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Abstract— After a disturbance occurrence, fast damping of power oscillationsis essential to reduce
the risk of instability and thus increase the power transfer capacity. of transmission systems.
Recently, the Static Series Synchronous Compensator (SSSC) -has justified its ability to improve
power oscillation damping. Due to substantial interactions among the SSSC damping control loops
and the power system variables, the use of conventional Single-Input Single-Output (SISO) control
approaches results in a poor damping performance. In this paper, these interactions are taken into
consideration, and a power system equipped with an SSSC is modeled as a multivariable system.
The impact of the SSSC's dc voltage dynamic is also considered in the modeling. The power
system equipped with an SSSC is multivariable with: effective interactions among its variables.
Traditional SISO control design techniques do not take into consideration these interactions and
therefore cannot provide adequate damping over a wide range of operating conditions. Based on
this developed multivariable modeling, a multivariable controller is proposed to improve power
oscillation damping while keeping the de-link voltage regulated. Simulation results verify the
validity of the proposed modeling and control and show that the proposed approach can
successfully damp out power system oscillations. Further simulation results show that the
proposed controller provides a superior performance and a better robustness when compared to
conventional SISO controllers.
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1. INTRODUCTION

Power oscillations are a'common dynamic phenomenon which can affect a power system, partialy or
totally, after it has been subjected to a disturbance. Power oscillations, particularly in weak or long
transmission lines, push.the power system toward instability. To establish a reliable and secure power
system, a large amount of the power transmission capacity is left unused as a power system stability
margin. In other words, power system stability is achieved at the cost of excessive, but unused power
transmission capability. An aternative to such a costly solution is to rapidly diminish the power
oscillations by increasing the power system damping [1], [3]. Damping improvement is usually achieved
by use of the Power System Stabilizer (PSS) [1], [2]. A traditional PSS, however, is alocal compensating
device and cannot damp out all oscillation modes. Nowadays, series FACTS controllers demonstrate
superior and competitive features to improve Power Oscillation Damping (POD) [4]-[6]. Among these
advanced solid-state series controllers are Thyristor Controlled Series Compensator (TCSC) [7]-[8] and
Static Synchronous Series Compensator (SSSC) [9]-[11].

The SSSC, first initiated by Gyugyi et al. [12], injects a nearly sinusoidal and controllable voltage in
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series with the transmission line. The main part of the SSSC is a Voltage Source Inverter (VSI) supplied
by a dc-link capacitor. The injected voltage is perpendicular to the line current, and therefore emulates an
inductive or a capacitive reactance in series with the transmission line, and influences the electric power
flow in the line. The SSSC can improve POD by intelligent modulating of series reactive power
compensation, and by absorbing the real power from or injecting it to the transmission line by means of its
dc-link capacitor [13]. To achieve complete and acceptable damping performances, the series injected
output voltage of the SSSC must be controlled quickly and accurately. In addition, the SSSC’s dc-link
voltage should be adjusted to allow VS| to work properly.

Control issues of the SSSC have been addressed by a number of individual researchers. In [14], two
traditionally designed Single-Input Single-Output (SISO) PI controllers were employed to control the real
and the reactive power flowing through a transmission line. In [9] the damping function of the SSSC,
based on the linearized Phillips-Heffron model and SISO control structures;-has been presented. In [10],
an inverter-based series compensator was presented to damp power oscillation in a Single-Machine
Infinite-Bus (SMIB) transmission system. In [10] a rea-time simulation is used to adjust the coefficients
of conventional Pl controllers based on the linear model proposed in [11]. In the above mentioned
research works, SISO controllers were traditionally designedusing the classical control theory such as
eigenvalue/eigenvector analysis, and root locus. In the SISO controller structures, the dynamic interactions
among control loops are neglected. Thus, SISO controllers have not provided adequate damping over a
wide range of operating condition variations [15], [16]..In addition, in most of these articles the dc link
voltage dynamic is ignored. This could turn into a serious. problem, especially when the compensator
exchanges active power with the transmission system. In [15] a Multi-Input Multi-Output (MIMO)
controller is designed to control the flow of power in atransmission line equipped by an SSSC.

