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Abstract - This manuscript covers the impact of Particle Swarm Optimization (PSO) based Power System Stabilizer (PSS) on
the damping performance in a two-area system with different voltage-dependent load models, including large-scale electric
vehicle loads. In the first part of the design, the location of PSS was fixed by the procedure outlined in the manuscript and the
later part of the design, PSO-PSS was proposed to tune the gain and time constant of the stabilizer by taking appropriate fitness
function in Kundur two area four machine system. The PSO-based PSS designed for constant power type of load in the above
system was placed at appropriate locations for other voltage-dependent load models. A comparison of damping ratios of inter-
area mode was made with and without the stabilizer, and it was observed that the damping ratio of all inter-area modes with
PSS was obtained by more than 3%. The results demonstrate that for both non-contingency and contingency of tie line in the

above system, the PSO-based PSS designed for constant power type of load improved not only the damping ratio of inter-area

mode but also increased the damping ratios of the other swing modes, including large scale electric vehicle loading case.

Keywords - Inter-area mode, Linearization, Load modelling, Particle Swarm Optimization, Root locus.

1. Introduction

The urge to use Electric Vehicles (EVs) to promote green
energy is increasing day by day, but the stability of the grid
employing the above needs to be studied thoroughly. In the
current scenario, electric vehicles are acting both like loads as
well as sources to power the grid. In past research works, the
problem of signal stability improvement dealt with only
modelling loads with constant impedances to make analysis
simple and elegant. However, with the inclusion of nonlinear
models, the analysis becomes complicated and thus needs to
be addressed. In this manuscript, the effect of various types of
load models on the small signal stability is dealt with
systematically.

A supplementary controller like PSS needs to be installed
along with the Automatic Voltage Regulators (AVR) in order
to improve the damping of the various electromechanical
modes in multi-area power systems. The procedure for finding
the eigenvalues of the overall system matrix by taking up the
concept of linearization of all the differential equations of
machines, AVRs, PSS, algebraic equations of stators,
transmission networks and loads was enlightened in [1, 2]. To
introduce damping to rotor oscillations in Single Machine
Infinite Bus System (SMIB), Chaotic PSO-based Proportional
Integral Derivative (PID) PSS was prosed, and its

OOE)

performance was verified under light, nominal and heavy
loading conditions [3]. The SMIB system was considered
purely reactive.

Several operating conditions, such as different loading
and network outages, were considered when designing robust
PSS controller gains using sequential linear programming [4].
Participation factor analysis to determine the sensitivity of the
electromechanical mode damping for optimal location was
mentioned in [5]. Details of optimal PSS having a traditional
phase lead-lag controller using LQR theory were given in [6].
Hybrid PSO and bacterial foraging methods for optimal PSS
design to improve the small signal stability over a wide range
of loading were discussed in [7].

Several PSS tuning rules using multi-objective
optimization methods based on large signal disturbances
behaviour on the Kundur two-area system are seen in [8]. The
impact of various types of load models like Constant Power
(CP), Constant Current (CI) and Constant Impedance (CZ) on
the various electromechanical modes and exciter modes by
assuming the transmission network in the quasi-steady state in
the Western States Coordinating Council System was
exhaustively studied by [1]. A small signal stability toolbox
for designing PSS to damp low-frequency rotor oscillations in
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a system with partial data was used [9]. The authors presented
conventional methods like root locus analysis for PSS design
without any Atrtificial Intelligence (Al) technique in a two-
generator Spanish system for improving the damping ratio of
inter-area mode under different values of transmission line
reactances. Exclusive information on power system stabilizer
design methods in various single-machine and multi-machine
systems using detailed small signal models and time domain
simulation-based indices were presented by [10]. The details
of using PSS in conjunction with various shunt/series
compensators for the damping of rotor oscillations are
presented in [11].

Eigenvalue analysis in two area systems with CZ load was
presented in [12]. It considered participation factor analysis
for placement of PSS considering all three tie lines in
operation. The effect of the removal of tie lines in service was
not considered in [12]. The authors of this paper deliberately
have included such a scenario to assess small signal behaviour.
The above analysis was done in Simulink-based software, and
their eigenvalue analysis showed certain non-zero values,
which are a part of numerical errors due to the linearization
step. The authors of this manuscript have chosen to write
MATLAB script instead of Simulink to ensure minimal
numerical errors.

The eigenvalue approach to see the effect of load models
on the oscillation damping in the Tai power system was seen
in [13]. Details of dynamic, composite and exponential
models, along with an overall comparison between them under
line contingency, are in [13]. Details regarding the
composition of residential, commercial and industrial loads
are in [14]. Load flow solutions in distribution networks in the
presence of EV are in [15]. The details regarding the small
signal stability were not dealt with in [15].

