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Abstract—Proportional Integral Derivative (PID) controller is
a generic feedback controller which is widely used in industrial
control system, motor drive, process control, and in
instrumentation. It provides simplest and most efficient solution to
many real word control problems. However, tuning of PID
controller gains is a challenge for researchers and plant operators.
In this paper, the design problem of PID controller is formulated
as an optimization problem. Particle Swarm Optimization (PSO)
technique is used to search the optimum controller gain values.
Optimal controller gains are obtained by minimizing the objective
function. For evaluating the performance of the proposed PSO
based PID and Many Optimizing Liaisons (MOL) based PID
controller, a comparison of different frequency domain
performance indices were undertaken as objective functions.
Independent PID controllers were used for Load Frequency
Control (LFC) and Automatic Voltage Regulation (AVR) of a
single area power system. The comparison shows that MOL tuned
PID controller with Integral Time of Absolute Error (ITAE) as
performance index is most efficient in improving the step response
of the system.

Keywords— Automatic Voltage Regulation, Load Frequency
Control, PID controller, Particle Swarm Optimization.

I. INTRODUCTION

A power system is prone to instability due to faults and
sudden changes in the system load. The faults can be sensed
through relays and suitable controlling action can be applied to
a particular fault. The variations in load, however, cannot be
predicted and eliminated. The sudden changes in load can cause
variation in frequency and voltage of the system. Thus, for stable
operation of the system, the system generation must equal the
system demand. Load Frequency Control (LFC) and Automatic
Voltage Regulation (AVR) are two important control
mechanisms that help in a minimizing the frequency and voltage
variations. LFC is used to maintain the system frequency by
controlling the real power flow in the system; AVR is used to
maintain the voltage profile of the system by controlling the
reactive power flow in the system. Both the LFC and AVR are
closed loop control systems and because of the inherent non-
linearities present in the power system components and
synchronous machines, these control loops are compensated by
a controller primarily composed of an integral controller [1-2].

PID controller has three tuning parameters i.e. proportional
gain, integral gain and derivative gain. Proper selection of these
gain values ensures simplest yet most efficient control [3].
However, the tuning of the controller is quite difficult.
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Previously various conventional techniques such as Ziegler-
Nicholes method, Cohen-Coon method, minimum variance
method, gain phased margin method, etc. were used in optimal
tuning of the PID controller [4]. These methods were difficult to
implement in complex control design. Recently, evolutionary
computational algorithms such as Artificial Bee Colony (ABC),
Bacterial Foraging Algorithm (BFA), Differential Evolution
(DE), Genetic Algorithm (GA), Particle Swarm Optimization
(PSO), etc. are used to search for the optimal controller gains of
the PID controller. PSO has the advantage that it is a derivative
free algorithm which does not require an initial solution to start
the algorithm [5].

Particle swarm optimization is a population based, heuristic
evolutionary technique based on the movement and intelligence
of swarms. It is inspired by the social behavior of bird flocking
or fish schooling. In a swarm, birds generally follow the shortest
path in a particular direction for searching food. Through social
interaction with the bird at best location with respect to the food
source, the rest of the birds try to reach that location by adjusting
their velocities. This technique was first described by James
Kennedy and Russell C. Eberhart in 1995 [6]. Much
advancement in PSO has been made since then and different
variants of PSO algorithm have been introduced [7-8]. The
accepted standard PSO algorithm is the global best model of
PSO introduced by Shi and Eberhart [9]. Many Optimizing
Liaisons (MOL) is a PSO variant in which the cognitive
coefficient of the particle is set to zero. MOL is a simplified form
of PSO and is also termed as Social only PSO (S-PSO). The
advantage of MOL algorithm when compared with PSO
algorithm is that in the former the particle is updated randomly
whereas, in later, the particle is updated iteratively over the
entire swarm which results in less execution time [10]. Secondly,
in MOL the swarm’s best position is set to zero, this makes
particle not to have any persistence in the previously followed
path.

