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ABSTRACT: LFOs are among the most significant variables that lead to the loss of power system
stability and the reduction of transmission line capacity. The SSSC is one of the parts used to increase
the power system’s stability. In this paper, in order to improve the stability of the power system and also
to reduce the LFOs, the design of the SSSC equipped with a new robust controller is discussed, which
is called output feedback based on LMI. The stability criterion of the suggested method is established
based on the Lyapunov stability theory. The control objectives in the proposed method are the asymptotic

stability of the system under the influence of disruption and parameter uncertainty as well as minimizing K J
eywords:

LFO
New Robust Controller

the impact of disturbance on the system states. SSSC equipped with output feedback method based
on LMI with compensation based on RMPC methods, Fuzzy lead-lag optimized by PSO, Fuzzy
lead-lag optimized by MWOA has been compared and the results are that the proposed method has a
favorable performance compared to other control methods presented and has been able to withstand  Lyapunov Stability Theory
the uncertainty of parameters and disturbances. In order to compare the performance of the proposed  gsgc

method, simulations have been performed in different scenarios. The maximum deviations related to the

rotor angular velocity are improved by 58% using the proposed method. The settling time related to rotor

angular velocity deviations has been improved by 6% using the proposed method.

1- Introduction

FACTS devices are recognized as a new tool for power
system management and control [1]. These devices are
designed to increase the reliability, efficiency, and power
transmission capacity in the power grid and play an important
role in reducing power losses and increasing system stability
[2]. These devices can be used for series and parallel
compensation to maintain voltage and frequency under
variable load conditions [3]. This is especially important
in substations and transmission lines, because voltage and
frequency fluctuations can damage equipment and reduce
power quality. FACTS devices can increase transmission
capacity [4]. These devices make power transmission more
efficient by reducing leakage and increasing current efficiency
[4]. FACTS devices optimize current and load, thereby
reducing energy loss [5]. By accurately controlling reactive
power and optimizing system efficiency, these devices can
significantly reduce operating costs [6]. Another benefit of
FACTS devices is the power system’s stability, both dynamic
and static. The system is more stable against alterations and
disruptions because to this technology. FACTS devices are
crucial to the grid’s integration of renewable energy sources
like solar and wind, which are growing in popularity [7].
These devices ensure that renewable sources are connected
to the grid efficiently and continuously by controlling voltage
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and optimizing current. FACTS devices are also used in
smart grids. Using these technologies, load management can
be improved and energy demand can be predicted [8]. The
classification of FACTS devices in terms of control type is
of two types: 1) Thyristor-based FACTS device control 2)
Voltage-source converter based on FACTS device control
[9]. Power system stability is crucial, and dampening LFOs
is one of the most crucial factors taken into account in power
system stability [10]. As previously stated, LFOs in the power
system can be dampened and suppressed by regulating the
transmission line’s reactive power. The SSSC is one of the
most crucial FACTS devices for reducing LFOs in the power
system [11]. SSSC is one of the key devices in the FACTS
family. This gadget was created especially to regulate reactive
power and enhance power systems’ functionality. In order to
properly manage voltage and current and lower LFOs in the
power system, the SSSC injects or absorbs reactive power
in series with the transmission lines [12]. The damping of
LFOs of a power system using SSSC equipped with different
controllers is studied in Table (1).

These methods are not robust against severe uncertainties
related to the parameters related to the power system.

Consequently, a controller that is both resilient to
the uncertainty of power system and disturbance-related
parameters and lessens the impact of power system
disturbances must be designed. This study presents a novel
control strategy that relies on the system’s feedback output.
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Table 1. The damping of LFOs of a power system using SSSC equipped with different controllers.

SSSC equipped with various control methods

Advantages

Disadvantages

SSSC equipped with a PID controller [13,14]

This PID controller has a simple

structure.

The PID controller does not perform well
against uncertainties in power system

parameters

SSSC equipped with a neuro-fuzzy controller
[15]

This controller performs well

against mild uncertainties

These controllers do not perform well against
uncertainties and severe disturbances

introduced into the system.