Model Reference Adaptive Control (MRAC) PSS six to
increase the small signal stability in the modified Kundur two-
area system having wind power plants was proposed by [16].
The effect of EV load integration was not considered. The
impact of EV modelling on low-frequency oscillations in a
single machine system connected to a distribution system was
studied by [17].

In this manuscript, the effect of EVs on the small signal
stability in the grid was analysed with AVR only and with
AVR and PSS. Some related work on the above was dealt with
by [17] on a single-machine system. Performance of various
Al-based PSS giving maximization of minimum damping
ratio as an objective on SMIB and multi-machine systems
using latent value analysis as a tool was elaborated in [18].
They did not study the impact of load models on several
damping ratios. Papers [16-19] recommend reviews of PSS
developments and their optimization routines. Based on the
literature presented above, the following questions are posed
to fill the research gaps.
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e The PSS designed for a specific type of load
representation (say, CP type) caters some damping to the
inter-area mode for different types of voltage-dependent
loads, including EV load?

e  How does the damping ratio of swing modes of each area
get affected in doing so?

e  Where should the PSS be placed if voltage-dependent
loads are taken into custody without using participation
factor analysis?

e  How should the PSS gain and time constant be tuned in a
system when there is a loss of one of the tie lines?

In order to address the above questions, maximization of
the sum of damping ratios of all modes was taken into
consideration as an objective function to PSO in this
manuscript with the intuition to not only increase the inter-
area mode damping but also improve other swing mode
damping ratios as well. This kind of fitness function was
inspired by the works presented by [19].
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Fig. 1. One-line diagram of Kundur two-area system

The specific objectives of this study are:

1. To find the optimal location of PSS in the Kundur two-
area system (Figure 1), various load models were used
without the participation factor method.

2. Tostudy the impact of PSS on the behaviour of inter-area
mode.

3. To present the improvement of damping of inter-area

mode by properly placing the PSS and tuning parameters
like gain and time constant using the PSO technique for
various scenarios and cases.

The following cases and scenarios have blossomed to
provide a detailed view into the investigation of damping
performance with PSO-PSS in the system by modelling loads
-Aand B as:

Case 1: Constant Power (CP)

Case 2: Constant Current (CI)

Case 3: Constant Impedance (CZ)

Case 4: Industrial load expressed by ZIP
Case 5: EVs modelled as ZIP
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The small signal stability program was run for all the
above five cases after doing load flow to get steady-state
values of machines and network variables by generating
scenarios in which:

Scenario 1: All three tie lines in service
Scenario 2: Two tie lines in service

The notation penned in [20] is adhered to here.

2. Problem Formulation

The inter-area modes, which are typically below 1 Hz
frequency, arise in multi-machine systems. In order to provide
damping to these modes, PSS has to be placed at the desired
generator. Tuning of the same has to be done. So, a two-stage
lead-lag PSS is proposed, whose details are in Section 2.1.

The first lead block gives phase lead whose time constants
are T, and T, respectively in Figure 2. The washout time
constant Tq is fixed to be 10 s as the damping of inter-area
mode is of prime concern.

Practical
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Fig. 2 Block diagram of PSS along with linearized power system model

The second lag block of fixed time constants Ts; and Tsas
in Figure 1 is kept to check overcompensation. The problem
boils down to tuning Ksand Ty if T2 is fixed. This is done using
the PSO technique, which takes FF as a fitness function for
minimization.

FF=1-(3%,3) @)

In Equation (1), ‘n’ is the total number of eigenvalues and
‘¢’ is the damping ratio of i eigenvalue after placing PSS of
tunable parameters Ks and T1 where, Ksmin<Ks<Ksmax and
T1min<T1<T1max. The justification of FF is that Equation (1)
takes into account all ¢’ values. Fitness functions suggested
in [18], like the min (max) function, allow only a single mode
to be taken into account for damping.
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2.1. Structure of PSS

PSS is a supplementary damping controller which is
installed to counteract negative damping torque developed due
to the voltage control action of AVR. A typical PSS block
consists of a practical differentiator block, a gain block, and a
lead-lag compensator block in tandem. The output of the PSS
block is added to the summing point where modulation of
voltage reference to AVR occurs. More insight into the
synthesis of various control signals that can be fed as an input
to PSS to provide positive damping to low-frequency
oscillations is given in [21]. In this study, Ao based PSS is
employed, as shown in Figure 2.

