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ARTICLE INFO ABSTRACT

Power systems are subjected to smalsignal oscillations that can be
caused by sudden change in the value of large loads. To avoid the dang
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In this paper, a Static Synchronous Series Compensator (SSSC) is use
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voltage of SSSC, a robust controller is used. Also, we proposed a hyl
control method to adjust the PSS voltage using Teachiglgearning Based
Optimization (TLBO) algorithm and Fuzzy Inference System (FIS
Objective functions of designing parameters are baden Integral of Time
multiplied by Absolute value of the Error (ITAE). The timgvariations of

angular speed deviations are investigated in different modes, including
with SSSC/PSS, without SSSC/PSS, different input mechanical power, .

different system parameters.

algorithm, are proposed. A novel control strategy for an
SSSC dedicated to stdynchronous resonance (SSR)
mitigation using eliminate the frequency components
of the line current corresponding to the natural
resonance frequencies of thegenerator shaft is
introduced in [6]. Reference [7] proposes a similar
control strategy, but using hybrid compensation with
SSSC based on thrdevel 24-pulse voltage source
converter (VSC) is presented to increase the power
transfer capability. The Kalma-Filter (KF) for state

1. INTRODUCTION

Modern power systems are designed to operate
efficiently to supply power on demand to various load
centers with high reliability [1]. The generation
stations are often located at distant locations for
economc, environmental and safety reasons [1].
Today, advanced Flexible AC Transmission System
(FACTS) devices, due to fast operation [2], are used for
optimal control and transmission of electrical energy.

tOne OT the mos: comrr:r?nl)étuiedsequrl]pment ”; the estimation of sub-synchronous components present in
ransmission system IS the Stalic Synchronous Seres g jqq compensated line and the mitigation of SSR is

Clomper!sator (SSSC). Thiﬁ rcljevice b?l'f“p'oysh pOwerproposed in [8]. By using a new scheme for the control
electronic converters [3]. With the capability to change signal of SSSC, in two areas, SSSC becomes able to

!tsd rgactanhce Sg;acragtenstlc Ec;om' capamtwe ”'to compensate for load banges in both areas on both
inductive, the Is very effective in controlling sides of SSSC [2].

power flow in the powersystem [4]. The linearized model of the damping control
Heretofore,yanous researches ha_wcnT be_en conducted function of SSSC integrated into power systems is

on the analys_ls, control, and optimization of S,SSCestablished, and methods to design controller are

performance in the power systems. In [5], five proposed for both cases of Singilachine Infinite-Bus

mathematical models of the SSSC suitable for three (SMIB) and Mult-Machine Power Systems (MMIB) in
phase analysis, using Newan Power Flow (NPF)
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[9]. For the improvement of transient stability, a novel auxiliary variable in this model for controlling the Vsssc
Adaptive NeuroFuzzy Inference System (ANFIS) The statespace model of Figure 2 is given by:

method can have quick response, and greatly improve .
the voltage profile of the system under severe X=AX+BU @)
disturbances [10]. A novel method is developed in [11] \here, X is the state vector,U is the control vector, and

for designing the output feedback controller for SSSC. A and B are the state and input matrices, respectively,
Then, this controller function is solved by particle gnd defined as follows:

swarm optimization (PSO) algorithm and evaluated for
SMIB and MMIB power systems.

: . AN : e 0 w, 0 0 0 2
With growing transmission line loading, the Power é U
System Stabilizer (PSS)may not provide enough é-K, -D XK, 0 Koo u
damping for the inter-area power oscillations in a g M M M M 3
complex power system [12]. Many methods have been A==€’ K, 0 - Ky -1 AT
proposed to design the PSS [}¥35]. These methods do € Tj, Tyoli Tyo i T4 ,-g’
not consider the occurrence of system parameters and g_ KK, KK, -1 K K oo 3
loading uncertainties inthe power system modelling; é T 0 T T T T U
so, the efficacy of FACTS devices against system ¢ * A A A U
uncertainties cannot be guaranteed [12]. Reference e K 0 Ks 0 Kq a
[12] proposed hybrid control schemes, consisted of e 0 0 1)
Particle Swarm Optimization (PSO) algorithm &Dd o g 0 -Kom ﬂ
optimized FIS controller parametes for PSS, and H 5 U é M O
robust controller for TCSC, for compensation of ng u é K U eDu
. . .. .. . —A . S A am — PSS
parametric and non-parametric uncertainties arisingin X=¢Bj U, B €0 M u,us= €bm
modern power systems. Based on the simulation gDEfd 3 gK K K ﬂ €
results, the robustness and superiority of the proposed gDVDC H eT_A _I‘i L u
control are proved. In [16], a @netic Algorithmzbased S A U
Fuzzy (GAF) controller is proposed to design PSS that g0 Kam Y0

synthesize the advantage of the GAs and fuzzy control
techniques to achieve adaptable robust performance.  where, ki, Ko, Ks, Ks, Ks, Ks, Kz, Ks, Koh 0, D, M, T}, Ta,

