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Article Info Abstract

This paper presents the design of a proportional-integral-derivative power-system-stabilizer
Received: 24/11/2017 using the firefly algorithm for tuning of stabilizer parameters and washout (reset). The proposed
Accepted: 23/12/2017 optimization of parameters is carried out with eigenvalue analysis based objective function for

two cases (two parametric bounds) to guarantee the stability for the single-machine-infinite-bus
system model for a wide range of operating conditions. The system performance with Firefly-

Keywords Algorithm tuned controller is compared with Bat-Algorithm optimized Conventional-Power-
Conventional power System-Stabilizer controller. The power system robustness is tested on 133 operating conditions
system stabilizer to set up the superior performance of FA-PID-PSS over the BA-CPSS. According to the
Firefly algorithm eigenvalue analysis and time response parameters results, it is found that BA-CPSS and FA-
optimized PID based PID-PSS (case-1) have the ability to stabilize the system for some operating conditions; but the
PSS . o FA-PID-PSS (case-11) can stabilize the system and can improve settling time and overshoot for
Bat algorithm optimized all operating conditions..

conventional PSS
SMIB power system

1. INTRODUCTION

The excitation control of generators is among the important topics in the field of power system. A good
excitation control is the best way to damp the oscillations and improve the rotor angle stability of
generators [1]. Using power system stabilizer (PSS) is a superior method to improve the damping of
rotors electromechanical oscillations and in line it enhances the transmission lines energy transfer
capability. It provides the damping for developing the component of electrical torque in phase with the
deviations of rotor speed by modulating the voltage reference of exciter control [2].

Power system stabilizers are successfully used in power systems for few years because of their flexibility
low cost and easy implementation. In existing power system the conventional power system stabilizers
are used in wide range and have contributed to enhance the dynamic stability of power systems [3]. This
kind of damping torque production is the most efficient procedure to enhance small signal stability of
power systems, in comparison to Flexible AC Transmission System (FACTS) - based controllers [3].
Moreover, a supplementary controller may be designed for each FACTS device and these electronic
devices are not directly involved with electromechanical oscillations. As a result, the damping controller
(FACTYS) design is not as straightforward as those of the PSS [1].

Different types of controllers like Proportional plus Derivative (PD), Proportional plus Integral (Pl),
Proportional plus Derivative plus Integral (PID) and Lead Lag controllers were designed to stabilize the
system. Lead Lag controllers which is characterized by its simple implementation are the traditional type
of controllers. PID which is a combination of proportional, derivative and integral is the leading type of
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controllers. It computes the error between the desired and the measured variables and tries to reduce the
error by tuning the input parameter [4].

The power system and control engineers made an important contribution to conventional power system
stabilizer design after the initial work of Concordia and deMello [5]. After that, the most models were
developed by using advanced and new control hypothesis such as optimal control, eigenvalue (pole)
assignment [6] and adaptive control [7]. The PSS structure selection and design is a complicated process
of iteration. The better power system stabilizer design, to be capable for adapting each variation according
to the changing of operational condition can be performed by self-tuning [6], such as adaptive control
methods based on Lyapunov [8] for the design of PSS. For this kind of methods, it is necessary to know
extensive knowledge of power system dynamics and require a long time for processing [9].

To improve the performance of power system stabilizer many techniques have been proposed to design
PSSs parameters for example population based such as Artificial Bee Colony (ABC) algorithm [10],
Acrtificial Neural Networks (ANNSs) as in [11], fuzzy logic in [12-16], adaptive fuzzy in [17,18], neuro-
fuzzy in [19-21] and many other intelligent optimization techniques. From last few years fuzzy logic
controller is used in power system applications as a powerful tool.

