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Abstract

Power system often suffers from low frequency oscillations (LFOs) which might result in instability in the long run, if allowed
to sustain in the system for a long time. In order to mitigate these oscillations, power system stabilizers (PSS) are used through
excitation control. Three recently developed meta-heuristic algorithms namely: Collective Decision Optimization (CDO),
Grasshopper Optimization Algorithm (GOA) and Salp Swarm Algorithm (SSA) have been applied for the optimal tuning
of PSS parameters for small signal stability analysis of a renewable integrated power network. This was done by designing
a conventional speed-based lead-lag PSS in a multi-machine interconnected power system, whose parameters have been
tuned using CDO, GOA and SSA in a way to shift all the eigenvalues associated to electromechanical modes to the left half
of S plane. Comparison of the results obtained by the algorithms demonstrates the superiority of SSA over GOA and CDO
to boost the overall system stability over a wide range of operating conditions. The PSS controller designed using SSA is
observed to be more robust and efficient in damping out oscillations under different operating conditions.

Keywords Eigenvalues - Multi-machine power system - Power system stabilizer - Salp swarm algorithm
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S E(Efd) Saturation function
Kpg Power system stabilizer gain

J Objective function

WSCC Western system coordinating council

maxFE Maximum fitness evaluation

FE Fitness evaluation

SW Swarm

EMs Electromechanical modes

VSI Voltage source inverter

STC Standard temperature condition

SOFs Sub-objective functions

L Inductor

C DC link capacitor

0] Rotor electrical angular velocity

P, Input mechanical power

& Damping ratio

T; 0 Short circuit quadrature axis transient time
constant

X, Quadrature axis synchronous reactance

Vi Output of Aaplifier

E; Quadrature axis component of voltage behind
X,

K, Voltage regulator gain

c Real part of eigenvalues

TiandT; Phase-lead time constants

1 Introduction

The electric utility industries have undergone exceptional
changes in their structure worldwide. Newer issues in power
system operation and planning are unavoidable due to the
start of an open market environment and restructuring of
the industries into distinct generation, transmission, and
distribution entities. In this restructured power scenario,
major emphasis is given on the delivery of stable, secure,
controlled, and high quality electric power by the utilities.
Power systems are broadly categorized into generation,
transmission and distribution networks. During the transfer
of electric power from generating station to consumer end,
balance of both active and reactive power between the two
ends is necessary. Active and reactive power relates to two
equilibrium points: frequency and voltage. If either of the
two balances is not maintained, the equilibrium points will
float. A good quality electric power system signifies that
there are no deviations in frequency and voltage from their
desired values during operation. However, the main concern
related to the system load is that, it is ever-changing based
on the needs of the consumers which disrupts the active and
reactive power balance. Due to the imbalance, the frequency
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and voltage levels will not be maintained to their standard
values. Thus, a proper control system is essential to mitigate
the effects of random load changes and to maintain the fre-
quency and voltage at desired levels for maintaining stability
of power system and ensure its reliable operation. Due to the
presence of weak ties in a multi area network, power sys-
tems face frequency oscillations of varying degrees. These
oscillations may sustain and grow which might eventually
lead the system towards isolation. Therefore, the analysis
of system stability is of utmost importance. Power system
stability refers to the ability to remain in operating equi-
librium. The power system becomes vulnerable to instabil-
ity due to disturbances like sudden changes in load, loss of
generation or switching of a transmission line during the
fault, wide spread use of the high gain fast acting excitation
system etc. In the past, stability was mainly categorized into
angle stability and voltage stability. Angle stability can be
further classified as: small signal stability, transient stability,
mid-term stability and long-term stability. System stability
depends on both damping and synchronizing torque com-
ponents. Lack of sufficient synchronizing torque results in
transient instability and insufficient damping torque results
in small signal instability. Use of fast acting exciter models
in modern power system helps in improving transient sta-
bility, but at the cost of damping torque, which makes the
study of small signal stability an ultimate necessity. Small
signal stability always deals with LFOs, which limits the
power transmission capability and might eventually result
in a breakdown of the entire system. Therefore, small sig-
nal stability analysis (SSSA) [1] is of prime importance for
stable and secure operation of power system. PSSs [2] are
commonly effective in mitigating these oscillations. PSS is
employed to provide the supplementary control signal for
excitation system of the synchronous generator to damp out
the low frequency oscillations and to improve overall power
system stability. In literature, PSSs have been designed
mostly using phase compensation techniques and the param-
eters of PSS have been optimized based on power system
detailed model including network equations [3, 4]. Various
classical techniques LMI [5, 6], Pole placement method [7]
etc. are available in the literature which can provide good
performance but are not capable of solving non-differential,
complex non-convex objective functions. Therefore, for the
modern complex and dynamic power system, it is difficult
to solve LFO problem through conventional and linear opti-
mal control approaches. For different loading conditions and
configurations of power network, the PSS parameters need to
be modified. To overcome the limitations of classical opti-
mization techniques, different evolutionary algorithms have
been proposed in various literatures [8—23]. Evolutionary
algorithms have become very attractive nowadays because of



Journal of Electrical Engineering & Technology (2020) 15:2057-2077

2059

their easy implementation and lesser computational time in
achieving global optimal point over the classical techniques.
Literature shows that PSS tuning is a very challenging task
till date thereby motivating the authors in applying three
recently developed algorithms for tuning of PSS parameters.

Although Genetic algorithm (GA) [24] gained huge atten-
tion for designing of PSS due to its ease of getting near
global optimal solutions, its application is constrained by
large computational time.

Other evolutionary computation algorithms available in
literatures for designing Conventional PSS to mitigate low
frequency oscillations are: Bacteria Foraging (BF) [23],
which is based on random search directions, which may
lead to delay in reaching optimum solution, Firefly algo-
rithm (FA) [25], Cuckoo search (CS) [18], Evolutionary
programming [19], Tabu search [20], Simulated annealing
[21] and BAT [22] etc.

With the increasing growth of population and economy,
the developed as well as developing countries are facing
a huge demand of energy. Keeping in mind the climate
changes and other ill effects of greenhouse gas emissions
from fossil fuel combustions, fulfilling this ever- increasing
energy demand is quite challenging. Also, since fossil fuels
are not unlimited, research is going on to find other alternate
and efficient energy sources.

Utilization of energy obtained from renewable energy
sources such as wind [26], solar [27] and hydro [28] goes a
long way in reducing carbon emissions. Renewable energy
sources are cleaner and cheaper alternatives for fossil fuels.
Presently, there is an increased emphasis on solar photovol-
taic (PV) generators as renewable energy sources because
of their certain advantages such as simplicity of allocation
and absence of fuel cost. But it is very important to observe
the impact of renewable integration into the system. The
introduction of renewable energy resources has resulted in
the introduction of newer types of generators into electricity
distribution systems. These PV generators do not have rotat-
ing mechanical parts and the power injections from these
generators are dependent on and solar irradiation [29]. Oper-
ating the renewable generators in parallel with conventional
synchronous generators present new challenges related to
stability, operation and control of the power system and its
components [30]. Therefore, it is necessary to study the
impact of renewable integration on the small signal stabil-
ity of the system.

