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Abstract: A current source converter (CSC) based static synchronous compensator
(STATCOM) is a shunt flexible AC transmission system (FACTS) device, which has a vital
role in stability support for transient instability and damping support for undesirable inter-
area oscillations in an interconnected power network. A robust pole-shifting based
controller for CSC-STATCOM with damping stabilizer is proposed. In this paper, pole-
shifting controller based CSC-STATCOM is designed for enhancing the transient stability
of two-area power system and PSS based damping stabilizer is designed to improve the
oscillation damping ability. First of all, modeling and pole-shifting based controller design,
with damping stabilizer for CSC-STATCOM, are described. Then, the impact of the
proposed scheme in a test system with different disturbances is demonstrated. The
feasibility of the proposed scheme is demonstrated through simulation in MATLAB and the
simulation results show an improvement in power system stability in terms of transient
stability and oscillation damping ability with damping stabilizer based CSC-STATCOM. So
good coordination between damping stabilizer and pole-shifting controller based CSC-
STATCOM is shown in this paper for enhancing the power system stability. Moreover, the
robustness and effectiveness of the proposed control scheme are better than without
damping stabilizer in CSC-STATCOM.
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1 Introduction

The continuous enhancement of electrical loads due to the growing
industrialization and modernization of human activity results in transmission
structures being operated near their stability restrictions. Therefore, the renovation
of urban and rural power network becomes necessary. Due to governmental,
financial and green climate reasons, it is not always possible to construct new
transmission lines to relieve the power system stability problem for existing
overloaded transmission lines. As a result, the utility industry is facing the
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challenge of efficient utilization of the existing AC transmission lines in power
system networks. So transient stability, voltage regulation, damping oscillations
etc. are the most important operating issues that electrical engineers face during
power-transfer at high levels.

In the above mentioned power quality problems, transient stability and oscillation
damping are the two most important factors during power-transfer at high levels.
According to the literature, transient stability of a power system is its ability to
maintain synchronous operation of machines, when subjected to a large
disturbance [1]. And oscillation damping is the positive damping of
electromechanical modes or oscillations among the interconnected synchronous
generators in a power system [2]. While the generator excitation system with PSS
(power system stabilizer) can maintain excitation control and stability, but it is not
adequate to sustain the stability of power system due to faults or overloading near
to the generator terminals [1]. Therefore, researchers have been working on this
problem for a long time trying to discover a solution. One of the powerful
methods for enhancing the transient stability is to use flexible AC transmission
system (FACTS) devices [3-5]. But oscillation damping is improved by the use of
damping stabilizer [6]. So power system stability is increased with the help of
damping stabilizer (PSS) based FACTS devices [7-9]. Even though the prime
objective of shunt FACTS devices (SVC, STATCOM) is to maintain bus voltage
by absorbing (or injecting) reactive power, they are also competent of improving
the system stability by diminishing (or enhancing) the capability of power transfer
when the machine angle decreases (increases), which is accomplished by
operating the shunt FACTS devices in inductive (capacitive) mode.

In the cited research papers [4, 7, 10-13], different types of these devices and/or
damping stabilizer with different control techniques are used for improving
transient stability & enhancing oscillation damping. In these, researchers have
investigated the co-ordination of PSS and FACTS based controller [7, 11, 13]. So
the PSS based FACTS devices are playing an important role for improving the
oscillation damping with transient stability. Among these FACTS devices, the
STATCOM s valuable for enhancement of power system dynamic stability and
frequency stabilization due to the rapid output response, lower harmonics,
superior control stability and small size etc. [14]. By their inverter configuration,
basic type of STATCOM topology can be realized by either a current-source
converter (CSC) or a voltage-source converter (VSC) [14, 15]. But recent research
confirms several advantages of CSC based STATCOM over VSC based
STATCOM [16, 17]. These advantages are high converter reliability, quick
starting, inherent short-circuit protection, the output current of the converter is
directly controlled, in low switching frequency this reduces the filtering
requirements compared with the case of a VSC. Therefore CSC based STATCOM
is very useful in power systems rather than VSC based STATCOM in many cases.
Hence, coordination of PSS and CSC-STATCOM can be used for enhancement of
power system dynamic stability.
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Presently, the most used techniques for controller design of FACTS devices are
Proportional Integration (PI) [12], PID controller, pole placement and linear
quadratic regulator (LQR) [18]. But, LQR and pole placement algorithms give
quicker response in comparison to Pl & PID algorithm. LQR controller Gain (K)
can be calculated by solving the Riccati equation and K is also dependent on the
two cost function (Q, R). So Riccati equation solvers have some limitations, which
relate to the input arguments. But pole shifting method does not face this type of
problem. So pole shifting method gives a better and robust performance in
comparison to other methods.

