Paper accepted for presentation at 2009 IEEE Bucharest Power Tech Conference, June 28th - July 2nd, Bucharest, Romania

Impact of SSSC on the Digital Distance
Relaying

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

Abstract—This paper presents analytical and simulation
results of the application of distance relays for the protection of
transmission employing Static Synchronous Series Compensator
(SSSCQ). Firstly a detailed model of the SSSC and its control is
proposed and then the situation is studied analytically, where the
errors introduced in the impedance measurement due to the
presence of SSSC on the line are analyzed. The simulation results
show the impact of SSSC on the performance of a distance
protection relay for different fault conditions; the studies also
include the influence of the operational mode of SSSC and its
location on the transmission system. The complete digital
simulation study using the full 48-pulse GTO-SSSC model. The
digital simulation is performed in the MATLAB/Simulink
software environment using the Power System Blockset (PSB).

Index Terms— Flexible AC Transmission Systems (FACTS),
Static Synchronous Series Compensator (SSSC), Distance relay.

I. INTRODUCTION

HE use of power electronics devices to improve power
transfer capability of long transmission lines forms the
basis of the concept of FACTS. The Static Synchronous Series
Compensator (SSSC) is a series device of the FACTS family
using power electronics to control power flow and improve
power oscillation damping on power grids. The SSSC is a
static synchronous generator operated without an external
electric energy source as a series compensator whose output
voltage is in quadrature with, and controllable independently
of, the line current for the purpose of increasing or decreasing
the overall reactive voltage drop across the line and thereby
controlling the transmitted electric power [1]. When an SSSC
injects an alternating voltage leading the line current, it
emulates an inductive reactance in series with the transmission
line causing the power flow as well as the line current to
decrease as the level of compensation increases and the SSSC
is considered to be operating in an inductive mode. When an
SSSC injects an alternating voltage lagging the line current, it
emulates a capacitive reactance in series with the transmission
line causing the power flow as well as the line current to
increase as the level of compensation increases and the SSSC
is considered to be operating in a capacitive mode [2]
therefore SSSC apply rapid changes in system parameters
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such as line impedance and line currents. Distance protection
relays have been widely applied for protecting transmission
lines. The operating principle of distance protection is based
on the fact that, from any measuring point in power system the
line impedance to a fault in that system can be determined by
measuring the voltage and current at the measuring point [3].

The presence of a SSSC in the fault loop affects both the
steady state and transient components in the voltage and
current. Therefore, the apparent impedance calculations
should take into account the variable series voltage source or
the SSSC. The apparent impedance seen by a distance relay is
influenced greatly by the location and operational mode of
SSSC.

Some research has been done to evaluate the performance of
a distance relay for transmission systems with FACTS
controllers. The work in [4] has presented analytical and
simulation results for investigating the operation of
impedance-based protection relays in a power system
containing a STATCOM and the analyses are based on steady-
state operation for modeling the STATCOM and the
protection relays. The work in [5], presents a study of the
performance of distance protection relays when applied to
protect shunt FACTS compensated transmission lines and
effect of two types of shunt FACTS devices, SVC and
STATCOM are studied. In [6], the voltage-source model of
FACTS controllers has been employed to study the impact of
FACTS on the tripping boundaries of distance relay. The work
in [7] shows a comprehensive analysis of the impact of TCSC
on the protection of transmission lines and shows that not only
the TCSC affects the protection of its line, but also the
protection of adjacent lines would experience problems. The
studies in [8], also shows that the presence of FACTS
controllers in a transmission line will affect the trip boundary
of a distance relay, and both the parameters of FACTS
controllers and their location in the line have an impact on the
trip boundary. There has been considerable work to study the
effect of series compensation including series FACTS devices
on the performance of distance protection relays [9], [10]. In
[11], an apparent impedance calculation procedure for a
transmission line with UPFC based on the power frequency
sequence component is then investigated and studies also
include the influence of the setting of UPFC control
parameters and the operational mode of UPFC.

The outline of this paper is as follows: Section II describes
the SSSC and transmission system model. The apparent
impedance calculation is presented in section III. Section IV
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Fig. 1. Control block diagram of a SSSC

describes the relay modelling and simulation results are
presented in section V.