SSSC equipped with a neuro-fuzzy controller
optimized with a multi-objective PSO [16]

This controller performs well

against mild uncertainties

This control method does not perform well
against severe disturbances and severe

uncertainties

SSSC equipped with a PI controller
optimized with a GA [17]

This PI controller has a simple

structure

The PI controller does not perform well against
disturbances and uncertainties related to power

system parameters

SSSC controllers in power system using ant

colony optimization algorithm [18]

This method performs well against

mild uncertainties

This method is not effective against severe
disturbances and uncertainties in power system

parameters

SSSC equipped with an optimized POD
controller using the MOA [19]

This method is resistant to

disturbances.

This method is not robust against uncertainty

in system parameters

SSSC equipped with an optimized FOPID
controller using the GWO [20]

This method is suitable for mild

uncertainty

This method is not effective against severe
disturbances and uncertainties in power system

parameters

SSSC fitted with a fuzzy controller [21, 22]

This controller performs well

against mild uncertainties

These controllers do not perform well against
uncertainties and severe disturbances

introduced into the system.

SSSC fitted with a type 2 fuzzy controller
(23]

This controller performs well

against mild uncertainties

These controllers do not perform well against
uncertainties and severe disturbances

introduced into the system.

SSSC with a lead-lag controller tuned using
MZOA [24]

This controller has a simple

structure.

this approach is ineffective when dealing with

extreme power system parameter uncertainty

SSSC equipped with a robust MPC [25]

This controller has a good
performance against disturbances
and uncertainties related to system

parameters

However, to design this controller, it is
necessary to convert the single-machine power
system model from continuous space to
discrete space, which causes problems such as
sampling error, oscillations, and changes in

stability

SSSC equipped with an optimal fuzzy lead-
lag controller based on the MWOA [26]

This controller has a simple

structure.

this approach is ineffective when dealing with

extreme power system parameter uncertainty
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The suggested approach just makes use of the feedback
output and lacks the capability to measure every condition
of the power system. There are two components to the
suggested control system’s goals: 1) The closed-loop system
is asymptotically stable under parameter uncertainty in the

absence of disturbance. 2) The closed-loop system with zero

starting conditions achieves the performance —“

<y inthe
presence of disturbance and uncertainty. Wi,

The stability criterion of the proposed method is based
on Lyapunov theory. First, the Lyapunov stability criterion
for the linear system under study is obtained according to the
power system space model. Then, using Schur complement
theory and the lemmas mentioned in the article, the Lyapunov
stability criterion has been transformed into the LMI. The
LMIs have been solved in YALMAP, and by solving the LMI,
the parameters of the proposed dynamic controller have been
obtained. Also, the proposed controller has more degrees of
freedom, which can be used to perform more effective control
over the system, and there is no need to access the parameters
of the closed-loop system to design the control system. In the
following paper, first the said method is fully proven, then the
said method is applied to a linear system (The designing of
a SSSC to improve the stability of the power system) which
also has uncertainty of parameters and disturbance, and the
efficiency and effect of the proposed controller on the single-
machine power system are compared with the optimal fuzzy
lead-lag control based on the PSO, the optimal fuzzy lea-
lag control based on MWOA, and the RMPC. The findings
demonstrate that the suggested approach performs better
than other suggested control strategies and can withstand
disturbances and parameter ambiguity. There are several
sections in the paper. The power system modeling is covered
in the second section. In the third section, the design of the
proposed method is discussed in order to improve the LFOs
of the power system. In the fourth section, the simulation of
the proposed method and its comparison with other control
methods are discussed. In the fifth section, the conclusion is
expressed.

2- Power System Modeling
2- 1- Connection of Static Series Compensation in Power
System

Figure (1) shows the infinite bus single-machine power
system considering SSSC. Table (2) shows the parameters
related to the single-machine power system and the SSSC
[20-25]. The small signal model of a single-machine power
system connected to an infinite bus considering the proposed
control for SSSC by the Heffron-Phillips model is shown in
Figure (2) [.

The output voltage in the SSSC is controlled
simultaneously with the control of the conduction time of
the switches located in the voltage-source converter, and
under any condition, by adjusting the voltage of the SSSC,
the power of the transmission line is controlled. As shown
in Figure (1), the power required in the SSSC is supplied
through a capacitor located on the DC side of the converter. If
the DC source has the necessary power to supply energy, the
voltage injected into the line (V) can be controlled in terms
of angle and phase. Therefore, the SSSC can exchange active
power and reactive power with the system. The size of the DC
source is small if it is used only for the purpose of exchanging
reactive power with the system (small capacitor).

