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Influence of Mode of Operation of the SSSC on the
Small Disturbance and Transient Stability of a Radial

Power System
Fawzi A. L. Jowder, Member, IEEE

Abstract—The static synchronous series compensator (SSSC), as
a series compensator, has two ways of controlling the magnitude of
the compensation, which are called 1) the constant reactance mode
and 2) the constant quadrature voltage mode. In the constant reac-
tance mode, the voltage, injected by SSSC, is proportional to the
line current. In the constant quadrature voltage mode, the injected
voltage of the SSSC is a constant that is in quadrature to the line
current. This paper investigates the influence of the two modes on
the damping power, synchronizing power, and transient stability
limit of a radial power system. Eigenvalue analysis and digital sim-
ulation using HYPERSIM show that when the SSSC is in the con-
stant reactance mode it provides higher damping power, synchro-
nizing power, and transient stability limit than the case when the
SSSC is in the constant quadrature voltage mode.

Index Terms—Constant quadrature voltage mode, constant re-
actance mode, damping power, static synchronous series compen-
sator (SSSC), synchronizing power, transient stability limit.

I. INTRODUCTION

SERIES capacitive compensation is used to offset the
impedance of the transmission line such that the transmis-

sion line looks shorter. This improves the small disturbance
and transient stability, which allows more power to be trans-
mitted over the transmission line to load centers. The most
economical way of providing series capacitive compensation
is to use series dielectric capacitors, which have been widely
installed all over the world. However, series capacitors can
increase the potential for subsynchronous resonance (SSR)
instability. For such situations, there are two series flexible ac
transmission system (FACTS) devices that can also provide
series capacitive compensation: 1) the thyristor controlled series
capacitor (TCSC) [1], [2] and 2) the static synchronous series
compensator (SSSC) [3]–[10]. The idea of TCSC [2] had evolved
from the NGH damping filter in [1]. To date, several TCSCs
are in operation [11]. The TCSC has been shown and used in
practice to significantly improve the small disturbance and
transient stability of power systems [11]–[18]. The SSSC is an
electronic capacitor whose control system uses feedback control
over voltage-sourced converters (VSCs) or current-sourced
converters (CSCs) based on gate-turn-off-thyristors (GTOs) so
that they produce a balanced set of voltages in quadrature with
the transmission line current [3]–[10]. Although no stand-alone
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Fig. 1. Single line diagram of radial transmission system with SSSC
compensation.

SSSC has been in service, it is the series converter of the unified
power flow controller (UPFC) in the American Electric Power
(AEP) system [19]. The SSSC, as a series compensator, has two
modes of operation: 1) the constant reactance mode, in which
the SSSC voltage is proportional to the line current, and 2) the
constant quadrature voltage mode, in which the SSSC voltage is
constant quadrature voltage independent of the line current. In
[20], a damping controller with the SSSC in constant quadrature
voltage mode has been designed to damp out power system
oscillations. The constant reactance mode of the SSSC has been
used in [21] to damp out the electromechanical oscillations.

This paper applies eigenvalue analysis and digital simulations
using HYPERSIM to study the influence of the two modes on
the damping power, synchronizing power, and transient stability
limit of an SSSC-compensated radial power system.

HYPERSIM, a digital simulator based on parallel computers,
which Hydro-Quebec has developed for power system planning
and operation, has been used to determine the transient sta-
bility limits. HYPERSIM has a comprehensive library of de-
fault options: detailed models of generators, field exciter sys-
tems, power system stabilizers, thermal turbines, governor sys-
tems, etc. [22]. The research has made use of the default models
of a 1700-MVA thermal generator and associated equipment.
The Appendix contains a list of parameters used in the eigen-
value analysis and the digital simulations.

II. POWER SYSTEM STUDY MODEL

Fig. 1 shows the radial transmission system under study. The
sending end voltage , representing a 1700-MVA thermal gen-
erator (GEN), is connected to the transmission line through a
20/315-kV transformer. In the per-unitization, the base values
are MVA , voltage kV, and

. The transformer is represented by the reactance . The
receiving end voltage is an infinite bus. In the eigenvalue
analysis, the 400-km transmission line is represented by circuit
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Fig. 2. Control of SSSC.

elements . The per unit
value of is given as 2.27 p.u. The SSSC is represented by
an ideal voltage source at the midpoint of the transmission
line in Fig. 1. The equivalent resistance and inductive reactance
of the series transformer are represented as and .

