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Abstract. The utilization of Flexible AC Transmission
System (FACTS) devices in a power system can poten-
tially overcome limitations of the present mechanically
controlled transmission system. Also, the advanced
technology makes it possible to include new energy stor-
age devices in the electrical power system. The inte-
gration of Superconducting Magnetic Energy Storage
(SMES) into Static Synchronous Compensator (STAT-
COM) can lead to increase their flexibility to improve
power system dynamic behavior by exchanging both ac-
tive and reactive powers with power grids. This paper
describes structure and behavior of STATCOM/SMES
compensator in power systems. A control strategy based
on direct Lyapanov method for compensator is used.
Moreover, the performance of the STATCOM/SMES
compensator in a load variation condition is evaluated
by PSCAD/EMTDC software in test system. Also,
SMES capacity effects on integrated compensator are
investigated.
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1. Introduction

In recent years, by ongoing growth in electric power
demand and deregulation in the electrical power indus-
try, numerous changes have been introduced to mod-
ern electricity industry. One of the most significant
problems in power systems is that its power swings be-
tween synchronous generators and subsystems damped
weakly and it must be controlled in appropriate way,
otherwise the power system will encounter a significant

problem and lose the conventional operation. Due to
recent advances in high power semiconductor technol-
ogy, FACTS technology has been proposed to solve this
problem [1], [2].

Furthermore, as a typical FACTS device, STAT-
COM have been developed and utilized to improve
transient stability margin, power quality improvement
and damping power system oscillations by controlling
reactive power [3], [4], [5]. Whereas significant increase
in energy storage capacity for STATCOM lead to in-
crease in degree of freedom and as a result its reliabil-
ity and flexibility, therefore an energy storage system
(ESS) for integration of STATCOM is proposed.

There are different technologies for energy storage
such as ultra-capacitors, batteries, flywheels and SMES
which the SMES system for power utility applications
have received considerable attention due to rapid re-
sponse, high power, high efficiency and four quadrant
control [6], [7]. STATCOM and SMES are considered
to cooperate and emerge as a compensator with promi-
nent capability in power swings damping improvement.
In [7] the SSSC/SMES application for frequency stabi-
lization is examined and in [8] the experimental system
integration of a battery energy storage system (BESS)
into a STATCOM is discussed.

Specifically, this paper will present:

• Specifications and performance principles of the
STATCOM/SMES compensator.

• Behavior of STATCOM/SMES in a load variation
condition.

• SMES capacity effects on integrated compensator.
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2. Proposed Model of
Integrated
STATCOM/SMES
Compensator

A STATCOM can only absorb/inject reactive power,
and consequently is limited in the degree of freedom.
The STATCOM/SMES combination can provide a bet-
ter dynamic performance than a stand alone STAT-
COM [7], [9]. A functional model of a STATCOM in-
tegrated with a SMES coil is shown in Fig. 1. This
model consists main parts of the STATCOM controller,
the SMES coil and the interface between both devices.
The inclusion of a SMES in the dc bus of the STAT-
COM requires to adapt the voltage and current levels
of both devices by utilizing an interface. In this case, a
two-quadrant three-phase dc-dc converter is chosen as
interface.

Fig. 1: General model of the integrated STATCOM/SMES
compensator.

The chopper changes the dc current from the SMES
coil to dc voltage, and a VSC changes the voltage into
a three-phase ac current. Both the chopper and VSC
need GTOs. The control of active and reactive pow-
ers was accomplished by controlling firing angles of
the GTOs and the dc voltage that is determined by

the duty ratio of the chopper. The angle and volt-
age differences between the utility line and the VSC
output built current through the leakage inductance
of the transformer that became the utility line current.
The dc-dc chopper play in role of energy flow controller
through the SMES coil [10]. When the SMES needs to
be charged, the chopper connects the dc link voltage
to the SMES so that the current inside the SMES in-
creases and make a power flow from the dc link to the
SMES coil. When the SMES needs to be discharged,
the chopper connects the opposite voltage. The rate
of charge/discharge is controlled by the voltage mag-
nitude of the SMES coil. In other words, the dc-dc
chopper changes the constant dc link voltage into a
variable voltage required by the SMES coil to make
the desired energy flow. Figure 2 shows a detailed con-
figuration of the chopper. As shown in Fig. 2, the coil
can be charged when the two GTOs are fired simulta-
neously and the diodes become reverse-biased. When
both of GTOs are turned off, the coil discharges and
the diodes become forward biased. At a duty cycle of
0.5, the SMES coil’s average voltage and the VSC’s
average dc current are both zero, and no net power is
transferred throughout one switching cycle. At a duty
cycle larger than 0.5, the coil is charged; while at less
than 0.5, the coil is discharged . Therefore, the control
of charge/discharge process is accomplished by control-
ling the duty cycle [11].