In this paper, a multi-functional SSSC is employed to improve the power oscillation damping in a
SMIB power system. Considerable interactions among the SSSC control variables and power system
variables are taken into consideration, and the dc-link voltage dynamic is not ignored. For the sake of
clarity and for better understanding of the proposed control approach, and without limiting the generality,
the power system is referred by a simple SMIB maodel. Accordingly, a multivariable model for the SMIB
power system equipped with an SSSC is developed, and a multivariable controller is designed. The
proposed multivariable controller design is based on the diagonal dominance approach, also called the
Parameterized Pre-Compensator technique. A change in the power demand usualy causes
electromechanical and power oscillations. Thus, in this paper, the disturbance is modeled by a step change
in the mechanical input torque of the generator. Simulations are carried out in PSCAD/EMTDC.
Simulation results verify:the validity of the proposed MIMO controller and its excellent performance in
improving power oscillation damping, as well as adjusting the dc-link voltage. To show the superiority of
the proposed MIMOQ controller over the conventional SISO controllers, simulation results from both
techniques are compared. Also, it is shown that the proposed MIMO controller considerably increases the
system robustness when compared to its SISO counterpart controllers.

2. SSSC MODELING

Figure 1 shows a single line diagram of an SMIB power system equipped with a Static Series
Synchronous Compensator (SSSC). The SSSC injects a series controlled voltage, V4, into the
transmission line. The magnitude and the phase angle of this voltage can be controlled to achieve better
system capacity and performance. As shown in Fig. 1, the SSSC consists of a Voltage Source Inverter
(VSI), adc-link capacitor, and a series transformer.

The SSSC is modeled by a loss-less VSI, an ideal transformer, a dc-link capacitor, and a shunt
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resistor, r,, representing all power losses including inverter switches and conduction losses, and the
electrical and magnetic losses of the transformer. The transmission line is modeled by a lumped
inductance in series with a resistance representing the line losses, and the generator is modeled by means
of asimplified second order dynamic equation [1].
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Fig. 1. An SSSC ingtalled in a SMIB three-phase transmission system

By means of the time varying p-g transformation given in (1)
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‘abc’ quantities are transferred to a ‘pg0’ frame. The p-axis is aways coincident with the instantaneous
generator internal phase voltage, and the g-axis in quadrature with it. Figure 2 shows the voltage and
current vectors when transferred to the p-q reference frame. Voltage harmonics are neglected in this

diagram. The output voltage of the SSSC is shown in Fig. 2 for both capacitive and inductive modes.

Capacitive Mode
I Vg
!
I

Fig. 2. The phasor diagram of the output voltage of the SSSC for both capacitive and inductive modes

Inductive Mode

Dynamic equations governing the behavior of the system in a per unit system are obtained and given

by (2)
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where variables and parameters are defined as follows (all in p.u., except where indicated):

i Line current.
ip: Component of the line current coincident with the p-axis.
ig - Component of the line current coincident with the g-axis.
Vg :  SSSC'sdc-link voltage.
S Power anglein rad .
o Rotor angular speed.
s - Synchronous angular frequency in rad /s .
. Wg XD .
r: Line equivalent resistance.
Xe Total inductance of the transmission system.
X¢ DC-link reactance.
o' Fictitious resistance representing the inverter |osses.
E'- Generator phase e.m.f behind the transient reactance.
Vs Generator terminal voltage.

Vip,Vrg  Components of the infinite-bus voltage in coincident with the p-axis and g-axis respectively.

v SSSC injected series voltage.
Vp,Vq: Componentsof Vg, in coincident with the p-axis and g-axis respectively.

T : Input mechanical torque:

Te: Electromagnetic torque:

M : Generator’s moment of inertia.
D: Rotational damping.
k: Ratio of the fundamental output voltage peak to the dc voltage of the SSSC.

a Angle deviation of the VSI output voltage measured from itsideal form that is perpendicular

to the line current.