The SSSC performs similarly to a controlled series
reactor or capacitor because the injected voltage vector is
perpendicular to the current and the voltage injected into the
line can be 90 degrees ahead or behind the current. The series
capacitor differs in that the voltage injected by the SSSC is
independent of the line current, controllable, and effective
under both low and high load situations. By producing
capacitance and inductance voltages, the SSSC may adjust
line power and establish advantageous circumstances for
dampening power system-related LFOs. The wideband
modulation approach is the foundation for the SSSC’s
functioning [20-25].

2- 2- Dynamic model of power system with SSSC

The power system oscillations have been analyzed using
a small signal model. Equation (1) illustrates the small
signal model of a single-machine power system coupled to

Fig. 1. The infinite bus single-machine power system considering SSSC |21, 22].
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Fig. 2. The small signal model of a single-machine power system connected to an infinite bus considering the
proposed control for SSSC [25].

an infinite bus, taking into account the SSSC controller via
the Heffron-Phillips model. In equation (1), A : changes in
the rotor angle of the synchronoatﬁ generator, A@ : changes
in the rotor angular velocity (L ), AP, : changes in the
turbine output power, AP, : chaffges in the generator power,
M: inertia, D: damping factor, AEq : changes in the generator
internal voltage, AE,: changes in the excitation winding
voltage, Am : signal generated by the proposed controller for
SSSC, K, : excitation winding gain, T, : excitation winding
time constant, and T',, : open circuit time constant.
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3- Proposed Method:
3- 1- Proposed Controller Structure

Since of the controller structure, there is uncertainty about
the parameters and disturbances in the linear system under
consideration. Additionally, it is not feasible to measure
every state, and even if it were, it would cost more since
more sensors would be required. The control system’s design
ensures that, in the presence of power system disturbances,
the linear system with stable output feedback and no external

disturbances is asymptotically stable under parameter

uncertainty and satisfies the —= <y requirement.
W,
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Table 2. The parameters related to the single-machine power system and the SSSC [20-25].

Parameter Definition Parameter Definition
DC voltage of the primary side of the
Xr Transformer reactance Vbe 8 P Y
converter
L Modulation amplitude related to
XL Reactance of transmission lines m ..
series injected voltage
Phase angle corresponding to the
Vi Generator bus voltage 7 .g . P g
series injected voltage
. Voltage injected in series into the
Vy Infinite bus voltage Vinv e N
transmission line
Xscr Transformer leakage reactance Cbc DC capacitor capacity

Types of disturbances affecting the power

system

W

y #=Xx

Fig. 3. The topology of power system with a dynamic controller under disturbance and with parameter
uncertainty.

The topology of power system with a dynamic controller
under disturbance and with parameter uncertainty is depicted
in Figure (3). Figure (3) shows that u is the control signal, w
is the disturbance entering the system, and y is the system
output. Equation (2) is used to represent the linear system’s
behavior.

X :Anxn (t)xnxl +Bn><m (t)umxl +Dn><d (t)wdxl
z :CLN @)x .+ D, W +D12qu (7 )

Yy =C,)x ,q + Dy W + Dy, (0 u,C, =1

There are n state variables, m control inputs, d
disturbances, z adjusted output, y linear system measurement
output, and q adjusted outputs in equation (2) [27]. Robust
output feedback control is employed in the linear system
under investigation since it is not feasible to measure every
state simultaneously. In the suggested approach, all of the
linear system’s parameters may be regarded as unknown and
are represented as equation (3) [27-29]. The variable z can be
chosen based on the control design requirement.

The uncertainty considered in equation (3) is considered
as equation (4), where F(t) is considered as 1x1. The proposed
dynamic controller structure for controlling a linear system
with uncertainty and disturbance is shown as equation (5).
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A@)=A+AA(@t)=A4 +AA
B()=B+AB(t)=B +AB
D@)=D+AD@)=D +AD
C,(t)=C,+AC,(t)=C, +AC, )
D,(t)=D,+AD,()=D,, +AD,,
C,t)=C,+AC,t)=C,+AC,

AAd,., =M, F,CN,

AD, ., =M, F.,@N, ,

AB, ., :MB FLa@IN g,

ACIW = Mc1 . F., (@ )Nc1.x" (4)
Aczlm, = Mcz Fl,@)N o 200

ADy, =M, Fa@ON b,

1><1(t)>< 1><1(t)<1F @ =1

A A A A
X nxl :A nxn anl+B nxp yp><1

)

A

u =Cm><an><1

mx1

Equation (06) illustrates the closed-loop system’s structure
by fusing equations (2) and (5).