2.2. Load Modelling

For performing a load flow study, it is customary to treat
loads as CP type. CP type finds application in commercial
areas. Residential areas mostly have CZ loads. However, for
small signal stability studies, it is necessary to consider
different types of voltage-dependent load models. They can be
either exponential, ZIP or dynamic type.

Here, only 1% two types of load models were taken [see
Equations (2)-(7)]. The values of o and B are 0, 0 for CP type,
1, 1 for CI type, 2 and 2 for CZ type, respectively. ap, Bp, Yp,
ag, Bg, vq Values are 1.41, -1.61, 1.21, 3.72, -7.08, 4.35 for
industrial loads and -0.1773, 0.9949, 0.1824, 4.993, -12.910,
8.917 for EV loads respectively. The nomenclature and
constants in Equations (2), (3) are as per [22], whereas
Equations (4)-(7) are from [14].

P =P, (VKO)“ @
Q=10 (VKO)B ©)
P=ry[a,+ B, (2) + 1o ()] @
Q= 0o [aq + B4 (1) + 74 (VK)Z] 5)
a’p+ﬁp+yp—1 (6)
ag+PBy+v,=1 @

3. PSO Optimization Technique

The overall flow chart combining the analytical method
of small signal stability with PSO-based PSS is depicted in
Figure 3. PSO, a metaheuristic algorithm, was developed by
[23] inspired by the social activity of birds. PSO considers a
swarm of particles, particles being spread over the minimum
and maximum range in the plane. These particles are driven
by giving an initial velocity. Velocity in subsequent steps is
adjusted according to inertial weights. Each particle recollects
its previous best position (Pbest), directs its velocity, and
converges towards the global best position (Gbest).
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A\ 4

Read line data, load data. Treat loads as
constant power type and perform load flow
by Newton Raphson method

Obtain initial values of all machine variables
and voltages of the network

A 4

Linearize all the differential equations of machine,
AVR together with stator algebraic equations and
network power balance equations

For each voltage dependent load model, linearize
the equations related to the real part and reactive
part and couple these linearized equations with the
equations obtained in the above step

!

By placing PSO based PSS @ appropriate location,
linearize the PSS differential equations and obtain
overall system matrix by eliminating all the non-

state variables

\4

Perform the eigenvalue computation using the
overall system matrix, developed in the above step
and display the inter area mode and evaluate its
damping ratio

Stop

Fig. 3 Flow chart for scenario 1 and scenario 2

Let the swarm size and dimension be denoted by ‘N’ and
‘D’, respectively. Swarm ‘X’ is X=[X1,Xa,...Xn]". Each
particle Xi is written as Xi=[Xi1,Xi2,...Xip] Vvelocity
V=[V1,Va,...VN]". Where Vi=[Vi1,Via,...Vip]; i is from 1 to
N and j is from 1 to D.

Pbest}; is the personal best of ;™ component of i*"
particle in k™ iteration. Gbestf isj™ component of best

individual till the k" iteration. Particles are perturbed in each
iteration by assigning the velocity as follows:

VKR = WV + Cry[Pbestf; — X7 +
C,1y [Gbest{‘_j - Xi’,(frl] ®

Where riand r2 are random numbers in (0, 1); C1 &
C.are individual and social acceleration coefficients.

The inertial weight (W) is given as,

k
W = Wpax — % Whnax = Wiin) )

Details regarding the PSO Algorithm are given below,
followed by the flow chart in Figure 4.

3.1. PSO Algorithm
Step 1: Initialize all the PSO parameters.

N=30, Kmax=600, Win=0.4, Wnax=0.9, C1=2, C,=2
Step 2: Set iteration count (K) =1

Step 3: Assuming X ranging Xmin 10 Xmax, generate
random positions (initially) as,

X = Xpin + rand[Xmax — Xminl (10)
Assume the initial velocity to be 1% of X.

Step 4: Find Ff = F(Xf;)v ‘i". Find the index of best
particle b (where b € 1)

Step 5: Initialize Pbest; = X/ and Gbest} = Xy

Step 6: Find W from (9) and calculate v/** from (8) and
update x/* as Xk, + v/

Step 7: Evaluate Ff = F(X/;)v particles ‘i’ to find the
index of the best particle by

Step 8: For V the particle ‘i’ update the Pbest as follows.
If  FFY<FF  then  set  PbestFt! - xi+1,
Else Pbestf*' — PbestF

Step 9: Update Gbest as follows.

If FH < FF then set Gbestf*! — Pbest**! and do b—b;
Else Gbest®*! — Gbest* and Set k=k+1 and run the
program till k=Kmax.