Different methods like frequency response, residue
based technique, synchronizing and damping torque
analysis and eigenvalue analysis are available for analyzing
small signal stability. But among all the above mentioned
techniques, eigenvalue analysis technique is used in this
paper because using this technique the oscillations can
be characterized very easily and accurately. Also, various
modes identification can be done easily by this technique,

which is quite difficult with the other techniques available
in the literature. The main contributions of this paper are
as follows:

e Small signal stability analysis of solar PV integrated
multi-machine system due to the dynamic behavior of
the power system in presence of PSS is presented in this
paper. An exhaustive comparative study is carried out for
this solar integrated system with respect to the conven-
tional system to demonstrate the effect of renewables on
power system stability.

e Studies presented in the literature analyzed small signal
stability considering R, L, C as local loads in case of
solar PV. But constant power, constant current and con-
stant impedance loads are more realistic that also needs
to be addressed. This work considered constant power
load for modeling purposes.

Section 2 of the paper presents the techniques which are
available for small signal stability analysis; brief description
of electromechanical modes and participation factor is pre-
sented in Sect. 3; mathematical modeling of power system
stabilizer and solar PV integrated multi-machine model is
presented in Sect. 4; objective function considered for the
study and the optimization techniques applied are presented
in Sects. 5 and 6 presents the results of simulation and their
exhaustive discussion.

2 Small Signal Stability Analysis (SSSA)

The following are the commonly used techniques for small
signal stability analysis:

2.1 Eigenvalue Technique [31]

2.2 Synchronizing and Damping Torque Analysis [2, 32]

2.3 Frequency Response and Residue Based Analysis [33—
36]

2.4 Time Domain Solution [36-38]

The eigenvalue technique used in this paper is briefly
described below:

Eigenvalues of any matrix A are the results of the char-
acteristic equation of the matrix, which may be real or com-
plex. Complex eigenvalues always appear in conjugate pairs.
For any eigenvalue 4;, the time dependent characteristic of
its mode is obtained as e*’ [31]. A real eigenvalue relates
to a non-oscillatory mode. A positive real eigenvalue sig-
nifies aperiodic monotonic instability while negative real
eigenvalue signifies a decaying mode. Higher the magnitude,
faster is the decay. Each complex eigenvalue pair relates to
an oscillatory mode. The real part of eigenvalue is associ-
ated to damping whereas; the imaginary part is associated
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to frequency of oscillations. A negative real part signifies
damped oscillations while positive real part signifies oscil-
lations with increasing amplitude. A complex pair of eigen-
values is represented as follows:

A=o0+jw (1)

The frequency of oscillation is obtained as: f = % and
the damping ratio is obtained as:

g=—2
Vol + a2 2

The damping ratio & helps to determine the rate of decay
of the amplitude of oscillation. For a power system to per-
form stable operation, it needs to be ensured that real parts
of all eigenvalues lie in the negative half of s-plane. Further,
quick damping of any electromechanical oscillation should
be ensured.

3 Identifying Electromechanical Modes
(EMs) and Participation Factor (PF)

Small Signal Stability analysis is performed on the line-
arized dynamic model of the multi-machine system. In this
analysis, the target is to study the low-frequency oscillations.
Here, the interest lies particularly in the electromechanical
modes (EMs). The electromechanical oscillations are of two

types:

e Local mode: typical range of oscillation is 0.8-2.5 Hz.
e Inter-area mode: range of oscillation is 0.2-0.8 Hz.

In order to determine the significant participation of a
machine in the EMs, the participation factor analysis is used.
Participation factor analysis helps in the identification of
how each state variable affects a given mode or eigenvalue

(1].

4 Mathematical Modeling

4.1 Description of Power System Model

The small-perturbation behavior of the power system in the
vicinity of a steady-state operating point can be described

by a set of linear time-invariant (LTI) differential equation
in the state space form as,

X =AX +BU 3)
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where, perturbations of the system state variables from their

nominal values at a given operating condition is represented
by the N-dimensional state vector X, and perturbations of
the system inputs such as voltage reference, desired real
power or load demands is represented by the vector U. The
numerical values of the matrices A and B depend on the
operating condition as well as on the system parameters.
The whole analysis starts with a systematic derivation of a
linear model for an n-bus m-machine system with nonlinear
voltage-dependent loads at the network buses.

In [1] the generator differential equations, stator algebraic
equation and the network equations have been shown for
two-axis model with Type I exciter. Next, after performing
the load flow and computing the initial condition values of
the state and algebraic variables, these equations have to be
linearized in order to form the system matrix and calculate
the eigenvalues of the system. The equations can be written
in a generalized form as:

x=f(xy,u) @
0=2g(xy)

Equation (4) consists of the stator algebraic equations and
differential equations, together with the network equations.
The state vector is denoted by x, the input vector is denoted
by u, and y includes both Id_q and V vectors i.e.

t
y= {1, 0 ViV 658, Vi v,,] [y 1]
®)
Here, vector y, and y, corresponds to the load-flow vari-
ables and algebraic variables /,_, respectively. Bus 1 is the
slack bus, buses 2,....,m are the PV buses and buses m+1,
..., n are the PQ buses. The vector x has a dimension of 7 m.
Linearizing (4) around an operating point we get:

%Ax A B Ax
0 1= ¢ Dy, Dy, (| Ay, |+ ElAu] (6)
0 Dy Dy, Ay,

By eliminating Ay, and Ay, we get Ax = A Ax where
D, D
Ay = (A= BJ;LC) where J,;, = D; DZ .

The model represented using (6) has been used for the
small signal stability analysis in this work. The linearized
differential equations, stator algebraic equations and network
equation are presented below [39].