X

A4 @)x +B@)C x+D@w
z =C,(t)x +D,t)C x (6)

A

x —;1)?+1§’C2x

In equation (6), if, go to zero, the entire closed-loop

x

system is stable. Consideringx =|
expressed as equation (7).

, equation (6) is

2nx1

A@) B@)C _
X

X =

BW)C,t) 4

D
+|: ( )J W ax1
0 2nxd

3- 2- Control System Objectives:

With the suggested controller, the closed-loop system
(linear system with parametric uncertainty and disturbance)
aims to achieve two goals:

The closed-loop structure is asymptotically stable under

2nx2n (7)

—Ax+Dw

144

parametric uncertainty in the absence of disruption.
In the presence of disturbance and uncertainty, the closed-

z
loop system achieves the function —2 <y with zero initial
w

conditions. L

To prove the stability of the proposed method, the
Lyapunov stability criterion has been used. The Lyapunov
stability criterion has been applied for the second objective
(with disturbance) and is easily proven for the first objective as
well. The Lyapunov criterion and the structure of the closed-
loop system are defined as equation (8). Two conditions 8(a)
and 8(c) are required for stability based on Lyapunov.

_r _
v=x px>0=p>0 (a)
x =Ax+Dw ®)

. T T - T a (8)
v=x px+x px=x A px

T s s

r _ _ _ - _ —

+w D px+x pAx+x pDw <0 (c)

To prove condition 8(a), i.e. v>0, the matrix p,p”
is defined according to equation (9) [27-29]. On the other
hand, pp~' must be an identity matrix according to equation
(10). The linearization matrix is considered as equation (11).
According to equation (11), p S, = f,, from equation (12) the
linear matrix inequality for the first Lyapunov criterion 8(a) is
obtained, i.e. if the linear matrix inequality (equation (12)) is
greater than zero, the first Lyapunov criterion holds.

Snxn Nn><n 1 Rnxn Mnxn
p= NT U P N T ©)

nxn nxn nxn nxn

., |SR+NM" SM +NT I, O 10
P = ,=
NTR+UM"T N"M +UT 0o 1, (10)

(R 1 [r s o
'BI_MTO"BZ_ONT (1
. R M][I S|
ﬂlpﬂl :Blﬂz |: O:|ONT -

. (12)
R RS +MN R I

= >0
L S }L S}

Equations (13) through (27) are used to determine the
second Lyapunov criteria (8(c)) and transform it into an LMI.

The equation —— <y, which is the criterion for reducing
LZ
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disturbances to the states of the system under uncertainty, is
written according to equation (13).

The second Lyapunov condition, v <0, is satisfied by the
negativity of the objective function, j. Equation (14) is used to
determine the upper band for the goal function j. The function
j is negative and the second Lyapunov criteria is also true if
equation (15) is true. Consequently, it is necessary to translate
equation (15) into the LMI. Equation (15) is converted into
equation (16) using substitution and complementation. Since
p is symmetric, then p’ =p and p = B, and according to
that equation (16) is transformed into equation (17). Equations
(18) and (19) are defined for linearization of equation (17).
Linearization of equation (17) is shown according to equation
(20). By substituting equation (7) and equation (11) into
equation (20), equation (21) is obtained.

IZTZ dt S}/ZIW "w dt
(0] B (o) (13)
J=[GE"z 5w w)dr <0
()
J ST(ZTZ —2w Tw)dt +v (x (0)) —v (x (0))
. ) (14)
j SI(ZTZ —wTw +v)dt <0
zTz —ywTw +v <0 (15)
:  Jaro ]
A p+pA pD AT
C DL@®)
s =|Dp ¥ 0 <0 (16)
|:Cl @) D,)C } 0 —7
_,T _ T T _ C]T(l‘)
A ﬁzﬁ;]"—pA /81 ﬁzD AT
C DL@®
5, =|DBp" 71 0 <0 (17)
[cl @) D,®C } 0 -7