In [22], by Bat-Algorithm optimized novel fractional order PID-PSS is suggested that has been tested on
a SMIB power system under different disturbances and operating conditions. In [23], a robust PID-based
PSS is suggested to appropriately function over a wide range of operating conditions. Doubts in plant
parameters, due to deviation in load patterns and generation, are expressed in the form of a poly topic
structure. The problem of PID control is initially reduced to a generalized static output feedback
synthesis. In [24], the authors proposed a simple analytical method to compute the set of three terms of
robust stabilizing PSSs. Thus, stabilization of the proposed interval plant by a PID controller and a phase
lead compensator based PSS is dealt with using generalized Kharitonov’s theorem. Besides, essential and
satisfactory constraints for characterizing the robust stabilizing three term controllers are derived by
applying the Routh—Hurwitz criterion to a set of segment/vertex plants.

Therefore, Particle Swarm Optimization, PSO algorithm is one of the robust optimization methodologies
in the procedure of solving the best PID controller parameters problem. As in [25], an optimal PSO based
PID PSS is proposed, which utilizes the speed deviation as the input. In [26], a design method for the
stability improvement of a SMIB power system using PID-PSS has been developed, in which its
parameters are optimized by Hybrid Particle Swarm-Bacteria Forging Optimization (PSBFO) technique.
A real coded GA based PID is produced in [27] for improving the power system dynamic, in which the
proposed stabilizer’s parameters are adjusted by using real coded GA.

In this study a PID based PSS controller is considered and at nominal operational condition tuned for two
cases of parametric bounds using Firefly Algorithm (FA) and examined them on a huge range of
operational conditions (133 different conditions). Moreover, the rest of this paper is arranged as follows;
Part-11 deals with the power system mathematical modeling for SMIB power system. In Part-III is "PID
based Power System Stabilizer Tuning’ followed by the eigenvalue based objective function, review on
the Firefly algorithm and its parameter setting. In Part-IV is ‘Results and discussion’ followed by the
comparative performance analysis of FA-PID-PSS (case-1l) (proposed), FA-PID-PSS (case-l) and BA-
CPSS is achieved, in terms of speed response (overshoot and settling time), and eigenvalue based analysis
to guarantee the robustness of PSS for 133 conditions. In Part-V is ‘Conclusion’ then followed by
appendix, nomenclature and at the end references.

2. POWER SYSTEM MODELING AND PID-PSS TUNING

The SMIB system model as shown in Figure 1, is used to evaluate the performance of power system
stabilizer. Where R, and X, are in order the transmission line resistance and reactance. The E, and V, are
infinite bus voltage and terminal voltage of generator respectively. In figure 1, the switches S; S, and S;
are used to change the kind of PSSs during the power system test for comparing them. BA based PSS
form, Firefly based PID-PSS form and without PSS form are shown in the power system model [28].
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Figure 1. System configuration. Single machine infinite bus with PSSs.

2.1. Non-linear Model

As shown in Figure.1, the non-linear

model is developed by making use of the generator third order

model and using IEEE's type-1 exciter model is shown in Figure. 2. The complete modeling is

represented with equations (1) - (4),

) 1
w :M(Tm_Te_TD)

6 =wp(w—1)
é(’; = T_I[EFD - ec,1 - (xq — x('i)]
do

. 1
Epp = T, [KA(Vref — Vgr + Upss)

(1)
(2)
(3)

— Erp | (4)

where & is the rotor angle in rad, w is the generator speed in rad/s, e, is the generator voltage in g-axis
and Ep, is the output voltage of exciter. T,,, T, and T, are the mechanical, electrical and damping torque
respectively. x; and x/ is generator’s synchronous reactance and transient reactance in d-axis,
vt, Vrey and upgg are the terminal, reference and power system stabilizer output voltages respectively. T,
and T, are the time constants of the exciter and generator model.

max
Ef

E, fd

Aw

Tmin
Upss

Figure 2. IEEE type-1 exciter model with PID-PSS.

