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Abstract-The use of a super-capacitor as a storage device
integrated with a Voltage source converter-based shunt-
connected Static Synchronous Compensator (STATCOM) is
proposed for improving the STATCOM performance during
sudden large disturbances in a power network. The super-
capacitor was applied across the STATCOM capacitor during
the disturbance condition. MATLAB simulations were carried
out for the verification of a secondary function of the STATCOM
like oscillation damping, transient stability improvement, and
security of the power network with the storage device. The
validation of the proposed super-capacitor was carried out in
MATLAB.
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I INTRODUCTION

Power demand is increasing in comparison to power
production. To balance it, enlargement or modification of the
power network is needed, which results in complex design and
unsecure operation of the network. With this complex design,
the network becomes very sensitive to various types of
disturbance like faults, line switching, contingency, congestion,
etc., leading to a decline in stability, security, and reliability of
the power network [1-2]. Power network stability plays a very
imperative role in securing the network operation. The
instability in power network exhibits itself in various ways,
such as frequency, angle, and speed deviations, and power and
voltage oscillations. Power network stability status may be
steady state, transient state, or dynamic. Transient stability is
mainly affected by major disturbances. Proper power network
devices are used to enhance stability and to increase security.
Shunt-connected voltage source converter-based reactive
power compensation devices are widely adopted to overcome
voltage stability issues. However, to compensate the true power
in the network, Super-Capacitors (SCs) with the additional
benefit of storage are used [3-4].

In [5], a supplementary HVDC technology for STATCOM
is considered for steady state and transient stability
characteristics. In [6], a battery energy storage system was
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taken as a package of storing elements and VSC to provide
autonomous control of the active and reactive power injection
to the grid. In [7], the transient stability margin of a power
network connected STATCOM is determined using trajectory
sensitivity analysis. A SC type energy storage system is used to
enhance the transient state stability analysis of a grid connected
wind turbine in [8]. A unified STATCOM and battery energy
storage system is evaluated for the enhancement of dynamic,
transient stability, and transmission competence in [9]. In [10],
STATCOM is used for transient stability enhancement.
Modelling of non-linear load with STATCOM is conducted in
[11]. An ultra-capacitor is used with the STATCOM for power
oscillation damping in [12]. In [13], a superconducting
magnetic energy storage system with STATCOM is used for
power system oscillation damping. In [14], steady state
performance has been checked with STATCOM and an energy
storage system. Sub-synchronous oscillations are mitigated
with a superconducting magnetic energy storage system in
[15]. In [16], rotor angle and voltage stability were studied
during fault conditions with fault location identification. In
[17], voltage stability assessment in real time was conducted. A
brief summary of different FACTS controller types with a
focus on STATCOM topologies and their control strategies
was done in [18]. In all the above studies, focus was towards
steady state, transient state, dynamic state stability, rotor angle
stability, or mitigation of sub-synchronous oscillations of the
network, which are conducted by using STATCOM or an
energy storage system. Little focus has been given in the
enhancement of STATCOM performance by connecting SC
during various conditions. Very few researches tested SC with
shunt FACTS devices under transient disturbances in multi-
machine networks.

In this paper, a storage device (SC) is connected to the
STATCOM capacitor for improving its secondary performance
under sudden large disturbances in the power network. The
short duration application of the SC during disturbance
conditions is tested in MATLAB environment. The voltage
source converter based STATCOM is designed to provide
voltage support by reactive power control and to enhance
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secondary functions, e.g. reduction in power oscillation
damping and improvement in transient stability and security of
the multi-machine network. The sudden large disturbances are
created by three phase faults of 0.3 and 0.2s duration in a
multimachine network. Comparative analysis of STATCOM
with storage device and without storage devices is conducted.
The results prove the improved STATCOM performance with
the SC during the transient problem.

II.  MODELLING OF THE POWER NETWORK

A multi-machine network during transient conditions is
considered. A synchronous generator, two loads, and a
transformer are connected with the STATCOM and the
supercapacitor is connected in shunt. As case studies, three-
phase faults are applied for transient conditions near the
transformer.