II. SSSSC AND TRANSMISSION SYSTEM MODEL

A. Power System Description

A double circuit transmission line connecting two sources
possessing a 100-MVA SSSC in one of its circuits at
midpoint. Modeling the unified ac grid sample system with the
SSSC is done using MATLAB/Simulink as shown in Fig. 2.
Two 200-km parallel 500-kV transmission lines terminated in
two sources are considered with the angle difference of 20
degrees.

B. Modeling of SSSC

The series reactive compensation scheme, using a
switching power converter (voltage-sourced converter) as a
synchronous voltage source to produce a controllable voltage
in quadrature with the line current as defined by (1).

Vo = ItTei% m

The SSSC is able to maintain a constant compensating
voltage in the presence of variable line current, or control the
amplitude of the injected compensating voltage independent
of the amplitude of the line current. For normal capacitive
compensation, the output voltage lags the line current by 90
degrees. For SSSC, the output voltage can be reversed by
simple control action to make it lead or lag the line current by
90 degrees. In this case, the injected voltage decreases the
voltage across the inductance line impedance and thus the
series compensation has the same effect as if the reactance
line impedance was increased [1]. Fig. 2(a) shows an SSSC
connected in series with a simple transmission line between
B1 and B2. The SSSC is modeled by a series connected
voltage source in series with an impedance. This impedance
represents the impedance of coupling transformer.

The voltage source converter described in this paper is a

Magnitude and Angle Calculator

harmonic neutralized, 48-pulse GTO converter. It consists of
four three-phase, three-level inverters and four phase-shifting
transformers. In the 48-pulse voltage source converter, the dc
bus ¥V, is connected to the four three-phase inverters. The four
voltage generated by the inverters are applied to secondary
windings of four zig-zag phase-shifting transformers
connected in Y or A [12].

Fig. 1 shows the control block diagram of an SSSC. An
instantaneous 3-phase set of line voltages, at B1 is used to
calculate the reference angle 6 = wt and is decomposed into
its real or direct component, ¥, and reactive or quadrature
component, ¥, and then the amplitude, V;,; is calculated. The
compensating voltage, V;,, is controlled by a simple closed
loop: the absolute value of reference, Vi is compared to the
measured magnitude of the injected voltage, V;,; and the
amplified difference (error) is passed through a PI controller
(Error Amplifier) and then is added, as a correction angle Aa,
to the synchronizing signal 8 = wt. An instantaneous 3-phase
set of measured line currents, / is decomposed into its real or
direct component, /, and reactive or quadrature component, /,
and then the relative angle, of the line current with respect to
the phase-lock-loop angle, are calculated. The phase shifter is
operated from the output of polarity detector which determines
whether reference, V. is positive (capacitive) or negative
(inductive). Depending on the polarity of Aa, angle € and
consequently the converter gate drive signals will be advanced
or retarded and, thereby the compensating voltage, V;,; will be
shifted with respect to the prevailing line current from its
original +m/2 or -m/2 phase position. This phase shift will
cause the converter to absorb real power from the ac system
for the dc capacitor or, vice versa supple that to the ac system
from the dc capacitor. As a result, the voltage of the dc
capacitor will increase or decrease, causing a corresponding
change in the magnitude of the compensating voltage. Once
the desired magnitude of V;, is reached the substantially
quadrature relationship between the line current and
compensating voltage gets reestablished with only a remaining
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Fig. 2. (a) Transmission system with equivalent circuit of SSSC; (b) positive sequence network; (c) zero sequence network.

small, steady angular difference necessary to absorb power
from the ac system to replenish the operating losses of the
converter [1], [2].

Fig. 3 shows the digital simulation results when an SSSC
emulates a reactance in series with the transmission line. At
0.15 s, an inductive reactance compensation of 0.07 per unit is
requested. The inverter output 48-pulse voltage, V., of phase
a leads the line current, /,, by almost 90°. As the inductive
reactance demand increases, the line current, /,, and the power
flow, P,, and Q,, in the transmission line decrease. At 0.31 s, a
capacitive reactance compensation of 0.1 per unit is requested.
The inverter voltage, V., lags the line current, /,, by almost
90°. As the capacitive reactance demand increases, the line
current, /,, and the power flow, P,, and Q,, in the transmission
line increase. It can also be observed that the SSSC has, as
expected, an excellent (subcycle) response time. Fig. 4 shows
the expanded view of the two sections of Fig. 3. The inverter
voltage shows the presence of 48-pulse harmonic components.