In this paper, an SMIB power system with the Ka, Kom, Kim, Kam, Kode, Kade, and Kec are the system
installed PSS is consideredFor PSS control, FIS parameters

parameters are optimized by TLBO algorithm. To 7EOE AT T 00111 ET g ADBA YOBCIOEA
control the_ SSSC, a new reducgorder ropust (Hre) value of injection voltage by SSSC can be controlled. In
controller is used from [12]. To prove fithess and OEEO DAPAOR QE K cobtioled Byia | &£ Y
effectiveness of proposed method, an SMIB power ,.,nqq6d novel method by FIS, where the parameters

system is considered and simulation rsults will be of FIS are optimized by TLBO algorithm.

presented in different modes. The paper is structured &i O ATT1600I11EIC OEdndECT Al i
as follows: In Section 2, HeffrosPhillips (HzF) model of used.
an SMIB with SSSC and PSS is described. Section 3
investigates the FIS controller for PSS, and proposes the
optimization method using TLBO algorithm. In Section

4, robust control function to optimize the SSSC signal —
value is presented based on [12]. In Section 5, computer 3
simulations are presented. Section 6 is the conclusion

of paper.

v, N v,

~0

2. THEHEFFRONPHILLIPSMODEL

Basic schematic of arSMIB power system installed .
with a SSSC is shown in Figure 1 [4]. An SSSC consists vee | —— )
of a series coupling transformer with a leakage | y A
reactance, %, a VSgbased unit, and a DC capacitor [4, “°l %

11]. By controlling the modulation ratio, m, and L

modulation phase,nh OEA 3 .3 :.35#5‘; céhl be OF’%&G&SL.HAn S$vis power system with installed SSSC
regulated. The HF model of a SMIB with installed SSSC

is shown in Figure 2. In this model, unlike TCSC [12],
there are five variables. The capacitor voltagea¥ is an
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P UYss

TLBO -FIS

Figure 2: The BF model of a SMIB with installed H SSSC and TLE®IS controllers

3. PSSCONTROLLERDESIGNBY TLBOzZFIS

A. PSS Design by FIS

The Mamdani type of FIS is considered to control the
PSS. To reach the maximum flexibility in output results
of FIS, seven cases for inputs and output Membership
Functions (MF) were chosen as shown in Figure 3. The
linguistic labels of MFs are marked as in Fige 3, BN
(Big Negative), MN (Medium Negative), SN (Small
Negative), ZR (Zero), SP (Small Positive), MP (Medium
Positive), BP (Big Positive) MFs are used to convert the
fuzzy values between 0 and 1 for inputs and output
value both [12] and defined in Tablel. The inputs are 0 | | | | : |
speed and acceleration (speed derivative), and the -1 08 06 -04 02 0 02 04 06 08 1
I OOPOO EO 033 Théré ar&49Qules fors O Inputs/Output
defined MFs. The surface viewer of the MFs relation of Figure 3: MFs of FPSS for input and output variables
the output variable on the input variables is shown in
Figure 4. The structue of proposed FIS is shown in B, TLBO Algorithm

L "[~—BN —MN — SN —ZR —SP —MP —BP|
1

Membership Degree
= = =
- N =
: . :

=
[ Y
T

Figure 5. The TLBO algorithm is a teachingearning process
DEFINE DOJTFLATE/"/E&JE& NFIS[12] inspired algorithm propqsed by Rao et al. [1719]
based on the effect of thénfluence of a teacher on the
INPUT1 ). 054¢ jAjYS>QT. output of learners in a class. The process of TLBO is
i YS5{BN|MN]SN|] ZR] SP| MP | BP divided into two parts: the first part consists of the
BN [ BN BN]|[BN|BN|[MN|MN] SN O4AAAEAO O0EAOAS AT A OEA OAATI
MN BN [ MN | MN | MN | SN | SN | ZR O, AAOTAO OEAOAG fpxYs8 4EA 04
SN | BN |MN | MN | MN | SN | SN | ZR 1 AAOT ET ¢ £OT i OEA OAAAEAO Al

ZR MN| SN| SN| ZR | SP| SP | MP means learning through the interaction between
SP SN| ZR | ZR | SP | SP | MP | MP

MP 2R | sP s T mMP | mMP [ mP | BP :earners [20].tl_rt1tthlst?]ptlmlzatllotp algcznilthm,dag_r;upoz
BP sPIMP I mMP  BP | BP | BP | BP earners constitutes the population [21], and differen
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subjects offered to the learners are considered as where,

different design variables of the optimization problem

AT A A 1TAAOT AO6O OAOGOI O EO AEA

of the optimization problem. Then, the best solution in

the entire population is considered as the teacher. The

design variables are actually the parameters involved
in the objective function of the given optimization
problem and the best solution is the best value of the
objectivefunction [20]. TLBO algorithm is a population
based algorithm which simulates the teachindearning

LGl 00 Of OEA OEEORAOOS ¢
ﬁ-fqog Iq @ I E /EE () 0
0

The FlowzChart of proposed control method for PSS
is shown in Figure 6.
4. ROBUSTSSS@ONTROLLER

In this paper, the controller of SSSC signal is based

process of theclass room This algorithm requires only  on Hwrobust control that is studied in [12]. To increase
the common control parameters such as the population the time response and reduce the simulation time, the
size and the number of generations and does ho reducedzorder robust SSSC controller is considered,
require any algorithmzspecific control parameters which is formulated as:

[19]. Due to its simple concept and high efficiency,
TLBO has become a very attractive optimization
technique and has been successfully applied to many
real world problems [17z21].