The main contribution of this paper is the application of proposed pole-shifting
controller based CSC-STATCOM with damping stabilizer for improvement of
power system dynamic stability (in terms of transient stability and oscillation
damping) by injecting (or absorbing) reactive power. In this paper, the proposed
scheme is used in two-area power system with dynamic loads under a severe
disturbance (three phase fault or heavy loading) to enhance the power system
stability and observe the impact of the CSC-based STATCOM on
electromechanical oscillations and transmission capacity. Further, the results
obtained from the proposed algorithm-based CSC-STATCOM are compared to
that obtained from the conventional methods (without CSC-STATCOM device
and without damping stabilizer in CSC-STATCOM).

The rest of the paper is organized as follows. Section 2 discusses the circuit
modeling & pole-shifting controller design for CSC based STATCOM. A two-
area tow-machine power system is described with a CSC-STATCOM device in
Section 3. Coordinated design of pole-shifting based CSC-STATCOM with
Damping Stabilizer is proposed in Section 4. Simulation results, to improve power
system dynamic stability of the test system with & without CSC based
STATCOM (and/or damping stabilizer) for severe contingency are shown in
Section 5. Finally, Section 6 concludes this paper.

2 Mathematical Modeling of Pole-shifting Controller-
based CSC-STATCOM

2.1 CSC-based STATCOM Model

To verify the response of the CSC-based STATCOM on dynamic performance,
the mathematical modeling and control strategy of a CSC-based STATCOM are
presented. The design of controller for CSC based STATCOM, the state space
equations from the CSC-STATCOM circuit are introduced. To minimize the
complexity of mathematical calculations, the theory of dq transformation of
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currents has been applied in this circuit, which makes the d and g components as
independent parameters. Figure 1 shows the circuit diagram of a typical CSC-
based STATCOM.
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Figure 1

The representation of CSC based STATCOM

Where

isR, iss, IsT line current

Vcr, Ves, Vet voltages across the filter capacitors

VR, Vs, VT line voltages

lae dc-side current

Rac converter switching and conduction losses
Lgc smoothing inductor

L inductance of the line reactor

R resistance of the line reactor

C filter capacitance

The basic mathematical equations of the CSC-STATCOM have been derived in
the literature [17]. Therefore, only a brief detail of the test-system is given here for
the readers’ convenience. Based on the equivalent circuit of CSC-STATCOM
shown in Figure 1, the differential equations for the system can be achieved,
which are derived in the abc frame and then transformed into the synchronous dq
frame using dq transformation method [19].

d Rac 3 3

Gy =dey MV —2 My, )
dc dc d'd a'q

dt Lge 9 2Ly, 2Ly,

d R 1B 1

ald :-tld +Cl)|q _ET+EVd (2)

d R 1
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d 1 1
EV Z'Eld +qu+6Md|dC (4)
d 1 1

In above differential equations My and M, are the two input variables. Two output
variables are ls and lq. Here, o is the rotation frequency of the system and this is
equal to the nominal frequency of the system voltage. Equations (1 to 5) show that
controller for CSC based STATCOM has a nonlinear characteristic. So this
nonlinear property can be removed by accurately modeling of CSC based
STATCOM. From equations (1 to 5), we can see that nonlinear property in the
CSC-STATCOM model is due to the part of lg. This nonlinear property is
removed with the help of active power balance equation. Here, we have assumed
that the power loss in the switches and resistance Ry is ignored in this system and
the turns ratio of the shunt transformer is n:1. After using power balance equation
and mathematical calculation, nonlinear characteristic is removed from equation
(2). Finally we obtain the equation as below:

d(,2\__2Rdc(,2 ) 3Eq

E('dc):' L (I C)'L n'd
dc dc

In the equation (6) state variable (lg) is replaced by the state variable (1%), to

make the dynamic equation linear. Finally, the better dynamic and robust model of
the SATACOM in matrix form can be derived as:

(6)