4.1.1 Linearized Differential Equations

das _ ;
o @
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dA(l)i Di Iq[{) ’ Idia ’ Ly gio (X,l X(’lt) + E:llo
—— =——Aw;— —AE — —AE, — Al
dt M, M, "E M, M,
®)
I (X’. —X'l) +E.
0 qi di qio 1
- 7 Al + —AT)y,
dAE'. (X 4 ! ) dAR; 1 K.
gi 1 1 di ~ i A ___ AR —FAE,,
dr = _TTAE:F + T’ AEfdi - 7 d Aldi (9) dt TF; Ft ‘ 2 ‘fdi (13)
doi doi doi Fi
Fori=1,2,....m
e, (X-x)
prl —TTAEd,- + 7 Al (10)  4.1.2 Linearized Stator Algebraic Equations
qoi qoi
AE!, —sin (8;, — 0,,) AV, = V,, cos (8;, — 0,,) AS;
dAEg, +V,,cos (6, — 0,,) A0, — R AL, + X! Al =0
‘fdi 1 io io io i si=di qgi—"qi (14)
=filEwin) + = AV
dt f?l ( fdw) TE[ Ri (1 1)
AE'. —cos (6, — 0, )AV, + V. sin (6, — 6., )AS,
where £y (Eja) = =7 (K + S (E) + EsdSy(Era) ;A= ¢08 (90 = 00 )AVi+ Vipsin (8, = 6,) 45,
. !
and Sg(Eg;) = 0.0039¢' 2% = Vi sin (8, = 0;,) A6; — Ry AL — X, Al =0 15)
dAVy, _ _KyiKpi AEy - 1 AVR! Kyi ARﬁ " KAlAVreﬁ K “Aipy, . . )
dt TyiTr: Ty Ty 4.1.3 Linearized Network Equations
12)
Similarly, linearizing the network equations for load buses,
we get [39]
L, Vip cos (8, — 0,,) AS; — 1,V sin (6, — 0,,) A, + V,, sin (5, — 6,,) Al
+V,, cos (6, — 0;,) AL — 15, Vi, c0s (8, — 6,,) AG; + 1, V;, sin (6, — 6;,) AG,
6P, (V;
Vio Z VioYusin (6, = 6y, — aik)Aei + 1, sin (8, — 6;,) AV, + #Avi
k=l#i i (16)
- Z VioYix cos (‘910 =0 — aik)AVi =V Z VioYiy sin (‘91‘0 =0 — aik)Aek
k=1 k=1
- Vio Z Yik COs (eio - eko - aik)AVk + Iqio Cos (5i0 - eio)AVik =0
k=1
—1i, Vi sin (8, — 0,,) AS; — 1;,V;, €08 (8;, — 0,,) AS; + V,, cos (6, — 0;,) Al
-V, sin (5i0 - Bia)Alqi +1;,V,,sin (5io - )A9 + Iquw cos ( . w)
‘ (SQ 1 i
Vo Z VkoYik cos (910 - eko - aik)Aei + Idio €Oos (51'0 - Gto)AVt + g‘fv ) AV[
k=1 17)
- Z Vi Yy sin (8, — 0y, — az ) AV, + V,, Z VoY €08 (6, — 6y, — ) G,
p k=1
Vi Z ik sm 010 — “ik)AVk — I, sin (5ia - gia)AVik =0
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Now linearizing the network equations for load buses 50, (V[ )
Z o Vio Yy €08 (8;, — 6, — ay ) AG, + ———L AV,
6P(V;) k= 8V;
Z o VioYisin (6, — 6, — a; ) AG; + —5y AV g
#l — Z VkUYik Sin (01'0 - 01( - aik)AVi
- Z VioYir cos (eia -0, - aik)AVi ) n
- 18  +Vi Z VioYi €08 (6, = 0 — ) A,
. k=1
Vi Z VioYasin (8, — Oy, — a) A, *"
#:l z e sin ( — oy )AV, =0
~Viy Y ¥y c0s (6, — 0, — a ) AV, = 0 (19)
k=1
Fig.1 Schematic diagram of the Power
stabilizing signal from speed
deviation A@® —» System
Stabilizer
Regulator
V’?f Exciter E 'fd
v
Fig.2 Block diagram of X
double-stage PSS [41
ouble-stage [41] AO) STW )(pl - l-i-ST1 p2= 1+S713 I/s .
1+sT,, 1+5T, 1+sT, Output

Gain Block  Washout Block

Phase Compensation Block

L Ivp Inc
Y Y Yy —P i
+ + qu G .
—_— rid
i C, U cLUrc s | | )
= mp =
Array Vedg | |
II”' L V}”’ 8 A i(lq .
g <]\ o Labe
Ny
-
MPPT PWM ;,_!. qu (3 Vabe
:.':‘ .S

Fig.3 Single-line diagram of the grid connected PV system [42]
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4.2 Power System Stabilizer

The main idea behind installation of the Power System Sta-
bilizer (PSS) is to damp out system oscillations by providing
additional damping to the synchronous machine by control-
ling its excitation using auxiliary stabilizing signal(s) [39].

4.2.1 Components of PSS

During periods of transient, it has been observed that the
voltage regulator introduces negative damping to the system
[40]. In order to counter this effect and to improve the over-
all system damping, artificial means of producing torque in
phase with the speed deviation are introduced. Stabilizing
signals are introduced to the excitation system at the sum-
ming junction where the reference voltage and the signal
produced from the terminal voltage are added to obtain the
error signal, which is fed to the regulator-exciter system.
This has been shown in Fig. 1. The basic block diagram of
the two-stage Power System Stabilizer is provided in Fig. 2.

It consists of four blocks: two phase compensation block, a
signal washout filter block and a gain.
4.2.2 Modeling of Power System Stabilizer

From the block diagram of PSS is given in Fig. 2. The fol-
lowing linearized equations can be derived:

SKpss T,
A =TT, A <0
1+ T,
X = 1+ 7, A @D
1+ sT;
AV, = 57, AX, (22)

Aw; .
where Aw, = =% and w, is the synchronous speed.
P :

From (8) of Sect. 4.1, we get the linearized expression
of Aw; as:

L (X'. —X’.> +E,
i _Di - IﬂAE;i oy AT ) e
dr M, M, M; M; (23)
L, (X;l. -X),) +E, N
— i+ —AT),;
M; “M, l
Using (20)—(22), the linearized model of the PSS model
is obtained, and state equations of PSS are given below:
: KpgsiD; Kopgsilyi Kool
AXPU - _ PSSi ’Awi _ PSSi* gio AE’[. _ PSSi leA :ﬁ
W M a)sMi B WM
! !/ ! ! ! !
+KPSSi{ (Xdi —X i>I¢li0 - Edio} N KPSS:‘{ (Xdi - Xqi>1dio —Eu } N 24)
w, Mi dio w, Mi qio
1 Kpssi
——AX ; + —ATy,;
T, PN oMM
AXPZ:’ = _KPSSiDiTu Aw, - KpssilgioThi A E,i _ KpsslaioThi A EZu
o M;Ty; oM;T), ¢ o M;Ty;
! !/ ! ! ! ’
KPSSTli{ (Xd,' - Xq,‘)Iqio - Edio} KPSSTli{ (Xd,‘ - Xq,'>ldio - Eqio } (25)
+ T AL, + AT Al
O ML WM Lo
1 T1i> 1 KpssTi
+—[1—-=—)AX ;- —AX ,. + AT,
T2i ( Tw P T2i P st 20 M
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AV, = _KPSSiDiTliT3i - KpssilgioT1iT5i AE’I. _ KpsslaioT1iT5i AE('ﬁ
oM Ty Ty, o M;TyTy,; ! oM Ty Ty,
KPSSTliTSi{ (X:h - X;[>Iqio - Eéﬁo} KPSSTliT3i{ (X;[l - X;,‘)Idio - E;io } (26)
+ Al + Al,
o M;TyTy; o M;T Ty,
Ts; T, T, KpgiT5;
S —L (1—l)AXp1i+L<1—ﬁ>AXp2i—LAVﬂ+ LCLREIY
T2iT4i TW T4i T2i T4i wsMi 4i
4.3 SSSA for Grid Connected Solar Photovoltaic Linearizing (27)~(33), we get
i, = 1A Doy 34
Grid connected Photovoltaic (PV) systems that are con- tmp = 7 2Vmp = 7 2VpC (34)
nected to the distribution level, particularly with MW
capacity, are increasing at an aggressive rate, in order to D,
meet the energy demand. However, there is less experi-  AVpc = Vel TV (35)
ence in the interconnection of utility-scale PV systems
with the distribution network, where loads are present. ) 1
Also, there has been very less work and research in inter- ~ Aiy; = fAvsd + op oA, (36)
connection of large-scale PV system with the transmission s
network for generation of bulk electric power. Utility-scale
PV systems need special attention, unlike small scale PV~ A; = 1 AV — @ur nAQ
. .. a9 L sq PLLO="d 37
systems, which are limited to a few hundreds of kW and S

