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Abstract

With the aim of enhancing the small signal stability of electric power systems, the present paper evaluated and compared
some power system stabilizers (PSSs). The dilemma of small signal instability is avoided by equipping the generator’s
automatic voltage regulator (AVR) with a backup controller known as a PSS. Conventional PSS operates with acceptable
efficiency when designed to suit specific operating conditions, but there are limitations and drawbacks that arise when
disturbances lead to fluctuation in system parameters. Strengthening the design methodology for PSS in the face of these
limitations is achieved by adopting artificial intelligence. This research presents a fuzzy, neural system-based approach
to the development of PSS. The Adaptive Network Based Fuzzy Inference System (ANFIS) is used to design the Fuzzy
Neural Power Systems stabilizer (FNPSS) . ANFIS eliminates the disadvantages of using fuzzy logic and neural networks
independently in PSS design. The single machine infinite bus (SMIB) power system was used as a case study to evaluate
the effectiveness of the proposed methodology. Additionally, the study includes root locus scheme for loop of voltage
regulation by utilizing proportional Integral controller, P-I controller, a widely used traditional linear design technique,
for comparison. The simulation results confirm the effectiveness of the method, demonstrating the superiority of the
ANFIS design method over other PSS designs. MATLAB, along with Control System Toolbox and SIMULINK, is used
for simulation and design.

Keywords
Fuzzy Logic Controller (FLC), Adaptive Neuro Fuzzy Inference System (ANFIS), P-I Controller , Power System
Stabilizer (PSS), Root Locus.

I. INTRODUCTION fall into two categories: FACTS and PSS controller [4, 5].
In order to enhance power systems’ performance and func-
tionality both throughout abnormal and normal operations,
PSS is extensively utilized in electric power industry. It could
reduce the power system’s low-frequency oscillation, raise
system positive damping, and boost the steady-state stabil-
ity margin [6, 7]. The world’s main transmission networks
are nearly all operating near their stability limits due to the
massive growth in demand for power. Fast excitation control
is important in these types of systems. For the next reasons,
designing efficient excitation controllers for every operating
condition is still a challenging challenge:

Synchronous generators operate in a power system under
a range of operational conditions as well as disturbances.
They include, among other things, oscillations of active power
(swings in electromechanical operation of the power system).
Real power oscillations, which could arise if the generator is
not adequately dampened could lead to a blackout in a power
system or generator failure [1-3] . An extra regulation loop
is used by the alternator’s excitation-control system to posi-
tively moderate such oscillations. This loop is called the PSS.
Damping system oscillations improves the dynamic perfor-
mance related to the power system. With regard to power
systems, power oscillation damping controllers commonly * Wide range of potential operating conditions.
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* Many different types of disturbances could happen in
different areas of power systems.

* Plant parameter variation brought on by modifications
to the power network configuration.

Fast excitation control is important in these types of systems.
The terminal voltage is intended to be regulated by the excita-
tion controllers. Additionally, improving the system’s overall
stability are AVRs. For the purpose of designing PSS for
various power system models, numerous design techniques
and algorithms were put forth over time.

It is helpful to add additional stabilizing signals at low
frequency oscillations and raise the synchronous machine’s
damping torque for lessening such instability effect as well
as enhancing the system stability performance [6, 8]. The
linearized power system model around the nominal operating
point serves as the basis for the parameters of a traditional
PSS. Since power systems are extremely non-linear, the per-
formance regarding a typical PSS designed using a linearized
power system model cannot be guaranteed in a practical oper-
ational environment [9-11].

Intelligent control methods have been enhanced by the de-
velopment of digital computers. Many previous studies have
adopted fuzzy logic in the design of FLPSSs without the need
for an accurate mathematical model of the controlled system.
Although FLPSSs show an improvement in performance com-
pared to Conventional Power System Stabilizer, CPSSs. The
problem of accurately specifying the system parameters and
the mechanism of selecting membership functions remains a
fault-tolerant problem. Adopting hybrid techniques that rely
on adopting fuzzy digital rules in training the neural network
by adopting the Neural Fuzzy Inference System (ANFIS) is
considered a promising technology [12—-14]. The proposed
method can adaptively calibrate membership functions and
rules to increase system performance.

