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Several methods were proposed for the design of power system
stabilizer, PSS, based on PI, PID, and FOPID controllers. In these
controllers, the degree of freedom increases from two to three and five,
respectively. Although increasing the degree of freedom can enhance the
convergence rate and the robustness of the controller, it does come with
more challenges when it comes to tuning the control parameters. For
instance, it is no longer possible to adjust FOPID parameters using trial
and error. One of the conventional methods is to use optimization
algorithms, but it should be noted that the power system is highly non-
linear. This research aimed to propose an algorithm to design the PSS
controller based on FOPID, in which the controller coefficients were
adjusted based on the system conditions. For this purpose, the controller
coefficients were defined based on the gradient of the power system, so
that the coefficients were adjusted at any moment by the adaptive-
indirect gradient method in such a way that the cost function of the
controller was minimized, and as a result, the rate of oscillation damping
increased. In the proposed algorithm, an identifier based on self-tuning
wavelet neural network with online learning was used to estimate the
gradient of the power system. Finally, the proposed adaptive controller
was designed for a two-zone, two-machine power system including
FACTs devices, SSSC-type, and its performance was evaluated in
comparison with other methods. The results confirm the effectiveness of
the proposed method.
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EXTENDED ABSTRACT

Introduction

The power system is exposed to unwanted and sudden disturbances at any moment,
which are followed by low frequency fluctuations, and if they are not controlled, the stability
of the system is at risk. The common solution of damping these fluctuations is the use of the
power system stabilizer, PSS, in the power plant, as well as the FACT devices in the
transmission lines.

Classic controllers are among the first PSSs that were considered due to their simple
design and easy implementation. However, the efficiency of these PSSs decreases
considerably with the change of the operating point of the system and since the power
systems are highly nonlinear and the classic PSSs with fixed parameters cannot cope with
severe changes in the operating conditions of the system.

PSS design based on proportional-integral controller, PI, provides better and more
robust performance than classical PSS. In addition, the use of PID proportional-integral
controller-derivative controller increases the damping speed to some extent. These
controllers have a simple structure and low cost. However, these controllers have many
disadvantages related to the method of setting their parameters and the dependence of
their performance on the working point.

To overcome these problems, PID-based adaptive controllers have been proposed in
addition to various methods to adjust the parameters of these types of controllers including
frequency response-based methods, numerical methods, artificial intelligence-based
methods, and optimization methods.

Methodology

Recently, the use of fractional-order proportional-integral-derivative controller (FOPID)
has been widely considered in various applications such as stabilizer design. This controller
is more resistant than Pl and PID due to more degrees of freedom (five variable coefficients)
and has a wider stability range. However, setting the parameters of this controller is very
important for its optimal performance.

The FOPID controller expands the degree of the integrator and the derivative of the PID
controller from one point to a plane, which makes the FOPID controller more flexible in
design and the resulting controller provides more accurate and appropriate results in the
time domain. to show This issue is shown in Figure (1). According to this diagram, the
design interval is defined for parameters A and .
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Figure 1. FOPID controller design space.

In the present research, FOPID-based PSS was designed for FACTs devices, whose
parameters were adjusted in an adaptive way. In other words, the designed PSS is an
adaptive fractional proportional-integral-derivative controller, A-FOPID. Therefore,
according to the challenges raised in the previous section, the innovation of the research
can be considered as including the following:

1- Adaptive PSS design based on FOPID for FACTSs devices

2- Optimum adjustment of FOPID controller parameters in nonlinear system based
on adaptive structure based on self-recursive wavelet neural networks

3- Comparison of the proposed PSS with FOPID-based PSSs presented in other
articles

Results and discussion

To evaluate the performance of the proposed controller as PSS, different scenarios
including fault and load change were applied in the power system of Figure (1).
Furthermore, the proposed method was compared with PI controller, adaptive PID and
FOPID. For this purpose, an optimal FOPID controller was designed using the PSO
optimization algorithm, as well as an optimal fractional order fuzzy PID controller (Optimal
FO-FPID) based on the PSO optimization algorithm. The transformation function of FOPID
controller was defined as per equation (1). Moreover, for the proposed Optimal FO-FPID
controller, the structure, table of fuzzy rules and shape of fuzzy membership functions were
implemented according to.

K:
P(s) =K, + S—; + K s* (1)
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In order to better compare the performance of the proposed method with other
methods, four performance indicators of (1) integral absolute value of error (IAE), (2)
integral squared error (ISE), (3) integral absolute value of error in time (ITAE), and (4)
settling time from the results simulations were extracted were taken into account. The
values of these indicators are presented in Tables 3 to 6. An evaluation of these indicators
demonstrated that the proposed controller led to a significant decrease in performance
indicators compared to PI, OLSL-PID, Optimal FOPID and Optimal FO-FPID controllers.

To exemplify, for the first scenario, the IAE index of the proposed adaptive controller
was reduced by 50%, 21%, 37% and 26% compared to the responses of PI, OLSL-PID,
Optimal FOPID and Optimal FO-FPID controllers. The results of the ISE index showed a
decrease of 51%, 22%, 35% and 25% of the response of the proposed controller compared
to the response of PI, OLSL-PID, Optimal FOPID and Optimal FO-FPID controllers.

Conclusion

In this article, the power system stabilizer based on FOPID controller is presented. The
controller parameters were adjusted by the adaptive-indirect gradient method. For this
purpose, the controller weights and its cost function were defined in terms of the system
gradient so that the controller weights were changed according to the system gradient and
these changes were made in the direction that the controller cost function be minimized. In
order to calculate the gradient, identification based on self-adjusting recurrent wavelet
transform neural network was used. The optimal performance of the identifier led to the
effective results of the controller.
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Se1 = 2100 MVA, Sg2 = 1400 MVA, H = 3.7 s, Vs = 13.8 kV, f = 60 Hz, Rs = 2.8544e-3, X4 = 1.305, X}, =
0.296, X} =0.252, Xq = 0.474, X,= 0243, X/ =0.18, Tg= 1.01 s, T;=0.0535, T;/=0.1s.
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ol
Loadl =250 MW, Load2 = 100 MW, Load3 =50 MW

1 y95lo yghumil
Ser1 = 2100 MVA, Sgr2 = 400 MVA, 13.8/500 kV, f =60 Hz, R1 =R>=0.002, L1 =0, L2 =0.12, D1 /Yy
connection, Rm =500, Lm =500.

JWs! bols
3-Ph, 60 Hz, line lengths: L1 =280 km, L2 =300 km, L3 = 50 km, R1 = 0.02546 Q/km, Ro = 0.3864 Q /km,
L1=0.9337e-3 H/km, Lo = 4.1264e-3 H/km, C1 = 12.74e-9 F/km, Co = 7.751e-9 F/km.

:SSSC

Snom = 100 MVA, Vnom =500 kV, f =60 Hz, Vet = 3 pu/s, R =0.00533, L = 0.16, Vbc =40 kV, Coc = 375e-
6 F, Ke =0.00375, Ki=0.1875, Kp = 0.1e-3, Ki = 20e-3, Vq = £0.2.

oo (1 3Lyl ly
PSS1and PSSz : Ts=15e-3, Tw=1, K, =0.25, T1 =0.06, To=1, T3=T4=0.

1iblige 23 £ 4 [YF] Optimal FO-FPID (fig) 4 by yo (550 3l qulyi JSob 9 551 (ruilsd Joor
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