The armature of the generator is described by Park’s two
axes model. The rotor comprises one field winding, one d-axis
damper winding, and two q-axis damper windings. It has a field
excitation system and a power system stabilizer system. The me-
chanical system consists of a three-stage steam turbine (HP, IP,
LP) coupled to the generator. The inertia constants and the tor-
sional spring constants are modeled. The boiler, the turbine, and
the speed governor system are also modeled. The Appendix lists
all the subsystems and the parameters used.

It has to be noted that in HYPERSIM, the transmission
lines are modeled by telegraph equations (which is the method
of Bergeron). In contrast, transmission lines are modeled as
lumped L, R, and C circuit elements in the eigenvalue analysis.

III. SSSC CONTROLS

A block diagram of the SSSC is shown in Fig. 2. As the
SSSC has been described in [3]–[9], only a brief outline is given
here to make the paper self-sufficient. The equivalent voltage
in Fig. 1 represents the three-phase ac voltages produced by a
three-level voltage-sourced converter (VSC) that are inserted in
series in the transmission line by a transformer, as illustrated in
Fig. 2. When the switch S1 in Fig. 2 is in position 1, the SSSC
operates in the constant reactance mode , and
when it is in position 2, the SSSC operates in constant quadra-
ture voltage mode .

A. Magnitude Control of SSSC Voltage

By controlling the ON and OFF switching instants of the
GTOs, the widths of the pulses are varied, and consequently,
the magnitude is controlled. In Fig. 2, when switch S1 is in
position 1, the maximum line current , at which compen-
sation is desired, is measured and multiplied by the equivalent

of the SSSC. The result is divided by the maximum series
compensating voltage to yield , as
the command to the magnitude control of the SSSC. With switch
S1 in position 2, the command to the magnitude control of
the SSSC is .

B. DC Voltage Regulation and Quadrature
of Voltage to Current

In Fig. 2, the dc voltage error , after
passing the block with proportional gain and integral gain

, is applied in negative feedback to the phase angle control to
null the error. Zero error implies that the real ac power, which
enters the VSC, is just sufficient to replace converter losses to
maintain the charge across the dc capacitor, a situation that is
satisfied when and are almost apart. For capaci-
tive compensation, and are positive, while for induc-
tive compensation, and are negative.

C. Damping Controller

The SSSC damping controller, to modulate the dc voltage of
the VSC and consequently the voltage of the SSSC, is shown
in Fig. 2. The line frequency of the voltages at the terminals of
the SSSC is measured by a phase lock loop (PLL). The mea-
sured frequency is the input of the damping controller. The
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input enters a washout filter (time constant ). Its output is
passed through two cascaded lead compensators (time constants

and ) and multiplied by a proportional gain to
form the stabilizing signal . is added to the set value

. In the saturation block, the excursions of are lim-
ited above and below by and . The parameters of
the damping controller are designed with the help of eigenvalue
analysis and repeated digital simulations.

D. Relationship Between and

This section is devoted to ensuring that of the constant
reactance mode and of the constant quadrature voltage mode
are sized so that they yield the same degree of compensation.
The degree of compensation is defined as

(1)

The degree of compensation can be varied from
. At . The

a-phase output of the VSC of the SSSC as viewed from the
high voltage side of the transformer is

(2)

where
magnitude control command

;
dc voltage;
transformer turns ratio;
phase angle of the SSSC voltage.

When the switch S1 in Fig. 2 is in position 1

(3)

When the degree of compensation is , corresponding
to the compensating reactance , and the line current
reaches the maximum at which the compensation is still desired

, the magnitude control command is . There-
fore, from (3), the peak compensating voltage should be

. With , the VSC should produce
the peak voltage

(4)

For .
Up to this point, the degree of compensation has been

directly related to of the constant reactance mode. In
the next paragraph, will be related to of the constant
quadrature voltage mode.

When switch S1 is in position 2, then the output of the VSC
is the same as (2), except that .

Therefore, according to (3)

(5)

When , this corresponds to the maximum compensation,
i.e., the equivalent compensated reactance . From (4),
it follows that

(6)

Dividing (5) by (6)

(7)

Using (7), the same degree of compensation is obtained with
both operating modes.