Equation (22) may be inserted into equation (21) to change
it into equation (23). Equation (22) uses [27-30] to define
parameters A,B, and C, while equation (23) uses distinct
matrices to distinguish the fixed values from the unknown
parameters. Equation (24) is used to calculate the upper band
0,t00,,. The upper band o, fo 0,, is obtained from equations
(25) and (26), according to equation (26) if 6, <0, J,<0
and the second Lyapunov criterion is valid. In equation (26)

first for 0, the Schur complement of the salt is used and it is
shown using the Schur complement of equation (27). For 0,
to 0,; the Schur complement is used like equation (27) and
finally it is shown as equation (28).

5,<0  ,¢'86<0 as)
¢>0
r
5 0 0 y2h 0 0
s=|0 I 0|,¢" =|0 7 0 19)
0 0 7 0 0 1
T
B 0 o |p o o
s=l0 1 ol|slo I 0=
0 0 7 0 0 7
[ _ o r|Cl@)
B A :Bz+:82TA131 B D B AT (2())
C Di@)
D B vl 0 <0
|:C1 (t) Dlz(t)c :|)81 0 -1
[A@)R +RAT (t) A@)+RA" )S D) RC[@)
+M ér(t)BT(t)S
+M C )BT (1) YRCTVB ONT wm & ODpLe)
wM A ONT
8, =| AT @) +SA@®R AT (S +SA@) spo) - clo |<0(2])
+SB(@)C M7 +N1§C2(r)1§/ NT
+N BE)C,()+N AM?
D () D" @)S -2 0
COR+D,t)C M7 X)) 0 -1
A=N"E—-LC,R
_SAR —SBKYM T ,B =N"'L
(22)
C=KM 7T, A@)=4 +AA,
B@)=B +AB,C(t)=C +AC
AR +RA" +BK +K"B" A+E" D RClr -*—KTDITZ
A"+E A"S +SA+LC,+CiL" SD [eH
6= : +o
D’ D's -7 0 (23)
CR+D,K e 0 -1

+0,+0;+0,+0;+05+0;, + 05+ 0y, + 0y +0,, + 0, + 03 <0
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[AAR+RAT 0 0 0 ABK +K"ABT 0 0 0
0 0 0 0 0 0 0 0
o= ,0, =
0 0 0 0 0 0 0 0
L0 0 0 0 0 0 0 0
Y 0 0 0 RA'S 0 0
A" 0 0 0 SAA'R 0 0 0
0, = 504 =
0 0 0 0 0 0 0 0
L0 0 0 0 0 0 0 0
0 K'AB'S 0 0 0 RACILT 0
o | SABK 0 0 0| | LAC,R 0 0
o 0 0 0" | o 0 0
0 0 0 0 0 0 0
0 0 AD 0 0 0 0 RACS
0 0 0 0 0 0 0 0
07— T ,Ug_
ADT 0 0 0 0 0 0 0
0 0 0 0 ACR 0 0 0
0 0 0 K'ADL] [0 0 0 0
0 0 0 0 0 AA’S+SM 0 0
50y = 50 = 5
0 0 0 0 0 0 0 0
ADK 0 0 0| L0 0 0 0
0 0 0 0] 0 0 0 0
0 LAC,+ACILT 0 0 0 0 SAD 0
o = ,0p = N
0 0 0 0 AD'S 0 0
0 0 0 0] L0 0 0 0
0 0 0 0
0 0 0 ACT
5053 = s
0 0 0 0
0 0 AC, 0
AR +RA" +BK +K"B" A+ET D RCT+K'DI
. AT +E ATS +SA+LC,+CTIT D cr
DT DS - 0
CR+D,K C, 0 -1

cFv+UV F'o" <Too” +T"V' o F"F<I

. T T T .
0,=0,Fu+v F'al <T,o,0] +T, v v,,0, =
T T T T -1,
o,Fv,+u, F o, <T',o,0;, +1', v, 0,

_ T T T _
0, =0,Fu,+U, F' o} <T,0,0] +T,'Vlv,,0, =
o, Fu,+U, F' o) <®0,00 +®, V)0,

_ T T T _
o, =0,Fu,+U. F' ol <®,0,0] +®, "0l v;,0, =
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_ 7 T T _
0,=0,Fu,+VlF' ol <T,0,00 +T, 'V v,,0, =
o Fu,+U F ol <T,0.01 +T, 'Vl v,

