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Abstract. Speed governors have critical importance on
hydroelectric power plants, which are adjusted to the
rotating speed of hydroelectric generation based on load
demand of the grid. The rotating speed is the main
factor to balance power generation and load demand.
The well-designed controller is needed to control speed
governors with high accuracy. A well-defined model
18 needed to obtain desired control structure. There-
fore, in this study, initially, the mathematical model of
a hydroelectric power plant is obtained by using physi-
cal characteristics of a real-world. Then by using this
model and corresponding real-world data, a set of con-
troller parameters is designed by using tuning method-
ologies based on heuristic optimization algorithms, and
their performances are compared with each other and
with a classical tuning methodology.  FEvolutionary-
based and nature-inspired-based heuristic optimization
algorithms are selected as the tuning algorithms not
only to compare the performance of these algorithms
with a classical method but also with different origins.
The performance of the optimized controller improves
the performance of the overall system and helps to get
desired performance. The results also indicate that as
long as the desired performance criteria are defined
as accurate as possible, the performance of the opti-
mization algorithms is acceptable.

Keywords

Differential evolution, firefly algorithm, gover-
nor speed control, hydropower plants, particle
swarm optimization.

1. Introduction

A hydroelectric power plant is composed of ball valve,
shunt valve, induction manifold, volute, adjusting fan,
gear, speed regulator, auxiliary systems (break, cooler,
fan, greasing etc.), generator, voltage regulator, warn-
ing system, synchronization system, protecting system
and switch-yard equipment (breaker, dispersive, trans-
former, etc.). The operation of hydropower plant can
be summarized as: at first, the initialization signal is
reached to plant, and then the auxiliary systems are
engaged. A typical auxiliary system is formed from
cooler liquid pump, speed regulator oil pump, bearing
lubrication pump, rubber sleeve valve and carbon dust
discharge valve. After that, mechanical breaks are de-
activated, and emergency valves become online. Then
speed regulator is initialized, and wicket gate slightly
opens. After some time, turbine reaches its nominal
speed. At this phase, it is desired to be synchronized
with the grid. Hence the other conditions for synchro-
nization are fulfilled following the nominal speed. For
synchronization with the grid, voltage-level of regu-
lation is reached to its nominal value. The synchro-
nization is assumed to be succeeded when the genera-
tor voltage level and frequency meet with grid voltage
and frequency levels respectively; and then unit circuit
breaker closes. Finally; load is applied to the system af-
ter synchronization by opening speed regulator wicket
gates. It is clear that the control of speed governors has
a direct effect on both generation and the synchroniza-
tion with the grid. In a general manner, the aim of the
speed governors is to set the nominal value by using
the information from measurement equipment in the
field. The controller is utilized for setting the system
to make it reach the nominal value. Speed governor
control functions can be summarized as:
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e Speed Control Mode (Transient Response): The
speed of the governor is controlled until the syn-
chronization with the grid succeed. Speed regula-
tor slightly opens the wicket gate, by this way tur-
bine begins to rotate and speed-up. Next, wicket
gate moves to a lower position and unwanted in-
crease at the water input is prevented. This con-
trol action goes on until the synchronization with
the grid is achieved.

e Active Power Control Mode (Steady-State Re-
sponse): After the speed control mechanism is ter-
minated, in other words, the synchronization be-
tween plant and grid is succeeded, the active power
control mode runs to support the balance the grid
frequency by primary frequency control.

In this study, the transient response of the controlled
speed governors at hydroelectric power plant is inves-
tigated since the transient response of the generator
has the most critical mission and it is expected to give
essential response to the imbalances of the grid as fast
and as accurate as possible. In another respect, it is de-
sired to achieve synchronization between power plant
and grid rapidly. In other words, the error between
turbine speed, and the frequency of the grid must be
zero (the steady-state error must be zero). For all of
these reasons, the controller design has an importance
at the hydroelectric power plants. Therefore, a classi-
cal controller algorithm is applied to the problem. The
parameters of the controller have direct effect on the
transient response characteristics of the system. In this
study, parameter tuning methodologies with respect to
the optimization algorithms are investigated by using
the mathematical model of the power plant, which is
obtained from the field study on a real-world plant.