[ 2R 3E,
Shde hd 0 0 ) .
ro27 | hde Laeh 210 o0 o
('dC) 0 R % E ('dC) 0 0 1
= _ 0 R 0 1 |* I + 1 « id n L *E
& o SR B N I N R
C
Y v 0
cd 0 L 0 0 o] ™ o L 0
| Veq | C | Veq | < | 0 ]
1 L |
0 0 -— - 0
i c 7
(7)

Above modeling of CSC based STATCOM is written in the form of modern
control methods i.e. State-space representation. For state-space modeling of the
system, section 2.2 is considered.
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2.2 Pole-Shifting Controller Design

The pole-shift technique is one of the basic control methods employed in feedback
control system theory. Theoretically, Pole shift technique is to set the preferred
pole position and to move the pole position of the system to that preferred pole
position, to get the desired system outcomes [20]. Here poles of system are shifted
because the position of the poles related directly to the eigenvalues of the system,
which control the dynamic characteristics of the system outcomes. But for this
method, the system must be controllable. In the dynamic modeling of systems,
State-space equations involve three types of variables: state variables (x), input(u)
and output (y) variables with disturbance (e). So comparing (7) with the standard
state-space representation i.e.

% = Ax+Bu + Fe ®)
y =Cx 9)
We get the system matrices as:

T T T
2 . . Cv[2
X:[Idc lg g Vg Vq} u=llig g 'ezEd'y_[ldc 'qJ

[ 2R 3E
PRae 3B 4 o o -
de de 0 0 i T 0
R 1 0 0 10
0 -— — 0 1
L L 0 0 00 -—
A= R 11, B= c=lo 1| ; F=|
- O - - O — | - l H - 1 - 0
1 ¢ 0
0 o 0 0 w 0 1 10 0] 0
L C
0 0 1 - 0
L C J

In above equations (8, 9) five system states, two control inputs and two control
outputs are presented. Where X is the state vector, u is the input vector, A is the
basis matrix, B is the input matrix, e is disturbance input.

If the controller is set as:

U=-Kx+Ty +Me (10)

Then the state equation of closed loop can be written as
X:(A—BK)X+Tyref +BMe+ Fe (11)
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Where T=(C*(-(A-B*K)-1)*B)-1 and M= ((C* (-A+B*K)-1*B))-1*(C*(-A+B*K)-
1*F), these values are find out from mathematical calculation. Here K is the state-
feedback gain matrix. The gain matrix K is designed in such a way that equation
(12) is satisfied with the desired poles.

| sl -(A-BK)| =(s-P)(5-Po).coeenee. (s-Py) (12)
Where Py, P,, .....P, are the desired pole locations. Equation (12) is the desired
characteristic polynomial equation. The values of Py, P,, .....P, are selected such
as the system becomes stable and all closed-loop eigenvalues are located in the

left half of the complex-plane. The final configuration of the proposed pole-
shifting controller based CSC-STATCOM is shown in Figure 2.
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Pole-shiftin
¢ g

Controller

Figure 2
Control Structure of pole-shifting controller based CSC-STATCOM

3 Two-Area Power System with CSC-STATCOM
FACTS Device
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Figure 3
A single line diagram of two-area two-machine power system with CSC-STATCOM

Firstly consider a two-area two-machine power system with a CSC-STATCOM at
bus b is connected through a long transmission system, where CSC-STATCOM is
used as a shunt current source device. Figure 3 shows this representation. The

—141-



S. Gupta et al. Two-Area Power System Stability Improvement using a
Robust Controller-based CSC-STATCOM Paper Title

dynamic model of the machine, with a CSC-STATCOM, can be written in the
differential algebraic equation form as follows:

5 =w (13)

.1 csc
a)zﬁ[ m_Peo_Pe } (14)

Here o is the rotor speed, 6 is the rotor angle, P, is the mechanical input power of
generator, the output electrical power without CSC-STATCOM s represents by
Pe and M is the moment of inertia of the rotor. Equation (14) is also called the
“swing equation”. The additional factor of the output electrical power of generator
from a CSC-STATCOM is P, in the swing equation. Here for calculation of
P>, to assume the CSC-STATCOM works in capacitive mode. Then the injected
current from CSC-STATCOM to test system can be written as:

lese = lese £(6yg -90°) (15)

Where, 0y, is the voltage angle at bus b in absentia of CSC-STATCOM. In Figure
3, the magnitude (V) and angle (6,,) of voltage at bus b can be computed as:

1 XZElsin o
¢, =tan (16)
X2E10055+ X1E2

X cos(o — + X4,E5 cos X4 X
vy = 2510050 ~bho) + X1 Fp 008 | [ Xa%p | 17)

From equation (17), it can be said that the voltage magnitude of bus b (Vy)
depends on the STATCOM current l... In equation (14), the electrical output
power P."° of machine due to a CSC-STATCOM, can be expressed as

EV,
RFSC = LD sins -4, (18)
X1

Finally, using equations (17) & (18) the total electrical output (P.) of machine
with CSC-STATCOM can be written as

X1 XoE;
172 ;
Pe = Peo + PeCSC > Pe = Peo +— ICSC Sln(é‘— ) (19)
(X1+X9)Xq %

All above equations are represented for the capacitive mode of CSC-STATCOM.
For the inductive mode of operation negative value of I, can be substituted in
equations (15), (17) & (19) in place of positive I... With the help of equation (14),
the power-angle curve of the test system can be drawn for stability analysis as
shown in Figure 4.
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Power-angle characteristic of the test system with a CSC-STATCOM

The power-angle (P-8) curve of the test system without a CSC-STATCOM is
represented by curve A (also called Prefault condition) in Figure 4. Here the
mechanical input is P, electrical output is P, and initial angle is 8. When a fault
occurs, P, suddenly decreases and the operation shifts from point a to point b on
curve B, and thus, the machine accelerates from point b to point ¢, where
accelerating power P, [= (P-Pe)] >0. At fault clearing, P, suddenly increases and
the area a-b-c-d-a represents the accelerating area A, as defined in equation (20).
If the CSC-STATCOM operates in a capacitive mode (at fault clearing), P,
increases to point e at curve C (also called postfault condition). At this time P, is
negative. Thus the machine starts decelerating but its angle continues to increase
from point e to the point f until reaches a maximum allowable value &, at point f,
for system stability. The area e-f-g-d-e represents the decelerating area Ay as
defined in equation (20). From previous literature [1], equal area criterion for
stability of the system can be written as:

jgg(Pm—Pef)d5=j§cm(Pep—Pm)d5:> Ao = Aq (20)

This equation is generated from Figure 4, where §. is critical clearing angle. P.” is
an electrical output for post-fault condition. P is an electrical output during fault
condition. From Figure 4, it is seen that for capacitive mode of operation (I.s.>0),
the P-8 curve is not only uplifted but also displaced toward right and that endues
more decelerating area and hence higher transient stability limit. But pole-shifting
controller based CSC-STATCOM is not given to sufficient oscillation damping
stability. So additional controller with pole-shifting controller based CSC-
STATCOM is essential for oscillation damping in the power system. The
additional controller is detailed in the next section.
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4 Coordinated Design of Pole-Shifting Controller-
based CSC-STATCOM with Damping Stabilizer

In this section, a damping stabilizer with pole-shifting controller is proposed for
CSC-STATCOM to improve the oscillation damping and transient stability of the
system. Modeling of a pole-shifting controller based CSC-STATCOM is
explained earlier in section 2.2. So design of a damping stabilizer for pole-shifting
controller based CSC-STATCOM is explained in this section. Here PSS-based
damping controller is used for damping stabilizer designing. The basic function of
power system stabilizer (PSS) is to add damping to the generator rotor oscillations
by controlling its excitation using auxiliary stabilizing signals [6]. These auxiliary
signals are such as shaft speed, terminal frequency and power to change and
adding these output signals of damping stabilizer with a reference signal of pole-
shifting controller based CSC-STATCOM. Here coordination between PSS-based
damping stabilizer and pole-shifting controller based CSC-STATCOM is very
necessary and important.