Idedlly, the injected voltage, V  , is perpendicular to the line current. However, to compensate for the
inverter losses and to keep the dc voltage constant, the injected voltage is dlightly shifted from its ideal
quadrature form. By using Fig. 2, components of the injected voltage, v, and v, are obtained in the
capacitive and the inductive modes separately. They are given in the capacitive mode by (3):

Vv, =kVg sSin(f —a) =kVy (sin fcosa — cos B -sina) ©)
Vg =KV COS(B — @) = kVy (cos B cosa +sin B -sina)

and in the inductive mode by (4):

Vp = kVy. SIN(f + @) = KV, (sin S cosa + cos 3 -sina) (4)
Vg = kVy cos(B + a) = kVy (cos S cosa —sin B-sina)
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where k is the ratio of the fundamental output voltage peak to the dc voltage of the SSSC, and is
proportional to the modulation index of the PWM inverter. o is the angle deviation of the inverter's
output voltage measured from itsideal form that is perpendicular to the line current, and g = —tan*l(:i) is
the phase angle of the line current. P

The infinite-bus voltage coincident with the p-axis, v

o0
Vip = ’Vr

o0
Vig = ’Vr

To analyze the impact of the dc-link voltage on the SSSC performances, the dynamic of the dc-link
voltage should also be considered. Since the total loss of the SSSC is represented by r,, the VSl in Fig. 1
isideal, and the average power at the dc and ac terminals of such an ideal inverter are equal. That means
Pic_ave = Pac_ave - The average active power in the ac side of the inverter interms of the ‘pg0’ variables is
given by (6)

s and the g-axis, Vig , € obtained easily as:

Coso (5)

sino

3, . . . 6
Pac_ave :E(Vplp +Vqiq +Vgip) (6)

By substitution of (3) or (4) in (6) and some mathematical ealculations, P, ,. iSobtained as.

3 [ ; . 7
Pac ave =§1/|p2+'q2kvdc9”a ()

SINCE Pye ave = Pac_ave» DY USING Py e =V ige @Nd (7) the following expression is achieved as:

032 2, 8
Igc =E1/|p2+|q2ksma (8)
Also, the dc side voltage dynamic in per unit base is given by

d . 1
— Ve =—05X; (ldc + r_vdc) (9)

dt )

Substituting g4, from (8) into (9) gives the dynamic equation of the dc-link voltage as:

d 3 -2 .2, . WX 10
Evdcz—awsxmllp +ig ksina — chdc (10)

p

Equations (2) and (10) give the mathematical model of an SMIB power system equipped with an
SSSC. Thismodd is represented by a standard multivariable nonlinear dynamic system equation given by
(11)

%= (X Upym) (11)

where x =[x, X, X3, X4, Xs]' =[ip, i Vee,@,0]" , and upyy, =[k,a] .

prlg

To design a controller for power oscillation damping improvement and the dc-link voltage
adjustment, the output of the system is defined as:
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[x] [ (12
st

X4 = 1S the rotor angular speed (in p.u.), in which deviation from its nominal value (1 p.u.) alerts the
existence of low frequency power oscillations [1], and x3 =V is the dc-link voltage. The dc-link can
exchange active power with the power transmission line, and therefore can improve power oscillation
damping.

To obtain alinear multivariable model, the nonlinear model specified in (11) is linearized at a stable
operating point. The parameters of the power system, as well as the operating point, X,,, used in this
paper, are given in the appendix. The linearized multivariable system is calculated and obtained as:

X = Ax+Bu (13)
y =Cx+Du
where
[ 87425 350.26 -384.74 -565.02 1104.9] [419.4 | -149.94]
-326.19 -32941 -666.39 -978.64 1016 -206.81 -86.566
A=l 00 00  -1.2566 0.0 00 |, B=[.00 -49.156
-0.37485 0.0 00 -0.37485 00 0.0 0.0
0.0 0.0 00 3141530 0.0 | | 00 0.0

_[00 00 00 10 00 o 0.0 00
100 00 1.0 00 00/ 100 00

It can easily be shown that the controllability matrix, [B-AB A?B A’B A“B], isafull rank matrix and the
pair (A, B) is controllable [17]. Thus, there exist control signals, k and « , which can steer the system
from any initial state to any desired final statein afinite timeinterval.