are unlikely to show an impression on the transmission
system. Thus, there is a need to analyze the large-scale PV
systems in terms of dynamic characteristics and stability.

4.3.1 Linearized System Model with Solar Integration

A single-line diagram for grid-connected PV system is
shown in Fig. 3:

The solar PV system along with its components, has been
modeled and can be represented by the following differential
equations [42]:

Li,, =V, = Dvpe 27
Cvpe = Diy,, — ipc (28)
Veg = Vg — 0prLgi, + Ly, (29)
Vg = Vg + 0pyLsig + L, (30)

. . . 2 .
Vsa = Kiglarer + Kiig + @pp Vs — @prpvy — @p Loy =0

PLL
(€20)

. . . 2 .

Vg = Kiilgrep + Kijly = @prVsg + @prpvg — @ppy Lsig = 0
(32)

and, by the power balance equation:

Vpelpe = Vsala + Vgl (33)
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Ay = kAl + (@ 1oLs — ki) Aig — WprroAvg, (38)

Avg, = k;Aig,, + (@py10Ls — ki)Ai, + wppoAvg, (39)

l4c0AVae = VsaoBig — IggAvyy — vquAlq - lqOAvsq =0 (40)

4.3.2 Solar PV Integrated Multi-machine Model

In Sect. 4.1, the linearized multi-machine model of syn-
chronous machine had been developed. In this section,
after modeling the individual components of PV system
and linearizing the system equations, the development
of the multi-machine model integrated with solar PV is
done. Equations (7)—(19) of the multi-machine model and
(34)—(40) of the solar PV model can be combined and
written as:

Ax ] _[A, 0 Ax B,
[Axs‘olar] _[ 0 Asolar] |:Axm]ar:| * [ 0 ]Alg

B, E 0 Au
Lol 5l st

olar solar

(41)

A
0=c 0][A o ]+DIA1g+D2AVg (42)

solar
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0=|C 0][ Ax ]+DAI+DAV+DAV 43) [0 -2 0 0 0 0]
2 A | T AT T CI 0 0 0 0

Asolar = 0 0 0 @pLL0 LLS (1)
0:[OQMWH AY |4 DAV, + DAY, 44) 0 0 —@py 0 oz
AXgoiar 0 0 w?,,Ls—ky i 0 0 —wpp
0 0 w5 Lo —k; @ 0 |
where - PLLO™S PLLO
x=[ ] [0 0]
000
r o ! E _ 000
X; = [5[ ; Eqi Edi Efdi VR[ Rﬁ] solar 000
0k; O
[ 0 0 k; |

. . . 1
Xsolar = [lmp Vpc la lq Vsd Vsq]

Lo=[Iy Ly gy L)'

Ve=[6,V,...0,V,]

u; = [TMi Vreﬁ]t

. . t
Usolar = [vmp ldref lqref]

and

~

&8

Img

4—0'0

Real

6,0

/

Fig.4 Domain of eigenvalue locations for objective function (J) [44]

5 Objective Function

On being subjected to any disturbance, the rate of oscillation
decay in the power system and its amplitude are governed
respectively by the system’s damping factor and damping
ratio. Negative real parts of eigenvalues along with higher
damping ratio signify a stable system [39]. Real and imagi-
nary parts of eigenvalues provide the coefficient of damping.
To tune the parameters of the controller using eigenvalue
analysis, the objective function is evaluated in terms of two
sub-objective functions (SOFs). First SOF is tasked with the
minimization of real part of eigenvalues and second SOF
targets maximization of the damping ratio, as depicted in
Fig. 4 [44]. The objective function is mathematically repre-
sented as follows:

Minimize, J = J, + J, 45)

where J; = X" (6) — o)?and J, = X, (& — &)* where,
the number of EMs is denoted by m.J, represents the first
SOF related to the real part of eigenvalues and J, is the sec-
ond SOF related to the damping ratio. 6, and &, are taken to
be — 0.5 and 0.1 respectively [43]. The following constraints
are to be satisfied by the objective function J:

Ky < Kpss < K32

T{nin < Tl < T{nax

min max
Thn < T, < TP

min max
" <T;<T;

min max
T < 7, < 77

PSS parameters (46)

A two-staged PSS is considered for the study. Phase-lead
time constants 7 and T, and phase-lag time constants 7 and
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T varies from 0.06 to 1.0 s and 0.01 to 0.05 s respectively. The
gain K¢ is bounded by [0.01, 50]. 7, is fixed to 10 s.

5.1 Optimization Techniques for Tuning PSS
parameters

5.1.1 CDO Algorithm [50]

Collective decision optimization algorithm (CDO) as pre-
sented in [47] is based on the decision making capabilities
of human beings dictating their social behavior. Whenever
faced with a problem, human beings have a natural tendency
to form a group having persons with diverse capabilities
to arrive at a decision or a solution. Exchange and selec-
tion of ideas amongst all group members take place and
the best idea amongst all is finally selected. The decision
making abilities are classified into the following different
phases [47]:

5.1.1.1 Creation of Group A group comprising of P mem-
bers is randomly initialized within the search space having
dimension D as follows:

K/= LB’ + rand(0, 1)x (UB’ - LB/) 47

where i=1, 2, 3,....... Prj=1,2,3,..... D. rand denotes
any random number in the interval [0, 1], and LB and UB
symbolizes the lower and upper limits of the independent
variables.

5.1.1.2 Experience Phase During any meeting between the
group members, agents lay their plans which are founded on
their individual experiences. This is the present best posi-
tion of the agent @, which can be stated as:

= K;+ rand(0, 1) X step_size X dO (48)

inew

dy=P,4 - K; (49)

where rand is any random number in the range [O,
1],step_size signifies the step size of current iteration, and d
signifies the direction of selection of next agent.