This paper is organized into five sections. In Section II. ,
a brief review of the SMIB and AVR model is discussed. In
Section III. , Conventional Power System Stabilizer, CPSS
design techniques and Artificial Intelligence Power System
Stabilizer, AI-PSS Design are discussed. Section IV. presents
the simulation results while Section V. provides a conclusion
of this work.

II. MODELING OF POWER SYSTEM

A. Synchronous Generator Model

A single machine linked to infinite bus (SMIB) via a transmis-
sion line was chosen for stability analysis. The system con-
sists of synchronous generator that supplies electrical power
(Pe) to infinite bus, a power grid, through a transmission line.

Vs£oo

V,2®

Transmission Line

Infinite Bus-Bar

Exciter with «—
AVR Unit -
+Vref

Fig. 1. Schematic diagram for (SMIB) model.

One piece of machinery utilized in generators is the Exciter
AVR [15]. The test system’s schematic diagram is displayed
in Fig. 1. The reference for system data is [16].

For keeping generator terminal voltage V., at the in-
tended value V,.r, voltage regulator regulates input u to ex-
citation system, which supplies field voltage. The following
is how we view the state-space representation regarding the
aforementioned system [1]:

One input variable, three output variables, and three state
variables are present, where:

Output variables y = [@ & Viepm|”

Input variable u = V,,¢

The state variablesx = [x; x» x3]" =[@ & Vierm)"
Where, = angular frequency in radian/sec, 6= rotor angle
in radian , Vj,,,,= terminal voltage and ()7 is transpose of a
matrix (-) .

In the state space form, the linearized equations could be
rewritten in the following way

X =AX+BU ey

Y =CX +DU )

The system dynamics are represented by the matrices B, A, D,
and C, which can be ascertained by considering the particular
features of the power system. In the state-space equations, the
matrices A and B are dependent on various system parameters
and operating conditions. These parameters and conditions
include the system configuration, generator characteristics,
network topology, load conditions, and control settings.

The specific values of matrices A and B can be derived by
considering the specific system model and the corresponding
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equations that describe the dynamics of the power system as
shown in Fig. 2. Where

—kKp K -K
2H 2H 2H
A= | o, 0 0 (3)
K3K. -1
B
[0
B=10 “4)
1
L13

B. Power System Stabilizer Structure

The primary aspect of our design problem is PSS structure.
The voltage regulator receives a stable output from the PSS,
which receives input from filter outputs of rotor speed vari-
ables. Because of the unstable operating conditions, PSS func-
tions as damper to oscillation related to synchronous machine
rotor. It accomplishes this by providing the voltage regulator
a stabilized output after receiving the rotor speed as input
(along with rotor’s swings). To offer the best damping for sta-
ble operation, a PSS is adjusted using a variety of techniques.
They are adjusted around what we will attempt to define as
a steady state operating point. The PSS is a straightforward
component of synchronous generator excitation system that
offers an extra dampening torque during a period of generator
speed variation [17].

Fig. 3 shows the physical components of the PSS that are
required to achieve the desired outcome, which are:
Washout filter, a high pass filter with a dc gain of 0, receives
the output (@) after being sent back through a sign inverter.
In the case when the steady state is reached, this is offered to
eliminate PSS path. We use the filter as a transfer function
model regarding the following in our simulation:

10s
W) = s+ ©)
Torsional Filter, the high frequency oscillations caused by
the alternator’s torsional interactions are eliminated by this
block. We use the filter’s transfer function model as the basis
for simulation.

T(s) = !