3. MULTIVARIABLE CONTROLLER DESIGN

In this section, a multivariable Pl controller based on a diagona dominance approach, called
Parameterized Pre- Compensator [18], isproposed. It will be demonstrated that a unified MIMO controller
can successfully be designed for the SSSC to improve power oscillation damping in addition to regulating
the dc-link voltage. The block diagram of the multivariable controller for the SSSC installed in the power

systemis shownin Fig. 3.
1
1
1
L
ot =1pu % >
ref =P Power
— > ©
MIMO System

Pl and

V
dci.?_; Controller|__,| SSSC Vae
(04

Fig. 3. MIMO control system block diagram

The multivariable Pl control law is presented by

k 1 Dref — O 2x2 (14)
=(Kp +=Kj) , Kp,K| €R
L‘} Pl Vidcref —Vac P

Parameters of the multivariable Pl controller can be set by means of standard design methods for
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multivariable control systems. In this research a method based on the parameterized pre-compensation
approach is applied.

The parameterized pre-compensation is a MIMI controller design method that minimizes the
interactions between input-output pairs of multivariable systems [18]. The column dominance measureis a
means to specify interactions in a multivariable system, and is defined for the j™ column of a system
transfer function as:

Jaij (j) (15)

4¢(Q(je) = ¥
|ij (Jw)|

i=1
i#]

where Q(jw)eC™" isthe open loop transfer function of the system.

Consider a typica feedback control system shown in Fig. 4. By means of a parameterized pre-
compensation approach, the controller, K(s), should be designed in such a way that the column
dominance measure of the compensated system, Q(s)=G(s)K(s), is minimized. The stability of the
compensated system is guaranteed by dominance theorems [18]. In addition, satisfactory performance of
the system can be achieved by selecting a proper structure for K(s)..In this research work, K(s) is a
MIMO PI controller with a control law defined by (14). The matrix transfer function of the power system
equipped with the SSSC is derived from (13) and given by (16).

Ge)=—= 7 5.3 : 5 .2 7 7N
s® + 2583 5% + (1.1379 x10°)s3 + (1.8032 x 10°)s2 4 (4.6239 x 107 )s + (5.8047 x107) (16)
— 44.758s° — 2562352 — 322695 56.2065° + 6198.552 — (4.5178 x 10°)s
0.0 -49.1565% -1208s° - (5.5921 x 10%)s? — (1.8368 x 108)s — 2.2706 x 10°

Y(s)

R(s) Controller Plant
TQF)— Ks) [1 6

Fig. 4. A typical feedback control system

Now, let s = jo
Q(jw)=G(jo)K(jw)

=[GR(jw)+jG.(jw)][Kp+jin.] -

. 1 . . . 1 .
=[Gr(jo)Kp +;G| (jo)K, 1+ JIG, (jo)Kp _;GR(JQ))KI]
=[Gr(jo) + jG, (jo)IK =G (jo)K
where G and G, arethereal and the imaginary parts of G(jw), respectively. The real and the imaginary
part of the modified system, G (jw) , are defined in (18):

J— . ; l . o _ ] ) 1 - s
Gr(j@) =[Gr (i), =Gy (jo)] «C**, and G, (jo) =[G, (o) .~ = Gr(ja)] < C¥** (18)
and the modified controller is K =[K, ,K;]" e R*2.

By means of Egs. (17) and (18), the problem of finding K(s) e C>? for the system G(s) is cut down
to finding K e R*? for the modified syssem G(s). The j"column dominance measure of the
compensated system, Q(s) = G(9)K(s) , is defined by
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s Qion- £ U _ ¢ ok (19)
i |y () =g (k)]
1# ] 1#]

where g; istherow vector of G and IZJ- is the column vector of K .