1.1. Literature Review

In the approaches to the design of controllers for power
plants, common property is noticed, namely that the
controllers are designed based on the various sections
of the different types of power plants. Therefore, many
approaches are proposed for each power plant. Fu-
rukowa et al. investigated a blackout scenario where
hydroelectric plants are initially started up after black-
out to support the grid [I]. Two control structures are
applied to the system; conventional Proportional (P)
control, and lag compensator. The authors showed
that if the same control parameters are applied to
the proposed control system, the overall system be-
comes unstable. To improve the performance of the
controller, the authors suggested adding an Integra-
tor (I) part to the proportional controller instead of P
controller and PI controller is applied to the problem
[I]. Tt is also indicated in the paper that speed reg-
ulator stability is the important aspect for a start-up

hydroelectric power plant. Rastrepo and Galiana in-
vestigated reducing the total production cost in power
plants (a similar study is applied for wind turbines [2])
[3]. That study showed that speed control action has
a direct impact on the production costs, and a well-
designed controller help to reduce it. In the study
by Nanda et al., ideal I controller and PI controller
are compared on thermal power plants, and it is con-
cluded that almost the same performance is obtained
from both algorithms [4]. Abdolmaleki et al. suggest
an adaptive PI controller based on fuzzy logic for hy-
dropower plants [5]. The results indicated that the
transient response becomes faster, and causes large sta-
bility margin. Also, the robustness increases with the
proposed algorithm. The study showed that conven-
tional PI controller with a proper parameter selection
greatly helps to improve the overall performance of the
system. These results are also supported by a different
study from the same authors [6]. In that study, the
best-possible controller parameters are obtained from
classical control design approaches (root locus), and
the results showed that performance of the system is
improved with a properly adjusted set of optimal pa-
rameters. Also, from all these researches, it is learned
that almost same performance can be obtained from
another set of parameters and controllers.

As another methodology, intelligent controllers, such
as neural network controller, are applied to the prob-
lem. A neural network controller is applied to this
problem. Ram and Jha suggested a controller frame-
work where PI controller is supported by a soft com-
puting approaches - Fuzzy Logic, Neural Network and
Neuro-Fuzzy System [7]. The performance of these
joint systems is almost the same with the rise time and
settling time reduced. Nanda et al. [8] discussed the
performance of I, PI, PID and ID controllers on hydro-
thermal power plant. Even these controllers present
almost the same performance, Differentiation (D) term
increases the noise of the controller. Khuntia ve Panda
[9] are discussed the Neuro-Fuzzy System (ANFIS) and
compared with ideal I compensator. The results also
suggest that an intelligent controller gives more robust
and fast response against the compensator. Laghardi
et al. present a general discussion about conventional
control algorithms (PID, lag and lead compensators)
[10]. It is indicated that PID and PI controllers give the
almost same overshoot performances, and the I term
occurs as the important term for reducing (elimina-
tion) steady-state error. Jagatheesan and Anand [IT]
present a paper and compare I and PI controllers. The
performance of the overall system indicates that with
I (ideal integral compensator) controller the overshoot
becomes larger than in case of PI controller.

As a joint study that merges intelligent optimiza-
tion algorithm and conventional controllers, Singh et
al. give an optimal parameter selection/determination
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for PI controller by using the Genetic Algorithm (GA)
[I2]. The result of this paper also supports the previ-
ous discussions that the performance of the controller
significantly depends on the appropriate parameter se-
lection. The idea of tuning the parameters of PID
(or other algorithms) is an efficient methodology to
get desired performance. Currently, even the many-
objective optimization algorithms can be applied to
the tuning process [13], single objective optimization
algorithms are still successfully applied to the tuning
problem [14], where overshoot of the output of the in-
verted pendulum system decreases and better stabi-
lizes [14]. As a power system application for nuclear
reactors, GA and PSO is applied for PID controller
[I5]. The performance index of ITSE is selected as
cost function, and the results support PSO against GA
algorithm. The time varying property of the PID con-
troller tuned by PSO is investigated in [I6]. Also, in
that study, CMA-ES algorithm is also applied to the
benchmark problems of optimization algorithms. As
an application of the tuning methodology, 10 kW air
heater system is evaluated as the problem [I7]. The re-
sults of this study, which is based on comparing PSO-
PID tuning with the classical tuning algorithm like
ZN, shows the heuristic-based tuning algorithms per-
formance. Among these applications MIMO systems
were also investigated with a PID variant named as
2-DOF PID controller and PSO is applied and com-
pared with other heuristics [I8]. Also, as a cost func-
tion minimizing Integral of Squared Error (ISE) and In-
tegral of Time multiplied by the Squared Error (ITSE)
are selected. It is possible to implement these con-
trollers tuned by heuristic algorithms as the engineer-
ing problem [I9]. The coding is one of the fundamen-
tal problems of convolution optimization algorithms.
The correct and intelligent coding will increase the op-
timization performance. Therefore, a new coding is
also proposed, and impact of the coding is investigated
[20]. Other optimization algorithms like Firefly [21],
Chaotic Firefly Algorithm [22], self-adaptive firefly al-
gorithm [23], gravitational search algorithm [24], and
Bat-Inspired Algorithm [25] are applied to controller
tuning problem. The performance of the tuning algo-
rithm is demonstrated on all these cases.