Pic(ret)

Vb(measured) o §omm--ss-------co-o-
Pole-shifting y :Output Responses for §
controller basedj:>; Two-area power E
Vi (ret) CSC-STATCOM : system ;
Vsimax) Compensator Washout Gain
—_——— = = = =T
I_ 1+sT3 1+sT1 STW
1sT, || 1+sT, nl 1T Aw

A s 4 s 2 w (input signal)

(output signal) I

Vs(min) ~
~
~Damping Stabilizer

Figure 5
Configuration of damping stabilizer for pole-shifting controller-based CSC-STATCOM

So the damping stabilizer is designed carefully with respect to pole-shifting
controller based CSC-STATCOM. A typical structure of damping stabilizer is
taken as shown in Figure 5. In this paper, IEEE ST1-Type excitation based PSS is
used [1]. The damping stabilizer structure contains one washout block, one gain
block and lead-lag compensation block. The number of lead-lag blocks required
depends on the power system configuration and PSS tuning. Here the washout
block works like as a high pass filter which removes low frequencies from the
input signal of the damping stabilizer. The ability of phase lead-lag compensation
block is to give the required phase-lead characteristics to compensate for any
phase lag between the input and the output signals of damping stabilizer. Hence,
transfer function of the damping stabilizer is obtained as follows:
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STy 1+ sT3 1+sT1
Sout =Ks Sin 1)
1+Tyy J\ 14sT 4 1+ sT2

Where S;, is the damping stabilizer input signal. Sy is the damping stabilizer
output signal. K is the PSS gain. T,, is the washout time constant. Ty, Ty, T3, T4
are the compensator time constants. In this arrangement T,, T, and T, are
generally predefined values. The value of washout time constant (T,) is not
critical issue and may be in the range 1-20 s [1]. The PSS gain K, and values of T,
& T, are to be found from simulation results and some previous Artificial
intelligence techniques based papers [21, 22]. In Figure 5, Vgmag & Vsmin) are the
maximum & minimum values of damping stabilizer respectively which are
predefined values for the test-system. Hence, all the data required for designing of
damping stabilizer based controller are given in Appendix 1. In this paper, the
input signal of the proposed PSS based damping stabilizer is the rotor speed
deviation of two machines (M1 & M2), Ao = ol - ®2, which is mentioned in
equations (13) & (14). Now in the following section the test-system stability in
terms of transient stability and oscillations damping ability is analyzed and
enhanced using the proposed damping stabilizer based pole-shifting controller
with CSC-STATCOM.

5 Simulation Results

5.1 Power System under Study

Hydraulic power plant (P1) Hydraulic power plant (P2)

o=
| Prer2

tor |
L I _________ a a

Machine 1
M1)

Machine 2

M2)
5000 MVA
—- 1000 MVA 13.8 kV/500 kV <
950 MW 13.8 kV/500 kV 2050 MW
P
H
H
% Large load center
Three phase Fault = (5000MW)
(Case I) Heavy Loading
(Case ll)
Figure 6
The single line diagram of the test-system model for power system stability study of two power plants
(P1 & P2)
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In this section, two-area power system is considered as a test system for study. For
this type of test system, a 500kV transmission system with two hydraulic power
plants P; (machine-1) & P, (machine-2) connected through a 700 km long
transmission line is used, as shown in Figure 6. Rating of first power generation
plant (P1) is 13.8 kv/1000 MVA, which is used as PV generator bus type. The
electrical output of the second power plant (P2) is 5000 MVA, which is used as a
swing bus for balancing the power. One 5000 MW large resistive load is
connected near the plant P2 as shown in Figure 6. To improve the transient
stability and increase the oscillation damping ability of the test-system after
disturbances (faults or heavy loading), a pole-shifting controller based CSC-
STATCOM with damping stabilizer is connected at the mid-point of transmission
line. To achieve maximum efficiency; CSC-STATCOM is connected at the mid-
point of transmission line, as per [23]. The two hydraulic generating units are
assembled with a turbine-governor set and excitation system, as explained in [1].
All the data required for this test system model are given in Appendix 1.

The impact of the damping stabilizer based CSC-STATCOM has been observed
for maintaining the system stability through MATLAB/SIMULINK. Severe
contingencies, such as short-circuit fault and instant loading, are considered.

5.2 Case I—Short-Circuit Fault

A three-phase fault is created near bus B1 at t=0.1 s and is cleared at 0.23 s. The
impact of system with & without CSC based STATCOM (and/or damping
stabilizer) to this disturbance is shown in Figures 7 to 14. Here simulations are
carried out for 9 s to observe the nature of transients. From Figures 7 to 10, it is
observed that the system without CSC-STATCOM is unstable even after the
clearance of the fault. But this system with pole-shifting controller based CSC-
STATCOM (and/or damping stabilizer) is restored and stable after the clearance
of the fault from Figures 9 to 12.

