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Abstract— A comparative study and performance analysis of three different controllers - namely proportional-
integral-derivative (PID), PD-like fuzzy logic and adaptive neuro fuzzy inference system (ANFIS) - utilized to
control the output voltage of an automatic voltage regulator (AVR) of a power system are carried out. The
obtained results show that the PID controller is capable of rejecting simultaneous disturbance signals effectively
with zero steady-state error (SSE). However, it is not robust to unexpected parameter changes of the system. On
the other hand, the fuzzy logic controller shows the ability to resist changes in the system parameters.
Nonetheless, it exhibits both an increase of 12.5% in the SSE and fluctuations in disturbance rejection test. On the
contrary, the ANFIS controller shows: i) superior performance and ii) robustness to disturbance signals and
changes in the system parameters compared to the other two controllers. For these reasons, we believe that
utilization of an ANFIS controller will not only promote safety, but also reliability of the AVR in power systems.

Keywords— PID controller; Fuzzy logic controller; Adaptive neuro fuzzy inference system; Automatic voltage
regulator; Feedback control.

1. INTRODUCTION

Automatic voltage regulator (AVR) is usually used in power systems to provide
simultaneous voltage control and keep a terminal voltage of generators constant at a specific
level. Since power systems deal with high voltages, any fluctuations in the terminal voltage
may lead to serious problems. For this reason, the security of a power system depends on the
stability of the AVR. Sometimes, it is difficult to attain a stable and fast response of the AVR
due to load variations, high inductance of windings of the generator, and insulation failure
due to voltage fluctuations. Hence, enhancement of the AVR performance is extremely
important. This can be achieved by utilizing an effective control algorithm to eliminate the
above-mentioned issues.

Different control strategies are reported in the literature to control the AVR systems,
such as proportional-integral-derivative (PID) [1-3], fuzzy logic [4, 5] and adaptive and
predictive control [6-9]. To improve the performance of the controller, various closed-loop
control approaches in combination with optimization techniques have been introduced
[2, 10-12]. The fractional order PID - optimized by cuckoo search algorithm [13] and particle
swarm optimization (PSO) algorithm [14] - is introduced. Fuzzy logic in combination with
genetic algorithm (GA) is introduced to find the optimal parameter values of the PID
controller [15]. In addition, Fuzzy logic together with a modified PSO is utilized to obtain the
optimal controller’s gain values and attain an on-line optimized transient response [16, 17].
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Further, Fuzzy logic and PID controllers are implemented to balance the overall system
generation against different burdens and losses in the AVR system [18]. In addition to PID
and fuzzy logic controllers (FLCs), adaptive neuro fuzzy inference system (ANFIS) is utilized
in an attempt to reduce the low frequency oscillations in the system [6]. ANFIS is also used
to provide an online tuning of PID controllers by training the ANFIS controller with
optimized PID data [19]. Further, model predictive control and H-infinity based control
paradigms are presented to handle the uncertainties of the AVR parameters [7, 8].
Furthermore, the neural network (NN) predictive controller optimized by the imperialist
competitive algorithm is introduced to overcome the fluctuation in the terminal voltage of
the AVR system [9].

The feedback closed-loop response of AVR system has some shortages in terms of
time-domain indices. These indicators are used to assess the closed-loop response of the
system. Ideally, the response requires lower values of settling time, rise time and overshoots
with minimum steady-state error (SSE) [20]. On the other hand, unexpected changes in
system parameters threaten the stability and security of the power system. In addition, due
to system disturbances, the electrical oscillations may occur for a long time and result in
system instability [21]. Hence, in power systems, choosing an appropriate control strategy to
cope with unexpected system changes and disturbances is of high importance.