5.1.1.3 Others’ Idea Phase Interchange of ideas between
the agents occurs in this phase and others’ ideas get
accepted by an agent only if they are superior to her/his
idea. If any agent K, is selected randomly from the pop-
ulation to exchange idea with K;, the one having better
quality of idea is selected as follows:

KV =K

inew inew

+ rand(0, 1) X step_size X d (50)

@ Springer

dy = beta, X dy + beta, X (X; - X) (5D

where j represents the agent selected from [1, P], d, repre-
sents a new direction for selection of next agent and beta,
and beta, represents any two numbers randomly selected
from the intervals [- 1, 1] and [0, 2] respectively.

5.1.1.4 Group-thinking Phase In this phase, the manner
in which agents’ decisions gets motivated is dictated by
the direction in which the maximum ideas are inclined.
The present position of the group thinking is considered
to be the geometric center (®;) of each agent which is
expressed as:

1
D;=— (K Ky, . Kp) (52)

The agent’s updated position is obtained as follows:

nele.(z) = newKi(1)+rand(0,1) X step_size X d (53)

d,= beta,xd +beta,x (®z;-K),) (54)
where d, is the new direction of progress of ideas.

5.1.1.5 Leader Phase The group leader is the ultimate
decision maker and dictates the direction of movement of
ideas as well as the final output. Mathematically this can
be represented as follows:

nele@

= nele@ + rand(0, 1) X step_size X d; (55)

dy=beta | Xd,+beta ,x (® —K,) (56)

where dj is the new direction of progress of ideas. Leader
(@, ) represents the agent with the best idea in the group.
Leader can change his/her idea by himself/herself. This algo-
rithm uses random walk strategy for local search.

newK,=®, +W, (p=1,2,3,4,5) 57)

where W, signifies any vector selected randomly from the
interval [0, 1].

5.1.1.6 Innovation Phase In this phase, the decision mak-
ing process is improved by perturbing the existing variables
(mutation factors) and can be implemented as follows:

randl <M
neleG) = nele@ (58)
newK ™" = LB(F) + rand2 x (UB(F) — LB(F))

where M is the mutation factor employed to evade premature
convergence, randl and rand2 are random numbers within
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[0, 1] and uniformly distributed, and F is randomly gener-
ated within interval [1, D].

Selection of proper step_size is a deciding factor for
exploration and exploitation capabilities of the algorithm.
In the initial stages, if the larger, it will ensure better
exploration whereas smaller values in the later parts of
the algorithm ensure proper exploitation of the population.
The step_size is calculated as follows:

. r—1
step_size (t) =2 — 1.7 (ﬁ) (59)
where ¢ signifies the current iteration and 7 signifies the
maximum iteration count.

5.1.2 Application of CDO Algorithm

The steps followed to apply CDO for parameter tuning of
PSS are described below:

Step 1: Initialize randomly a group of P members (PSS
gain and lead-lag time constant) in the search space
D within their upper and lower bounds based on (46).
Choose maximum fitness evaluation (maxFE).

Step 2: Perform SSSA of the system for each member in
group and obtain eigenvalues. Check whether the inequal-
ity constraints of (46) are satisfied by the eigenvalues.
Step 3: Compute the fitness function (plan quality) as
per (45) for each group and store total number of fitness
evaluation in a variable FE.

Step 4: Detect the new best position of agents (K;,.,,)
based on their fitness values (quality of plan) to form
the modified group set.

Step 5: Update the members of group in all phases of
CDO employing (47)-(59).

Step 6: Determine the best plan and best group. Best
plan is identified as minimum of the fitness function
evaluated for each solution set and best group is the
solution set corresponding to the best plan.

Step 7: Go to step 5 and repeat until value of FE reaches
maxFE.

5.1.3 Grasshopper Optimization Algorithm (GOA)

In Grasshopper Optimization Algorithm, the swarming
behaviour exists both in nymph and adult stage. In the lar-
val stage, movement of the swarm is slow, whereas, in the
adult stage, the swarm can move long distances and exhibit
abrupt motion. The grasshopper algorithm as described in
[48] updates its swarm using the following set of equations:

P,=5+G;+W, (60)

where P; denotes the position of the ith grasshopper (GH),
S; denotes the social interaction of the GHs,G; represents
the gravity force acting on the ith GH and W, represents the
wind advection.

N

Si= ) s(dyp)d,
k:zl e 61)

keti
where N denotes the number of GHs, d;;, denotes distance
from i to kth and calculation of GHs is done as follows:
dy = |P, — P;]and dy = 2= represents a unit vector from
ik

ith GH to kth GH .s denotes the social forces and is consid-
ered as:

s(r) = fe%r —e (62)

where f denotes the attraction intensity between the GHs and
[ denotes the attraction length scale. Gravitational force G
is designed as:

G; = —g¢, (63)

where g denotes gravitational constant and ¢, is a unit vector
to the earth’s center. Wind advent component is calculated

as:
W, = ub, (64)

where u is drift constant and b,, is a unit vector in the wind’s
direction.

Substituting values of the parameters S, G, W in (60), the
position of the GH can be expanded as:
Py

i

N
P;= Y s(|P, =P
(o

a — 8¢, +ub, (65)
But (65) cannot be directly used for solving optimization
problems as the GHs are quick to reach comfort zone thereby

causing the swarm to diverge. Following equation shows the
modified version of (65) for solving optimization problems:

Nubd — Ipl p-P| .
p;,l:C ZC%S(”)GPZ_P?D% + 74 (66)

k=1 i

k#i

where ub? and [b? represent respectively the upper bound and
lower bound in the dth dimension, 7¢ represents the value
of target in dth dimension, c is the shrinking coefficient to
decrease the comfort, attraction and repulsion zones of the
GHs. The coefficient ¢ is calculated as:
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(67)

¢ = max(c) — Iter < max(c) — min(c) )

max [Iter

where max(c) and min(c) represent the maximum and mini-
mum values of c.lter and max Iter represent the current itera-
tion and maximum iterations respectively.

5.1.4 Application of GOA Algorithm

The steps relating the application of GOA to the stability
problem are as follows:

Step 1: Specify the swarm size and initialize the swarm
(SW) randomly for the same. Set the number of control
parameters (GHs) of SW within lower and upper limits.
Select maximum number of fitness evaluation (maxFE).
Step 2: Inspect small signal stability for each GH of SW
and obtain the eigenvalues that lies within limits of the
control variables.

Step 3: Evaluate eigenvalue based fitness function using
each swarm set, and store total fitness evaluations (FE).
Step 4: Select the best swarm set (GHbest) based on their
fitness values and form the updated swarm set.

Step 5: Update swarm using (65).

Step 6: Determine the best fitness (minimum fitness func-
tion value) and also the best swarm set.

Step 7: Return to step 5 and repeat till the FE equals the
pre-defined maxFE.