The intent of the paper is to design PSO and MOL based
PID controllers with different frequency domain performance
indices which has been taken as independent objective
functions. PID controllers were used for LFC and AVR loop of
a single area power system. A comparison of the results
obtained with conventional tuned PID controller, PSO tuned
PID controller and MOL tuned PID controller are presented in
this paper.
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Il. LFC AND AVR CONTROL LOOPS

Due to sudden changes in load, the generator observes a
momentary speed change, which causes a small change in rotor
angle 3. This small change in rotor angle causes variation in real
power and leads to variation in the system frequency. The LFC
loop compares the new frequency with the old frequency and
generates a command signal which is fed to the speed governor.
The speed governor regulates the steam input to the turbine by
some valve controlling mechanism and there by regulates the
turbine mechanical output. This mechanical output when fed to
the synchronous generator provides the regulated real power
output.

The AVR loop is assigned with maintaining the
synchronous generator terminal voltage, which in turn
maintains the bus voltage manipulating the reactive power
output. This is achieved by controlling the excitation of the field
winding of the synchronous generator. The AVR loop
continuously senses the terminal voltage; this voltage is
rectified, smoothened and compared with a pre-set dc voltage
reference. The error voltage, after amplification and shaping is
used to control the synchronous generator’s field excitation.
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system regulator (AVR)
Gen. field Voltage sensor

T
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Fig. 1. Schematic diagram of LFC and AVR

The LFC and AVR loops are designed to operate around
normal state with small variable excursions. The loops may
therefore be modeled with linear, constant coefficient
differential equations and can be represented with linear
transfer functions [11-12].

A. Linearized model of LFC
LFC requires governor, turbine, inertia and load modeling.
The transfer functions of these components can be stated as [13]:

e Governor: The transfer function of governor relates the
change in steam valve position (4Py) to change in real
power generation (4Pg) and is expressed as

APy(s) 1

APg(s) - 1+754S (1)
1

APg(s) = APref(S) - EA(U(S) 2

e Turbine: The transfer function of turbine relates the changes
in mechanical power output (4Pn) to the changes in steam
valve position (4P,) and can be expressed as

APp(s) 1
AP,(S) - 1418 (3)
e Inertia & Load: The transfer function of Inertia & Load
relates the change in frequency (dw) to the difference of
change in mechanical power (4Pr) and change in electrical
power (4P¢) and can be expressed as
Aw(s) _ 1
AP (s)— APo(s)  D+2Hs

(4)

Thus, the closed loop transfer function relating the load change

(4Py) to the frequency deviation (4w) is
Aw(s) (1+7gs)(1+178)

—APL(s) (2HS+D)(1+Tgs)(1+TTs)+%

B. Linearized model of AVR

AVR requires amplifier, exciter, generator and sensor
modeling. The transfer functions of these components are [13]:

®)

o Amplifier: The transfer function of amplifier relates the
amplified voltage (Vr) to the error voltage (Ve) and can be
expressed as

VR(S) _ _Ka
Ve(s) 14T 4S

(6)

o Exciter: The transfer function of exciter relates the field
voltage (Ve) to the amplified voltage (Vr) and can be
expressed as

VE(s) _ _Kg
VR(S) 1+1gs

U]

e Generator: The transfer function of generator relates the
terminal voltage (Vy) to the field voltage (Ve) and can be
expressed as

Vi (s) — _K¢
VE(S) 14168

®)

e Sensor: The transfer function of sensor relates the voltage
sensed from the generator (Vs) to the terminal voltage (Vi)
and can be expressed as

Vs(s) _ _Kr
Ve (s) 14+TRS

9)
Thus, the closed loop transfer function relating the generator
terminal voltage to the reference voltage is

Vt(S) _ KAKEKGKR(1+TRS)
Viyef(s) (1+745)(1+71ES)(1+75S)(1+TRS)+KaKEKGKR

(10)