The PID controller is well-known for its trouble-free implementation and simple
configuration. However, the PID is affected by problems such as nonlinearities in the system
and requires re-tuning to controller’s parameters [22]. The FLC is usually utilized for its
simplicity, effectiveness, low cost, robustness and its ability to overcome nonlinearity in
complex systems [5]. The ANFIS is a very effective approach in modeling complex and
nonlinear systems with high precision. It combines the accurate learning and adaptive
capabilities of NN with the fast learning capability of the fuzzy logic [21]. These three
controllers, i.e., PID, FLC and ANFIS have been widely used in different engineering
applications [23-25]. In addition, these controllers are extensively utilized in various control
approaches to control the AVR in power systems [1, 6, 26-29]. However, the literature lacks a
detailed study of the three controllers in terms of stability and robustness to unexpected
disturbances and changes in system parameters in AVR systems. In this research, the
controllers, namely PID, FLC and ANFIS are employed in a closed-loop control approach to
control an AVR system, and the performance of each controller is evaluated. The time
response of the controllers - in terms of rise time (Tr), settling time (Ts), delay time (Td) and
SSE - is recorded and analyzed. Additionally, to examine the ability of each controller to cope
with unexpected disturbances, a disturbance test is conducted. Further, to test the robustness
of each controller against unexpected changes in system parameters, each controller is tested
with different system parameters. The controller of the best performance is suggested to
provide stability and reliability of power systems.

This research paper is organized into six sections. Section 2 represents the description
of the AVR system. Section 3 describes the implementation and the results of the three
controllers; PID, FLC and ANFIS. The disturbance rejection test is conducted in section 4.
The robustness of the controllers - against changes in system parameters - is tested in section
5. Finally, the conclusion is presented in section 6.
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2. DESCRIPTION OF THE AVR SYSTEM

AVR is an essential module used to maintain the terminal voltage of any power
generator system. The AVR system continuously monitors the terminal voltage of the power
generator and adjusts the exciter voltage to maintain the operation of the generator within
predetermined limits. The AVR system - as shown in Fig. 1 - consists of four main parts: the
amplifier, exciter, generator and sensor. To model and determine the transfer function of
each part, linearization is necessary by ignoring the nonlinearities and the saturation of each
component. The major time constant of each component must also be considered [22]. The

transfer function of the amplifier is considered as:
— Ka
Ga - 1+74S (1)

where K, represents the amplifier's gain, while 7, represents the time constant of the

amplifier's model. The standard range of the gain K, is between 10 and 400, while the
standard range of the time constant 7, is between 0.02 and 0.1 s.

Also, the transfer function of the exciter is represented as:

— Ke
o= 155 ®

where K, represents the exciter’s gain, and 7, represents the time constant of the exciter’s

model. The standard range of the gain K, is between 1 and 400, while the standard range of
the time constant 7, is between 0.4 and 1 s.

Similarly, the transfer function of a linearized generator model is represented by:

_ _Kg
6= s o

where K, represents the generator’s gain, and 7, represents the time constant of the

generator’s model. The standard range of the gain K is between 0.7 and 1, whereas the
standard range of the time constant 7, is between 1 and 2 s.

Finally, the transfer function of a sensor model is represented by:
Ks

Gs = (4)

1+75S

where K; represents the sensor’s gain, and 7 represents the time constant of the sensor. The
standard range of the gain K is 1, while the standard range of the time constant 7 is
between 0.001 and 0.06 s.

Vref VT
Amplifier 2 Exciter » Generator

v

Sensor <

Fig. 1. Block diagram of the AVR system.

In this article, the values of different parameters of the AVR system are considered as
Kq=10,74= 01, K, = 1,7,= 04,K; = 1,74= 1, K; = 1 and 4= 0.01. The closed-loop transfer
function of the AVR system without a controller is represented as [15]:
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0.1s+10 (5)
0.0004s*+ 0.045453+0.55552+1.515+11

Gavr(s) =

The closed-loop response of the AVR system without a controller can be seen in Fig. 2.
From the closed-loop transfer function G4y (s), it is clear that the system possesses one zero at
-100, two complex poles at -0.5285+4.6649i and -0.5285-4.6649i and two real poles at -98.81 and
-12.62. The closed-loop response of the AVR system without a controller is highly oscillatory
and diverges from the desired steady-state value of 1. The oscillatory behavior records a
maximum overshoot of 1.5 with rise time = 0.26 s, settling time = 7.01 s and steady-state value
of 0.9. This oscillatory behavior is unacceptable, as the operating range of the power system is
of the order of 100 kV, and it affects the stability and the security of the power system [20]. In
this work, to improve the transient and the steady-state behavior of the AVR system, three
different controllers are utilized, tested and analyzed.