Fig. 2: Structure of a two-quadrant chopper.

3. Control Strategy for
Integrated Compensator

3.1. Power System Model

Structure preserving model (SPM) of power systems
has been presented to improve the modeling of gener-
ators and load representations such that system parts
represent more realistic behavior [9]. Generators are
modeled as one-axis generator model which includes
one circuit for the field winding and also loads are mod-
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eled by constant active power and reactive power with
following equations:

PLk = PLk0

(
Vk
Vk0

)mp
,

QLk = QLk0

(
Vk
Vk0

)mq
,

(1)

where PLk and QLk will be the active and reactive
powers at the nominal voltage Vo, respectively the PLk
and QLk real and reactive power of k-th load. mp and
mq can be an arbitrary integer from 0 to 3. A power
system with N buses andM generators without exciter
and governor is considered. The system is assumed to
be lossless. The governing equations of the system are:

δ̇i = ωi,

Miω̇i = Pmi − PGi −Diωi

i = 1...M,

T ′doiĖ
′
qi =

xdi − x′di
x′di

VM+i cos(δi − θM+i+

+Efdi −
xdi
x′di

E′qi),

(2)

where ωi and δi are velocity and mechanical angle of
the ith generator. Mi and Di are inertia and damping
factors for the ith generator, xdi and xqi are d and q-
axis synchronous reactance of the ith generator. T ′doi
is the d -axis transient open circuit time constant of
the ith machine. Efdi is the ith generator exciter volt-
age, Pmi and PGi are the ith generator mechanical and
electrical power, respectively. Generated active and re-
active electric powers are shown by:

PGi =
1

X ′di
E′qiVM+i sin(δi − θM+i)−

−x
′
di − xqi
2x′dixqi

V 2
M+i sin(2(δi − θM+i)),

QGi =
1

X ′di

[
E′qiVM+i cos(θM+i − δi) − V 2

M+i

]
+

+
x′di − xqi
2x′dixqi

V 2
M+i [cos(2(θM+i − δi) − 1)] .

(3)

The injected real and reactive powers into kth node
are:

Pk =
∑M+N
i=M+1BkiVkVi sin(θk − θi),

Qk = −
∑M+N
i=M+1BkiVkVi cos(θk − θi),

(4)

where Vi and θi are the magnitude and phase voltage
of the ith bus, Bki is the susceptance of the k -i branch.
Pk and Qk are the active and reactive power injected
into kh node. PLk and QLk are active and reactive
powers of kh load.

Therefore, the equilibrium of powers at load buses
offers the load flow equations as:

Pk + PLk − PGk = 0,

Qk +QLk −QGk = 0.
(5)

3.2. Direct Lyapanov Method

Let w(x) be the direct Lyapunov function or energy
function explained for the power system model de-
scribed by Eq. (2) through Eq. (5). Any disturbance in
power system involves a power imbalance that moves
the system trajectory from the pre-fault stable equi-
librium point to a transient point xi(t) that has a
higher energy level than post-fault equilibrium point.
If ẇ = dw/dt is negative, direct Lyapunov function
w(x) decreases with time and tends towards its mini-
mum value which appears at the post-fault equilibrium
point x̂i. The more negative value of ẇ means the sys-
tem returns to the equilibrium point x̂i quickly (i.e.
the better damping in power system) [12], [13]. With
assumption of x̂i = 0, the direct Lyapunov function for
SPM power system without any control is written by:

w(ω, δ, E′q, V, θ) = w1 + w2 + C0,

w1 =
1

2

∑M
k=1Mkω

2
k,

w2 =
∑8
i=1 w2i,

(6)

where w1 is kinetic energy and w2 is potential energy
that will be described as:
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w21 = −
∑M
k=1 Pmkδmk,

w22 =
∑M+N
k=M+1 PLkθk,

w23 =
∑M+N
k=M+1

∫ QLk
Vk

dVk,

w24 =
∑2M
k=M+1

1

2x′dk−M
[E′2qk−M + V 2

k −

−2E′qkVk cos(δk−M − θk)],

w25 = −1

2

∑M+N
k=M+1

∑M+N
l=M+1BklVkVl

cos(θk − θl),

w26 =
∑M
k=M+1

x′dk−M − xqk−M

4x′dk−Mxqk−M[
V 2
k − V 2

k cos(2(δk−M − θk))
]
,

w27 = −
∑M
k=1

EfdkE
′
qk

xdk − x′dk
,

w28 = −
∑M
k=1

E′2qk
2(xdk − x′dk)

.