Equation (19) shows that the j™ column dominance measure of Q(s) depends only on the j™
column of K. Therefore, the minimization measures of finding K are reduced to some simpler
minimization steps. In such simplified procedures, each step only involves finding one column of K . The
minimization measure of finding a column vector I?j isgiven by

P, :{?Lrsl maxd§ (Q(je)) (20)
The set S represents the various constraints on K . Particularly, in the MIMO controller given in (15), all
components of Kp and K; should be positive. The min-max problem, P;, can be solved using well-
known methods such as linearly constrained min-max optimization [19]. In thispaper, an indirect method
based on the feasible set [18] is used to solve the optimization problem, P;. By solving the optimization
problem given by (20) for P;, j=12, K iscalculated and then Kp and K, are obtained

_[o18 172] _ . [0005 50160 (21)
P71 00 285/ '7| 000 001

4. SISO CONTROLLER DESIGN

To compare the performance and robustness of the proposed MIMO controller with those of the

conventional SISO control structures, in this section two separate standard Single-Input Single-Output

(SISO) PI controllers are designed. The black diagram of the SISO controllersis shown in Fig. 5. Two Pl

controllers, one for damping the power oscillation and the other for regulation of the dc voltage, are used.
The controllers’ dynamics are given by

1 1 22
= (< + 2K rst = @) 80 = (K g+ Kige)Voerer Ve 2

Pl Controllers are adjusted by means of a Pl standard tuning method [20]. Parameters of PI controllers are
caculated at the operating point, X., given in the appendix. The calculated controllers gains are
K po =015, Kiz=0.002, K4 =15.0, and Kjge =0.4.

di

1
1
T
L »|
=1pu
ref =P é PI Power
Controller (2]

k System

and

Vac_ref PI SSSC Ve
Controller
a

Fig. 5. SISO control system block diagram

5. SIMULATION RESULTS

Real time simulations are carried out in a PSCAD/EMTDC environment. A 600 MVA synchronous
generator is connected to a 230 kV three-phase ac transmission lineviaa Y /A transformer. The SSSC is
built by a 60 MV A power converter. The power converter is connected in series at the sending end of a
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transmission line by a A/Y transformer. The dc-link voltage is set to be 40 kV at steady state operation.
The proposed parameterized pre-compensator MIMO Pl controller is used to simultaneously damp power
oscillation and adjust the dc-link voltage after a disturbance has arisen. Their aternatives, SISO Pl
controllers that were designed in the previous section, are also simulated to show the superiority of the
MIMO controller performance. Disturbance is redlized by applying a step change in the generator
mechanical input torque. Simulation results performed in PSCAD for both MIMO and SISO controllers
are depicted in Figs. 6-12.

8.80 = Active Power through the Line (p.u) 9.00 = Active Power through the Line (p u)
8.60 8.80
8.40 8.60
820 8.40
8.20
8.00 8.00
7.80 7.80
7.60 7.60
7.40 7.40
3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 300 325 350 375 400 425 450 475 500
a) Active power when the MIMO controller is used b) Active power when the SISO controller is used
Fig. 6. The active power transmitted throughthe line
10005 m Rotor Angular Speed (p.u. 1.0035 = Rotor Angular Speed (p.u.)
1.0030
1.0020 1.0025
1.0015 1.0020
1.0015
1.0010 1.0010 4
1.0005
1.0005 1.0000 4
1.0000 1 0.9995
0.9990
0.9995 0.9985
300 325 350 375 400 425 450 475 500 300 325 350 375 400 425 450 475 500
a) Rotor angular speed when the MIMO controller isused b) Rotor angular speed when the SISO controller is used
Fig: 7. The rotor angular speed
540 DouerAngle (degrees) 56,0 ™ Power Angle (degrees)
530 55.0
54.0
52.0 4
53.0
51.01 52.0
50.0 51.0
50.0
49.0
49.0
48.0 48.0
47.0- 47.0
300 325 350 375 400 425 450 475 500 300 325 850 375 400 425 450 475 500
a) Power angle when the MIMO controller is used b) Power angle when the SISO controller is used
Fig. 8. The power angle in degrees
= DC-Link Voltage  Vde, (p.u = DC.Link Voltage Véc (pu)
0.22506 0.22500 =
0.22504 092498
0.22502 4 022496
0.22500 1 022494
022498 4 022492
022496 - 0.22480
300 325 350 375 400 425 450 475 500 300 325 350 375 400 425 450 475 500
a) DC link voltage when the MIMO controller is used b) DC link voltage when the SISO controller is used