III. APPARENT IMPEDANCE CALCULATION

A double-circuit transmission line fed from both ends with
SSSC installed in the middle of the second transmission line
subjected to a single line to ground fault as shown in Fig. 2 (a)
is considered. When a single phase-to-ground fault occurs on
the right side of the SSSC and the distance is X from the relay

point, the positive (negative sequence network is similar with
positive sequence network) and zero sequence networks of the
system during the fault are as shown respectively in Fig. 2(b)
and (c). For convenience, the following nomenclature are
defined:

V,: is phase voltage at relay location at bus P;
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Fig. 3. Performance of a SSSC with a 48-Pulse harmonic neutralized inverter
operating in inductive and capacitive modes.
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Fig. 4. 48-pulse converter output voltage and line current.

1,;: 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 Vips Vop: are sequence phase voltages at relay location at
bus P;

Lopss 1ip1, Iy are sequence phase currents through faulty line
at relay location at bus P;

Loy, 112, 1500 are sequence phase currents through sound line
at relay location at bus P;



Logi: 1141, I>gr: are sequence phase currents through faulty line
at bus Q;

Voses Vises Vase: are sequence phase voltages at fault location E;
Ry is fault resistance;

Zost» Zis1, Zag;: are sequence impedances of the faulty line and
Z15=Zs1-

Zosa» Zisa, Zago: are sequence impedances of the sound line and
21557252

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

Zogs Zig, Za6, Zoms Zim, Zog. are sequence impedance of
generators G and H respectively [13].

A. SSSC at the Midpoint

By using data of the faulty and sound lines at bus P, the
following equations can be derived:

[ Vip=xZis1Lip1 + Re(lipr + Lig1) + Zissschipa

+V1inj + Vlse (a) (2)
le = Z15211p2 +(1- x)lelllql + Rf(llpl + llql)
+Vise (b)

By eliminating the term V., from 2(a) and 2(b), the following
equation is obtained:

3)
= Xlypy — k1l1p2 Viinj Zisssclipa
1‘“ 1-x (1=0)Zis1 (1= %)Z1a
Where:  ky = Z155/Z151 4)
By substituting (3), in 2(a), the following equation is obtained:
17 (5)
Vip = Vise +1 (xZ + ﬁ)
1p 1se 1p1 1;1 (1 - x)Z4; .
Lipt — kylypp) + ———
(1 x) ( Pt ! 1p2) (1 —=x)Z15
Where: A = (1 —x)Zi51 + Ry (6)
For negative sequence:
[ Vop =xZ15115p1 + Re(Izp1 + Lg1) + Zisssclops
+V2inj + VZse (a) (7)
V2p = ZISZIZpZ +(1- x)le112q1 + Rf(IZpl + Iqu)
+Vase (b)

By eliminating terms containing /,,;, from 7(a) and 7(b), the
following is obtained:
1z (®)
Vap = Vise +1 (xZ + &)
2p 2se 2p1 1s1 (1 _ x)lel
AVyinj

T (ILps — kL) +
(1—-x) %t e (1 =x)Z151

For zero sequence:

)
Vop = x(Z0m10p2 + 205110171) + Re(Iop1 + log1)
J +Zosssclops + Vog + Vose (a)
Vop = xZOm(IOpz + lOpl) + (Zos, + Zom)lﬁpz
L+(ZOSl = Zom)(A = ) oq1 + Re(lop1 + Iog1) +Vose  (b)

By eliminating terms containing /y,;, from 9(a) and 9(b), the
following is obtained:

(10)

Vop = x(ZOmIOpZ + Z()slIOpl) + Vose +
o AV

f oinj

—— (11 — kol +
(1—x) (lops = kolop2) (1 = x)(Zos1
4 Zosssclop14

A =x)Zos1 — Zom)

ko = (Zosz = Zom)/ (Zos — Zom)

- ZOm)

Where: (11)

For the parallel lines with identical parameters, k; = k;~1.

