuit used in this paper is more practical because the
STATCOM current limiter, which is used in unbalanced
systems, is considered in the simulations. The impacts of some
other important factors like fault location, fault type,
STATCOM setting, system Short Circuit Level (SCL), system
load angle and the structure of STATCOM control circuit on
performance of distance relay are also considered in this

paper.

II. SYSTEM AND STATCOM MODEL

The studied system and the model of STATCOM are
described. STATCOM controller is also designed in this
section.

A. System Model

The Single-line schematic diagram of the system under
study, with the equivalent circuit of STATCOM in the mid-
point of the linel with the positive and zero sequence
networks are shown in Fig. 3(the negative sequence is similar
to the positive one and is omitted). The two systems are
connected with 500 kV transmission lines with Short Circuit
Level of 8000 MVA which the angle difference between them
is & =30". The positive and negative sequence line
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Fig. 1. Control block diagram of STATCOM

impedance is 0.0201+j0.2868 ohm/km, and the zero sequence
transmission line impedance is 0.1065+j0.8671 ohm/km [10].

B. STATCOM Model with it’s Control Circuit

In this paper 48-pulsed voltage source converter (VSC) is
used to model the 200MVA STATCOM. In order to model the
48-pulsed VSC, four three-level converter are used which are
connected to mid-point of linel through four zig-zag
15kV/500kV transformers [1], [11]. STATCOM control
circuit is shown in Fig. 1. In the Fig. 1, control inputs are AC
system 3-phase voltage V., output current of STATCOM,
Lape, Teactive current reference /g, reference voltage Vg, (if
the goal was controlling output voltage) and DC voltage
reference Vpcger This DC voltage reference determines the
real power the converter must absorb from the ac system in
order to supply its internal losses [1]. STATCOM output
current is separated to two different component, reactive
current component /, and active current component ;.
Reactive component of the current /, is compared with
reactive current reference Igrer. The resulting error between the
two signals after an appropriate amplification results in the a
angle. This angle defines the necessary phase shift between
the output voltage of the converter and the AC system voltage
needed for charging (or discharging) the storage capacitor to
the DC voltage level required. So, the a angle is added to 6
angle to form the a + 6 angle which represents the desired
synchronizing signal for the converter to satisfy the reactive
current reference [1]. Considering the control circuit, when an
unbalancy occurs in ac system (like a fault), STATCOM
compensates for all three phases. This is due to its control
circuit in which all three output voltages are controlled
simultaneously; that is, single-phase voltage control is not
applied. This operating mode provides the best VA utilization
of the converter and generally the lowest harmonic generation
obtainable under normal system conditionn with a given
method of waveform synthesis employed [1].

Two different working states are defined for STATCOM:

1. Voltage regulating mode:

In this mode the output voltage is specified by an external
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Fig. 2. 48-pulse converter output voltage (Vaswc), AC system voltage (Vaprim),
and output current of STATCOM (Luszacom)-

controller (operator) and, STATCOM maintains its output
voltage in the value of reference voltage (Vz,s ) by absorbing
or injecting reactive power. The value of /. is obtained by
the voltage regulator (Fig. 1).

2. Reactive power regulating mode:

In this mode, STATCOM reactive power is hold in a fixed
value and, I s is offered directly by an external controller
(Fig. 1).

For example the output of the 48-pulsed converter is shown
in Fig. 2, in which V,~1.05. Using load flow analysis, the
voltage in the middle of linel, when the STATCOM is
unloaded, is obtained 0.98 p.u. Therefore, reactive power must
be injected by STATCOM in the middle of the line to bring
the voltage to 1.05 p.u. In other words, capacitive current is to
be injected to the system which is demonstrated in the Fig. 2 (
Notice that when the STATCOM is operating in capacitive
mode, the 48-pulse secondary voltage generated by inverters is
higher than the primary voltage and in phase with primary
voltage. Current is leading voltage by 90°; the STATCOM is
therefore generating reactive power).

III. ANALYTICAL STUDY
The Single line schematic diagram of the system under
study, with the STATCOM model is shown in Fig. 3. For the
shown system, the midpoint of the line is the best place for
being compensated because the voltage decrease during the
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Fig. 3. Transmission system with equivalent circuit of STATCOM(a); positive sequence network(b); zero sequence network(c).

compensation has its maximum value in the midpoint [1]. It is
supposed that a fault has been occurred at point B where its
distance to R1 relay is X. As explained earlier the direction of
the STATCOM current is considered injective to the system.
Some definitions are used in the investigations:

V,: is phase voltage at relay location at bus P;

I, is phase current through faulty line at relay location at
bus P;

1, is phase current through sound line at relay location at
bus P;

Vips Vip» V3p: are sequence phase voltages at relay location
at bus P;

Lop1, Lip1s Iy are sequence phase currents through faulty
line at relay location at bus P;

Lo, 12, Iyt are sequence phase currents through sound
line at relay location at bus P;

Logi> Lig, Iogr: are sequence phase currents through faulty
line at bus Q;

[Osha I]sha
STATCOM,;

Voses Vise» Vase: are sequence phase voltages at fault location
E;

Ry : is fault resistance;

Zost, Zis1, Zag1: are sequence impedances of the faulty line
and Z;,/=Z5,;.