Fig. 9. The dc-link voltage of the SSSC
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= K, Ratio of the SSSC AC Output Peak Voltage to the DC-Voltage = Phase Angle of the SSSC Output Voltage (degrees

0925 1.00
0.900 050
0.875
0.850 0.00
0.825

050
0.800
0.775 100
0.750

150
0.725
0.700 200

300 325 350 375 400 425 450 475 500 300 325 350 375 400 425 450 475 500

a) Theratio of the ac output peak voltage to the dc voltage of the SSSC  b) The angle deviation of the VS| output voltage
Fig. 10. Control signals k and « when the proposed MIMO controller is used

6.40 ™ Active Power through the Line (p.u) 10035 _™ Rotor Anqular Speed (p.u.)
620 1.0030 {
1.0025
6.00 1 1.0020 1
5.80 1.0015
1.0010
560 1.0005 {
5.401 1.0000 4 At
50 0.9995 1
0.9990
5001 0.9985
300 325 350 375 400 425 450 475 500 300 325 350 375 400 425 450 475 500
a) The active power transmitted from the line b) The rotor angular speed achieved by MIMO controller

achieved by MIMO controller

510 = Power Angle (degrees) 029515 = DC-Link Voltage . Vdc, (p.u.
50.0
0.22510
490
480 0.22505
470
0.22500 1
460
450 0.22495
440
0.22490
430
420 0.22485
300 325 350 375 400 425 450 475 500 300 325 350 375 400 425 450 475 500
¢) The power angle in degrees achieved by MIMO controller d) The dc-link voltage of the SSSC achieved

by MIMO controller
Fig. 11. Simulation results achieved by means of proposed MIMO controller when
the operating point is changed
In al figures, the horizonta axes depicts time (in seconds), and the vertical axes show per unit values,
per-unitized based on the phase nominal variables, except those that are indicated.

a) Step change in the generator input torque

The proposed MIMO controller and its counterpart SISO controller, which are designed in previous
sections for the operating point, X,; given in the appendix, are separately employed to control the SSSC
and to improve power oscillation damping. At t =3 sec, a step change is applied to the generator input
torque and consequential simulation results are obtained for both controllers.

Figure 6 shows the step responses of the active power transmitted through the line for both
controllers. It can be seen that the proposed MIMO controller significantly improves the power oscillation
damping in comparison with the SISO controller. The MIMO controller diminished the overshoot from
50% in the SISO controller response, to 25%. The smaller overshoot in the power transmitted response
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justifies the use of a smaller stability margin. Therefore, the transmission capacity can be increased
securely.

= Active Power through the Line {p.u)

= Rotor Andular Speed (p )
1.0080 Rotor Angular Speed
750 1.0060
7.00 10040 |
6 1.0020 |
1.0000 4
e 0.9980 {
550 0.9960 {
5004 0.9940
0.9920 {
450

0.9900 -

300 325 350 375 400 425 450 475 500

a) The active power transmitted from the line b) The rotor angular speed obtained
obtained by SISO controller by SISO controller
500 " Power Angle (degrees 0250 ™ DC-Link Voltage | Vde, (p.u)
7501 0.200
70.0 4
0.150
65.0
60.0 0.100
55.0 4 0.050
50.0 4
0.000
450
40.0 - -0.050
300 325 850 375 400 425 45 475 500 300 325 350 375 400 425 450 475 500

¢) The power angle in degrees obtained by SISO controller  d) The'dc-link voltage of the SSSC obtained by SISO controller
Fig. 12. Simulation results obtained by means of SISO controllers when the operating point is changed

Figure 7 demonstrates the generator angular speed for both the MIMO and SISO controllers. However
both controllers can keep the generator angular speed at w =1pu., and after a deviation, the proposed
MIMO controller illustrates faster and better performance, as well as smaller deviation from its nominal
value.