Terminal Voltage [V]

Il 1 1 1 1 Il 1 1 Il

0 1 2 3 4 5 6 7 8 9 10
Time [s]

Fig. 2. Closed-loop response of the AVR without controller.

3. CONTROLLERS

In this research work, three different controllers are used with the AVR system. These
are: PID, PD-like Fuzzy logic and ANFIS controllers. The performance of each controller is
recorded and evaluated as discussed in the following subsections.

3.1. PID Controller

In this section, a PID controller is used to control the output voltage of the AVR system
to follow a desired unity step input reference voltage in a closed-loop control approach. The
closed-loop control approach is exhibited in Fig. 3. The PID controller transfer function is
described as:

GPID (S) - Kp + % + KdS (6)
where K,), K;, and K; are the proportional coefficient, integral coefficient and derivative
coefficient, respectively.
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To tune the PID controller and obtain the desired performance of the system, different
tuning methods can be used such as heuristic, model-based and rule-based tuning. In this
work, to obtain an acceptable and precise performance of the controller, the values of the PID
controller are obtained using the PID tuner facility provided by Matlab/Simulink software.
The tuning process of the PID is performed to obtain fast system response with minimum
overshoot and zero steady-state error. The obtained PID values are P= 0.12174, I= 0.10296 and
D= 0.01668.

A

j PID(s) 18 1 o = )

0.1s+1 04s+1 2+1

Reference Voltage PID Controller Output Response

Amplifier Exciter Generator

1
0.01s+1

Sensor
Fig. 3. The closed-loop control approach using the PID controller.

3.1.1. Results

The step response of the PID closed-loop control approach is shown in Fig. 4. It is clear
from the response that the system is stable and the SSE in the terminal voltage is zero. The
delay time (Td) is 0.87 s, rise time (Tr) is 1.54 s, and the settling time (Ts) is 3.50 s.

T T T T T I

PID Controller

Terminal Voltage [V]

0 1 2 3 a s . 7 s s 10
Time [s]
Fig. 4. Step response of the PID closed-loop control.

3.2. FLC

FLC is typically composed of four elements: i) fuzzification inference, ii) knowledge-
based fuzzy rules, iii) Inference engine or decision making and iv) defuzzification inference
[5, 30]. The fuzzification inference section determines the input variables and transforms them
into fuzzy representation. The fuzzy rule base part contains the expert-defined rules required
to produce the output. Hence, the fuzzified values are processed, by the inference engine,
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using the rule base which consists of IF-THEN rules known as fuzzy rules [24]. The
defuzzification part converts the fuzzy quantities into crisp values at the output. The block
diagram of a general FLC is shown in Fig. 5.

Fuzzy Logic Controller

I
I
Ref :
40—0 Fuzzification > Infen.znce Defuzzification
| Engine
|
|

A A

Controlled
Plant

\ 4

Fuzzy Rule
Base

Fig. 5. Block diagram of the general FLC.

In this section, FLC controller is utilized to control the output voltage of the AVR
system according to the error signal resulted from comparing a unity step reference input
signal with the actual feedback output voltage. The PD-like FLC (Mamdani type) has two
inputs and one output. The FLC inputs represent the error and change of error, while the
output forms the control action applied to the system to track a desired reference signal. The
two inputs are normalized by scaling factors K1 and K2 before being fuzzified. The
normalized inputs/output are fuzzified by a fuzzy set of five equally distributed triangular
membership functions with 50% overlap. The fuzzy output, resulting from the fired fuzzy
rules, is converted to crisp value using the centre of area defuzzification method. The output
is then scaled by a scaling factor (K3). The input and output membership functions of the FLC
can be seen in Fig. 6, A standard PD-like fuzzy rule base, of 25 rules, is used as shown in
Table 1, in which NB, NM, NS, Z, PS, PM and PB denote negative big, negative medium,
negative small, zero, positive small, positive medium and positive big, respectively. The FLC
closed-loop approach is presented in Fig. 7.

Table 1. Fuzzy rules.

e Ae NB NS Z PS PB
NB NB NB NB NS Z

NS NB NB NS Z PS

Z NB NS Z PS PB

PS NS Z PS PB PB

PB Z PS PB PB PB

The input and output scaling factors of the FLC are tuned using GA to obtain minimum
overshoot and minimum SSE. The values of the scaling factors obtained are: K1=3.1, K2=0.9
and K3=1.4.