(1+0.065 4 0.0017s2)

(6)

ITI. CONTROL STRATEGIES ADOPTED IN PSS
DESIGN

While reducing oscillations is PSS’s primary goal, it could
also significantly impact the transient stability regarding the

power system. VAR output swings due to PSS damping os-
cillations through controlling generator field voltage. In or-
der to ensure that the resulting gain margin related to the
Volt/VAR swing is adequate, PSS gain is carefully selected.
Wash-Out Filter’s time constant could be changed to enable
frequency shaping regarding the input signal in order to lessen
the swing [18]. Once more, throughout loading/unloading
or generation loss, in the case when significant variations in
speed and frequency might act through PSS and cause the
system to become unstable, a control enhancement might be
required. The dampening effect of PSS for all other system
events will be maintained, whereas such limits can be reduced
thanks to a new limit logic. We have two design aspects in the
model for control of single-machine excitation system, which
are AVR&PSS.
Three strategies were adopted in designing the PSS:

1. Root-Locus approach (Lead-Lead compensator), as tra-
ditional technique.

2. Fuzz Logic PSS Design (FLPSS), based on Artificial
Intelligence

3. ANFIS to design Fuzzy Neural Power Systems Stabi-
lizer (FNPSS), as adaptive control.

Now go over the approach in depth, going over the steps that
were taken, the outcomes that were attained, and, lastly, a
quick summary related to the drawbacks and benefits of each
approach.

A. Sequential Stages for Optimal AVR/PSS: A Root Locus
Approach

The design regarding the PSS and VR with the use of root-
locus methods—which are typically taught first in a control
systems course—was the first project in sequence. The proce-
dure was laid out in multiple tasks:
Stagel: Simulate the reaction of open-loop system in state
of 1-p.u. step input for a duration of 10 seconds. recur the
simulation with the presence of PSS-loop open and the system
controlled by a relative VR with various gain KP (10, 20,...,
50).
Stage2: innovate a root-locus scheme for loop of voltage
regulation by utilizing proportional controller Locate the gain
Ku at which the delicately damped swing mode be unstable.
Stage3: Choosing the specifications required for modern high-
gain VRs requires the application a PI controller by:

KV(S) = Kp](s) =Kp+ % @)
Plot the Scheme of closed-loop response of V;,, during a 1-
p.u. Vyr step input,
Choose the range of 0 < Kp < Ku and 0.1 < K; < 10 within



271 |

Nasser, Majeed & Al -Bahrani

o (radian/sec)

cnlS
O

6§ (radian)

1
| R
Tm S —e
2Hs
w
ATe
K3
Vref

1+t3

Kq

Vterm

Fig. 2. Block diagram of SMIB system
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Fig. 3. Block Diagram of PSS

specific value to reach ¢, < 0.5 and MP < 10%

Stage4: Lock up the voltage regulation loop through KPI(s),
then execute a root-locus analysis of PSS loop based on Vf)f .
arguably that torsional filter’s output, D(s) adopted to be a
proportional gain control.

Determine the departure’s angle of ¢dep of the root-locus
section leaving the swing form with the positive imaginary
aspect [19].

Stage5: According to ¢dep, determining the structure of a
second-order phase-lead compensator

s+21
D(s) = K(K,
(5) = K(Keey

s+22
aS+P2

) ®)

Based on the phase-lead characteristics [19] , set ¢dep = 180°
Stage6: Apply D (s) to simulate the closed-loop response
Vierm to a 1-p.u. step input. With a guarantee that rise time
and the overshoot have been still satisfied (i.e.t, < 0.5 MP <
10%).