2.2. Linear Model
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As in section-1 the non-linear model is linearized using the Phillips-Heffron model as in Figure 3.
In state-space form, the open-loop system is

- . 0 @, 0 0
ALK D K g ras 8
Aw M M M Aw
- |7 _K7I4 0 _Kils i Ae 0 |Upgs (5
Aeq Tdo Tdo Tdo I K
. AE e
AE, | |-KeKs g _KaKe 1 Ta
- L T, T, TA_

Where, K;-Kg are constants.
2.3. Control Strategy

In present work, the Proportional Integral Derivative based Power System Stabilizer (PID-PSS) controller
is proposed and placed in a feedback loop with a washout as shown in Fig. 4. It is one of the most
powerful but made up of interconnected parts controller mode combines the proportional, integral and
derivative mode. The offset of the proportional mode is eliminated by this mode and it supplies fast
response [29].

2.4. Composite Linear Model

To have the composite linear model in the form of Eq. (6), by a small disturbance the states of the non-
linear model are perturbed,

(J'c = Ax + Bu)

y=Cx+Du (6)

where, the matrix A. is a composite of the perturbed states[Aw AS Aey AEgp xS]T', u is the control

composed of upgg, while matrix C is the required output from the system. In this work the output is rotor
speed deviation Aw. The matrix D is adjusted to be zero.

2.5. Closed loop system

The compound linear model that developed in matrix B is modeled in the form of Eq. (7) as a closed loop
system,

Z7=AZ @)

where, Z is composed of [Aw Aw Aey AEg), X5 uPSS]Tand Ac is the closed loop matrix. The overall
closed loop matrix A, then can be written as,

0 Wp 0
K, K, 0 0 0
- 0 - 0 0 0
M M 1
K. 1 — 0 0
- 0 - T'y
T,d T dK3
- 1 K
Ka Ks 0 0 _r 0 o ®
K, 1
-1 0 0 0 e 0
M Ty
KiKp KiKp KK4Kp —KiKpwy, KyKp KyKp K;Kp —K,Kp Kp+ (KT, — Kp)T,,
MT, M MT', M MK:T'q ' MT, M M7, T,)?

where, Kp, K; and K, are proportional, integral and derivative, PID parameters respectively [30].
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Figure 3. Linearized Phillips—Heﬁron“modeI showing the electrical and mechanical loops.

Figure 4. PID based PSS controller consisting of wash-out Filter
3. PID-PSS TUNING
3.1. Objective Function

A robust tuning should be incorporated for increasing the damping of a power system configuration over
a broad range operating conditions. So, the design of PSS is formulated as eigenvalues based objective
function. The maximization of damping factor based and eigenvalue real part minimization based two
sub-objective functions are considered as in [31]. These are represented by Egs. (9) and (10).

J1 = min[Real(A;): A; € oscillatory modes] 9
I, = max[&;: & € & of oscillatory modes]| (10)

where, §; is eigenvalue damping ratio for the ith electromechanical mode and Real(4;) is the real part of
eigenvalue for the ith electromechanical mode. The purpose of optimization for J; is to replace the lightly
damped eigenvalues to the left side of s-plane. The J, is increased to augment the damping of
electromechanical mode oscillations. The limits for the optimization are the bounds on the parameters that
to be optimized like PID parameters and the washout time constant. Therefore, the optimization problem
is subjected to

Km < Kp < K (11)
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KM < K, < Kmn (12)
KW < K, < KpHn (13)
Tn < T, < T (14)

For the PID parameters to be optimized the limits values are taken as [0 - 50] for Kp, [0 - 50] for K;,
[0 — 10] for K, and [0 — 50] for T, in case one and [0 - 300] for Kp, [0 - 500] for K;, [0 — 100] for
Kp and [0 — 50] for T, in case two. To determine the damping ratio for the i" critical mode, Eq. (15) is
used,

£=— (15)
' w/ O'iz + wiZ

where considered eigenvalue is given by 4; = 0; + w;. Therefore, the objective functions can be given
as

Ji = (o= a? (16)
i=1
Jo = Ttk o — §0° (17)

where g; < gy and & =&, fori = 1,2...,n. The effect of J; and J, are shown in Figure 5(a. and .b),

correspondingly. While the combined objective function J = J; + o, is able to place the eigenvalue of
closed loop system in the s-plane D-shape sector as in Figure 5(c). The value of a is considered 10.