For an a-g fault, the boundary condition is:

Vose + Vise +Vase =0 (12)

From above, the voltage at the relay point can be derived as:
(13)
W, = x(lellpl + (Zos1 — 2151)10p1 + Zomlopz)

)(Ipl kl p2 + (kl kO)IOpZ)

(1

+ AV
Where:
V0p1 + V1p1 + V2p1 = Vp (14)
lopr + lipr + Lp1 = Ips
IOpZ + IlpZ + 12p2 = Ip2
And:

(15)
A

AV = m(zlsssclm +V,

ZossscZ1s1 1
Hopa (22— 7,650 + Vo (—5— — 1)
P\ —Zom)255%) VoG =z )
In the transmission system without SSSC, for a single phase-
to-ground fault, the apparent impedance of distance relay can
be calculated using the following equation:
(16)

. 4 _ %

Zos1 — Z1s1 I
Ipl + (T)Iﬁpl Relay

If this traditional distance relay is applied to the transmission
system with SSSC, the apparent impedance seen by this relay
can be expressed as:

17)
IOPZ Rf
Z =xZys1 +xZ +
1ot om IRelay (1 - x)IRelay
(Ipl - kllpz + (kl - ko)lopz) + AZ
Where:
(18)

AZ = ! Vg + Vi ( Zis 1)
IRelay od (2051)

+ Ry V, +V, ( “is 1)
1- x)lellRelay od (Zos1)

From (18) it can be observed that if the SSSC is placed at the
relaying point on one of the circuits of the double circuit
transmission line, the apparent impedance seen by the relay
for a single-line-to-ground fault is influenced by the SSSC.




B. SSSC at the Relaying Point

When a single phase-to-ground fault occurs and the
distance is X from the relay point or SSSC, similar to the
aforementioned method AZ is calculated:

(19)
lOpl VOq
AZ = Zisssc + (Zosssc — Zisssc — Zom) T + T
p1 pl
R V V VA I
f q 0q 1sssclop1
L (Zygeee + -4 ISSSCOPL
Z1s1 (1 —x)( 1585¢ Ly Ip Ly )

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
performance (20) where in (20) and the coefficients §;, S,
and Sy, are listed in Table 1 (a=-0.5+j0.866 and a’=-0.5-
j0.866) [14]. Also note that e, is the error term in the
estimation of the distance due to fault resistance and SSSC.
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Fig. 5. Basic modules of distance relaying.

TABLE
FAULT TYPE COEFFICIENT OF EQUATION 20
Fault Equation 20
type M M So
A-G 1 1
B-G a a 1
A-B 1 -a 0
A-B-G a 0 -1

5

A digital distance relaying algorithm proposed by the
authors use the phasor estimates, sequence components of
phasors and fault classification scheme [15], before
calculating fault distance where its basic modules are shown
Fig. 5. The measured voltages and currents at the relay point
are sampled at 32 samples per cycle.

V. SIMULATION RESULTS

In the following parts, the location of fault, the type of
fault, the location of SSSC and the setting of SSSC will be
considered.

A. Single Phase-to-Ground Fault

Fig. 6 depict the apparent impedance seen by the distance
relay for an A-G fault at a fault distance 150 km from the
relaying point.

As shown in figure 6, when the SSSC is not used, the relay
recognizes the impedance value correctly and then enters to
the zone 1. When the SSSC is used, the relay is overreached
and failed to act because the impedance is considered beyond
its real place. To show the effect of different working states of
SSSC, the impedance values calculated by the relay for
different states of SSSC is shown.

As mentioned earlier, SSSC compensates for the voltage
independent of the line current in the form of series voltage
[1]. As shown in Fig. 7 after the fault occurrence, the
compensating voltage injected by SSSC increases; however
it’s clear from Fig. 8 that the amplitude of the injected voltage
is remained fixed on 0.1.

It should be noticed that after A-G fault the injected voltage
to phase a from SSSC leads the current of phase a by 90
degrees. This is completely different from the previous state of
SSSC i.e. whether the injected voltage by the SSSC leads or
lags the current, the injected voltage to the defect phase would
lead the current in phase (figures 7, 9). This phenomena is due
to decrease in the line reactance which is independent of the
prior state of the SSSC. If the SSSC was in the inductive
compensating mode the value of the apparent part of the
impedance calculated by the relay would be more than the
state in which the SSSC was in capacitive compensating mode
(Fig. 11).

To study the coverage of the mho characteristic, faults at
different positions have been studied, and the apparent
reactance and resistance as a function of the fault location are
shown in Figs. 11 and 12, respectively. It is apparent that
when the fault is on the left side of SSSC (i.e., < 100 Km), the
apparent impedance seen by the distance relay is almost the
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very same as that for the system without SSSC; however,
when the fault is on the right side of SSSC, both the apparent
resistance and reactance of the system with SSSC are larger
than for the system without SSSC; this phenomena can be
explained by the AZ.

