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Abstract— The enlargement of the contemporary power system has lead to an increasing difficulty in the study of power systems,
also presents new challenges to power system stability and in meticulous to the aspects of transient stability. This paper presents
the algorithm for interfacing Voltage Sourced Inverter with Static Synchronous Source Series Compensator (SSSC).The
modelling of the controller plays a major role in the performance of the SSSC. The performance of SSSC for different mode of
operation using PI controller and sliding mode controller is being studied. The Power Oscillation Damping Circuit (PODC) is
used to damp out power oscillation. The simulation was performed on a 9-bus power system modelled for stability studies. The
results clearly indicate that introduction of SSSC devices in an appropriate location increases the power flow of the system and
improves transient stability, by controlling its mode of operation by developing sliding mode controller module. The simulations
and analysis were carried out using the MATLAB Software Package.

Keywords— SSSC, PODC, MATLAB, Sliding Mode System.

I. INTRODUCTION

In recent years, a number of Flexible AC Transmission System (FACTS) controllers, based on the increased development of power
electronics technology, have been proposed. .1t is well known that series compensation can be used to increase the maximum
transfer capabilities of power networks with the use of FACTS. Claudio A. Canizares [3], presented transient stability and power
flow models of FACTS controllers for voltage and angle stability studies of power system. The SSSC is a series connected
synchronous voltage source that can vary the effective impedance of a transmission line by injecting a voltage containing an
appropriate phase angle in relation to the line current. [9] [10]. B.N.Singh [12], examined the dynamic performance of sliding-mode
and fuzzy controllers for a static synchronous series compensator. This paper examines transient stability improvement with SSSC
by tuning controller parameters using EP. PI controllers are linear controllers which are effective for the operating condition for
which it is designed. It is more sensitive to parameter changes. Therefore there is a need for a robust controller which is insensitive
to parameter changes. Hence in this paper, non-linear control based on variable structure technique is developed.

Il. MODELLING OF POWER SYSTEM COMPONENTS

A. Synchronous Machine Model
The synchronous generators are modelled as classical machines with rotor angle and speed as state variables.

d
R . M
dt
ds
—=0-0 (2)
dt 0

B. Transmission Line Model
A transmission line is modeled as a lumped [T model.
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C. Load Model
The loads are modeled as a constant admittance in transient stability studies.
D. SSSC

1) Principle Of Operation: The line side transformer winding is connected in series, placing the VSI also effectively in series with a
transmission line, and thus allowing series compensation of the line The SSSC is typically restricted to only reactive power
exchange with the nearby ac system, neglecting the small amount of real power used to cover the circuit and switching losses,
because of the relatively small SSSC capacitor. If the dc capacitor were replaced with an energy storage system, the controller
would be able to exchange real power with the ac system and compensate for the transmission line resistance [4] [5].

S
B AC Systenn
I L LT
I, Courpling
~ Transfornmner
Woltage-Sourced
Inwerter
b o,

| Energy Storage |

Fig. 1.Functional model of SSSC

2) Transient Stability Model: Assuming balanced, fundamental frequency voltages, SSSC with PWM voltage control can be
accurately represented in transient stability studies using the basic model shown in Fig. 2

Py +i0y

P ot

Fig 2. Transient stability model of SSSC

3) Transmission Line Current Controller: This controls the magnitude of series injected voltage of SSSC by controlling the
modulation index m, of the PWM controller. The controller has a bias corresponding to the steady state value of the modulation

index m_,
"
I
. oo, .
|ref K tﬁ
S om
+*
X ~
1437 I

Fig. 3. Block for transmission line current controller
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Ipcx=r [I*Km.:x:—fpac] (3)
el

_ . : (4)

Mool = Iﬂlti'ﬂ'ﬁ' Eige +1 dnac K par

4) DC Voltage controller: This controls the phase angle of series injected voltage by varying . It is used to directly control the DC
voltage magnitude. The controller has a bias corresponding to the phase angle g