The power angle is shownrin Fig. 8. It can be seen that the MIMO controller effectively damps the
power angle oscillations and reduces the overshoot to 7.0%. The overshoot is about 36.3% when the SISO
controllers are used. Actually, the power angle represents the rotor angular position of the generator.
Effective and fast damping performance achieved by the proposed MIMO controller decreases the risk of
the generator instability.

Figure 9 shows the dc-link voltage in two cases. Both MIMO and SISO controllers regulate the dc-
link voltage, however the SISO controller creates a steady state error to reach Vg, o =0.22500 (p.u.)
shown in Fig. 9b. The SISO PI controller is designed to achieve the zero steady state error when no
interaction among the control loops is assumed. This incorrect assumption causes a deviation in the
simulated results. In the proposed multivariable controller design, however, these interactions are taken
into consideration, and thus the dc-link voltage error is zero, and the dc side voltage is regulated at steady
state. Also, the maximum error occurred by the MIMO controller is smaller than those of the SISO
controller.

Figure 10 demonstrates the control signals k and « when the MIMO controller is used. It is clear
that the proposed MIMO controller satisfies practical constraintssuchas 0<k <1, and -90° <« <90°.

b) Robustness performance
To investigate robustness of the MIMO controller and to show its superiority over the conventional
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SISO controllers, both are employed to control the SSSC when the operating point of the power system is
changed from X, used to design the controllers, to the new operating point, X,, given in appendix.
Simulation results are obtained for both the MIMO and SISO controllers separately and depicted in Figs.
11 and 12 respectively. It is clearly seen that the proposed MIMO controller remains stable and shows
excellent robustness and performance in the new operation condition, while the SISO controllers become
unstable and fail to control the SSSC when the operating point is changed.

Actually, the SSSC is a multifunctional FACTS controller with effective interactions among its
control loops, which have very important roles in the SSSC performance and robustness. These
interactions are taken into account when the multivariable model is achieved and the MIMO controller is
designed. On the other hand, in conventional SISO, controller interactions among control loops are
ignored.

6. CONCLUSION

Static Synchronous Series Compensator (SSSC) is progressively-being used to enhance power oscillation
damping in power systems. In this paper, a multivariable model fora power system equipped with an
SSSC is developed. This multivariable model describes the dynamic behavior of the power system
equipped with the SSSC more precisely. A multivariable controller'is designed based on this model, and
based on the principles of the parameterized pre-compensation approach. The proposed multivariable
controller can successfully damp power oscillations as well as regulate the dc link voltage. In the
controller design procedure, couplings among control loops are also minimized.

Simulation results, carried out in a PSCAD/EMTDC environment, show the viability of the developed
system model and the proposed controller. Simulation results aso justify the superiority of MIMO
techniques over the SISO approaches in enhancing power oscillation damping as well as the dc-link
voltage regulation. In addition, the proposed'MIMO controller performs more robustly when the operating
conditions are changed. Fast diminishing power oscillation allows the secure use of more line capacity and
therefore increases the power transfer capacity of the transmission system.
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APPENDIX

The parameters of the synchronous machine, the transmission system and the SSSC are (all in p.u., except where
indicated):

Xg

=0.046, R, =4.243x10°*, wg =1007 , H =322, X, =0.10, X, =0.15, Tjo =8.0sec, D=0, X, =0.04,

R =110x1072, r, =10, |Vs|=1.0, and Vg = 0.225.

The operating point, X ,; , used for the simulations is:

Xo1=[31151 -1.7985 0.225 1.00 0.8273 .

Xo

The second operating point, X ,,, which isused for robustness investigation in section V.B and Figs. 11-12, is:

,=[2357 -0.9908 0.225 1.00 0.7400[ .
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