3.2. Firefly Algorithm

FA is based on fireflies’ behavior and the flashing patterns. Essentially, the following three idealized rules
are used by FA:
= A firefly will be attracted to other fireflies without any regard of their sex, because fireflies are
unisex.
= The attractiveness and the brightness are proportional to each other, and when their distance
increases they both decrease. So for any two flashing fireflies, the less bright firefly will start
movement towards the brighter one. The firefly will move by chance (randomly) if there is no
brighter one than a specific firefly.
= The landscape of the objective function determines the brightness of a flashing firefly.

As the attractiveness of a firefly is proportional to the light intensity seen by the nearest fireflies, in such a
case the variation of attractiveness 8 with the distance r can define by

B = Poe™™, (18)
where £3,. is the attractiveness at r = 0.

To more attractive (brighter) firefly j the movement of attractiveness of a firefly i is given by

2
Xt = xf+Boe M (xf — xf) (19)



161 Zakirhussain FARHAD, Ibrahim EKE, Suleyman Sungur TEZCAN, Shah Jahan SAFI / GU J Sci, 31(1): 155-172 (2018)

where the 2™ expression is because of the attractiveness. The 3™ expression is randomization with the
parameter of randomization a;, and e} is a random numbers vector drawn at time t from a uniform
distribution or Gaussian distribution. If B, = 0 it will become a simple random walk. Form another
point of view, if y =0, it decreases a variant of particle swarm optimization [32]. Moreover, the
randomization’e} can be easily expanded to other distributions like Lévy flights [32 and 33].

3.3. Parameter Settings

As the randomness is essentially controlled by «;, during iterations this parameter can be tuned, therefore
it can vary by the iteration counter t. thus a better choice for expressing o; is using of

ar = aydt, (0<6<1), (20)

where o, is the scaling factor of initial randomness, and & is significantly a cooling factor. On the various
applications, § = 0.95 to 0.97 can be used [32].

According to the initial oy, if o is associated with the scaling of design variables, firefly will work
efficiently. Let consider L be the mean scale of the interest problem, ay = 0.01L can be set as an initial
value. The X. S. Yang reported that the 0.01 factor is the original value that a random walks needs a
number of steps to achieve the goal while balancing the local exploitation without jumping too far in a
few steps [34, 35].

$o
6; < 50 A Imag AN A imag 4 Imag
B i= 60
§i26 ’
60 Rear Rear 60 Rear
6;< 6y
(a) Objective Function: J; (b) Objective Function: J, (c) Objective Function: J

Figure 5. lllustration of objective function.

The attractiveness is controlled by the parameter 8, and from the suggestion of parametric studies that for
various applications 8, = 1 can be used. However, y should be also related to the scaling L. In general,
we canset y = 1/+/L. If the variations of scaling are not essential, then we can select y = 0(1).

For various applications, the population size n = 15 to 100 can be used, though n = 25 to 40 is the best
range for usage [32, 34].

4. RESULT AND DISCUSSION
4.1. The Creation of Experimental Conditions

The configuration of the SMIB power system is shown in Figure 1 and the data of power system is in
Appendix A. The speed of generator that is used as input of the PSS sensing from the shaft and the output
of power system stabilizer is applied to the Automatic VVoltage Regulator (AVR) at the reference voltage
junction. In this work, the consideration of test power system to be operated is within the ranges of real
power and the transmission line reactance as shown in Figure 1, are given in Egs. (21) and (22).



162 Zakirhussain FARHAD, Ibrahim EKE, Suleyman Sungur TEZCAN, Shah Jahan SAFI / GU J Sci, 31(1): 155-172 (2018)

04 <Pyp<13 (21)
02<X,<0.5 (22)

The power system operating point involves all practical operational conditions as mentioned above and
generating a range of 133 different operational conditions. In this study, as shown in Table 1 from 133
operating conditions only eight have been considered for time domain analysis of the power system.
These eight sample operating conditions are pointed out in terms of line reactance and active power in pu
and related eigenvalues, damping ratios and oscillations frequency. More than 0.1 is the favored damping
ratio as in [36] and the eigenvalues location must be in the LHS of the s-plane to guarantee the stability
conditions; consequently, operating conditions 6-8 demonstrate a power system unstable state [9].