B. Sequential AI-PSS Design

The low frequency oscillation problem is addressed in the
previous section by means of a traditional PSS. As previously
noted, such PSS offer an additional dampening signal to re-
duce the aforementioned oscillations and improve the system’s

overall stability. However, the transfer functions regarding
highly linearized models around a certain operational point
are used in such traditional PSS. As a result, such systems
cannot function satisfactorily under a variety of operational
conditions . Al-based solutions were created for addressing
such problem. Those consist of genetic algorithms (GA),
NN, and fuzzy logic (FL). In the case when made adaptive,
FL-based controllers have a significant deal of potential to
reduce local mode oscillations. The NN is used to tune for
adaptability [20].

1) Fuzz Logic Power System Stabilizer (FLPSS

The purpose of PSS is to enhance the efficiency of synchronous
generator. Yet, in the case when combined with traditional
PSS, it performs poorly under a range of loading conditions.
Consequently, FLPSS becomes necessary. The basic steps
of fuzzy inference system, such as the fuzzy inference, de-
fuzzification, and inferencing processes, are introduced in this
part along with the concepts of fuzzy system logic. Input
signals that best describe the system’s dynamic performance
are chosen for FLPSS controller design. In FLPSS uses a
Mamedani approach, which consists of two input components
and one output component. The generator rotor angular speed
deviation (@) and change in speed deviation (@) are the inputs
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TABLE I.
RULES ADOPTED FOR THE FLC

Change in speed (m)
U [ NL | NM | Ze | PM | PL
[ PL | Ze [ PM | PM | PL | PL
S PM[NM | Ze | PM | PM | PL
[ Ze [NM|NM | Ze | PM | PM
& NM | NL | NM | NM | Ze | PM
NL | NL | NL | NM | NM | Ze

to the FLC, and voltage (VPSS) is the output. Five linguistic
fuzzy subsets are bring to service for each input-output vari-
able such as negative low (NL), negative medium (NM ), zero
(Ze ), positive low (PL) and positive medium (PM) [21]. each
membership function for error ,change of error and the output
are shown in Fig. 4 . by two inputs (® ,®) twenty five rules
were generated, which identify the correlation between the
FLC’s output and input. Each subset is associated with a trian-
gular membership function to form a set of five membership
functions for each fuzzy variable. Table I exhibit the rules
of FLC. since the exciter required a non-fuzzy signal, then
the result is achieved by utilize the centroid defuzzification
technique [22,23].

2) Adaptive Network based Fuzzy Inference System (AN-
FIS)
The principles regarding ANFIS system were presented in
this section, followed by an explanation of the process the
ANFIS uses for optimizing the system settings. The FIS rule
base is used for describing the relation between the input
and output parameters even when system uncertainty exists.
ANN are used for training data and determine the optimal
parameters for the FIS membership functions in order to ob-
tain the appropriate membership functions and fuzzy rules.
This allows ANFIS to combine the advantages of both ANN
and FIS rule bases. ANFIS utilizes either back-propagation
alone or a combination of least squares estimation and back-

Membership function plots ™" """’ 181

NL Nm Ze Pm PL

-1 -0.8 -0.6 8 -0.2 ( 02 ( 6 8 1
input variable “error[w}"

Fig. 4. MFs of the inputs and output.

propagation for estimating the membership function parame-
ters [24] . The mathematical information processing systems
known as ANNS are based on the same principles as the opera-
tion of human brain, wherein synapses in ANN correspond to
weighted links as well as neurons in biological neural systems
link to nodes. The way the membership function parameters
and FIS rules are estimated distinguishes the ANFIS model
structure from the FIS structure. ANFIS structure appears as
it is depicted in the Fig. 5.

There are two steps in its design process
Stepl: FLPSS, or training data, is used to construct the sys-
tem’s input-output data pair. The precise relation between
the ANFIS-PSS’s output and input is ascertained using this
training set. Next, an FIS is developed. The MF parameters
regarding FIS are often modified by a combination of a least
squares approach permutation or solely a back propagation
algorithm [25]. Here, Gaussian MFs were applied. The net-
work is trained once the number of MFs, number of training
epochs, MF types, and expected training error are selected.