374F + 492 S+ 756¢

Ke =K,
S S +85% +185S +

(4)

The reason of using of reduced order of S&
controller is presented in Figure 7. In this figure, the
Bodezplot of two transfer functions, i.e. sigorder from
[12] and threezorder from (4), are illustrated. With a
good approximation, the performance of both transfer
function is similar. This redudion in order helps to
increase the controller speed.

Also, according to [12], a PI controller can be added
to this system, which is described as follows:

Out

S+1 103 1
W =—"-— =— —+

A )
09S 9C S

5. SMULATION RESULTS

An SMIB power system with installed SSSC is
considered to assess the effectiveness of offered
method. The input of system is random mechanical
DI xAO 1T £ CAHROADIWD in jFiyude 8.
Simulation is done in MATLAB/R2016b, and a 64hjt
Core iz12 GB RAM computer system. To prove the
robustness of the TLBO algorithm, its results are
compared with other modes. Also, with changing the
system parameters, the results are investigated.

The initial value of parameters of algorithm, power
system and controllers, for optimization, are given in
Appendix A. After simulation, the FIZPSS parameters
AOA 1T POEI EUAAR AT A OEA &ETAI
. . n8dnxnxh AIlA r E 18wyYyPwd8 &ECOO
C.Solving the PS@:I‘?’ by TLBO Algorlthm for all iterations of algorithm, and the final value is

The TLBO algorithm will be optimized the FIS (0000447 that js agceptable. In Bure 10, the dynamic .
DAOAT AOGAOOR 1 h rh ATA ho AR @RIGPT 1 S ﬁ%ogg or 8 /i"TEQ&C)‘I
objective function isformulated as the minimization of 5.6 shown in different sets of presence/absence of i
the Integral of Time multiplied by the Absolute value of gggc ang TLB®IS controllers.

Error (ITAE), and the fitness function is described as
[12, 16]:

Figure 4: Surface ewer of the MFs

cm—>|i|—>
tm—»'Tl—»

Figure 5: structure of proposed FIPSS.

FIS-PSS

' )

MAX ﬁ:itnessz; i
i 1+ITAE
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/ Define The Parameters /

Define Fuzzy Inference System (FIS)

v

Specify the Inputs & Output & Rules MFsof FIS

v

Initialize Population Array (Pop.Position)
]

v

Calculate Population Mean by :
g Pop.Position / Npop

v

Select Teacher : minimum cost of each Pop.Position |

v

Teaching (Moving the Parameters to BestPosition (Teacher))

Cost newposition > BestCost

BestPosition = NewPosition No
&
Bestcost= Cost NewPosition

Yes

A 4
Create the step : Step = pop(i).Position - pop(j).Position .

v

Teaching (Moving the Parameters to best positon (Teacher))

v

Teaching (Moving the Parameters to BestPosition (Teacher))

Cost newposition > BestCost

No

BestPosition = NewPosition
&
Bestcost= Cost NewPosition

I

uoreziwndo aseyd Jeyoes |

uoireziwundo aseyd Jeues]

A 4
| I iteration = iteration +1

|<_

No

iteration > Iterationsya

Figure 6: The FlowChartof proposed control method

60 —Six - Order SSSC Controller | 3
—Three - Order SSSC Controller

Magnitude (dB)
[ ]
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T

Figure 7: BodegPlot of sixxorder and threezorder controller
functions.
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Figure 8: Input mechanical power of generator
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Figure 9: ITAE values for TLBO algorithms

The dampingztime of system response in D = 7 is
more than D = 8 (see Figure 1Zb). On the other hand,
xEAT $ | yhztifeEdAcredsdsi(®&ERigQre
11zc and Figure 1%d). However, in the all cases, the
results of simulation with TLBOQZFPSS and H SSSC
controllers were best. The initial value of M is
considered to M = 8. If the amount of M increases, the
system response will be different. With M = 10,
dampingztime will increase when there is no SSSC and
PSS (see Figure Z&). If M = 12, the systermwill be
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x10* —With $SSCand TLBO-Fuzzy BSS | unstable without SSSC and PS$ut there are no
1+ —Without TLBO - Fuzzy PSS 1 : : :

_  Without SSSC and TLBO - Fuzzy PSS chang_es in response with SSSC/ESS (see FlgquH)Z
. ; The timezconstant of AVR (R) is very effective in
§§ response of system withiwithout SSSC and PSS. I T
g ET AOAAOGAOh Y5 xEIT ¢I Ol
% H value is much larger thaninitial value (see Figure 1%
2% Agh Y5 EAO EOOAOAOOEAI A E
< i and TLBQFPSS.
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