I11. PID CONTROLLER TUNING

PID controllers are practical industrial controllers. They are
used to improve the dynamic response as well as to reduce or
eliminate the steady state error. The controller calculates the
error between a measured process value and a desired set point,
and this error is reduced by adjusting the controller gains. The
gains of a PID controller are: proportional gain (Kp), integral
gain (Kj) and derivative gain (Kp). The proportional gain has the
effect of reducing the rise time, the integral gain has the effect
of eliminating the steady sate error and the derivative gain has
the effect of increasing the stability of the system [14]. The
Simulink block diagram of a PID controller is shown in fig. 2
and its transfer function is given by,
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G(s) = Kp + Ki=+5.K)p (11)
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Fig. 2. Simulink block diagram of PID Controller

A. Conventional tuning

The procedure of tuning the PID controller by conventional
trial and error method is as follows [15]:

Step 1: Set Kp and K| to zero. By trial and error, select Kp that
results in a stable oscillatory performance. In case of multi input
system, select Kp that results near to critical damping.

Step 2: Vary Kp with Kp fixed so as to reduce the oscillations
and result in reasonable overshoot and settling time.

Step 3: Vary K; with Kp and Kp fixed, such that there is zero
steady state error in minimum time.

B. Tuning using Particle Swarm Optimization

For the tuning of PID controller, the PSO algorithm
generates a random population of the controller gains, then
searches for the optimal set of gain values from this random
population that minimizes a defined performance index as
objective function. Integral of Time multiplied Absolute Error
(ITAE), Integrated Absolute Error (IAE), Integral of Time
multiplied Square Error (ITSE) and Integrated Squared Error
(ISE) are some of the performance indices. ITAE is chosen as
the performance index in this study as it can be easily evaluated
analytically in the frequency domain [3-5]. The steps involved
in implementation of PSO algorithm for tuning of PID controller
are [16-17]:

Step 1: [Initialize the particles to some linear positions in the
range of Kp, K| & Kp and set their velocities as zero.

Step 2: Evaluate the initial population by simulating the
system model with each particle row value as the PID
controller value and calculate the performance index
for each particle at their corresponding positions.

Step 3: Initialize local minimum (Pyest) for each particle.

Step 4:  Find best particle (Grest) in initial particle matrix based
on minimum performance index.

Step 5: Start the iteration, iter =1.

Step 6: Update velocities of the particles by the equation:

Vig (i+1)= W.Vjg ()+C1.r1.[Pbest g (—Xjg ()] +C2.12.[Gbest g (-Xjq ()]  (12)

Step 7:  Create new particles from the updated velocity.

Step 8: If any of the new particles violate the search space
limit, then choose the particle and generate new values
within the particle space.

Step 9: Evaluate performance index for each new particle at

their respective position by simulating the system
model.

Step 10: Update Ppest and Gpest based on minimum value
between new performance index and old performance
index value.

Step 11: Update the Gpest Value and its performance index.
Step 12: Iteration = iteration + 1.
Step 13: If iteration < maximum iteration, go to step 6,

otherwise continue.

Step 14: The obtained Gpest is the optimum set of parameters of
the PSO-PID controller.

C. Tuning using Many Optimizing Liaisons

In PSO algorithm, the cognitive coefficient (C,) is set to zero,
this results in MOL algorithm. The implementation algorithm of
MOL is similar to that of PSO except the fact that C1=0. Besides
this change, the parameters C, remains unchanged and the
inertia weight is also set similar to PSO. The velocity update
equation for MOL algorithm is thus reduced to

Vig (+1) = W.Vjg ()+Ca.I2.[Grest g ()Xjg 0] (13)

D. Performance Index

In terms of error signal e(t), the performance indices
employed in control system design can be given as:

ITAE = [ t.|e(t)].dt (14)
IAE = [ |e(t)].dt (15)
ITSE = [ t.e?(t).dt (16)
ISE = [ e?(t).dt (17)

These are also referred as error functions. These integral
performance criteria in the frequency domain have their own
advantages and disadvantages [3]. For e.g., a disadvantage of the
IAE and ISE criteria is that its minimization can result in a
response with relatively small overshoot but a long settling time.