4.2. PID-PSS Parameters Optimized by Firefly Algorithm

The MATLAB environment is used to obtain the effectiveness of the proposed FA-PID-PSS algorithm.
The algorithm parameters utilized for simulations are: Iter =30; n=40;y =1, o= 2; a =
0.2; agamp = 0.99; 6 = 0.05(Varn,qx — Varpy); m = 2. For optimal tuning of PID-PSS parameters,
we considered the operating of SMIB system at nominal operational condition (in which X, =
0.4 pu and P = 1.0 pu); subjected to the objective function based on eigenvalues with the parametric
two limits cases such as 0 < Kp <50, 0<K; <50, 0<Kp <20and 0<T, <50 for case-1 and
0<Kp<300, 0<K; <500, 0<Kp, <100 and 0<T, <50 for case-2. For nominal operating
condition of system the optimized parameters are enlisted in Table. 2. The performance of tuned FA-PID-
PSS with the SMIB system is checked and compared to CPSS tuned by BA as shown in [9], the tuned
parameters are pointed out in Table 3. In the section of Simulation results the comparison performance is
presented.

4.3. Eigenvalue Analysis
4.3.1. Test system without PSS

In this part, the nature of SMIB system for the range of 133 different operational conditions by using
eigenvalues plot on s-plane is analyzed. The entire range of operating conditions as given by Egs. (21)
and (22) with 0.05 step size, outcomes to be 133. For these operating conditions without power system
stabilizer (under open loop) the corresponding eigenvalues plot is represented in Figure-6. With the
increase in line reactance X. and also in active power Py, the corresponding eigenvalue replaces to the
RHS of s-plane. In the result of the case, where, the PSS isn’t added to the system; 61 operating
conditions are unstable by the cause of eigenvalues position in RHS of s-plane and 72 operating
conditions are stable due to the corresponding eigenvalues location in left hand side (LHS) of s-plane.
The stability and instability for mentioned operating conditions are pointed out in Table 4. If the
eigenvalues of electromechanical mode located in the s-plane D-shape sector, the system stability will be
guaranteed [9], accordingly, the preferred damping ratio grid as 0.1 is considered and to confirm D-shape
sector on the s-plane the eigenvalues are plotted on the figure. As indicated in the plot of Figure 6, that
the eigenvalues of system for 61 operating conditions are not located in s-plane D-shape sector therefor
representing instability which call to use the optimized PSS with the power system.

4.3.2. Test system with FA tuned PID-PSS

As obtained in ‘Test system without PSS’, that 72 operating conditions without PSS satisfy the stability
conditions but not located in s-plane D-shape sector to guarantee the system stability. Thus, the PID based
PSS is used with the generator of the test system, and for the two parametric bounds (case-1 and I1) using
FA its tuning is carried out with objective function based on eigenvalues. The optimized controllers of
SMIB system as pointed out in Table 2 are subjected to eigenvalue plot and shown in Figure 7 and Figure
8. For the case-I, the eigenvalue plots for 126 operating conditions with tuned PID-PSS, are located in s-
plane D-shape sector and for the case-1I the eigenvalue plots of all 133 operating conditions with tuned
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PID-PSS, are located in s-plane D-shape sector. The adjusted eigenvalues, damping ratios and
frequencies of the system with FA-PID-PSS (case-1 and II) for the sample operating conditions (in
number 1 to 8 as in Table 1) are pointed out in Table 5. It is obvious that for the system with FA-PID-PSS
(case-1) neither real part of eigenvalues are positive nor damping ratios are less than 0.1, ensuring stability
condition in s-plane D-shape sector.