Fiem
g Vou . Ko i B
Vi 2 : +
Vi
_/
— Vi i
1451,
A
Fig. 4.Block for DC Voltage regulation
- 1 =
chcp =—T [VdCKMCfC_Vde] (:‘ |
made
B o=V,  YE 4V, K (6)
17 Tdedp Tide T dedp™ pde
Msg =Moo T Mgl (7}
K=0612372%m,, (&)
8= ﬁn + .-'5'1 (%
From power balance condition,
Pac=Pgc + P loss. (10)
From Fig 2
P5:= -I;UTICOS(E'_ B:' |:11:|
Pa:=Via: L (12}
The capacitor dynamic equation is
z.2
Y Wleos(d -8) GV all'R
Vi = _ de _ Fzet T (13)
CVdC C CVdC

VL8, =Vl by

IZ8=
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5) Representation Of Synchronous Machine And SSSC: The generator is represented by the Norton equivalent for network solution
[6]. The admittance of the generator is included in the main diagonals of Y matrix.The SSSC is interfaced with network by current
injection model since it suits with transient stability algorithm.

1.6
@i_ EZ, _i@

SO O

Fig 5. SSSC current injection model

From the Fig. 5, the current injected by SSSC to the HVAC bus is

I Fea

Fan R+ jX, (15)
I Fea

mk R+ X, (16)

E. Modelling Of Power Oscillation Damping Controller

M Tac g |w [1eer | 2

(1+aTwp 1+:2T4

Fig. 6 PODC Model

The Power Oscillation Damping Circuit is used to damp out power oscillations. The main objective of this circuit is to filter out
undesirable signals and provide a phase lead to the signal to compensate for phase lag. The washout circuit is to eliminate steady
state bias in the output of the ac system. The input signal may be a current, speed or power [9][12].

.1 )
X1=T—[(KC*TW*AXS)—X1] A7)

w

o1l
X, =T—[(F1*x1)+x1—xz] (18)

2

F. Design Of Sliding Mode Controller

The SMC includes an equivalent control term and a switching term. The design of the SMC includes the selection of sliding surface
and the control law. The control law must satisfy the reaching condition and guarantees the existence of the sliding-mode. The SMC
is applied to control the DC voltage of the capacitor.Define the state variable as follows:

X = Ve = Vicrer (19)
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Where, V. ref IS the capacitor DC voltage reference

1) Selection Of Sliding Mode Controller: The conventional SMC employs the acceleration signal, which is sensitive to the noises.
To overcome this problem an integral sliding surface is used in the investigations. The sliding surface is chosen as follows:
'y
.5'=.‘{.'+Cj x(r) dr — x(0) (20)
1]
Where c is a positive constant and is chosen for the desired system dynamics. Since‘s’ is zero from the beginning, complete
robustness is achieved in the whole transient and the system will converge asymptotically to the origin with time constant of 1/c.

2) Design of Equivalent Control Term: The control law should be selected to guarantee the states move along the sliding surface,
realizing the robust control. The equivalent control term keeps the system with nominal parameters on this sliding surface.

. VKsn(d - ) GeVie

Vde = (21}
CX C
From Eqg. (20) and Eq.(21), and let S =0, Eq. (22) is derived:
C e 1
sin(é— ) = —E[(a+c)x+anﬂ.] (22)
Where
_ G B K
a@="c CX

3) Design Of Switching Term: A boundary layer is introduced neighboring to the sliding surface to eliminate chattering. Then the
control is written as:

sin(S— B) =sin(— f8),, —n.sat(s/¢) (23)

Where, 8 the thickness of the boundary layer and the saturation function is

X if | x|<1
sen(x) if| x|=1

The introduction of boundary layer results in a steady-state error. To reduce chattering and steady-state error as well as to achieve
fast response, saturation term is modified to yield the switching term as,

nsat(s/@)=rts (25)

The switching term always has same sign with sat(s/¢), but the control effect is different. Since the switching term changes
continuously, fast dynamic response is achieved and the chattering phenomenon is eliminated

MI(X)={ (24)
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4) Structure Of Sliding Mode Controller:

Fig. 7 Structure of Sliding Mode Controller

G. Tuning Of Controller Parameters Using EP

The objective function is to minimize the sum square deviation of rotor angle oscillations satisfying the constraints. The tuned
values of controller parameters from EP for each time step is used in transient stability program.
Objective function:

1{555 -3, | (26)

subject to

I11. TRANSIENT STABILITY ALGORITHM

The stepwise computations to be performed to advance the simulation by one step from t- At to t are as follows. The time step
width (At ) used in the algorithm is 0.01 sec.