A. Synchronous Generator

The synchronous generator is an electrical machine
converting mechanical into electrical power. It is the chief
driver of any power network. The synchronous generator plays
a very important role in the monitoring of the power network at
various conditions [10]. Model (1.1) of IEEE Task Force, with
one equivalent damper winding on the g-axis with field circuit
is represented as [11]:

as
E = (I)B (Sm' mO) (1)
dSm 1
= [-D(Sm = Smo) + T = Te]  (2)
dE] 1 ’ Y
S 7 [=Eq + (a = x)ia + Epal - (3)
dEg _ 1

[—Ea = (xq = x3)ig]  4)

The electrical torque equation is given as:

T, = Ejiq + Ejiq + (x4 — x))ialq (5)

where ¢ is the operating rotor angle, wg is the rated angular
speed, S,, and S, represent the slip, H is the generator inertia
constant, D is the damping coefficient, T,, and T, represent the
mechanical and electrical torque, E'; and E’, are the voltages
for d and q axes, T";, and T, are the open circuit transient time
constants for direct and quadrature axes, Xg, X'y, X4, X'y, ig» and i,
are the reactances and currents of the said two axes, and Ej is
the output of the dynamic system.

B. Static Synchronous Compensator (STATCOM)

The STATCOM and the Static VAR compensator are
members of the FACTS family which are shunt-connected
devices. The STATCOM helps to control the power and
enhances transient stability of power grids [1]. STATCOM can
generate more reactive power than Static VAR compensator
during voltage lower than the normal voltage regulation range.
The STATCOM has the ability to provide more capacitive
reactive power during fault conditions. STATCOM regulates
both inductive and capacitive modes according to the action of
injection or absorption of the reactive power [12, 13]. Reactive
power variation is performed by the voltage source converter

coupled to the coupling transformer [14, 20]. The equivalent
circuit of a STATCOM with a SC is shown in Figure 1.
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Fig. 1. Equivalent circuit of STATCOM with an SC.

Mathematically, the active and reactive powers of the
STATCOM are represented as:

pP= %sin 5 (6)
Q — Vl(Vl—;/(z cos §) (7)

Figure 2 shows the control network block diagram of a
STATCOM with an SC. It comprises of a phase locked loop
which calculates the phase voltage and the three phase AC
current for the direct-axis and quadrature-axis components, the
measurement system for measuring the d and q components of
the AC positive-sequence voltage, the currents to be controlled,
the DC voltage V., and the AC and DC voltage regulators for
controlling reactive and active power flow respectively. The
current regulator controls the magnitude and the phase by the
Pulse Width Modulator converter. The SC is connected across
Vic.
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Block diagram of the control network of a STATCOM with an SC.

Fig. 2.

C. Super-Capacitor

An SC, also known as an ultra-capacitor, is an
electrochemical double layer capacitor. The values of
capacitance of the super-capacitor are orders of magnitude
greater than the values of normal capacitors. SCs can deliver
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bursts of energy since charging and discharging takes place
rapidly. Using a single SC block, modeling can be done by
connecting the SC's cell in series or parallel. Beside the energy
storing capacity as an advantage, when the SC is combined
with STATCOM, the performance of the network is enhanced
with active power support to the network. The equivalent
circuit for a single cell in the SC block is shown in Figure 3.

R1 R2 R3
v Rdischarge
c1 cv (] c3
Fig. 3. A single cell SC.

The voltage and current across the SC block are obtained
by:

v

Ven =

- ian (8)

Nseries
adVen
dt

C))

where V is the voltage across the block, N, is the number of
series cells, n is the branch number, i, is the n™ branch current,
R, is the n™ branch resistance, and V., is the 7™ branch voltage
across the capacitor.

in=0C,

III. TEST NETWORK

In order to check the performance of the power network
during transient condition, a 4-bus test network is considered
(Figure 4). The test network consists of 3 generators, 2 loads, 1
transformer, 3 lines, and 4 buses. The basic test network is
modeled in MATLAB/Simulink environment with the
following parameters: The generators have 16,500MVA total
generation capacity, the loads have 12,500MW loading, one
1000MVA transformer is used, a VSC based 100MVA
STATCOM, 500KV Voltage, and a 100pF, 16V SC.

Line3

L1

@ ‘ STE Line1 Line 2 ‘[
1 2 3
F P)

STATCOM —— SUPERCAPACITOR

(o)

4

Fig. 4. Test network single line diagram.