Table 1. For operating conditions 1-8 of without PSS system eigenvalues, damping ratios and
oscillatory frequency of the electro- mechanical modes.

Sample operating condition Active Power Line Reactance  Eigenvalues Damping Ratio  Frequency (Hz)
Condition -1 0.5 0.2 -0.7868 + 6.3423i 0.1231 1.017
Condition -2 0.5 0.4 -0.4881 +5.5579i 0.0875 0.888
Condition -3 0.75 0.2 -0.5246 + 7.3978i 0.0707 1.18
Condition -4 0.75 0.4 -0.1728 + 6.5099i 0.0265 1.036
Condition -5 1.0 0.2 -0.1073 + 7.9336 0.0135 1.262
Condition -6 1.0 0.4 0.3906 + 7.0415i -0.0554 1.122
Condition -7 1.2 0.4 0.9185 + 7.8742i -0.1180 1.163
Condition -8 1.3 0.2 0.3979 + 8.2132i -0.0484 1.308

Table 2. Firefly algorithm based optimized parameters of PID-PSS

Controller Kp K Kb Tw

FA-PID-PSS, case-I 22.0607 30.4979 4.0506 27.8732
FA-PID-PSS, case-1l: Proposed 198.0827 477.561 28.422 39.5729

4.3.3 Test system with BA-CPSS

In this test system the BA-CPSS as proposed by D.K. Sambariya, R. Prasad [9] is use and the eigenvalue
plot is shown in Figure 9. In the test performance, seven operating conditions eigenvalues located in the
RHS of s-plane (3.7699 + 0.0000i, 3.7878 + 0.0000i, 3.8235 + 0.0000i, 3.7499 + 0.0000i, 3.7881 +
0.0000i, 3.8243 + 0.0000i and 3.8583 + 0.0000i associated with Xe = 0.4:0.05:0.5 pu, P = 1.15: 0.05: 1.3
pu), indicating unstable mode of operation. Besides of it, with the most number of operating conditions
the corresponding eigenvalues not taking place in the s-plane D-shape sector. The eigenvalues, damping
ratios and frequency of chosen 8 sample operating conditions with BA-CPSS are obtain and illustrated in
Table 5. It is mentionable that some of the damping factors associated with operating conditions are more
than 0.1 but a few number are lesser than 0.1 and also smaller in magnitude as compared to power system
with FA-PID-PSS (case-1l). So, the ability of SMIB power system with FA-PID-PSS (case-1l) (proposed)
is better than the BA-CPSS [9].

Table 3. BA based optimized CPSS parameters: D.K. Sambariya, R. Prasad [9].

Controller Gain: K Zero: T1 Pole: T2 Tw

BA-CPSS: 20.1405 0.3017 0.0200 10
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Figure 7. Eigenvalues plot of PID-PSS (case-1) based SMIB system
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Table 4. Eigenvalues based stable and unstable operating conditions for system without PSS, with BA-
CPSS and with FA-PID-PSSs (case-I and I1).

Xe SMIB without PSS SMIB with BA-CPSS [9] SMIB with FA-PID_PSS(case-1)  SMIB with FA-PID_PSS(case-11)
Stable Unstable Stable Unstable Stable Unstable Stable Unstable
P P P P P P P P
0.20 0.40:0.05:1.05 1.10:0.05:1.3  All Nil All Nil All Nil
0.25 0.40:0.05:0.95 1.10:0.05:1.3  All Nil All Nil All Nil
0.30 0.40:0.05:0.90 0.95:0.05:1.3 Al Nil All Nil All Nil
0.35 0.40:0.05:0.85  0.90:0.05:1.3  All Nil All Nil All Nil
0.40 0.40:0.05:0.80  0.85:0.05:1.3  0.40:0.05:1.25 1.3 0.40:0.05:1.251 1.3 All Nil
0.45 0.40:0.05:0.75 0.80:0.05:1.3 0.40:0.05:1.20 1.25:0.05:1.3 0.40:0.05:1.20 1.25:0.05:1.3 All Nil
0.50 0.40:0.05:0.75  0.80:0.05:1.3  0.40:0.05:1.10 1.15:0.05:1.3  0.40:0.05:1.10 1.15:0.05:1.3  All Nil
Conditions 72 61 126 07 126 07 133 0