Zosa Z1s2, Zssp: are sequence impedances of the sound line
and Z;,,=Z5;.

Zom: 18 the zero sequence mutual impedance between the
faulty and sound lines.

ZoGs 216y 226, Zow, Zin, Zom: are sequence impedance of
generators G and H respectively [12].
Considering the positive sequence shown in Fig. 3, it can be
written:

I,y: are sequence phase currents of the

)
Vip = xZ15111p1 + (x = 0.5)Z151 15 + Rf(11p1 + I + Ilql)
+ VISE
(2
Vip = Zisolipz + (1 = X)Z1s111g1 + Re(lip1 + Lisn + L1g1)
+ Vlse

By eliminating the term Vj,,, from 1 and 2, the following
equation is obtained:

x (x—0 kq

5)
Lg = §11p1 + mllsh — 1. 2 3)
Where:
ki =Z153/Z151 4

By substituting (3), in (1), the following equation is
obtained:

) ()
Vip = xZ1s1lip1 + (x — 0.5)Z1 51115 + Ry (m Lipy
0.5 ky
+ 1 _xllsh - 1 _xllpz) +Vlse
In the same way for negative sequence:
. (6)
Vop = xZ15115p1 + (x = 0.5)Z151L55n + Ry (m Lrp1
0.5 kq
+ 1 _xIZSh - 1 _xIZpZ) + VZse
Similar to for zero sequence:
(7
Vop = xZomlopz + XZos1lop1 + (x — 0.5)(Zos1 — Zom)losn
+ VOse
1 0.5 ko
+ Ry (mlf’m + 1-— xIOSh 11— xIOPZ)
+ VOSE

Where:



ko = (Zos2-Zom)/(Zos1 — Zom)
For the parallel lines with identical parameters, k; =
For an A-G fault, the boundary condition is:

®)
ko=1.

9
Vose +Vise +Vase =0
From (2), (6), (7) and (9), the voltage at the relay point can
be derived as:

(10)
= x(lellpl + (Zos1 — lel)IOpl + Zomlopz)
R
o (o~ Kalyz + G = ko)lops)
+ AV
Where:
Vopr +Vipr +Vop1 =1, (11)
lops + Iip1 + Lp1 = Ips
lopz + Iipz + Iop2 = Iz
And:
(12)
Zys1 — ZOm)IOSh

AV = (x — 0.5)Z151 15 + (9§ —0.5)(Zos1 —

+ R I
Ta—-x™"

In the transmission system without STATCOM, for a single
phase-to-ground fault, the apparent impedance of distance
relay can be calculated using the following equation:

(13)
zZ = Vp = Vp
Ipl + ((ZOSI - lel)/lel)lﬂpl IRelay

When the STATCOM is in the middle of linel, V), in (13)
will be as in (10). Therefore, the impedance value calculated
by the relay when STATCOM is installed can be obtained as:

(14)
_ Top2
Z= leSI + XZOm IRelay (1 x)IRelay( kllpz +
(ky — kodlopz) + AZ
Where:
(15)
Isp
=(x—-05)Zi5y 77— I
Relay
+ (x = 0.5)(Zos1 — Z1s1 — ZOm)
IRelay
0.5 I
+ Ry sh

(1-x) IRelay

It can be inferred from the (15) that the STATCOM cause
to increase the value of apparent impedance calculated by the
relay under the condition that during the fault the value of
voltage decrease was in a level in which the system voltage
would be lower than Vg, of the STATCOM to compel the
STATCOM to inject reactive power. This condition is a
practical one and occurs frequently in practice.

IV. RELAY MODELING

A procedure for designing a fault impedance estimation
algorithm for distance protection is discussed in this section.
Positive, negative and zero sequence networks of the system
experiencing the fault from the relay located near bus P and
various shunt fault conditions were used to derive the

4

performance (16) where in (16) and the coefficients §;, S,
and Sy, are listed in Table 1 (4=-0.5+j0.866 and a’=-0.5-
j0.866) [13]. Also note that e, is the error term in the
estimation of the distance due to fault resistance and
STATCOM.

(16)
S1Vip + 82Vop + SoVop te
51111312151 + 5212p121s1 + 50(10p1ZOs1 + IOpZZOm) !