IV. SYSTEM INVESTIGATED

A power system consisting of a thermal generating unit of
non-reheat type was considered for the simulation. The
performance of the system was observed in terms of dynamic
response of the system measured in terms of frequency
deviation, Af and voltage deviation 4V occurring due to an
application of a step load perturbation. The system is brought to
its stable sate of operation with the use of PID controller. The
Simulink model for the system is shown in fig. 3. The system
was observed under a step change in load of 0.1 p.u., speed
regulation of R = 3 Hz/p.u. and simulation time of t = 10
seconds. The error signal in the calculation of the performance
index is taken as sum of frequency deviation, Af and Voltage
deviation, AV. Thus, the performance indices can be stated as:

ITAE = [ t.|Af + AV].dt (18)
IAE = [} |Af + AV].dt (19)
ITSE = [ t.[Af + AV]?.dt (20)
ISE = [, t.[Af + AV].dt (21)
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Fig. 3. Simulink model of the system in study

V. RESULTS AND DISCUSSION

A. Particle Swarm Optimization tuned PID Controller

Fig. 4 shows the frequency deviations and fig. 5 shows the
terminal voltage deviations of the system for different
performance indices. Table | provides the comparison of
response obtained from different performance indices. The
comparison is made in terms of maximum overshoot and
settling time of the frequency response and voltage response.
Table 11 shows the values of PSO-PID controller gains obtained
from each performance index.
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Fig. 4. Frequency deviations for different performance indices (PSO-PID)
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Fig. 5. Terminal voltage deviations for different performance indices (PSO-
PID)

TABLE |
COMPARISON OF RESPONSE OBTAINED FROM DIFFERENT PERFORMANCE
INDICES (PSO-PID)

LFC Loop AVR Loop
Performance - ——
Max. Overshoot Settling | Settling time
Index .
(p.u.) time (s) ()
ITAE -0.2986 6.650 3.218
IAE -0.2616 6.983 4.817
ITSE -0.2537 8.353 7.824
ISE -0.2951 8.391 10.35

TABLE Il
PSO-PID CONTROLLER GAINS OBTAINED FROM DIFFERENT PERFORMANCE
INDICES
Performance Kp Ki Kb

Index LFC | AVR | LFC | AVR | LFC | AVR

ITAE 3.19 | 0.80 | 2.00 | 0.38 | 2.39 | 0.30

IAE 454 | 0.80 | 2.00 | 0.39 | 2.89 | 0.30

ISE 5.00 | 0.80 | 2.00 | 0.80 | 5.00 | 0.80

ITSE 5.00 | 0.80 | 2.00 | 0.48 | 4.47 | 0.50

B. Many Optimizing Liasons tuned PID Controller

Fig. 6 shows the frequency deviations and fig. 7 shows the
terminal voltage deviations of the system for different
performance indices. Table Ill provides the comparison of
response obtained from different performance indices. The
comparison is made in terms of maximum overshoot and
settling time of the frequency response and voltage response of
the single area power system. Table 1V shows the values of
Many Optimizing Liaisons based Proportional Integral
Derivative controller gains obtained from each performance
index.
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Fig. 6. Frequency deviations for different performance indices (MOL-PID)
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Fig. 7. Terminal voltage deviations for different performance indices (MOL-
PID)

TABLE I
COMPARISON OF RESPONSE OBTAINED FROM DIFFERENT PERFORMANCE
INDICES (MOL TUNED PID)

LFC Loop AVR Loop
Performance - -
Max. Overshoot | Settling Settling
Index . .
(p.u.) time (s) time (s)
ITAE -0.2514 5.833 1.986
IAE -0.2519 5.871 2.055
ITSE -0.2519 6.95 7.082
ISE -0.3153 6.142 9.156
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TABLE IV
MOL-PID CONTROLLER GAINS OBTAINED FROM DIFFERENT PERFORMANCE
INDICES
Performance Kp Ki Kb
Index LFC | AVR | LFC | AVR | LFC | AVR
ITAE 5.00 | 0.90 | 457 | 0.46 | 3.16 | 0.29
IAE 5.00 | 0.90 | 5.00 | 0.46 | 3.20 | 0.29
ISE 5.00 | 0.90 | 5.00 | 0.89 | 5.00 | 0.90
ITSE 5.00 | 0.90 | 5.00 | 0.57 | 5.00 | 0.55