The effect of negative, positive and zero sequence of the
injected voltage by the SSSC on is shown in Fig. 10. As
shown in the figure the zero element of the injected voltage
has the dominant effect (relation 18). It is also can be seen
when the SSSC is in the beginning of the line ,where the relay
is located; the apparent impedance seen by the relay is
affected by the SSSC. Note that for the distances more than
100 km, the apparent impedance for both of the SSSC places
is the same. It can be concluded that when the SSSC is placed
in the middle of the line, the relay can not recognize the faults
occurred in the distances beyond 100 km and, when the relay
is in the beginning it fails for all faults.

B. Two Phase-to-Ground Fault

In this section the SSSC is supposed to be located in the
place of relay. There is a simple justification for this choice.
As shown in the previous section, when the SSSC is located in
the middle of the line its impact on the calculated impedance,
by the relay, for left-sided faults is negligible. On the other
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hand, for the right-sided faults the equivalent circuit is the
same with when the SSSC is located in where the relay is
located (figure la). For the 2-phase to ground errors it is
different. The apparent resistance and reactance calculated by
A-B-G element of the relay to the different places of errors are
shown in figures 13 and 14, respectively. The other
controversial elements of the replay are also included in these
figures. It is shown that when the place in where the faults
occurred is beyond 65 km, the A-B-G element of the relay can
not recognize the fault (Fig. 15). In other words the place
seems to be away from its place. However, this problem is not



a serious one compared to the single-phase fault. It should be
noted that the apparent impedance reactance calculated by A-
B-G element of relay is out of the region. In contrast with the
single-phase to ground fault, the 2-phase faults can be
recognized by the other elements of the relay. A-G element of
the relay can recognize the faults occurred until 115 km. B-G
element recognizes the faults until 95 km. A-B element
recognizes the faults until 165 km. The A-B-G element covers
the faults up to 165 km and therefore, the relay fails to act
correctly for the faults occurred between 156 to 165 km. For
example, the calculated impedance by the relay for the fault
occurred at 162 is shown Fig. 16. It can be also observed that
the apparent reactance calculated by A-B element in the
specified region is very close to the one calculated by A-B-G
element when the SSSC is not used.

When SSSC is in inductive reactance compensating mode
the distance covered by all the aforementioned elements of the
relay decreases because in this case the increase in apparent
impedance calculated by the relay is more than the one in
capacitive reactance compensating mode (figures 17, 18).

A-B-G element recognizes the faults until 47 km, A-G
element up to 80 km, B-G element up to 74 km and A-B
element up to 143 km.
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—ar— B-G (With SSSC)
—e— A-B (With SSSC)

—HE&— A-B-G (With SSSC)

0 50 100 150 200
Distance(Km)
Fig. 13. Apparent reactance seen by different relay elements with different
fault location during A-B-G fault (SSSC at the relaying point and SSSC
operating in capacitive mode).
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Fig. 14. Apparent resistance seen by different relay elements with different

fault location during A-B-G fault (SSSC at the relaying point and SSSC

operating in capacitive mode).
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Fig. 15. Apparent impedance seen by different relay elements during A-B-G
fault (SSSC at the relaying point and SSSC operating in capacitive mode
(fault distance= 67 km)).
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Fig. 16. Apparent impedance seen by different relay elements during A-B-G
fault (SSSC at the relaying point and SSSC operating in capacitive mode
(fault distance= 162 km)).
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Fig. 17. Apparent reactance seen by different relay elements with different
fault location during A-B-G fault (SSSC at the relaying point and SSSC
operating in inductive mode).
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Fig. 18. Apparent resistance seen by different relay elements with different
fault location during A-B-G fault (SSSC at the relaying point and SSSC
operating in inductive mode).

VI. APPENDIX

The 200 km, 500 kV double-circuit transmission line
considered for computer simulation has the following data:
Positive sequence impedance of line=0.0201+j 0.2868 Q/km
Zero sequence impedance of line=0.1064+j 0.8670 Q/km
Parameters for sources at P and Q are:

Z1,=1.74314 19.424 Q, Z,,,=0.8716+j 9.7120 Q
Zyp=2.61474] 4.886 Q, Z,,,~1.3074+] 2.4430 Q
Load angle between sources=20°
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