5.1.5 Salp Swarm Algorithm (SSA)

Salp Swarm Algorithm (SSA) as reported in [49] is a
recently developed meta-heuristic that exploits the food
searching technique of salps. Salp swarms form a chain to
move in search of food. The swarm is modeled after leaders
(LD) and followers (FL) are identified. The salp at the begin-
ning of the chain becomes LD and is tasked with guiding the
whole swarm. All other members are FL. Position update of
LD in SSA takes place as per the following set of equations:

N F;+ ¢, ((ub; = Ibj) c; + 1b)) c; 20 ©8)
J F;—c  ((ub; — Ib)) ¢, +1b)) c; <0

where x} denotes the position of the LD in jth dimension, F;
is the location of food, ub and Ib denotes the upper and lower
limits and ¢, ¢, and c5 are random numbers. c¢; decides the

exploration and exploitation capability of SSA and can be
defined as:

2
4

¢ =21) (69)
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where [ and L signifies the present and maximum number
of iterations.

¢, and c; forecasts the new position of FLs as well as
the step size. Updated positions of the FLs are obtained as:

i1
xi= 5(12‘2 + vyt (70)

wherei > 2, x; signifies position of ith FL in jth dimension,
¢ signifies time, v, signifies initial speed of motion, and
a= % where p = £20)

0

Considering initial speed v, = 0, the above equation can
be modified as:

i _ 1 i i—-1
xj—§<xj+xj ) a1

where i > 2 and x; represents position of ith FL in jth

dimension.
The salp chain is simulated using (68) and (71).

5.2 Application of SSA Algorithm

The steps of the SSA applied to the stability problem are
described as follows:

Step 1: Randomly initialize the swarm (SW) compris-
ing of the salps (control parameters such as PSS gain
and lead-lag time constants) within their upper and
lower bounds for a particular swarm size. Specify the
maximum number of fitness evaluation (maxFE).

Step 2: Perform SSSA for each salp chain of SW and
obtain the eigenvalues.

Step 3: Evaluate fitness function (eigenvalue- based)
for each swarm set, and store total fitness evaluations
in FE.

Step 4: Identify best swarm set (SWbest) based on the
fitness.

Step 5: Update the swarm using (68) and (71).

Table 1 Loading conditions for Case 1.1

P (p.u) Q (p.w)
Generator
Gl 0.9649 0.2330
G2 1.0000 —0.1933
G3 0.4500 —0.2668
Load
LS 0.7000 0.3500
L6 0.5000 0.3000
L8 0.6000 0.2000
Local load at G1 0.6000 0.2000
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Table 2 Tuned PSS parameters obtained using various algorithms

CDO GOA SSA

Generatorl

Kpss 2.569100 18.96000 28.54000
T,(s) 1.252700 1.500000 0.603000
T, (s) 0.071439 0.150000 0.026000
T;(s) 1.291200 1.136600 0.809000
T,(s) 0.117900 0.014153 0.048400
Generator2

Kpss 1.917600 3.564700 2.734000
T, (s) 0.569380 1.457100 1.436000
T, (s) 0.027684 0.010000 0.013000
Ts(s) 1.147500 0.217620 0.902000
T,(s) 0.025351 0.010082 0.010000
Generator3

Kpss 6.316000 4.846500 4.085000
T, (s) 0.188030 0.745690 0.100000
T, (s) 0.131070 0.020197 0.020200
Ts(s) 0.206240 0.317110 0.247000
T,(s) 0.150000 0.010000 0.150000

Step 6: Obtain best fitness value as the minimum fitness
function value and the SWbest.
Step 7: Repeat from step 5 till the predefined maxFE.

6 Simulations and Results

This section presents analysis of system performances after
applying the SSA algorithm. Eigenvalues determined by
SSA are used to assess the system stability and compared to
those obtained using GOA and CDO. Results establish supe-
riority of SSA over other mentioned optimization techniques
in evaluating the small signal stability of the system. WSCC
three machine, nine bus system [1] have been considered to
carry out eigenvalue analysis when subjected to different
operating conditions and are coded in MATLAB platform.
The system data of WSCC 3-Machine 9-Bus system is given
in [1]. All the calculations are made with system frequency
of 60 Hz and base MVA as 100.
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Fig.5 Convergence characteristics obtained by different algorithms

6.1 Case 1: Results Related to PSS Parameter Tuning

The most important task is the proper tuning of PSS param-
eters. Properly tuned parameters help to increase system
stability but, badly tuned parameters may lead the system
to instability. The power system is nonlinear and its varying
operating condition makes tuning as a complex task. Tuning
is done based on the characteristics of the generator system.
To demonstrate efficiency of the proposed algorithm, differ-
ent cases have been considered as discussed below:

6.1.1 Case 1.1

To illustrate the effectiveness of the proposed algorithm,
PSS were installed in all the machines for mitigating low
frequency oscillations. Electromechanical modes and their
damping ratios for the different algorithms used are pre-
sented in Table 2.

Tuning of PSS parameters have been done for Case 1.1
using loading conditions presented in Table 1. The tuned
PSS parameters obtained after applying the optimization
algorithms are presented in Table 2. It can be observed from
Table 3 that SSA obtained the best tuning parameter settings
for Case 1.1.

Fifty trial runs of the algorithms have been carried out for
100 iterations each. The convergence characteristics of the
best parameter set obtained for each of the algorithms are

Table 3 EMs and their corresponding damping ratios obtained for Case 1.1

No stabilizer CDO based PSS GOA based PSS SSA based PSS Dominant
machine vari-
ables

—1.436+13.275, —2.3783+13.389, —5.9328 +/13.76, £=0.39581 —6.324 + j13.453, O3, w3

£=0.10755 £=0.17489 £=0.4254

—0.37734+9.131, —1.7768 +9.8859, £=0.17690 —2.2506+,9.0169, £=0.24217 —2.568 + j8.984, £=10.2748 0y, W,

£=0.04129
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Table 4 EMs and their

" - . No stabilizer CDO based PSS GOA based PSS SSA based PSS Dominant
corresponding damping ratios machine vari-
obtained for Case 1.2 ables

—0907+/13.57, - 1.8462+j13.592, —6.4239+13.604, —6.567+j13.1568, &, ;
£=0.066656 £=0.13459 £=0.42699 £=10.4466
—0.185+9.0462, —1.9521+j9.7341, —3.8959+j9.0331, —3.8671+j8.5976, &, @,
£=0.020433 £=0.19663 £=0.39603 £=10.4102
compared in Fig. 5. It can be observed that SSA obtained ) »
Table 7 Loading conditions for Case 1.3
Table 5 Loading conditions for Case 1.2
Heavily loaded
P (p.w Q (p.w)
P (p.u) Q (p-w)
Generator
Gl 17164 06205 GCenerator
G2 1.6300 0.0665 Gl 3.5730 1.8143
G3 0.8500 ~0.1086 G2 2.2000 0.7127
Load G3 1.3500 0.4313
Ls 1.2500 05000  Load
L6 0.9000 0.3000 L5 2.0000 0.9000
L8 1.0000 0.3500 L6 1.8000 0.6000
Local load at G1 1.0000 03500 L3 1.6000 0.6500
Local load at G1 1.6000 0.6500
fastest convergence as compared to GOA and CDO. 15 : : . % |
| ] ]

The final value of the objective function is J=0 for all the
algorithms which signifies that all modes have been shifted
to the specified D-space in the S-plane of Fig. 5.