Table 5. Eigenvalues, damping ratios and oscillatory frequencies of the Electro-mechanical
modes for sample operating conditions 1-8 with FA-PID-PSSs (case I, I1) and BA-CPSS

Power system PSS Eigenvalues Damping  Frequency, Hz

condition Model Factors

Condition-1 FA-PID-PSS (case-I) -6.6519 £ 1.6219i 0.9715 0.2581
FA-PID-PSS (case-1l)  -3.7521 +2.2929i 0.8533 0.3649
BA-CPSS -11.9730+19.99351  0.5138 3.1821

Condition-2 ~ FA-PID-PSS (case-I) -2.8679 £ 4.1851i 0.5653 0.6661
FA-PID-PSS (case-1l)  -3.6043 +2.6572i 0.8049 0.4229



166

Zakirhussain FARHAD, Ibrahim EKE, Suleyman Sungur TEZCAN, Shah Jahan SAFI / GU J Sci, 31(1): 155-172 (2018)

BA-CPSS -2.2548 £2.57661 0.4295 0.4101
Condition-3 FA-PID-PSS (case-1) -10.3483 + 5.0280i1 0.8995 0.8002
FA-PID-PSS (case-I1) -3.8116 £2.21641 0.8645 0.3528
BA-CPSS -10.6369 +22.36211  0.6492 2.9057
Condition-4 FA-PID-PSS (case-1) -3.7428 £ 4.53671 0.6364 0.7220
FA-PID-PSS (case-I1) -3.7095 £ 2.5946i1 0.8194 0.4129
BA-CPSS -12.5598 +19.823i 0.5352 3.1549
Condition-5 FA-PID-PSS (case-I) -10.8513 £ 6.1431i 0.8702 0.9777
FA-PID-PSS (case-I1) -3.8410£2.23211 0.8646 0.3552
BA-CPSS -9.9509 +23.3392i 0.3922 3.7145
Condition-6  FA-PID-PSS (case-I) -3.9757 £5.2319i 0.6050 0.8327
FA-PID-PSS (case-Il) -3.7533 £2.6496i1 0.8169 0.4217
BA-CPSS -11.8569 £20.31021  0.5042 3.2325
Condition-7 FA-PID-PSS (case-I) -3.9671 + 5.2309i 0.6043 0.8325
FA-PID-PSS (case-Il) -3.7527 £2.65071 0.8168 0.4219
BA-CPSS -11.8649 +20.306i 0.5045 3.2318
Condition-8 FA-PID-PSS (case-1) -10.6095 + 6.1806i1 0.8641 0.9837
FA-PID-PSS (case-1l)  -3.8532 +2.3083i 0.8578 0.3674
BA-CPSS -9.5374 £23.7947i 0.3720 3.7870
4.4, Simulation Results
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Figurel0. Speed response of without PSS, FA-PID-PSSs (case-I, I1) and BA-CPSS based SMIB power

Figure 11. Speed response of without PSS, FA-PID-PSSs (case-I, 11) and BA-CPSS based SMIB power
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Figure 12. Speed response of without PSS, FA-PID-PSSs (case-I, 11) and BA-CPSS based SMIB power
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Figure 14. Speed response of without PSS, FA-PID-PSSs (case-I, Il) and BA-CPSS based SMIB power

system for Condition -5.
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Figure 15. Speed response of without PSS, FA-PID-PSSs (case-I, 11) and BA-CPSS based SMIB power
system for Condition -6.
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system for Condition -8.
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4.5. Speed Response Analysis

The speed response of the SMIB power system for eight selected operating conditions are specified by
simulation and also the comparison among the test systems are performed.