(7)

C0 is a constant, such that at post-fault equilibrium
point, the total energy, Eq. (7), is equal to zero. More
details about energy function are given in [12], [13].
As it could be shown, the time derivative of the direct
Lyapunov function Eq. (7) across the trajectories of
the uncontrolled system is written by:

ẇ(x) = −
∑M
k=1Dkω

2
k−

−
∑M
k

T ′dok
xdk − x′dk

(Ė′qk)2 ≤ 0.
(8)

STATCOM supports grid voltage by exchanging re-
active power with power system, which means the out-
put voltage of VSI (V̄sh) is in phase with linked bus
voltage (V̄i). But if dc-bus voltage (Vdc)could be sup-
ported by an energy storage system, the VSI voltage
angle (θdc) can varies from 0 to 2π and satisfies the
condition of active power exchange.

Therefore STATCOM could be modeled as ideal
voltage source and transformer leakage reactance xsh
in series (Fig. 3). Assume STATCOM/SMES is con-
nected to bus i and its voltage amplitude relates to Vi
by rsh. Thus, VSI voltage is described as in Eq. (9).

V̄sh = rshVie
jθsh = Vi[rsh cos(θsh)+

jrsh sin(θsh)].
(9)

This voltage in synchronous reference frame has
been explained as direct and quadrature component
by Eq. (10):

V̄sh = rshVie
jθsh = Vi[ud + juq]. (10)

Fig. 3: Equivalent circuit of STATCOM.

STATCOM/SMES existence into the power system
will modify the load flow Eq. (5) and also time deriva-
tive of Lyapannov function Eq. (5) will be changed.
The powers equilibrium in ith bus is based on Eq. (11):

Pi + PLi − PGi + Pshi = 0,

Qi +QLi −QGi +Qshi = 0,
(11)

where Pshi and Qshi are interchanging active and re-
active powers Between ith bus and STATCOM/SMES
consequently, which have been stated by Eq. (12):

Pshi = bshV
2
i [ud sin(θi) − uq cos(θi)],

Qshi = bshV
2
i [1 − uq sin(θi) − ud cos(θi)],

bsh = 1/Xsh.

(12)

Time derivative of Lyapunov function with STAT-
COM/SMES existence is related to Eq. (13):

ẇ = ẇuncontrol − Pshiθ̇i −Qshi
V̇i
Vi
. (13)
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Based on Eq. (13), it is obvious that by controlling
the inputs the negative rate of Lyapanov function will
be increased. Controlling parameters (ud, uq) consist in
transient (u′′d , u

′′
q ) and steady-state controlling compo-

nents (u′d, u
′
q), which have large time constant and im-

proving system dynamic behavior extremely effective,
Thus just single transient components are considered
for power oscillation damping. By replacing Eq. (12) in
Eq. (13) and set them based on controlling parameters,
Eq. (14) will be gained:

ẇ = ẇuncontrol − bshVi
d

dt
[−Vi cos(θi)]u

′′
d−

−bshVi
d

dt
[−Vi sin(θi)]u′′g .

(14)

V̄i is written into the synchronous reference frame
as:

V̄i = Vi cos(θi) + jVi sin(θi) = Vdi + jVqi. (15)

By replacing Eq. (15) in Eq. (14), the Eq. (16) will
be gained:

ẇ = ẇuncontrol − bshVi
d

dt
(−Vdi)u′′d−

−bshVi
d

dt
(−Vqi)u′′g .

(16)

In order to keep negative sign in Eq. (16), tran-
sient controlling components (u′′d , u

′′
q ) should have a

similar sign with their sign of coefficients. Therefore
STATCOM controlling law that has been derived from
Eq. (16) will be as in Eq. (17):

u′′d = k1
d

dt
(−Vdi),

u′′g = k2
d

dt
(−Vgi),

(17)

where k1 and k2 are positive coefficients and their value
depends on oscillation damping time. In order to de-
centralize control strategy, all of the measurement sig-
nals must be local. On the other hand due to obtained
control strategy from Eq. (17) a reference frame sig-
nal, that should be a local signal is required. If Vi
consider in a reference frame, u′′q will became zero in
Eq. (17) and in this case Lyapanov method wouldn’t
be an optimum strategy, so we consider Iij to provide
synchronous reference frame in order to calculate the

direct-axis and quadrature-axis components of ac volt-
age bus and converter voltage and provides a complete
decentralized control law.

Pshi = bshVi(u
′
dVqi − u′qVdi) = 0,

u′dVqi − u′qVdi) = 0.
(18)

The voltage error value (Vrefi − Vi) is given to PI-
controller to generate control signal (λ′qsh) which is re-
lated to STATCOM reactive power. Thus, following
equations could be defined:

Vi − u′dVdi − u′qVqi = λ′q,

u′dVdi + u′qVqi = λq,

λq = Vi − λ′q.