6.1.2 Case 1.2

To establish the robustness of the proposed algorithm, the
EMs are obtained for another loading condition using the
same tuning parameters obtained for Case 1.1 listed in
Table 3. The EMs and damping ratios for this case are listed
in Table 4 demonstrating the superiority of SSA over CDO
and GOA. Table 5 presents the loading conditions for this
case.

6.1.3 Case 1.3

Similar pattern in the performances of the algorithms can be
observed from Table 6 for same tuning parameters of Case
1.1 when the loading condition is changed again.

Table 7 preents the loading conditions for this case.

._.
)
;
»*
I
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®  Without PSS

% CDO Based PSS
GOA Based PSS

| SSA Based PSS

Imaginary
=

'
wn

-15 ) ‘
-7 -6 5 4 3 2 -1 0

Real

Fig.6 EMs obtained for Case 1.1

It is quite obvious from the Tables 2, 4 and 6 that SSA
is capable in shifting EMs (real parts) to the left half of S
plane as well as enhances the damping ratios in comparison
to GOA and CDO. PSS parameters are tuned in Case 1.1
for a particular operating condition. In order to establish

Table 6 EMs and their

. - . No stabilizer CDO based PSS GOA based PSS SSA based PSS Dominant
corresponding damping ratios machine vari-
obtained for Case 1.3 ables

—0.79932+,13.633, —1.5661+,13.578, —6.438+;13.463, —6.657 +j12.983, 65, w;
£=0.058531 £=0.11458 £=0.43141 £=10.4563
—0.16828 +/8.7924, —2.0795+j9.5543, —3.8251+;7.8673, —3.937+j7.3902, 6, w,
£=0.019136 £=0.21267 £=0.43726 £=0.4702
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Fig.8 EMs obtained for Case 1.3

robustness of the proposed algorithm, SSSA studies are car-
ried out for different operating conditions using the tuned
parameters of PSS obtained from Case 1.1. SSA based PSS
shows superior performance and attains enhanced damping
as compared to GOA and CDO based PSS for each operat-
ing condition.

== Without PSS
CDO Based PSS

— SSAV Based PSS

GOA Based PSS | |

-0.015 = = 3 :
0 1 2 3 4 5 6 7 8 9
Time (s)

Fig.9 Change in Aw,, and Aw,; for Case 1.1

Figures 6, 7, and 8, represent system eigenvalues obtained
for Case 1.1, Case 1.2 and Case 1.3 respectively. It is
observed that the system eigenvalues are shifting further
towards the left half of s-plane and also the damping ratios
are being improved in each case for SSA as compared to
those of GOA and CDO. This indicates the efficiency of
SSA technique in tuning PSS parameters and stabilizing the
system under various operating conditions.

6.2 Case 2: System’s Time Domain Response
for Case 1

To illustrate superiority of the proposed algorithm, a
three-phase fault is applied near bus 5 at time 0.1 s, which
is cleared at 0.2 s without tripping any line. Study of the
change in speed deviation is enough for arriving at a conclu-
sion regarding system stability. Therefore, only the change
in rotor speed deviations obtained after time domain simu-
lation is demonstrated in Figs. 9, 10 and 11. for best values
obtained by each algorithm. These figures show the response
of Aw,, and Aw; obtained by each of the algorithms, when
the system is subjected to Case 1.1, Case 1.2 and Case 1.3.
It is observed that the newly proposed SSA keeps the sys-
tem more stabilized as compared to other optimization tech-
niques and also requires lesser settling time to mitigate the
system oscillations as compared to GOA and CDO.

6.3 Case 3:Solar PV is connected to the System

All the calculations are made with system frequency of
60 Hz and base MVA as 100. For the purpose of simulat-
ing multi-machine power system model with integrated
solar PV at transmission level, in bus number 5, 6 and 8
of the test system (WSCC 3-Machine 9-Bus), a 50 MW,
11 kV solar PV has been connected. Results obtained after
using the iterative process for calculating the series and

g X 10
P | -+= Without PSS

i CDO Based PSS
e e | e L GOA Based PSS

| = SSA Based PSS

-8
10

Time (s)
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Fig. 10 Change in Aw,, and Aw,; for Case 1.2

Table 8 Solar Module parameters of Kyocera 200 GT model at STC

Parameters Value Obtained when
PV installed at bus 5

Ipy,(in A) 8.21451

Ipy(in A) 8.21451

R(in Q) 0.22000

Rp(in Q) 412.998

I(in A) 9.82500e-8

I, (in A) 9.852500e-8

Table 9 Maximum power, current and voltage of module at 600
W/m?and T=323 K

G (in W/m?) T (in K) 1,,,(in A) Vp(in V) P,,(in W)

600 323 4.4952 23.318 104.82

Table 10 Parameters of boost converter

Duty cycle  Ripple cur- Inductance  Ripple volt- DC link

(D) rent (Al;) (L) age (AV,yr) capacitance
©

0.34972 318.49 0.00099474 17.517 0.004138

parallel parasitic resistance (Rg and Rp) on Kyocera 200
GT solar module [45] is shown in Table 8. These results
have been obtained at Standard Temperature Condition
(STC) i.e. at solar irradiation of 1000 W /m? with AM 1.5
at 25 °C.

These results have been compared with those given in
[13] and they are found to be almost similar. An initial
operating condition of the entire system is assumed at solar
irradiation, G=600 W/ m? and temperature, 7=50 °C. All
the calculations made henceforth are with respect to this
initial operating condition. Using the algorithm given in

@ Springer
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[46], the maximum current and voltage output from the
solar module is obtained at G=600 W/m? and T=50 °C.
The result is given below in Table 9.

Next, it was essential to calculate the number of mod-
ules that has to be connected in series—parallel combi-
nation in order to meet the 50 MW, 11 kV requirement.
Required current output from the PV array is calculated

VMW~ 4545.4545A.

Now, for 4545.4545 A dc current from the solar array,
number of modules needed to be connected in parallel is
calculated as n, = 45:2‘9455;5 ~ 1011. Also the number of
modules to be connected in series for 11 kV requirement
is calculated as ng = 2131;‘1‘/8 ~ 472.

Next, the duty cycle (D), Inductance (L) and DC-Link
Capacitance (C) of the Boost Converter is to be calculated
are shown is Table 10.