By evaluating the previous studies explained above,
the following statements which are the direction of this
study are extracted:

e Integrator is an important control parameter term
which eliminates steady-state error.

e Derivative term increases the noise in the system
and may cause instability.

e PI gives lower overshoot and faster response when
compared to ideal integral compensator.

e Intelligent methods improve the performance of
the controller with respect to the steady-state and
transient responses.

e The optimal parameter selection not only im-
proves the performance but also increases robust-
ness of the system.

Therefore, in this study, conventional PI controller
parameters are determined by using heuristic optimiza-
tion algorithms named as Differential Evolution, Par-
ticle Swarm Optimization, Firefly Algorithm and Evo-
lutionary Strategy. Then, the optimized controller pa-
rameters are applied to the system model, which is
extracted using the real-world hydropower plant. This
paper is organized into five sections. The sub-section
of introduction gives the survey of the similar papers
in the literature. Also, in this sub-section with the aid
of previous papers, a direction of this paper is empha-
sized. Section[2.] gives the mathematical model of the
power plants. Section [3. | explains the optimization
algorithms. Section [4._| presents the results of the
implementations, and the last section is the conclusion
of this study.

2. Problem Definition and

Mathematical Modelling

Mathematical model of hydropower plant is obtained

by extraction of mathematical relations inside hy-

dropower plant [26]. The relation between tunnel dy-

namics is given (Fig. [1]).

dUtu _ H, — Hg — Hp» (1)
dt ty ’

where the following parameters are used: Uy, - speed
of water in tunnel (pu); H, - level of reservoir (pu);
H, - level of surge tank (pu); Hjz2 - lost in tunnel (pu);
t; - time to reach water to tunnel (s). The relation with
respect to the surge tank is given below:

Hd = i/Ud(T)dT, (2)

Cq

where Cy is the constant (s) and Uy is water speed
at surge tank (pu). To add penstock dynamics to the

model the Eq. , Eq. and Eq. are used.

Hg = zp tanh(t.) Uy,
H,, = Hqy— H, _HQ7

Utr = G\/ Htra
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Fig. 1: Main components of the power plant [33].

where the variables are: Hy. - turbine level (pu);
H; - loss in penstock (pu); z, - stability impedance in
penstock; t. - penstock time (s); Uy, - speed of water to
penstock (pu); G, wicket gate opening (pu). First, the
no load condition is extracted for calculation of neces-
sary power to move turbine. The Equation @, Eq.
and Eq. are used for this purpose.

Pmek = AtrHtr (Utr - UNL) s (6>

Pmek = memek7

(7)

1 Nominal power of turbine

A (8)

- Urr, — Unxr Nominal power of generator’

where the used parameters mean: A, - turbine gain
(pu); Unr - no load flow (pu); Ugy, - full load flow (pu);
Wy, - angular velocity (rad-s™!); Truer - torque (Nm);
P,k - power (W). To find the acceleration torque, the
difference between mechanical and electromechanical
torque is calculated as:

dw,,

Tiz:
his = I

= Tmek - Telek‘7 (9)
where T is the electromagnetic torque (Nm) and
J is the joint moment between generator and turbine

(kg -m?):

9HV A
J—#, (10)
me
1 /7\2 GD?*n?
#=5(5) (11)

where H is a constant (kWs/kVA); wy,o - nominal an-
gular velocity (rad-s—!); VA - nominal power (VA);
GD? - generator Volant effect (tm?); n - rotation speed
(rpm); KV A - nominal power and J = 25%‘4 ~ 2H. For
the penstock time calculation, wave velogi%y is selected
as 1200 m-s~! t, = L. -a~ !, where L. is the length of
penstock (m), and « is wave speed (m-s~1). Hydraulic
impedance is calculated from:

Zp = Ta (12)
Le Q
tc2 — Acg E, (13)

where t.o - time for water to reach penstock (s);
A, - penstock cross sectional area (m?); @ - nominal
flow rate (m?®); H - nominal head (m). Similarly, the
time for water to reach the tunnel is calculated from:

Ly @

=%
t AtgH’

(14)
where L; - length of tunnel (m), A; - tunnel cross sec-
tion (m?) and Cy - penstock constant, which is calcu-
lated from Cy = AggH , where Ay - surge tank cross
section (m?). In this study, by using the real hy-
dropower plant (Kadincik - I power plant) parameters
and the nonlinear equations, the control algorithms are
designed and compared with each other. The next sec-
tion explains the control structure and algorithms used
in this paper.