A digital distance relaying algorithm proposed by the
authors use the phasor estimates, sequence components of
phasors and fault classification scheme [14], before
calculating fault distance where its basic modules are shown
Fig. 4. The measured voltages and currents at the relay point
are sampled at 32 samples per cycle.

The simulation results are analyzed in the next section.
Impact of the place in which fault occurs is considered in the
all sections.

X =

V. SIMULATION RESULTS

A. Impact of System Short Circuit Level (SCL)

Impact of compensator on the calculations done by distance
relay is significant for weak systems. In other words, line
voltages for weak systems are weaker in comparison with
strong systems. For example, the impedance calculated by R1
relay for a A-G fault occurred in 150km from R1 relay, for the
system with SCL=1500MVA and V.~1 is shown in Fig.5.
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Fig. 4. Basic modules of distance relaying.

TABLEI
FAULT TYPE COEFFICIENT OF EQUATION 20

Fault Equation 20
type S M So
A-G 1 1 1
B-G a a 1
A-B 1 -a

A-B-G a 0 -1
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Fig. 7. Apparent reactance with different fault location (A-G fault and
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As expected, STATCOM has increased the values of
apparent resistance and apparent reactance. This increase in
the apparent impedance cause the relay to see the fault beyond
the place it really is and as a result the relay will not react to
the occurred fault. To study the impact of the fault location,
apparent resistance and apparent reactance for different fault
location and for system with SCL=1500 and 8000 MVA are
shown in figures 6 and 7, respectively. As expected, impact of
STATCOM on the system with SCL=8000 MVA is less than
the one with SCL=1500 MVA. For the faults occurred in a
distance less than 100km (in the left side of the STATCOM)
STATCOM is not within the fault loop and therefore, hasn’t
any impact on the impedance. It is also observed that the
farther the distance the more the impact on the calculated
impedance [7].

B. Impact of Load angle

Like the previous section, the simulation result for different
fault locations of A-G fault and Vg,~1 for the system with
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Fig. 10. [r with different STATCOM setting.

SCL=1500MVA is shown in Fig. 8. From the results obtained
from Fig. 8, it can be observed that by increasing load angle
the value of R/X in the calculated impedance by the relay is
going to be increased.

C. Impact of STATCOM Setting

Depending on the system condition, STATCOM may have
different settings. When a fault transition occurs in system, the
system voltage during the fault decreases significantly and
therefore, the system voltage is below Vg, during the fault.
STATCOM has to produce reactive power to compensate the
voltage, independent of its setting. The simulation results for
three different STATCOM settings containing Vg, = 0.95, 1,
1.07 p.u., for an A-G fault occurred in a place 150km away
from R1 relay, are shown in figures 9 and 10. As shown in
Fig. 9, before the fault occurrence at t=0.8 sec, when Vg,
=1.07 p.u the STATCOM has injected its maximum rated VA
(200MVA) to the network and as a result the system voltage
only increased to 1.054. This is the reason that /,,., has limited
in its maximum value (1 p.u.). It can observed from Fig. 9
that, after the A-G fault, STATCOM produces reactive power
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in all three conditions. however; there might be an issue about
the injected reactive power, why STATCOM refused to inject
its maximum power (200MVA) to the network and, it injected
only about 100MVA in all three working conditions? It can be
justified by /., signal. As shown in Fig. 10, after the fault,
the value of 1, has been 0.3 p.u (instead of 1 p.u). The reason
is the block named /g limit computation in the STATCOM
controller diagram (Fig. 1) which has a feedback from /,. In
normal working condition, /; has a very low value. After the
fault occurrence its value increases due to the asymmetry

caused in the system. On the other hand |I,*+1,”> must be

lower than a specific value ( which is considered 1.05 in this
paper). Therefore, the I, limiter limits the 1, value
considering the calculated /,,., and the value of /;. During the
fault, the value of I, increases and, it isn’t controllable.
Conversely I, is controllable and, therefore to satisfy

,Iglz+1qZ <105 condition, /. has been limited instead of

becoming 1 p.u. (the minimum of this signal is considered 0.3
in this paper). Consequently, STATCOM has a similar impact
in all three settings.

D. Impact of STATCOM I,,s Limit Computer

In this section like most of the researches [6-9], it is
supposed that the STATCOM hasn’t any I, limiter in its
control circuit represented in Fig. 1. In other words it is
supposed that output of the voltage regulator goes directly into
the current regulation section. Like the studies in the previous
sections, the value of calculated impedance by R1 relay for the
system with SCL=1500MVA, A-G fault and different fault
locations is shown in Fig. 11. It can be seen from the figure
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that, without the limiter, STATCOM has a more impact and,
this is obvious because after the fault occurrence, STATCOM
injects 200MVA to compensate the voltage. Therefore, its
impact on the impedance calculated by R1 relay will be more
than the condition of having a /., limiter. The aforementioned
impact is greater for the systems with a lower SCL.