_ T T T T o, _
0, =0, Fu,+u, F' o, <I' ;0,0 +I'{ 0, 0,,0,, =
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0
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010 =1,0,,01,+1; 0,0 RN,
_ 13 _— 0
LT
;o =Ty0,,00, +T5 00, 0+ 0,
B 54 = i=2 ' 0 <0
T 1T
o =1y0,,00, +I'g UL, 0
o -1, T N,RO 0 O -T
o1 = r100130-1T3 +I,0,50; _[ 4 ] 1
_§|1M A+E" D RC{+KDj RNy K'N; 0, 0, RN, KNj 0, 0, 0, 0, 0, RN; 0, K'N; 0, RN Z
AT+E 522,,),, SD C1T 0, 0, Ni 0 0, 0, SM, LM, SN, Né SM, 0, SM, nxl LM, 0,
D DTS 5334»1 deq del del N; 0d><] del del del 0d><] del del del del dxl del del del
CR+D,K C qud ‘SMW qul qul qul Or/xl qul qul qul qul qul qul qu1 qul qul qul qul qul
NR 0, 0, 0, L0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
N0, 0, 0, 0o -, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0., N, 0, 0, o 0 -r,O 0O 0 0 0 0 0 0 0 0 0 0 0
0, 0, N, 0, o 0 0 -r, 0 0 0 0 0 0 0 0 0 0 00
NeR 0, 0, 0, o 0 0 0 -r, 0 0 0 0 0 0 0 0 0 0 0
NyK 0, 0, 0, o 0 0 0 0 -f, O 0 0 0 0 0 0 0 0 0
o, Ms oo, o, o 0 0 0 0 0 -r, 0 0 0 0 0 0 0 0 0
0, ML o, 0, 0O 0 0 0 0 0O 0 -f,O 0 0 0 0 0 0 0
0, M 0, 0, 0O 0 0 0 0 0 0 0 -, O 0 0 0 0 0 0
0, N. 0, 0, 0 0 0 0 0 0 0 0 0 -f[,O 0 0 0 0 0
0, M!S 0, 0, 0 0 0 0 0 0 0 0 0 0 - 0 0 0 0 0
NR OO, 0, 0, o 0 0 0 0 0 0 0 0 0 0 -& 0 0 0 0
0, MIS 0, 0, 0O 0 00 0 0 0 0 0 0 0 0 -6 0 0 0
NK 0, 0, 0, o 0 00 0 0 0 0 0 0 0 0 0 -d 0 0
0, ML o, 0, 0 0 00 0 0 0 0 0 0 0 0 0 0 -& 0
NeR 0, 0, 0, 0 0 00 0 0 0 0 0 0 0 0 0 0 0 -0

(26)

27

<0 (28)
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Dynamic model of power system
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Solving the linear matrix inequality (Equations 12 and 28) and
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Update v

Is there inequality?

¥

Obtaining Ly.p, Ky EpnsSynsRyxg by steps (1)
and (2)

¥

Determining M, N as M=I-R5, N=I

Obtaining the parameters of the new proposed

coniroller A.B.C by Equation (22)

Ao N

Fig. 4. The flowchart of the proposed method.

3- 3- Steps to Design the New Proposed Controller:

1) Determining 0,,0,,0,

2) Solving the linear matrix inequality (Equations 12 and 28)
and A A A A, A A A A LA A >0 using Yalmip

3) Obtaining L, K By »S R DY steps (1) and (2)

4) Determining M, N as M=I-RS, N=I

5) Obtaining the parameters of the new proposed controller
A,B,C by Equation (21)
The flowchart of the proposed method is shown in Figure

4.

3-4- SSSC Based on the Proposed Method

A modest signal model has been employed to lower
the power system’s LFOs. Equation (29), which takes
into account the controller for SSSC using the Heffron-
Phillips model, displays the small signal model of a single-
machine power system connected to an infinite bus. In the
system under study, D, =D,, =D, =D,,=0. The goal
in designing the proposed controller is to damp the LFOs
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of the power system by considering the uncertainty in the
parameters of the power system (parameter uncertainty) and
the disturbances entering the power system. The modulation
amplitude of the SSSC, which is indicated by the index
m, provides a control signal Am for better damping of the
power system oscillations. The characteristics of the power
system are shown in Table (3).