Step 10: Print Gbest*®
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Initialize all parameters of PSO

'

Initialize population of particles with
position and velocity

}

Calculate initial fitness of each particle and
choose Pbest and Gbest

l

Set iteration count k = 1
N|

v

Update velocity and
position of each particle

}

Calculate fitness of each particle and
update Pbest and Ghest

!

k=k+l <

k <= KMax’)

l N
Print optimum values of variables

Fig. 4 Flow chart of PSO algorithm

4. Results and Discussions

The system with ‘X’ generators has ‘(X -1)
electromechanical modes. Kundur two area system has four
generators, ten nodes, two loads and three tie lines. By
modelling loads as constant power, the scripting of the polar
version of Newton Raphson load flow was done in the
MATLAB 2020 environment, which served as an input to the
eigenvalue analysis of the MATLAB script.

Kundur two area system data was taken from [21] in
which the mechanical damping of the machine is given as 0.
However, in this work, it is taken as 0.01 for all machines. The
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validation of MATLAB code for small signal stability analysis
was done by writing the program on the data given in [21], and
eigenvalues were obtained very accurately with the values
presented in [21]. [21] dealt only with modelling loads as CZ
type only, i.e. case 3 scenario 1. This confirms the validity of
MATLAB code developed for CZ type, which can be changed
to incorporate new cases and scenarios.

4.1. Scenario 1 without PSS

The results of the eigenvalue analysis for each case with
AVR only are shown in Figure 5. Swing mode 3 is the inter-
area mode and is of specific interest to us, as seen in Table 1.
Damping of inter-area mode for cases 1-5 are 0.96, 0.67, 0.46,
0.81 and 0.92 % respectively, for scenario 1, which are less
than 3.0 %. The other swing modes have a damping ratio of
more than 10% for all the cases of scenario 1, as shown in
Table 1. It was suggested in [24] that a minimum damping
ratio of 0.03 is acceptable for power system operation under
stressed situations.

4.2. Placement of PSS for Scenario 1

The time constants Ty, T2, Ts, and T4 and were fixed as
0.047, 0.0218, 3.0, 5.4 s, respectively given in [21], and PSS
gain was varied from 0 to 30 by locating PSS at each
generator. Among four generator sites, the location for which
the locus is away from the imaginary axis is considered the
selection criterion for the location of PSS. G; was found to be
the candidate node for case 1, whereas, for cases 2-5, G4 was
found to be a desirable node for placing the same, as seen in
Figure 6.

4.3. Tuning of PSS for Scenario 1

For case 1, with the location fixed in the previous step, Ks
and T were selected as tunable parameters by giving FF as an
objective function to the PSO algorithm for minimization,
whose parameters are given in Section 3.

The PSS parameters tuned by PSO are Ks=17.2079 and
T1=0.2472 for case 1. The remaining parameters (T2, Ts, T4
and To) of PSS are left undisturbed. The small signal stability
program was rerun by including PSS at G;. It was observed
that all swing mode damping ratios increased when compared
to the base case shown in Table 1 for case 1.

All eigenvalues corresponding to scenario 1 for cases 1-5
after placing PSS are shown in Figure 7. The real part of the
swing mode-3 drifted away from the imaginary axis for cases
1-5, as tabulated in Table 1.

The improvement of the damping ratio of swing mode- 3
by placing PSS at G; for CP type of loading is from 0.96 to
5.72% as given in Table 1. By placing PSS at Gs, the
improvement of the damping ratio of swing mode-3 for cases
2-5isfrom 0.67 t0 4.48, 0.46 t0 4.87,0.81 t0 4.47, and 0.92 to
5.08%, respectively, as in Table 1.
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Table 1. The damping ratio of various electromechanical modes before and after placing PSO based PSS corresponding to scenario 1

Fig. 5 Eigenvalue plots without PSS of inter-area modes for cases 1- 5 corresponding to scenario 1