1. The test system without PSS.

2. The test system is equipped with BA-CPSS as in [9].

3. The test system is equipped with Firefly algorithm tuned PID- PSS (FA-PID-PSS) in cases-I and

.

The comparison result of speed response of the selected operating conditions 1-8 for all four forms are
traced in Figures 10-17. According to the graphic results, the BA-CPSS based SMIB system has the
ability to stabilize the speed response for all sample operating conditions, but with higher overshoots and
long settling times as compared to FA-PID-PSS (case-1 and I1). Only for operating condition-7 the FA-
PID-PSS of case-I isn’t able to stabilize the speed response. The settling time and overshoot obtain for
four states of each operating condition are enlisted in Table 6. Since, the oscillations of the system with
FA-PID-PSS (case-Il) are damped out much faster for all sample operating conditions as compared with
BA-CPSS and FA-PID-PSS (case-1) based power system and also, FA-PID-PSS (case-Il) is caused to
reduces the overshoot of the speed deviation curve better than the others; indicates the best performance
and superiority of FA-PID-PSS (case-11). Besides of it, according to eigenvalue analysis seven operating
conditions with BA-CPSS and the same seven operating conditions with FA-PID-PSS (case-1) are
unstable while all are stable with FA-PID-PSS (case-II).

Table 6. Settling time and overshoot for speed response with FA-PID-PSSs (case 1,11) and BA-CPSS [9].

Power system  FA-PID-PSS (case-11) FA-PID-PSS (case-I) BA-CPSS NO-PSS .
Model settling time overshoot settling time overshoot settling time overshoot settling time overshoot
duration (s) duration (s) duration (s) duration (s)

Condition-1 1.06 0.002013 1.06 0.006957 2.72 0.004355 10.0 0.01592
Condition-2 1.10 0.002382 2.39 0.008515 2.39 0.004150 >12 0.01788
Condition-3 0.95 0.001722  0.95 0.006046 2.28 0.005828 >12 0.01397
Condition-4 1.00 0.002123 1.35 0.007306 2.30 0.006939 Oscillatory increasing
Condition-5 1.14 0.001638 1.14 0.005671 242 0.005487  Oscillatory increasing
Condition-6 0.94 0.001994 1.60 0.009859 2.46 0.00934  Oscillatory  increasing
Condition-7 0.94 1.30 unstable unstable  4.02 0.01069 unstable unstable
Condition-8 0.90 0.001629 1.25 0.005570 3.31 0.01335 Oscillatory increasing

5. CONCLUSION

In this study, the Firefly based PID-PSS is presented for the power system stability improvement. For two
bounds PID parameters optimization is accomplished by using firefly algorithm by objective function
based on eigenvalues. 133 different operating conditions have been taken to analyze the eigenvalues for
the robust tuning of PSS. For eight sample operating conditions (1 to 8) the rotor speed responses have
been analyzed. The speed responses of the rotors for the SMIB system without power system stabilizer,
with BA-CPSS, with the FA-PID-PSS (case-1) and with the FA-PID-PSS (case-11) are compared for
different operational conditions of power system models. According to the eigenvalue analysis and time
response parameters like settling time and overshoot results, it is found that BA-CPSS and FA-PID-PSS
(case-I) have the ability to stabilize the system for some operating conditions and aren’t able to reduce the
settling time duration and overshoot size; but the response with FA-PID-PSS (case-1l) can stabilize the
system and can improve settling time and overshoot for all operating conditions. Use of FA-PID-PSS
(case-11) guarantees the small signal stability of SMIB system because all eigenvalues of
electromechanical modes (for 133 operating conditions) are shifted to left hand side of the s-plane D-
shape sector while seven unstable operating conditions with BA-CPSS and FA-PID-PSS (case-I) based
power system have been proved.
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Appendix A

A.1. Data for SMIB power system

xd = 197pu, X; = 1.9pu, X'q=030pu, T'go = 6.84s, K, =100, T, =0.02s, Ef"=

max rad

—5Spu, Efy™ =5pu, wOZZnXSOE.
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