Step2: The FIS model is preserved if it is valid. The
Takagi-Sugeno type FIS model and two inputs, rotor accelera-
tion (@) and rotor speed (), are employed in this research.
The inputs are membership type Gaussian. For covering the
entire range of respective inputs, a total of five MFs are needed.
With regard to the output function, this results in the appear-
ance of 25 rules that show a linear relation with the inputs.
Fig. 6 shows the created ANFIS program’s flowchart.

IV. SIMULATION RESULTS

Based on the SIMULINK model, we can build the PSS and
optimize the voltage regulator by adopting a variety of design
strategies that we discuss in the following:

The feedback control system block diagram implemented
in Simulink is shown in Fig. 7 The reason for adopting a
negative sign for the inverter is: Cancellation: It can be used
to cancel a specific unwanted signal component. If there
is noise or interference of a specific polarity, reversing the
signal and adding it to the original signal can eliminate that
component.

According to stagel, Open-loop step response and the
responses for the system controlled by a relative VR with var-
ious gain KP are displayed in Fig. 8. The open loop response
is slow and indicates a steady-state error of approximately
25% at 0.747 p.u. The increase of Kp is reflected in the devel-
opment of the closed-loop performance accompanied by the
worsening of the oscillation mode damping.

Apply what we mentioned in the stage3, PI voltage regu-
lator is utilized, Ki and Kp are setting to get the following re-
sults: tolerance=0.09 of the end value (unit step), 5 < K, < 50,
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Fig. 5. ANFIS structure for time series evaluation
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ANFIS Testing

Result Interpretation

Fig. 6. Flowchart of the developed ANFIS program

and 0.10 < K; < 10 The step response for a 1pu step input
and various values of Ki is displayed in Fig. 9.

design Ki=0.6 and Kp=15, which step response is offered
with the yellow curve as shown in Fig. 9. From observing the
curve it is clear that, 5.6 sec as settling time, 0.345 sec as rise

time finally 6% as ultimate overshoot that will agree with the
necessities.

It is evident from Fig. 9, swing mode causes steady state
error and oscillation. Consequently, a PSS is added to the
feedback path for lessening oscillation. For this reason, the
root locus method must be used for designing a PSS. The
machine speed is fed through a washout filter and many banks
of torsional filters for determining the speed input signal to
a PSS. With a dc gain of zero, washout filter is a high-pass
filter.

With the aforementioned Ki and Kp, we close VR loop
and simulate the response of the system to a step input. The
steady state error = 0 is displayed in the curves. Thus, AVR is
inserted, allowing the system to follow the step input. How-
ever, because of AVR’s PI controller, the swing mode—that is,
the dominant complex poles—becomes unstable, introducing
oscillations into output Vterm. For lessening oscillations, we
must include a feedback loop that feeds PSS loop with the
rotor angular speed swing (). The complex dominant pole
is determined by drawing as well as analyzing the root locus
of close loop AVR and PSS. The root locus map of a closed
loop AVR with PSS is displayed in Fig. 10. The dominant
complex poles are located at —0.8040 £ 8.3279i.

With the use of MATLAB, calculate the departure angle
from poles; the result is = 63.1099°, as mentioned in stage4.
By implementing the stage5, the parameters and order of the
phase lead compensator are selected based on the value of the
departure angle.

In this case, adding an angle of 117° is required, and a sin-
gle lead compensator cannot accomplish this. Consequently,
a transfer function with the form of 2 lead compensators in
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Fig. 7. Simulink model for power system control

step response for Vterm (open and closed loop)with varing Kp

Kp=5
Kp=10
Kp=15
Kp=20
open loop
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time sec. (seconds)

Fig. 8. Vierm responses to step in V.. r, open loop, and closed loop for Kp = 5; 10; 15; 20

series, each one adding an angle of 58.5°, is employed. Based  function of lead - lead compensator PSS block is
to Control System Designer tools, we design Single-Input, s+6.718) + (s +6.555
Single-Output (SISO) controllers for feedback systems mod- D(s) =57.799 ES Y 98; n Es 49 52
eled in MATLAB. According to equation (8), the final transfer ' '