[0 @, 0 0 ]

-K, -D -K, o K

M M M M

Koy K1 K

A= Tdo Tdo Tdo Tdo > (29)

_KAKS 0 _KAK6 __1 _KAKVDC
T, T, T, T,

K, 0 K, 0 -K,
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Table 3. The characteristics of the power system.

Variable value Variable value
M 6 M . 8 pu
MVA
D 0 0, 0.144 pu
Ty 5.044s v, 1pu
X, 0.1pu K, 0.0839
X, 0.06 pu K, 1.9014
X, 0.025 pu K, 0.6735
o 60 Hz K, 1.1429
@, 2rf, K, 0.0498
K, 5 K, —0.0127
T, 0.005 K 0.9517
K, -0.1759 K ,pc 0.0244
K, 0.302 K pe 0.806
K, 0.00014 K pe —0.0035
K, 0.0354 K,, —-0.008
Kpan ~0.4255
o _ (M) of -30%) are investigated and the proposed controller
ro ] and other controllers are compared. In the third scenario,
Ko 1 severe disturbances in the power system are investigated
M ™ by considering the proposed controller and other various
B = —Kom ,D=|0 controllers. In the fourth scenario, the proposed controller and
M 0 other controllers are compared to study severe disturbances
KK, 0 and severe uncertainty in power system parameters (inertia
T, (M) of -50%). The desired dynamic controller parameters for
LK pem S the power system are obtained according to the proposed new
1 0 O 0 0 method according to equations (30), (31) and (32).
O 1 O 0 0
= ‘0) g 10 ? (? ’ 95228 —6.5085 1.1566 —15632 —10.6
0 0 o0 0 ] -13.428 -14.018 2341 -34.964 -16.816
A=|-32388 -46.549 10215 -14.06 -74.537((30)
c,=[0 1 0 0 0]
11.44 22.236 —-5.1964 -109.92 35.58
-63.039 -93.715 20.794 -18.574 —15.009
4- Simulation:
The SSSC equipped with the proposed controller in the
power system for damping oscillations is compared with —11.448
SSSC(RMPC) methods, fuzzy lead-lag control optimized by _88.254
PSO, and fuzzy lead-lag control optimized by MWOA. In -
: . ; . B =|-38.959 (31)
the first scenario, mild disturbances in the power system are
investigated by considering the proposed controller and other 22.02
various controllers. In the second scenario, mild disturbances —87.364

and mild uncertainty in the power system parameters (inertia
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Fig. 5. The mild disturbance is applied to the power system.
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Fig. 6. The changes in the rotor angular velocity over time and based on different controllers , Scenario 1.

C =[-0.21396 —031979 0.070286 —13156 —0.5116] (32)

Scenario 1: Given that in this scenario, the effect of
mild disturbances in the power system is considered. First,
according to Figure (5), a mild disturbance is applied to the
power system. In Figure (6), the changes in the rotor angular
velocity over time and based on different controllers are
shown. According to Figure (6), the SSSC equipped with
the proposed controller in the power system for damping
oscillations has better performance in terms of response
speed, reduction of overshoot and reduction of undershoot
compared to SSSC(RMPC), fuzzy lead-lag control optimized
by PSO, and fuzzy lead-lag control optimized by MWOA.

Scenario 2: In this scenario, mild disturbances and mild
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uncertainty in power system parameters (inertia (M) of
-30%) are investigated by comparing the proposed controller
and other controllers. First, according to Figure (5), mild
disturbances are applied to the power system. In Figure (7),
the changes in the rotor angular velocity over time and based
on different controllers are shown. According to Figure (7),
the SSSC equipped with the proposed controller in the power
system for damping oscillations has better performance
in terms of response speed, reduction of inflection and
reduction of overturning compared to SSSC(RMPC), fuzzy
lead-lag control optimized by PSO, and fuzzy lead-lag
control optimized by MWOA. Also, the proposed method
has been able to be robust against mild disturbances and
mild uncertainty related to system parameters. The results of
scenarios (1) and (2) for different controllers from the ST,
MO, and MU are shown in Table (4).
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Fig. 8. The severe disturbance is applied to the power system, Scenario 3.