C. Comparison of results obtained from Conventional PID
Controller, PSO-PID controller and MOL-PID Controller

Fig. 8 compares the frequency deviation of the system
obtained from PSO-PID controller and MOL-PID controller,
and conventional PID controller. Fig. 9 shows the terminal
voltage response of the system obtained from PSO-PID
controller, MOL-PID controller and conventional PID
controller. The ITAE criterion was chosen for comparison as it
showed the best result in terms of overshoot and settling time.
Table V shows the optimal gains of PSO-PID controller, MOL-

Conventional PID controller.

=

characteristics show a faster and smoother response. Table VI
provides the comparison of using the conventional tuned PID,
PSO-PID controller and MOL-PID controller.

For a LFC system simulated for a step load deviation of 0.1
p.u. and regulation of 3 Hz/p.u., the settling time in the case of
MOL-PID controller with ITAE as fitness function is 5.833s
with a maximum overshoot of -0.2514 p.u., which is least as
compared to the PID controller tuned through PSO algorithm
and conventional tuning.

For an AVR system, there is no transient peak, also the MOL
algorithm tuned PID controller with ITAE as fitness function
gives a very small settling time of 1.986 sec as compared to the
PID controller tuned through PSO algorithm and conventional
tuning.

Thus the MOL-PID controller with ITAE as performance
index results in best performance in terms of reduced overshoot
and settling time.

TABLE VI
COMPARISON OF DYNAMIC PERFORMANCE RESULTED FROM USE OF
DIFFERENT TUNING METHODS

(=

=

=
i

=
i

&
=

PID controller (from using ITAE as performance index) and Dynamic Response
Tuning Af AV
Method Max. Overshoot | Settling time | Settling time

(p.u.) ©) ©)

Conventional -0.467 7.956 6.399

B PSO -0.298 6.650 3.218

MOL -0.251 5.833 1.986
—— MOL-PID
— PFSO-FID

Conwventional-FID APPENDIX

Change in frequency (in p.us)

]
i

=
w
B

n
@

8 9 10

Fig. 8. Comparison of frequency deviation obtained from different tuning
methods
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Fig. 9. Comparison of terminal voltage response obtained from different
tuning methods

TABLE V
PID CONTROLLER GAINS OBTAINED FROM DIFFERENT TUNING METHODS

LFC Loop AVR Loop
Kp Ki Kb Kp Ki Kb
Conventional PID | 0.2 15 12 |1 09 | 06 | 03
PSO-PID 3.19 2 2.39 | 0.80 | 0.38 | 0.30
MOL-PID 5 457 | 3.16 | 0.90 | 0.46 | 0.29

Controller

VI. CONCLUSION

The conventional PID controllers results in large settling
time, overshoot and oscillations. With use of evolutionary
algorithms to tune the PID controllers, the typical

The simulation parameters for the Simulink model are
provided in table below:

TABLE VII
SIMULATION PARAMETERS CONSIDERED FOR SYSTEM MODEL

LFC Loop Parameters
Load change, APL = 0.1p.u.
Base power = 1000 MW
Governor time constant tsg=0.4s
Turbine time constant == 0.5s
Load damping constant, D = 1
Inertia constant H =10
MW/MVA

AVR Loop Parameters
Amplifier gain, Ka =10
Amplifier time constant ta=0.1
Exciter gain, Ke =1
Exciter time constant te =0.4s
Generator gain, K = 0.8
Generator time constant
16=1.4s
Sensor gain Kr=1
Sensor time constant tr=0.05s

Speed regulation, R = 3 Hz/p.u.

The Particle Swarm Optimization parameters used are:

Population size 130
No. of iterations :30
Cogpnitive coefficient, C; 12
Social coefficient, C, 12

Inertia weight :04<w=<09

The Many Optimizing Liaisons parameters used are:

Population size 30
No. of iterations 130
Social coefficient, C 12

Inertia weight
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