IV. EIGENVALUE ANALYSIS

The linearized model of the system of Fig. 1, which is used
to calculate the eigenvalues presented in this paper, is developed
in [23]. The linearized model consists of the following four sub-
systems:

1) linearized model of generator with winding currents as
state variables;

2) linearized model of mechanical system;
3) linearized models of excitation system and PSS.
4) linearized model of the SSSC, including the damping

controller.
Reference [23] provides more details about the linearization

procedure.
The damping power and the synchronizing power are related,

respectively, to the real part and the imaginary part (frequency)
of the eigenvalue that corresponds to the incremental change
in the deviation of the rotor speed and the deviation of
the rotor angle [24]. This eigenvalue is known as electro-
mechanical mode (swing mode).

The eigenvalues of the system of Fig. 1 are calculated at dif-
ferent degrees of compensation with SSSC operated in
constant reactance mode and constant quadrature voltage mode.
Only the results of the electromechanical mode are selected and
presented in this paper. Other eigenvalues are stable and given
in [23].

Figs. 3 and 4 show, respectively, the real part and the imagi-
nary part (frequency) of the electromechanical mode as a func-
tion of the degree of compensation with the SSSC oper-
ated in the constant reactance mode (curve 1) and the constant
quadrature voltage mode (curve 2). The transmitted real power
is p.u. at a lagging power factor PF of 0.85.

It can be seen from Fig. 3 that below , the constant
reactance mode provides higher damping power. However, for

, the same mode provides lower damping power. For
the same degree of compensation , the damping power can
be controlled by increasing or decreasing damping controller
gain in Fig. 2.

It can be depicted from Fig. 4 that when the SSSC is oper-
ated in the constant reactance mode, it provides higher synchro-
nizing power than when it is operated in the constant quadrature
voltage mode.

In order to increase the synchronizing power to a certain level,
the degree of compensation required when the SSSC is in the
constant reactance mode is smaller than the case when the SSSC
is in constant quadrature voltage mode. In other words, the size
of the SSSC is smaller.

Figs. 5 and 6 show the influence of the transmitted power
on the damping power and the synchronizing power, respec-
tively, for a degree of compensation . The trans-
mitted power is varied from to 0.75 p.u. It can be seen
from Figs. 5 and 6 that the damping power and synchronizing
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Fig. 3. Real part of electromechanical mode as a function of the D .
(P = 0:5 p.u., PF = 0:85 lagging). 1) Constant reactance mode. 2) Constant
quadrature voltage mode.

Fig. 4. Electromechanical frequency of oscillations (Hz) as a function of the
D . (P = 0:5 p.u., PF = 0:85 lagging). 1) Constant reactance mode. 2)
Constant quadrature voltage mode.

power decrease at a faster rate when the SSSC operated in con-
stant quadrature voltage mode (curve 2) than the case in the con-
stant reactance mode (curve 1).

Although Figs. 5 and 6 are presented for one degree of com-
pensation, which is , the same conclusion can be
drawn if the same test is performed for other degrees of com-
pensation.

V. EQUAL AREA CRITERION

The transmitted power in the radial power system of Fig. 1
with SSSC compensation operated in the constant reactance
mode is [6], [9]

(8)

where
transmitted power with SSSC compensation in the
constant reactance mode;
transmission line reactance;

, magnitude of the sending end and receiving end
voltage;
angle between and ;
SSSC reactance (constant reactance mode).

Fig. 5. Real part of electromechanical mode as a function of the D

(D = 0:5 p.u., PF = 0:85 lagging). 1) Constant reactance mode. 2)
Constant quadrature voltage mode.

Fig. 6. Electromechanical frequency of oscillations (Hz) as a function of the
transmitted powerP (p.u.). (D = 0:5 p.u., PF = 0:85 lagging). 1) Constant
reactance mode. 2) Constant quadrature voltage mode.

The transmitted power in radial power system of Fig. 1 with
SSSC compensation operated in the constant quadrature voltage
mode is [4], [5]

(9)

where is the transmitted power with SSSC compensation in
the constant quadrature voltage mode, and is the magni-
tude of the SSSC voltage (constant quadrature voltage mode).