Scenario 3: In this scenario, severe disturbances are
investigated by comparing the proposed controller with other
controllers. First, as shown in Figure (8), a severe disturbance
is applied to the power system. In Figure (9), the changes in
the rotor angular velocity over time and based on different
controllers are shown. According to Figure (9), the SSSC
equipped with the proposed controller in the power system
for damping oscillations has better performance in terms
of response speed, reduction of inflection and reduction
of overturning compared to SSSC(RMPC), fuzzy lead-
lag control optimized by PSO, and fuzzy lead-lag control
optimized by MWOA. Additionally, the suggested approach
has shown resilient to significant disruptions associated with
system characteristics.

Scenario 4: In this scenario, the proposed controller and
other controllers are compared to study severe disturbances
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and severe uncertainty in power system parameters (inertia
(M) of -50%). First, according to Figure (8), severe
disturbance is applied to the power system. In Figure (10),
the changes in rotor angular velocity over time and based
on different controllers are shown. According to Figure
(10), the SSSC equipped with the proposed controller
in the power system for damping oscillations has better
performance in terms of response speed, reduction of
inflection and reduction of overturning compared to static
series compensation based on to SSSC(RMPC), fuzzy lead-
lag control optimized by PSO, and fuzzy lead-lag control
optimized by MWOA. Also, the proposed method has
been able to be resistant to severe disturbances and severe
uncertainty related to system parameters. The results of
scenarios (3) and (4) for different controllers from the ST,
MO, and MU are shown in Table (5).
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Fig. 9. The changes in the rotor angular velocity over time and based on different controllers, Scenario 3.
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Fig. 10. The changes in the rotor angular velocity over time and based on different controllers, Scenario 3.

Table 4. The results of scenarios (1) and (2) for different controllers.

Scenario 1 Scenario 2
SSSC based on controller

MO (pu) MU (pu) ST (sec) MO (pu) MU (pu) ST (sec)

SSSC (Proposed controller) 3x104 103 0.93 3.2x10* 103 0.95
SSSC(RMPC) 7x104 2x1073 0.98 8x10 2.1x107 1.05

SSSC (Fuzzy lead-lag optimized by PSO) 9x104  9x10* 153 125104 12x10% 158
SSSC (Fuzzy lead-lag optimized by MWOA) 9x10* 9x10* 1.59 13x10* 12x10* 1.62
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Table 5. The results of scenarios (3) and (4) for different controllers.

SSSC based on controller Scenario 3 Scenario 4
MO (pu) MU (pu) ST (sec) MO (pu) MU (pu) ST (sec)
SSSC(Proposed controller) 3.1x10* 10 0.95 3.4x10* 107 0.97
SSSC(RMPC) 7.3x10* 2.3x10° 0.99 8.4x104 2.5%10° 1.07
SSSC(Fuzzy lead-lag optimized by PSO) 9.5x10* 9.2x10* 1.56 13.3x10*  12.2x10* 1.6
SSSC(Fuzzy lead-lag optimized by MWOA)  9.4x10* 9.3x10* 1.61 13.2x10*  12.2x10* 1.65
5- Conclusion: S
According to this paper, a novel robust controller with ST settling time
an output feedback based on LMI was created for an SSSC .
. . MO Maximum overshoot
in order to decrease LFOs and increase power system
stability. The SSSC equipped with the output feedback MU Maximum undershoot

method based LMI was compared with compensation based
on SSSC(RMPC), fuzzy lead-lag control optimized by PSO,
and fuzzy lead-lag control optimized by MWOA. The results
show that the proposed method has a favorable performance
compared to other control methods presented and is able to
be resistant to parameter uncertainty and disturbances. The
maximum deviations related to the rotor angular velocity are
improved by 58% using the proposed method. The settling
time related to rotor angular velocity deviations has been

improved by 6% using the proposed method.

Abbreviations

SSSC

LFC

LMI

MPC

PSO

MWOA

LFOs

GA

COA

GWO

RMPC

static synchronous series compensator
Load frequency control

linear matrix inequality

Model predictive control

Particle swarm optimization

Modified whale optimization algorithm
low-frequency oscillations

genetic algorithm

colony optimization algorithm

Grey Wolf Optimization

Robust Model predictive control

Data availability statement: Data are contained within

the article.
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