3.2.1. Results

The step response of the fuzzy logic control approach is exhibited in Fig. 8, from which
it is clear that the system is stable. The delay time (Td) is 0.49 s, rise time (Tr) is 0.89 s, the
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settling time (Ts) is 2.20 s and SSE is 0.016 V. The reason behind the SSE is the absence of
integral action in the PD-like FLC that is necessary to eliminate the SSE.

A
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=

e
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o

Fig. 8. Step response of the FLC closed-loop control.
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3.3. ANTFIS Controller
3.3.1. ANFIS Network Architecture

The architecture of a general ANFIS network can be seen in Fig. 9. The structure of the
network can be varied according to the number of inputs and membership functions;
however, it permanently consists of 5 layers. The nodes at the same layer coincide with the
same family of functions, as explained below [29].

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

X1 Xz

Fig. 9. General structure of an ANFIS network.

e Layer 1: This layer converts the input data into fuzzy logic values. In this layer, the node
function is a membership function 0} of the function A; and is described as [29]:
-H2
l )

Ol = pa () = e
where x is the input value at node (i), 4; is the related linguistic tag, while p4,(x) is a Gaussian
function with a value ranging between 0 and 1. The parameters c; and s; are called the set of
premise parameters, and are altered by the learning algorithm of the ANFIS network.

e Layer 2: In this layer the activation of each one of the rules is performed. The output of

this layer is the product of the input values, described as [29]:
0 = w; = s, (¥) g, (),  i=12 ®
e Layer 3: In this layer, the activation signals of fuzzy rules are normalized by the
following formula [29]:
Wi

0} = w; = i=12 )

wit+w, !

e Layer 4: In this layer, the weighted consequent parameters are computed using the
IF-THEN rules of Takagi-Sugeno-Kang (TSK) function, as shown by the following
formula [29]:

0} = wfi =w(aix; + azx, + az), i=12 (10)
where w; is the output of the previous layer, i.e. layer 3, and f; is the TSK function. This
function consists of a set of consequent parameters (a,,a,, az) that are also modified and
adjusted by the ANFIS network during the training process.

e Layer 5: In this layer, the total output of the ANFIS network is calculated as a weighted

average of all input values to its node, as described below [29]:
0f = y=Shymfi =10 =1 1)

i=1"1
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3.3.2. ANFIS Controller for the AVR System

In this section, an ANFIS controller is built and utilized to control the AVR system in a
closed-loop control approach. The neuro-fuzzy designer toolbox in Matlab/Simulink software
is used to build the ANFIS controller. The input and output data (312 readings) of the tuned
PID controller used in the previous section, is recorded and used to train the ANFIS model.
To generate the FIS file, grid partition method is selected as the ANFIS controller has single
input and single output. Also, for the input membership function of the FIS, 10 Gaussian
membership functions are used with linear membership function for the output to increase
the flexibility of the controller and obtain better results. To train the FIS file, hybrid
optimization method with 100 Epochs is used. The training and the structure of the ANFIS
model can be seen in Figs. 10 and 11, respectively. Also, the closed-loop control approach
using ANFIS controller is shown in Fig. 12.

@ Meuro-Fuzzy Designer: Untitled — O >

File Edit View

Fig. 10. Training of the ANFIS controller.

Fig. 11. Structure of the ANFIS controller.
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Fig. 12. Closed-loop control approach using the ANFIS controller.

Output Response

The step response of the closed-loop control approach using the ANFIS controller is

depicted in Fig. 13. It is clear that the system is stable and the controller was successful in

controlling the terminal voltage and tracking the step reference voltage. The delay time (Td) is
0.66 s, rise time (Tr) is 1.27 s, the settling time (Ts) is 3.10 s and the SSEis 0 V.
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Fig. 13. The step response of the system using ANFIS controller.

10

To compare the performance of the PID, FLC and ANFIS controllers, the step response -

of the closed-loop control approach using these controllers - is recorded and depicted in

Fig. 14. Also, the time response specifications using the three controllers is shown in Table 2.
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Fig. 14. Step response of the system using PID, FLC and ANFIS controllers.
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Table 2. Time response specification using the PID, FLC and ANFIS.