IV. SIMULATION PERFORMANCE

Simulation performance is checked by applying 3-phase
faults of 0.2 and 0.3s duration near bus 1, which implies a
transient condition. Various parameters like rotor speed, stator
voltage, true power, imaginary power, and voltages are
monitored. Transient conditions or large disturbances result
into very unbalanced network parameters and create
tremendous oscillations in the network, upshots, or complete
black-outs or total failures. It is better to prevent such types of
failure by connecting some boosting or balancing elements.
Flexible AC transmission system elements are power devices
connected to the network for enhancement. A STATCOM
shunt FACTS device is connected in the network at bus 4 to
support the network during disturbance conditions.

Figure 5 displays the rotor speed of the generator connected
to bus 1. A 3-phase fault is applied for 0.2 and 0.3s. The
network without STATCOM and SC shows more oscillations
and takes more time to return to the stable condition. As
compared to the earlier condition, the connected STATCOM
stabilizes rotor speed early, with fewer oscillations. The result
of connecting the SC with the STATCOM is more impressive
because it damps rotor speed oscillations in less settling time.
Figure 5 indicates effective large fault duration condition and
oscillation suppression by the SC-based STATCOM and thus,
reduced settling time of the rotor speed.

Figure 6 depicts the Generator 1 terminal voltage without
STATCOM and SC, with STATCOM and SC, and with
STATCOM only. As the fault duration increases, the system
becomes more prone to instability. With STATCOM and SC
stator, the Voltage comes closer to 1pu earlier and thus the
stability margin increases. During the transient period, the SC
suppresses the oscillations and superior performance of the
STATCOM is observed.
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Fig. 5. Rotor speed, fault time (a) 0.2s, (b) 0.3s.
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Fig. 6. Generator 1 terminal Voltage, fault time (a) 0.2s, (b) 0.3s.
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Fig. 7. Active Power, fault time (a) 0.2s, (b) 0.3s.

Active power and reactive power oscillation damping is
more effectively done with STATCOM and SC as can be seen
in Figures 7 and 8. Larger oscillations are observed in the 0.3s
fault duration. STATCOM with SC real power oscillations are
effectively damp out and settling time reduces with a large
stability margin. Reactive power demand reduces and
oscillations reduce as well.
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Fig. 9. Network Voltage at bus 2, fault time (a) 0.2s, (b) 0.3s.

Figure 9 exhibits the bus 2 Voltage oscillations, which are
maintained at 1pu with the SC-based STATCOM combination.
Figure 10 shows the V. variation with an SC. The DC voltage
is maintained constant. Figure 11 shows the SC voltage
variation during fault conditions.
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Fig. 11.  SC Voltage, fault time (a) 0.2s, (b) 0.3s.

V. CONLCUSION

In this paper, the performance of the Static Synchronous
Compensator (STATCOM) is enhanced with the aid of a
Super-Capacitor (SC). A multi-machine network was evaluated
in MATLAB during the transient condition without
STATCOM, with STATCOM and with both STATCOM and
SC. A symmetrical 3-phase fault is applied for 0.2s as case
study 1 in the network. It is observed that the oscillations are
damped within 25, 12, and 105s without STATCOM, with
STATCOM, and with STATCOM-SC respectively. With
STATCOM-SC, the second peak reduces from 1.025 to
1.015pu. The primary function of a STATCOM is to maintain
constant terminal voltage and bus voltage at 0.9 to 1pu, which
is achieved by the proposed STATCOM-SC combination.
Similarly for the case study 2, the fault duration is 0.3s, for
which the responses of STATCOM-SC are drastically
enhanced as network oscillations are damped quickly, peak
time and Voltage variation are reduced, and the network
quickly overcomes the issue.

It is observed that as the fault duration increases, the
proposed STATCOM-SC model works more effectively. An
additional benefit to true power compensation is the energy
storage which is very essential for secured power network. The
energy storage with STATCOM-SC enhances the transient
performance of the network and reduces the damage to the
equipment during sudden large disturbances, which have not
been tested in the published research work. SCs are preferred
for short duration applications of nearly 30 to 40s. In the
simulations of the current study, the system was tested for 25 to
30s after the disturbance.
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