Figs. 7 and 8 are equal area criterion diagrams of undergrad-
uate textbooks to describe the transient stability limit. They have
been drawn to illustrate the situations represented by (8) for
the constant reactance mode and (9) for the constant quadra-
ture voltage mode. In both cases, the degree of compensation
is . For comparison, the power-angle curve for
no compensation is shown by the curve labeled .
The power-angle curves do not take into account the impact
of the generator control systems (excitation system and speed
governor system). It can be seen that the power-angle curve of
Fig. 7 is different from Fig. 8. In Fig. 7, is the angle at which
the three-phase fault is initiated, and is the angle at which
the fault is cleared. The difference between them is the clearing
angle . The angle is equivalent to . In
Fig. 8, , and have the same definition as angles pre-
sented in Fig. 7.
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Fig. 7. Power-angle relation with the constant reactance mode. (P = 0:5

p.u. jV j = jV j = 1; X = 2:3245;X = 1:627 p.u.).

Fig. 8. Power-angle relation with the constant quadrature voltage mode.
(P = 0:5 p.u. jV j = jV j = 1;X = 2:3245;V = 1:0 p.u.).

Areas and present the kinetic energy picked up by
the inertia during the fault. The kinetic energy released after
clearing the fault is given as and . The equal-area criterion
states that if , then the system is stable, and if ,
then system is unstable [24].

A simple numerical example is presented to illustrate the dif-
ference of the two modes vis-à-vis transient stability. Consider
the following operating conditions:

p.u.

p.u

p.u

p.u

clearing time ms

Per unit values are calculated based on the MVA rating of
the generator given in the Appendix. Using (4.40), (4.41), and
(4.42) areas are given

p.u.

p.u.

p.u

Therefore, , and .

TABLE I
TRANSIENT STABILITY LIMITS AT DIFFERENT DEGREES OF COMPENSATION

WITH SSSC IN CONSTANT REACTANCE MODE

TABLE II
TRANSIENT STABILITY LIMITS AT DIFFERENT DEGREES OF COMPENSATION

WITH SSSC IN CONSTANT QUADRATURE VOLTAGE MODE

Thus, the system is stable with both modes. However,
is almost three times greater than , which indicates that the
system transient stability limit can be increased to higher levels
with the constant reactance mode. In contrast, is greater but
close to ; therefore, the transient stability limit is close to the
transmitted power p.u. at the specified .

VI. TRANSIENT STABILITY LIMIT

The transient stability limit used in this paper is the max-
imum power that can be transmitted through the radial line of
Fig. 1 without losing synchronism after a three-phase fault that
cleared after 100 ms. The three-phase fault is applied at the high
voltage side of the transformer of the generator. This is the stan-
dard fault that is used to produce the figures in this section.
The transient stability limit is reached by repeated simulations
with small increments in the transmitted power until synchro-
nization is lost. The base line for comparison is the power at
the transient stability limit , when there is no compensa-
tion in the radial transmission line. When there is compensation
by a degree of compensation , the power of the transient
stability limit is . The gain in power transmissibility is

.
Tables I and II summarize the power of the transient stability

limits and the gain in the power transmissibility
for different degrees of compensation , which are chosen
randomly, with SSSC operated in the constant reactance mode
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Fig. 9. System response after a three-phase fault for degree of compensation
of D = 0:7 and 0:6 p.u. (constant reactance mode). (a) Transmitted power
(p.u.). (b) Power angle (degrees). (c) dc voltage (kv).

and the constant quadrature voltage mode, respectively. With
the former mode, a gain of is obtained with

, while with the latter, .
A sample of the simulations in the transient stability tests,

which establish that the transmissible power is 1330 MW for
when the SSSC in the constant reactance mode,

is presented in Fig. 9. The standard three-phase fault is used.
The plots in (a), (b), and (c) are, respectively, the instantaneous
transmitted real power (MW), the power angle (degrees), and
dc voltage (kV). Fig. 9(b) shows that for MW, after
the clearance of the fault, the generator remains in synchronism
for p.u. but not for p.u.

Fig. 10. System response after a three-phase fault for degree of compensation
of D = 0:7 and 0:6 p.u. (constant quadrature voltage mode). (a)
Transmitted power (p.u.). (b) Power angle (degrees). (c) dc voltage (kv).

Fig. 10 shows a sample of the simulations in the transient
stability tests, which illustrates that the transmissible power is
1050 MW for in case of the constant quadrature
voltage mode. Similar to Fig. 9, the plots in (a), (b), and (c) are,
respectively, the instantaneous transmitted real power (MW),
the power angle (degrees), and dc voltage (kV). Fig. 10(b) shows
that for MW, after clearing the generator remains in
synchronism for p.u. but not for p.u.