Delay Rise Settling  Peak overshoot Peak time SSE
Controller . . . Peak value
time [s]  time [s] time [s] [%] [s] [V]
PID 0.87 1.54 3.50 0.66 1.0066 3.25 0
FLC 0.49 0.89 2.20 - - - 0.016
ANFIS 0.66 1.27 3.10 0.27 1.0027 2.88 0

It's obvious from Fig. 14 and Table 2 that FLC controller produces a faster response
(minimal delay, rise and settling times) with zero overshoot. However, the SSE is respectively
high as compared to other controllers. This is because the PD-like FLC lacks the integral term
that is responsible for eliminating the SSE. The ANFIS controller has produced zero SSE with
faster performance than the PID in terms of delay and rise times. Also, the ANFIS controller
reduced the overshoot as compared with that of the PID controller.

4. DISTURBANCE REJECTION OF THE CONTROLLERS

To test the ability of the controllers to resist and reject unexpected disturbance signals,
positive and negative signals are applied at the time interval lying between 4 s and 5 s, to the
system as shown in Fig. 15. The performance of each controller is recorded as shown in
Fig. 16.

Positive Signal

E Negative Signal

Disturbance Signals

in {mout 10 1 1 _’@
Tl 01s+1 Tl 04s+1 = 1
Reference Volta = i i Output Response
EESSIERC Controller Amplifier Exciter Generator
1
0.01s+1
Sensor

Fig. 15. The closed-loop control with positive and negative disturbance signals.

Terminal Voltage [V]

o 1 2 3 a4 s e 7 8 9 10
Time [s]

Fig. 16. Step response of the system with positive and negative disturbance signals

using PID, FLC and ANFIS controllers.
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It is clear from Fig. 16 that the three controllers were able to reject the disturbance
signals and managed to track the reference voltage signal. However, the FLC was not robust
enough as it produced some fluctuation in the output for more than 1s before it settled down.
Also, it can be seen from the figure that the PID controller has produced a slight overshoot,
during the time interval lying between 5 s and 7 s, after receiving the negative disturbance
signal, while the ANFIS controller has successfully rejected both the positive and negative
disturbance signals and produced stable control performance.

5. ROBUSTNESS OF THE CONTROLLERS

Sudden and unexpected changes in system parameters may lead to vital problems due
to dealing with kilo volts as an output of the system. For this reason, it is important to test the
robustness of the controller against any possible changes in system parameters. In this section,
the performance of the three mentioned controllers are tested against changes in the time
constant of the amplifier (z,), the exciter (z), the generator (z45) and the sensor (zg) of the
system. The range of changes in the parameters is selected as + 50% of the original value in
steps of + 25%. The time response of each controller is shown in Table s 3, 4 and 5.

Table 3 reveals that the PID controller produced large values in the overshoot (MP) and
an increase in the settling time (Ts). The time delay (Td) and settling time (Ts) are almost
stable. Although the SSE is remained zero - which shows the ability of the controller to
successfully track the desired reference voltage in the steady state - the large increase in the
overshoot may lead to serious problems due to dealing with high voltages.

Table 3. Time response of the PID controller using different system parameters.
Change in Peak overshoot Time delay Rise time  Settling SSE

Parameter  ameter [%] [%] [s] [s] time [s] [V]
+50 1.60 0.95 147 3.80 0

+25 1.07 0.89 151 3.80 0

ta 25 21.30 0.85 159 450 0
50 13.80 0.84 1.63 450 0

+50 5.45 0.99 152 450 0

+25 2.90 0.94 152 410 0

Te 25 0.00 0.80 1.64 330 0
50 0.00 0.73 1.80 3.70 0

+50 7.50 1.07 176 6.00 0

. +25 430 0.97 1.62 5.20 0
9 25 0.00 0.75 1.51 4.50 0
50 0.00 0.62 1.96 5.50 0

+50 0.72 0.87 153 3.0 0

+25 0.69 0.87 154 3.20 0

ts 25 0.63 0.87 156 3.20 0
50 0.60 0.87 155 3.20 0

In contrast, it is clear from Table 4 that the FLC controller has a stable performance with
different system parameters, i.e., stable Td, Ts and Tr, together with a slight increase in SSE
amounting to 12.5% of the original value. Although, the increase in the SSE looks small, its
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value is considered a large one as dealing with kilo volts at the output. Also, from Table 5, it
can be seen that the ANFIS controller showed almost a stable performance, i.e., stable Td, Ts
and Tr, with different system parameters. However, it slightly sufferes from an increase in the
overshoot. Nonetheless, it successfully managed to keep the SSE at zero within a short time.
The increase in the overshoot is relatively small as compared with that of the PID.