N
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Voltages at Bus
B1, B2 & B3 (pu)
=

o
=
N
w
IN
4]
o

N
[}
[}
o

o

Line Power flow
at Bus B2 (MW)

N
o
o
o

Figure 7
System response without CSC-STATCOM for a three phase fault (Case-I). (a) Positive sequence
voltages at different buses B1, B2 & B3 (b) Power flow at bus B2
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System response without CSC-STATCOM for case-I (a) Difference between Rotor angles of machines
M1 & M2 (b) wl & w2 speeds of machine M1 & M2 respectively

From the responses in Figures 9 and 10, it can be seen that, without damping
stabilizer based CSC-STATCOM, the system oscillation is poorly damped and
takes a considerable time to reach a stable condition. And with the damping
stabilizer based CSC-STATCOM, the oscillation is damped more quickly and
stabilized after about 3-4s as shown in Figures 9 to 12. Synchronism between two
machines M1 & M2 is also maintained in these figures. The output of the damping
stabilizer is shown in Figure 11, which is not rising above their respective limits.
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Figure 9
Variation of rotor angle difference of machines M1 & M2 for case-I

0.02 T T T T
«€—No CSC-STATCOM
B (unstable)
0.01H}: § . 1
@ L s ith CSC-STATCOM
% =} W w
&=
5% O s
o o (stable)
i = With damping controller
n based CSC-STATCOM
-0.01 1
6] 1 2 4 5 7 8 9
Time (s)
Figure 10

Speed difference variation of machines M1 & M2 for case-I
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Figure 11
Variation of output signal (Vess) of damping stabilizer (case-1)
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Figure 12

Test system response with damping stabilizer based CSC-STATCOM for a three phase fault (Case-1).
(a) Positive sequence voltages at different buses B1, B2 & B3 (b) Power flow at bus B2

If the fault is applied at t=0.1 and cleared at 0.29 s. Then Figure 13 shows the
variation of the rotor angle difference of the two machines for controller without
the damping stabilizer and the controller with the damping stabilizer. It is clear
that the system without damping stabilizer in CSC-STATCOM is unstable upon
the clearance of the fault from Figure 13 & 14. But damping stabilizer based CSC-
STATCOM is maintaining the transient stability and oscillation damping ability of
the system at this crucial time. CCT is defined as the maximal fault duration for
which the system remains transiently stable [1]. The critical clearing time (CCT)
of fault is also found out for the test system stability by simulation. CCT of the
fault for system with & without CSC-STATCOM (and/or damping stabilizer) are
shown in Table I. It is observed that CCT of fault is also increased due to the
impact of damping stabilizer based CSC-STATCOM. Clearly, Waveforms show
that damping stabilizer based CSC-STATCOM is more effective and robust than
that of the system without damping stabilizer based CSC-STATCOM, in terms of
oscillation damping, settling time, CCT and transient stability of the test-system.
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Variation of rotor angle difference of machines M1 & M2 for Case-1 (3-phase fault for 0.1s to 0.29s)
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Speed difference variation of machines M1 & M2 for Case-1 (3-phase fault for 0.1s to 0.29s)

Table |
CCT of disturbances for the system stability with different topologies (Case-I)

S. No. System with different topologies Critical Clearing Time (CCT)

Without CSC-STATCOM 100 ms — 224 ms
With CSC-STATCOM 100 ms — 285 ms
3 With  damping stabilizer-based 100 ms — 303 ms

CSC-STATCOM

5.3 Case ll—Large Loading

For heavy loading case, a large load centre (10000 MW/5000 Mvar) is connected
at near bus B1 (i.e. at near plant P1) in Figure (6). This loading occurs during time
period 0.1 s to 0.5 s. Due to this disturbance, the simulation results of test system
with & without CSC-STATCOM (and/or damping stabilizer) are shown in Figures
15 to 20. Clearly, the system becomes unstable in the absence of the pole-shifting
controller based CSC-STATCOM device due to this disturbance as in Figures 15
to 17. But system with pole-shifting controller based CSC-STATCOM (and/or
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damping stabilizer) continue to operate under stable condition as observed in
Figures 16 & 17. These figures also show that damping stabilizer based CSC-
STATCOM gives better oscillation damping ability in comparison to without
damping stabilizer in CSC-STATCOM. So that damping stabilizer based CSC-
STATCOM device is preferred. System voltages at different bus B1, B2 & B3
with proposed scheme are shown in Figure 18. Figure 19 represents the output of
the damping stabilizer.
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0w o
a2 2 F -==== for Bus B2
Q| e for Bus B3 /\ A\ f
g% 1 ST S R
g 3 —*_-_,_ 7 [ v 2
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(b) Time (s)
Figure 15