In this section the impact of STATCOM setting when the
I, limiter isn’t in the circuit is considered. STATCOM
reactive power for three different STATCOM  settings
containing Vg,= 0.95, 1, 1.07 p.u., for a A-G fault occurred in
a place 150km away from R1 relay, is shown in Fig. 12. It can
be observed that STATCOM injects 200MVA reactive power
to the network independent of its setting. Therefore, the
STATCOM setting hasn’t a significant impact on the
calculated impedance because it injects a unique (its
maximum value) amount of reactive power in all settings.

There is a condition in which STATCOM causes the relay
to see the fault closer than it really is. It happens when
STATCOM absorbs reactive power from the system. If the
system voltage was above the reference voltage after the fault
STATCOM has to absorb reactive power to compensate the
voltage exceeds. To such a condition, the system SCL must be
a high value and conversely, the reference voltage (V) must
be a low value.

The simulation results for the system with SCL=20000
MVA and V,=0.8 for a A-G fault occurred 160km away from
R1 relay, are shown in figures 13 and 14. As shown in Fig. 14,
STATCOM absorb inductive current even after the fault
occurrence.
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E. The Effect Phase to phase fault
In this section, the impedance calculated by R1 relay for two
phase faults A-B is investigated. For an A-B fault, the
boundary condition is:

Vise = aVase (17)

By substituting (17), in (5) and (6), the following equation
is obtained:

(18)

Vip — aVap = xZ151(Iip1 — alpp1) + (x — 0.5)Z151 (I1sn

- aIZsh)
Ry
+ 1—x ((Ilpl - alz;n) + 0.5(Iy5n, — alysp)

+ K (a12p2—11p2))

In the transmission system without STATCOM, for a A-B
fault, the apparent impedance of distance relay can be
calculated using the following equation:

(19)

le - aVZP _ le - aVZP

7/ =
Lipy — alyp Iretay

When the STATCOM is in the middle of linel, V3, — aV5,
in (19) will be as in (18). Therefore, the impedance value
calculated by the relay when STATCOM is installed can be
obtained as:

(20)
(Ilsh - aIZsh)

IRelay
PR (a Lipy) +0.5(1
(1— x)IRemy ( 1p1 — @ 2p1) STy

— alysp) + Ky (alyp-I1pz))

For a A-B fault occurred in 150km away from R1 relay, the
calculated impedance is demonstrated in Fig. 15. Like the
previous sections, impact of the fault location is investigated.
The impedance calculated by R1 relay for different distances
of the fault, is shown in Fig. 16. It can be observed that impact
of STATCOM is greater for A-B fault than the one for A-G
fault and during a phase to phase fault, the apparent reactance
increases but the apparent resistance decrease. Like the A-G
fault, impact of STATCOM is greater for the systems with
lower SCL.

There some special cases in which STATCOM cause the
both the phase-to-phase element and the single phase-to-
ground relay elements will see the fault as an internal fault.
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B fault and with/without STATCOM and system SCL=8000 MVA).
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Fig. 18. Apparent impedance seen by the different relay elements (A-B fault
and with/without STATCOM (fault distance =105 km)).

For example for the system with SCL=15000MVA and
8 = 80° when a A-B fault is occurred in a place 105km away
from R1 relay, B-G factor wrongly recognizes a fault within
the protected region which is demonstrated in Fig. 17 and for
the system with SCL=20000MVA and § = —80° when a A-B
fault is occurred in a place 105km away from R1 relay, A-G
factor wrongly recognizes a fault within the protected region
which is demonstrated in Fig. 18.

VI. CONCLUSION

In this paper, impact of STATCOM on performance of
distance relay has been investigated. The obtained results are
summarized here:

1. If during the A-G fault the system voltage positive
sequence at the place where STATCOM is installed, was
less than Vi, STATCOM cause to increase the
resistance and reactance of apparent impedance,
calculated by the relay, by injecting reactive power to



(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

the network.

Impact of STATCOM is greater for farther faults.

The more the load angle the more the value of R/X
calculated by the relay.

STATCOM setting (V) hasn’t any significant impact
on the impedance calculated by the relay.

Existence of the /. limiter in the STATCOM control
circuit cause to decrease the impact of STATCOM on
distance protection.

When SCL of the system was high and Vg, was low in
an order in which value of the system positive sequence
was greater than Vg, during the fault, STATCOM
absorb reactive power and cause to decrease the
apparent impedance.

For A-B fault like A-G fault, STATCOM cause to
increase the apparent reactance but conversely A-G fault
the apparent resistance decrease .
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