(19)

From Eq. (18) to Eq. (19) the control parameters for
steady-state could be present as Eq. (20):

u′d =
λqVdi

(Vqi)2 + (Vdi)2
=
λqVdi
V 2
i

,

u′q =
λqVqi

(Vqi)2 + (Vdi)2
=
λqVqi
V 2
i

.

(20)

4. Simulation Results

The effectiveness of the proposed control strategy will
be illustrated using a three-machine test system in
PSCAD/EMTDC software [14]. A single line of a sam-
ple system diagram has been demonstrated in figure 4.
In this system, Generator G3 has high power and con-
sider as an infinite bus. Generators G1 and G2 have
different inertial constant, hence system reveal simi-
lar behavior like actual power systems. A temporary
short circuit occurred in bus 5 (B5) while a STAT-
COM/SMES compensator placed in line 4 (L4). In this
simulation a unit SMES (100MJ/10H) have been uti-
lized. The System responses with and without STAT-
COM/SMES presence are shown.

4.1. Without Compensation

The characteristics related to variation in speed, active
and reactive power of generator G1 have been repre-
sented in Fig. 5, Fig. 6 and Fig. 7, respectively. Ac-
cording to these characteristics, it can be seen that
during sampling, all characteristics were in oscillation
states and they are not damped.
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Fig. 4: Three-machine test system.

Fig. 5: Generator No.1 speed without compensation presence.

Fig. 6: Generator No.1 active power without compensation
presence.

Fig. 7: Generator No.1 reactive power without compensation
presence.

4.2. With STATCOM/SMES
Compensator

Now in this condition, STATCOM/SMES compensator
has been put in the bus5 B5 of test system. Generator

G1 active power deviations have been represented in
Fig. 9, as it can be seen under this conditions, oscil-
lations amplitude of power in comparison to previous
state decrease rapidly and this fluctuation have been
damped and also these oscillations are damped in less
time. Generator G1 speed and reactive power variation
characteristics have been shown in Fig. 8 and Fig. 10
respectively, that expresse desirable performance of
STATCOM/SMES combinational compensation is in
damping oscillations and increasing system safety and
improvement in dynamic performance of power system.

Fig. 8: Generator No.1 speed with STATCOM/SMES compen-
sator presence.

Fig. 9: Generator No.1 active power with STATCOM/SMES
compensator presence.

Fig. 10: Generator No.1 reactive power with STAT-
COM/SMES compensator presence.

4.3. Overload in Bus 6 (B6)

In this case, regarding to short circuit which occurred
in system, a 100 MW and 6.6 MVAR load have been
place in bus 6 B6. Simulation results related to speed
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and active power deviations of generator G1 have been
represented in Fig. 11 and Fig. 12, respectively. Now
STATCOM/SMES compensator have been placed in
the bus5 B5 of test system, characteristics of genera-
tor G1 have been represented in Fig. 13 and Fig. 14,
respectively. By comparison between specification in
two state of with and without compensator it can be
seen that integrated compensator have a significant ef-
fect on power oscillation damping, while the first os-
cillation damping have been decreased by presence of
STATCOM/SMES compensator.

Fig. 11: Generator No.1 speed in state of overload in system
and without compensation.

Fig. 12: Generator No.1 active power in state of overload in
system and without compensation.

Fig. 13: Generator No.1 speed in state of overload in system
and with STATCOM/SMES compensator presence.

4.4. Change in SMES Capacity

In the simulation which have been done in sections 4.1,
4.2 and 4.3 a unit SMES (10H) coil have been used, now
we put a unit SMES (12H) coil and we expect that by

Fig. 14: Generator No.1 active power in state of overload in
system and with STATCOM/SMES compensator pre-
sence.

increasing SMES coil capacity according to equation

E =
1

2
LI2 the stored energy in coil increase and as a re-

sult more energy transfer will occurr in system. On the
other hand, since transient and dynamic stability are
significantly control by active power and SMES storage
transfers active power therefore it expects that increas-
ing in storage capacity leads to improvement of power
system dynamic operation. Simulation results related
to generator G1, active and reactive power character-
istics have been demonstrated in Fig. 15 and Fig. 16,
respectively.

Fig. 15: Generator No.1 active power in state of SMES capacity
variation.

Fig. 16: Generator No.1 reactive power in state of SMES ca-
pacity variation.
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5. Conclusion

This paper presents the specifications and operation
of integrated STATCOM/SMES compensator. Also,
a benefit of integration of SMES system into STAT-
COM was presented. Integrated STATCOM/SMES
compensator would have the ability to independently
and simultaneously, exchange both real and reactive
power with a transmission system. The simulation re-
sults show that STATCOM/SMES compensator has
a more significant effect on dynamic performance im-
provement.
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