(€))

Ultimately, SMIB system’s root locus and response are
redrawn and studied with the use of such PSS; Fig. 12 displays
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Fig. 9. Power System with PI VR (PSS Loop open), KP=15
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Fig. 10. Uncompensated system root locus.

the final compensated system root locus plot. Fig. 12 display
the compensated PSS vs uncompensated PSS.

According to stepl and 2 in steps ANFIS design process,
the neural network has five layers as referred in Fig. 13

Input Layer, the first layer receives the raw input data.

The second layer represents the input membership functions
(MFs) which is Gaussian. The third layer represents the AND

root locus of campensated system

30 — ity
048,036 024 012 5

062" -

b LB
0 - 5

10 10.88 D
097, P

0 e

-10 ro.88.. T T

0;';(55/_/j:- : : 15

Imaginary Axis (seconcls'1)

201

062 - i
048" 0:36. 024 012 25

-30 ' : :
20 -5 -0 5 3 5 10 15 20

Real Axis (secundsq)

Fig. 11. Final compensated system root locus

function. The fourth layer represents the normalized firing
strength as given in the sugeno model and, the five layer
represents the combination of the rules and their weighted
average to find the final output using Sugeno defuzzification
technique.

The training for the rule base has been started with 100
epochs for improved dependability with the use of back-
propagation approach since ANFIS combines the learning
benefits of ANN and the advantages of FIS rule base. The
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Fig. 12. compensated PSS vs uncompensated PSS
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| Cick on each node 10 sea detaded information | | Update Help Close

Fig. 13. Structure of Neural Network

error is as shown in Fig. 14. Lastly, the output data is used to
test the trained model as Fig. 15:

The trained data (red stars) nearly exactly matches the
output (blue circles), as can be seen in the figure16. We may
utilize such exported trained FIS model in the fuzzy logic
controller block (PSS). To simulate PSS, the fuzzy controller
employed the offline-trained FIS. Fig. 16. The simulation
results of rise time, max. overshoot and settling times confirm
the quality of the design specifications. The effectiveness of
the proposed design, FNPSS compared to the CPSS in terms

of speed deviation and terminal voltages are shown in Figs.

(17,18) respectively.

86 102 Training Errar — ANFIS I,

# of Inputs: 2
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Ig 5§65
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Fig. 14. The training of ANFIS showing the training error
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Fig. 15. Comparison between trained and test data

V. CONCLUSION

thorough comprehension regarding the dynamics of single
machine infinite bus system is necessary for the ideal design of
PSS. We see the issue as a feedback control problem because
we attempted to construct PSS in the project based on control
system concepts. This research examines the effectiveness of
several PSS design methods. It was discovered that :

1. A generator with no PSS exhibits significant speed and
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Comparison of Vt between CPSS and ANFIS PSS
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Fig. 17. Comparison of v, between (CPSS and ANFIS)
voltage oscillation. PSS design approach cannot ensure good performance.

2. Under different operating conditions, the traditional 3. Fuzzy logic controller has the potential to improve sys-
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Comparison of w between CPSS and ANFIS PSS
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Fig. 18. Comparison of @ between (CPSS and ANFIS)
tem performance, but there are no set standards for APPENDIX
choosing its MFs. But the adaptive PSS that has been
designed could get over the aforementioned challenges. TABLE II
According to simulation data, in the case when operating APPENDIX 1
conditions vary, ANFIS-PSS guarantees optimal performance Parameter Value
with regard to setting time and overshoot. As a result, it is Infinite bus voltage, V 1
suitable for use in contemporary power system applications. Inertia constant, H 237
Rated speed, ®° 314.1593 rad/sec
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