A. Assumptions

Classical machine model is considered (no controllers)

Dampings are ignored

Loads are assumed as constant admittances

B. Preparation

The initial conditions for & , @ and voltages are obtained from load flow and the past history terms for 6 and @ are obtained from
the initial conditions.

The initial past history terms for SM, SSSC, PODC and SMC are calculated assuming the system in steady state initially.

1) Predict 6 Using Dahl’s Formula:
2
At
Breq (D) = 25(t = At) — 5(t - 240) + o [Pm —P(1)]
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2) Forming RHS Of Algebraic Equations:
Rotate Norton sources by change in  (initially &, (t) —3(t — At) ; later 3" —3 (previous iteration)

Find the Norton current injections at all the generator buses and STATCOM connected bus.
E

For synchronous machine  : I =7‘?
R+ JX 4
1 d
R 22
For SSSC connected line : km R+ X,
[ Ve
Mk R X,

3) Solve The Network Equations [Y] tranbus [V] = [I] nor TO Get The Approximate Value Of Synchronous Machine Terminal
Voltage VPP

Y,

*
nori 7V And Also Real Power Outputs Of All Generators. Pgeni =Re{V;l; }

4) Compute Stator Currents I; =1, —

5) Correct 8 Using Trapezoidal Discretized Mechanical System Equation.
2

corr At
) =- a “)OTe () + oy (t—At) Where

)

2
aupy (- At) = 8(t - At) + Atoy [t - At) -1] + %wo [2T - Te(t-A)]

6) Check For & Convergence. If Yes Move To Next Step; Else 6" = &, And Go To Step 2.1

7) Compute Generator Internal Variables And Update Past History Terms For SM, SSSC, PODC and SMC
8) Advance Time And Go To Step 1

C. Handling Network Discontinuities

Consider at t=td network discontinuity occurs; this causes jump in voltage, current and power.

After convergence at t=td- we obtain a network solution which is a normal time advance solution. This is referred to as the first
solution at the discontinuity.

Change Y to reflect the effect of network switching and refactorize.

Perform another network solution with the refactorized Y. This is referred to as the second solution.

Note

The loads are converted in to the constant admittances and these are pushed in to diagonal elements of the corresponding load buses.
Y trangusii= Yiit Y i Hereiis for all load buses

The diagonal elements of Y s corresponding to all synchronous generators are modified as:
Y transusii= Y it 1 (R 1+ ] X

IV. SYSTEM STUDY AND SIMULATION RESULTS

A. SSSC

The single line diagram of the standard 9 bus system with SSSC connected between buses 7 and 5 is shown in Fig 8. A three phase
fault is applied at bus 7 at time t=1.01s.And it is cleared at 1.09s. Simulation result is presented below.
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Fig. 8. Single line diagram of 9-bus system with SSSC connected between buses 7 and 5
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The robustness of SMC is checked by applying it to a three phase fault bus 5 with SSSC connected between buses 7 and 5 and
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simulation results are presented below
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= 25 with PI controller
% 20
gg
g £ 10 writh SHAC
: s
=
T 0+ . . . . . .
u] 2 4 51 =1 10 12
time in secs
fault ap plied atbus 5
2
2%
L
=
£ L]
£
|- .
12
time in secs
fault applied athus 5
L ith P1 Lle
= 25 wit controller
=¥
é I 12 with SWIC
T oA . . . . . .
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V. CONCLUSION

In this paper, a standard three-machine nine bus system with SSSC has been established. From the results, it is inferred that the
damping of the system is improved by SSSC PODC. Comparison of rotor angle oscillations between SMC and PI controller are
depicted by considering the three input signals for PODC. It is observed that SMC is more effective in damping out the power
system oscillations when omega is used as input to PODC compared to when current and power are utilized.
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