Case Swing Eigenvalue Damping Ratio, %
Mode Without PSS With PSS Without PSS With PSS
1 1 -0.7680 + j 7.2818 -2.2872 £ 6.5073 10.49 33.16
2 -0.7179 + j6.6473 -0.7385 +j 6.6537 10.74 11.03
3 -0.0441 + j4.6056 -0.2615 + j 4.5606 0.96 5.72
2 1 -0.7724 £ 7.3023 -0.7721 £ 7.3016 10.52 10.52
2 -0.7406 + j 6.6842 -1.9791 £ 6.1001 11.01 30.86
3 -0.0305 +j 4.5260 -0.2009 + j 4.4803 0.67 4.48
3 1 -0.7738 +j 7.3186 -0.7737 £ 7.3182 10.51 10.51
2 -0.7502 £ 6.7123 -1.9075 +j 6.1765 11.11 29.51
3 -0.0207 £ j 4.4572 -0.2143 £ 4.3937 0.46 4.87
4 1 -0.7705 £ j 7.2997 -0.7702 £ 7.2989 10.50 10.49
2 -0.7361 +j 6.6799 -1.9961 +j 6.0788 10.95 31.20
3 -0.0366 + j 4.5440 -0.2015 + j 4.5041 0.81 4.47
5 1 -0.7672 £ 7.3164 -0.7670 £ 7.3101 10.43 10.43
2 -0.7394 £ 6.7112 -1.9328 £ 6.1438 10.95 30.01
3 -0.0410 £ j 4.4975 -0.2263 + j 4.4486 0.92 5.08
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Table 2. Damping ratio of various electromechanical modes before and after placing PSO-based PSS corresponding to scenario 2
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c Swing Eigenvalue Damping Ratio, %
ase
Mode Without PSS With PSS Without PSS With PSS
1 1 -0.7622 +j 7.2502 -2.2518 £ 6.7571 10.45 31.62
2 -0.7064 + j 6.6253 -0.7154 + j 6.6263 10.60 10.73
3 -0.0332 + j 4.0895 -0.1694 +j 4.0517 0.81 4.18
2 1 -0.7682 + 7.2739 -0.7680 £ 7.2734 10.50 10.50
2 -0.7309 + j 6.6636 -1.9237 + ] 6.2816 10.90 29.28
3 -0.0160 + j 3.9981 -0.1267 +j 3.959 0.40 3.20
3 1 -0.7706 +j 7.2924 -0.7705 £ 7.2922 10.51 10.51
2 -0.7417 +j 6.6927 -1.8540 +j 6.3439 11.01 28.05
3 -0.0039 +j 3.9199 -0.1432 +j 3.8634 0.10 3.70
4 1 -0.7659 + j 7.2708 -0.7658 + j 7.2705 10.48 10.47
2 -0.7260 + j 6.6588 -1.9405 + j 6.2648 10.84 29.59
3 -0.0228 +j 4.0200 -0.1258 +j 3.9862 0.57 3.15
5 1 -0.7631 +j 7.2902 -0.7630 +j 7.2900 10.41 10.41
2 -0.7303 £ 6.6911 -1.8793 +j 6.3202 10.85 28.50
3 -0.0251 £ 3.9712 -0.1496 + j 3.9296 0.63 3.80
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Fig. 6 Root locus plots of inter-area modes for cases 1-5 corresponding to scenario 1
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Fig. 7 Eigenvalue plots of inter-area modes with PSS for cases 1-5 corresponding to scenario 1
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Fig. 8 Eigenvalue plots for cases 1-5 corresponding to scenario 2 without PSS
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4.4, Scenario 2 without PSS

The load flow program was rerun by removing one tie line
between 5™ and 6™ nodes. The results of eigenvalue analysis
for each case with AVR only are shown in Figure 8. The
damping of the inter-area mode (swing mode - 3) for cases 1-
5 are 0.81, 0.40, 0.10, 0.57 and 0.63 % respectively for
scenario 2. It is evident from the above results that for all the
above cases, the damping ratio of swing mode 3 is less than
1.0 %. It was found that the damping ratio of the inter-area
mode deteriorated when compared to scenario 1. The other
swing modes have a damping ratio of more than 10% for all
the cases of scenario 2, as shown in Table 2.

4.5. Placement of PSS for Scenario 2

The procedure outlined in Section 4.2 is followed, and
from Figure 9, G; was found to be the candidate node for case
1, and G4 was found to be a desirable node for cases 2-5 for
placing PSS.

4.6. Tuning of PSS for Scenario 2

Locating PSS at Gi, Ks and T; were tuned by PSO
algorithm to obtain Ksas 16.6370 and T as 0.2173 s for case
1. The remaining parameters (T, Ts, T4 and Tq) of PSS are
left undisturbed. The program was rerun by including PSS at
Gi. It was observed that all the swing mode damping ratios
increased when compared to the base case shown in Table 2
for case 1.

All eigenvalues corresponding to scenario 2 for cases 1-5
after placing PSS are shown in Figure 10. The real part of the
critical inter-area mode has drifted away from the imaginary
axis for all cases 1-5, as tabulated in Table 2. Improvement of
the damping ratio of swing mode 3 by placing PSS at G; for
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