Table 4. Time response of the FLC controller using different system parameters.

Change in Peak overshoot Time delay Rise Settling SSE
Parameter . .
parameter [%] [%] [s] time [s] time [s] [V]
+50 0 0.48 0.97 2.00 0.018
+25 0 0.49 0.97 1.80 0.018
ta -25 0 0.51 0.93 1.80 0.018
-50 0 0.51 0.94 2.00 0.018
+50 0 0.54 0.94 2.00 0.018
+25 0 0.52 0.97 1.90 0.018
te -25 0 0.47 0.90 1.80 0.018
-50 0 0.45 0.90 1.90 0.018
+50 0 0.57 0.96 2.00 0.018
. +25 0 0.54 0.96 2.00 0.018
g -25 0 0.45 0.90 2.20 0.018
-50 0 0.38 0.82 2.20 0.018
+50 0 0.47 0.95 1.80 0.018
+25 0 0.48 0.93 1.90 0.018
ts -25 0 0.51 0.93 2.20 0.018
-50 0 0.52 0.92 2.20 0.018
Table 5. Time response of the ANFIS controller using different system parameters.
Change in Peak overshoot Time delay Rise Settling SSE
Parameters . .
parameter [%] [%] [s] time [s] time [s] [V]
+50 0.91 0.76 1.38 3.10 0
+25 0.75 0.75 1.39 3.10 0
ta -25 0.49 0.73 1.42 3.10 0
-50 0.39 0.73 1.48 3.10 0
+50 1.36 0.88 1.62 3.80 0
+25 1.05 0.80 1.50 3.80 0
fe 25 0.16 0.67 139 3.00 0
-50 0.00 0.60 1.37 3.00 0
+50 0.00 0.97 2.10 3.50 0
. +25 0.17 0.85 1.75 3.00 0
g -25 1.40 0.63 115 3.00 0
-50 2.40 0.51 0.88 2.80 0
+50 0.64 0.73 1.42 3.20 0
+25 0.63 0.73 1.42 3.20 0
fs 25 0.60 0.75 144 3.20 0
-50 0.58 0.76 1.47 3.20 0
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6. CONCLUSIONS AND FUTUREWORK

In this research work, three different controllers, namely PID, PD-like FLC and ANFIS
are used to control an AVR system. The performance of the three controllers was recorded
and analyzed. Although the FLC was better than other controllers in terms of delay and rising
times, and produced a zero overshoot in the output, but the FLC produced a steady-state
error of 0.016 V and was not robust enough to disturbances as it produced fluctuations for
almost 2 s when exposed to negative disturbance signal. The ANFIS controller was faster than
PID controller in terms of delay and rising times, and produced less overshoot compared with
the PID. The ANFIS controller showed superior performance in rejecting positive and
negative disturbance signals compared to the other two controllers. In terms of robustness to
changes in system parameters, both FLC and ANFIS showed a good performance. However,
the FLC suffered from 12.5% increase in the SSE, whereas the ANFIS controller managed to
keep the SSE to zero with a slight increase in the overshoot in some cases. The PID controller
suffered from large overshoot values in some cases. Based on the aforesaid, it can be
concluded that the ANFIS controller is more suitable and reliable than PD-like FLC and PID
controllers and can be used in an AVR system. This is due to its ability to both produce a zero
SSE and resist unexpected disturbance signals and/or unexpected changes in system
parameters. As a future work, an integral action can be added to the PD-like FLC to be
compared with the performance of PID and ANFIS controllers. Also, the performance of the
controllers can be tested with real synchronous generator connected to a 230 kV network in a
simulation environment.
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