Fig. 11 presents a comparison between the two modes.
Fig. 11(a) and (b) show the transmitted power (p.u.) and power
angle (degrees). The transmitted power is MW,
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Fig. 11. System responses after a three-phase fault. (a) Transmitted power
(MW). (b) Power angle (degrees). 1) Constant reactance mode D = 0:7.
2) Constant reactance mode D = 0:5. 3) Constant quadrature voltage mode
D = 0:7.

which is greater than the maximum transient stability limit
that is obtained with SSSC in constant quadrature voltage
mode for . It is also the transient stability limit
for using the constant reactance mode. Curves 1
and 2 are for the constant reactance mode for and

, respectively. Curve 3 is for the constant quadrature voltage
mode for . It can be seen from Fig. 11(b) that the
generator remains in synchronism in curves 1 and 2, while in
curve 3, the generator losses synchronism.

VII. DISCUSSION

The reason behind the difference in the performance of the
SSSC in the two modes comes from the fact that in constant
reactance mode, the SSSC voltage is function of the line cur-
rent such that it emulates a series capacitor.
Therefore, an increase in the voltage drop across the transmis-
sion line impedance , which resulted from increasing
the transmitted power, is offset by the voltage of the SSSC .
This can be seen in curve (1) in Figs. 5 and 6, when the damping
power and the synchronizing power remain approximately con-
stant as the transmitted power increases. However, in the con-
stant quadrature voltage mode, the SSSC voltage is a constant
quadrature voltage and independent of the line current

, and it acts as a constant reactive voltage compensator.
In this situation, the SSSC cannot compensate for an increase

in the voltage drop . As a result, the damping power
and the synchronizing power drop as the transmitted power in-
creases. This conclusion can be drawn from curve (2) in Figs. 5
and 6.

For the same reason, the transient stability limit of the system
of Fig. 1 with SSSC in constant reactance mode is greater than
the case when it is in constant quadrature voltage mode.

If the transient stability limit with SSSC operated in each
mode without the damping controller is determined at different
degrees of compensation, the same conclusion can be drawn
[23]; that is, the transient stability limit with constant reactance
mode is greater than the case with constant quadrature voltage
mode. With the addition of the damping controller, the transient
stability limit has been improved for both modes. The param-
eters of the damping controller (time constants , and

and the gain ), which have been used in this paper, were
not optimum for both modes. The constant reactance mode was
used to tune the parameters of the damping controller. The in-
fluence of the damping controller parameters on the transient
stability limit obtained with each mode will be undertaken for
further investigation.

VIII. CONCLUSION

This paper has applied eigenvalue analysis and time-domain
simulations to demonstrate the influence of the modes of op-
eration of the SSSC on the small disturbance and transient sta-
bility of an SSSC-compensated radial power system. It has been
shown that the SSSC operated in the constant reactance mode
provides higher damping power, synchronizing power, and tran-
sient stability limit. Therefore, this mode reduces the size and
consequently the cost of compensation by the SSSC.

APPENDIX

A complete list of parameters used appears in the default op-
tions of HYPERSIM in the User’s Manual [22].

1) Generator
MV, kV, Hz,
p.u., p.u., p.u.,
p.u., p.u., p.u.,
p.u., s, s,

s, s.
2) Field Excitation System

s,
s, p.u., p.u.

3) Power System Stabilizer
s,

s, s, s, s, s,
s,

p.u., p.u.
4) Shaft

s, s, sec,
s, p.u.,

p.u., p.u., p.u.,
p.u.,

p.u., p.u.
5) Turbine

s, s, s, s,
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s, p.u., p.u., s, s,
p.u., p.u., p.u.,

p.u., p.u.,
6) Speed Governor System

p.u.,
p.u., p.u., p.u.,
p.u., s, s.

7) Boiler
p.u., p.u.,

p.u., p.u., p.u.,
p.u., p.u.,

s, s, s.
8) Transformers

20 kV/315 kV, 24.45 kV/100 kV all in con-
nection,

.
9) Transmission line

km, /km,
H/km, F/km.

10) SSSC
kV, F.

DC Voltage Control: .
Damping Controller: s, s,

s, s, s,
kv, kv.
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