Test-system response without CSC-STATCOM with a heavy loading (Case-11). (a) Positive sequence
voltages at different buses B1, B2 & B3 (b) Power flow at bus B2
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Figure 16
Variation of rotor angle difference of machines M1 & M2 in case-11
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Speed difference variation of machines M1 & M2 in case-II
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Test-system response with damping stabilizer based CSC-STATCOM for a heavy loading (case-1). (a)
Positive sequence voltages at different buses B1, B2 & B3 (b) Power flow at bus B2
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Figure 19
Variation of output signal (Vess) of damping stabilizer in case-11
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If the large loading duration is increased from 0.1 s to 0.59 s then, the system
without damping stabilizer becomes unstable as shown in Figure 20, but the
damping stabilizer based CSC-STATCOM still maintains the power system
stability. The CCT for the system with & without CSC-STATCOM (and/or
damping stabilizer) are shown in Table II. It clearly shows that CCT for the test
system is better due to the impact of pole-shifting controller based CSC-
STATCOM with damping stabilizer. Hence, the performance of the proposed
scheme is satisfactory in this case also.

Table 11
CCT of disturbances for the system stability with different topologies (Case-11)
S. No. System with different topologies Critical Clearing Time (CCT)
1 Without CSC-STATCOM 100 ms — 440 ms
With CSC-STATCOM 100 ms — 583 ms
With damping stabilizer based CSC- 100 ms — 594 ms
STATCOM
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Figure 20
Variation of rotor angle difference of machines M1 & M2 in Case-II (large loading for 0.1 s to 0.59 s)

Conclusions

In this paper, the dynamic modeling of a CSC based STATCOM is studied and
pole-shifting controller with damping stabilizer for the best input-output response
of CSC-STATCOM is presented in order to enhance the system stability of the
power system with the different disturbances. The novelty in proposed approach
lies in the fact that, transient stability and oscillation damping ability of a two-area
two-machine power system are improved and the critical clearing time of the
disturbance is also increased. The coordination between damping stabilizer and
pole-shifting controller-based CSC-STATCOM is also shown in the proposed
topology. The proposed scheme is simulated and verified with MATLAB
software. This paper also shows that a damping stabilizer based CSC-STATCOM
is more reliable and effective than a system without damping stabilizer-based
CSC-STATCOM, in terms of oscillation damping, critical fault clearing time and
transient stability of a two-area power system. Hence, CSC based STATCOM can
be regarded as an alternative FACTS device to that of other shunt FACTS devices.
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Appendix 1

Parameters for various components used in the test system configuration of Figure 6. (All
parameters are in pu unless specified otherwise):

For generator of plant (P1 & P2):

V6=13.8 kV; Re= 0.003; =50 Hz; Xs= 1.305; X4= 0.296; X4 = 0.252; Xq = 0.50; X =
0.243; T4=1.01s; T4'=0.053 5; H=3.7 s

(Where R is stator winding resistance of generators; Vg is generator voltage (L-L), f is
frequency; Xy is synchronous reactance of generators; Xd & Xd are the transient and sub-
transient reactance of generators in the direct-axis; X, & X, are the transient and sub-
transient reactance of generators in the quadrature-axis; Td & Td are the transient and sub-
transient open-circuit time constant; H the inertia constant of machine.)

For excitation system of machines (M1 & M2):

Regulator gain and time constant (Ka & Ta): 200, 0.001 s; Gain and time constant of
exciter (Ke & Te): 1, 0 s; Damping filter gain and time constant (Kf & Tf): 0.001, 0.1 s;
Upper and lower limit of the regulator output: 0, 7.

For pole-shifting controller based CSC-STATCOM:

System nominal voltage (L-L): 500 kV; Rg.= 0.01Q; L4.=40 mH; C =400 puF;R=0.3Q; L =
2 IIIH, (1)2314, Vb(ref): 1.

For damping stabilizer:

K= 25; Ty, = 10; T, = 0.050; T,=0.020; T5 = 3; T4 = 5.4; Vs (max) = 0.35; V¢ (miny = -0.35
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