Here, solar PV is connected at load bus (5 or 6 or 8)
shown in Fig. 11. The initial conditions for solar genera-
tors are given in Tables 8, 9 and 10. The active power sup-
plied by the solar PV to the WSCC 3 machine 9 bus system
[1] (considering original system data) for each bus is 0.5
p-u, as shown in Fig. 11. Solar integrated system matrix
was formed using (7)—(19) and (34)—(40).

The computed eigenvalues after the inclusion of solar
PV are compared in Table 11. The table contains the elec-
tro-mechanical modes (mode #1 and mode #2) when solar
PV is connected to bus 5 or 6 or 8 as shown in Fig. 12. The
best location of solar PV is found at bus 5 since damping
ratio improvement is highest when it is connected to this
bus.

6.4 Case 4: PSSs are added to Case 3

The function of the PSS is to provide adequate damping
torque to the rotor oscillations for mitigating LFOs. For get-
ting effective results PSS needs to be allocated properly. The
main objective of installing PSS is to improve the EMs in
case 4, using the same tuning parameters obtained for Case
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Table 11 Eigenvalues and damping ratios (&) for different location of solar PV in WSCC system

Eigenvalues when solar PV is
connected at bus 5

Mode number

Eigenvalues when solar PV is
connected at bus 6

Eigenvalues when solar PV is
connected at bus 8

Dominant states

#1 —0.8517 +j12.704
£=0.0669

#2 —0.3268 + j8.3123
£=0.0393

#3 —5.545+/7.9430
£=0.572

#4 —5.2289+7.7903
£=0.5573

#5 —5.3355+7.9228
£=0.5586

#6 ~5.0565
£=1.000

#7 —3.2058
£=1.000

#3 —3.2895
£=1.000

#9 —0.4437 +j1.3113
£=0.3205

#10 —0.4511+;0.7490
£=0.5159

#11 —0.4461+;0.5138
£=0.65556

#12 —0.2189+;1.0164
£=0.2105

#13 +j1.8757
£=0.000

#14 +j1.8757
£=0.000

#15 +j1.1327
£=0.000

—0.8481+/12.7071
£=0.0666
—0.3186+/8.3373
£=0.0382
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Fig. 12 WSCC 3 machine 9 bus system equipped with solar PV at different location

Table 12 EM:s for the combination of solar PV, and PSS

CDO based PSS and solar PV GOA based PSS and solar PV SSA based PSS and solar PV Dominant state
—2.549 +j6.893, —2.935+/6.534, —3.6793 + j5.8309, O3, W5
£=0.34684 £=0.40975 £=0.41162

—2.568+;7.103, —2.645+6.897, —2.9215 + j6.4685, 6y, @,
£=0.09627 £=0.3580 £=0.53364

Table 13 Comparison of

. WSCC system without SSA based WSCC SSA based WSCC together with Dominant state
the effects of coordlnz.ited controllers together with PSS PSS, and solar PV
controllers on small signal
stability in presence of solar —0.8517+/12.704 —6.324+j13.453, —3.6793 +j5.8309, ERYOR
PV (Only the EMs) and without £=0.0669 £=0.4254 £=0.41162
controllers —0.3268+8.3123 —2.568+,/8.984, —2.9215 + j6.4685, 6y,
25 @
£=0.0393 £=0.2748 £=0.53364
> x10°
6 X10 3
i
o a === Without Controller | 2 a === Without Controller
n =+= WSCC with PSS H A == WSCC with PSS
: Il A — PSS, together with Solar PV |l = = PSS, togeter with Solar PV |
X

30
-6 4!
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time (s) Time (s)
(a) (b)

Fig. 13 a Change in Aw,, when fault occurs near bus 5; b change in Aw,; when fault occurs near bus 5 (when solar PV is connected to the sys-
tem)

@ Springer



Journal of Electrical Engineering & Technology (2020) 15:2057-2077

2075

6X 10°

sl 3 [++++ Without Controller
: ~+= WSCC with PSS
| = PSS, together with Solar PV

Time (s)

(a)

[asses Without Controller
== WSCC with PSS

- PSS, together with Solar PV

LN Tt

=
3
<

o 1 2 3 4 5 6 1 8 9 10
Time (s)

(b)

Fig. 14 a Change in Aw,, when fault occurs near bus 6; b Change in Aw;; when fault occurs near bus 6 (when solar PV is connected to the sys-

tem)

1.1 listed in Table 3. Table 12 represents EMs for the com-
bination of solar PV, and PSS.

Table 13 concludes the impact of coordinated controllers
on small signal stability analysis when solar PV is included
in it. It can be seen that when PV is connected to the system
in presence of PSS gives better performance from overall
system stability point of view.

6.5 Case 5:Time Domain Response for Case 4

Time domain simulations have been performed to demon-
strate the efficiency of the system equipped with PSS and
solar PV over the system having only PSS in improving
overall system stability. Two different fault conditions are
assumed:

Frequency plays a vital role in power system stability.
All the generators in the system are synchronised at one
frequency. If the frequency deviates from the nominal value,
generators start to go out of synchronism. This triggers
undesired events in the power system resulting in voltage,
frequency, power imbalance which might even cause the sys-
tem to collapse. Furthermore, continuous frequency devia-
tions in the system cause oscillations of the rotor about its
final equilibrium position, thereby introducing hunting. The
hunting process occurs in a synchronous motor as well as in
synchronous generators if an abrupt change in load occurs.
To avoid these issues frequency deviations were investigated
for the system equipped with DGs (solar PV), and PSS. Fig-
ures 13 and 14 represents frequency deviations for WSCC
3 machine 9 bus system equipped with PSSs and together
with PSS and solar PV.

To observe the frequency deviations in these systems,
fault is considered near the consumers end at bus 5 and
bus 6. It is observed from the Figs. 13 and 14 that the peak

overshoot as well as the settling time is lowest in case of
solar PV together with PSS connected system as compared
to the system equipped with only PSS connected system.

7 Conclusion

This work addressed renewable (solar) integration to the sys-
tem studied in diverse operating conditions. System dynam-
ics are largely affected with the integration of renewables
in an integrated power network. An exhaustive small signal
stability study on WSCC 3-machine 9-bus test system is
presented under the following scenarios:

o System without renewable energy penetration and PSS
e Addition of PSS
e Renewables in presence of PSS

Analysis of the results demonstrate better efficiency of
renewable integrated power system together with PSS over
PSS integrated power system in improving overall stability
of the system.

This also paper presented a comparison between the
performances of CDO, GOA and SSA in tuning the PSS
parameters. Results show that best tuned parameter set for
the PSS are obtained using SSA. It is also observed that
damping ratios of the weakly damped oscillatory modes
have improved after the addition of SSA based PSS, thereby
enhancing the dynamic performance of system stability
greatly. Time domain simulation results for different load-
ing conditions show fastest settling of oscillations in case of
SSA followed by GOA and CDO. All results establish SSA’s
superiority over GOA and CDO optimization techniques.
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