2.1. The Controller Structure

The PID controller is one of the basic but frequently
preferred control algorithms due to its structure, and
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already discussed nature and necessary tools needed for
tuning the parameters of the controller. The general
frequency domain representation of the PID controller
is given below:

K
G(S):KP—F?I—FKDS. (15)

The PID controller in Eq. has three terms and
each of these terms has an impact on transient re-
sponse. The proportional term (Kp) decreases rise
time and steady-state error but increases overshoot.
The integral term (K7), gives similar performances like
proportional term but increases settling time. But with
the aid of integral term, steady-state error can be elimi-
nated. The derivative term (K p) has no positive effect
on steady-state error and slightly changes rise time.
However, this parameter decreases overshoot and set-
tling time with a proper parameter value. The study
[27] showed that like conventional tuning algorithms,
heuristic algorithms are applied successfully to the tun-
ing problem. In contrary to the results of conventional
methods, heuristics gives much better results for sys-
tems of various order and even systems with time delay
[28].

2.2. Performance Metric

The tuning of PID parameters by using optimization
algorithms is an objective function needed to obtain
a better transient response. Therefore, in this study,
Mean Square Error (MSE) is selected as the main com-
ponent of the objective function at the entire optimiza-
tion algorithm. The previous study [29] showed that
MSE could help to improve the steady-state error with-
out critical change of the other transient response char-
acteristics. Also, the difference between reference input
and output of the system is selected as the objective
function parameter with the steady-state error.

3. Heuristic Algorithms

3.1. Differential Evolution (DE)

Differential Evolution (DE) algorithm is a population-
based evolutionary algorithm like genetic algorithm,
which is composed of the mutation, crossover, and se-
lection operators. The first introduction of the algo-
rithm was proposed by Storn and Price in 1995 [30],
[31] and [32]. In their first paper [30], the performance
of their new algorithm by comparing with improved
Simulated Annealing (SA) algorithm and Genetic Al-
gorithm (GA) is presented in detail. (This paper is
the reason for that SA and GA are not included as an

optimization algorithm since it is shown that DE out-
performs SA and GA). The organization of DE is very
similar to GA. The algorithm begins with the random
initialization of the solution candidates on the search
space. In a general manner, the uniformly distributed
random number generator is preferred. Instead of the
last operator in GA, the mutation operator is evaluated
as the first operator to obtain a new population set.
The equation given below mathematically describes the
mutation operator.

k+1 k k k

vyt =+ F (2 — ays) (16)
where x - member of the initial population (X),
v - member of the produced population (V), F - con-
trol parameter selected as 0.8, and rl, r2, and

r3 - randomly selected indexes inside X.

As the second operator, the crossover is applied to
the population V' and population U is formed. Two
approaches, proposed for crossover, are called as expo-
nential and binomial operator. Since the performances
of these approaches are almost the same [31]], generally,
binomial operator is preferred due to the low complex-
ity. The binomial crossover operator is given below:

k= Vi

i, xéﬂ,j?

where C'g - second control operator of DE and the value
is selected as 0.8 [30] and [32]. As the final operator;

the best members among X and U are selected and
survived to the next generation.

rand < Cg,

17
otherwise, (17)

3.2. Particle Swarm Optimization

(PSO)

Particle Swarm Optimization (PSO) algorithm is
a nature-inspired heuristic population-based algorithm
proposed by Kennedy and Eberhart in 1995 [34]. The
algorithm is formed by investigating the behaviours of
the members in an animal swarm [34], [35], [36] and
[37], mainly their motion. It is observed from the ani-
mal swarm, that the members are deciding their move-
ments by following the swarm leader and their instinct
to return their most benefit position. Therefore, the
best member at every iteration of the algorithm is de-
termined with the personal best position. In summary,
the algorithm begins with the randomly distribution
of the members on search space. Then for each mem-
ber, the objective value is calculated. By using these
objective values, the member with smaller objective
value (for minimization problem) is found. Also, from
these objective values, each member updates its per-
sonal best position. By using all these calculated val-
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ues, the position and velocity are updated as given by
equations:

ot =l erand o)+
+ CQTG,TLd (gl(;jest,k - xz) )

a2 = 2l +ofAt, (19)
where 2, (d) - position of the particle in the d** dimen-
sion at the k" iteration, similarly v - velocity com-
ponent, ppest - best position among the memory of
the member, gpes: - best position of the whole swarm,
w - inertia weight which is initialized as 0.9 and de-
creased linearly to 0.4, ¢; and ¢y - control parameters
and usually chosen to be 1.494, rand - pseudo-random
number generated from a uniform distribution, and
At - time step = 1.

3.3. Firefly Algorithm (FA)

Firefly Algorithm (FA) is a population-based optimiza-
tion algorithm, which mimics the behaviour of the fire-
fly flocks in their nest. The algorithm proposed by
Yang [38] and [39] in 2008 is based on the light in-
tensity and attractiveness between fireflies. Fireflies
use their flashing light properties as a warning mecha-
nism against predators and to attract for mating. The
amount, rate and time duration of the light is a com-
munication mechanism among the fireflies. The light
intensity is changing with respect to the absorbing the
light source and it is related to the distance between
fireflies. Therefore, by using the light intensity and
corresponding attractiveness between fireflies, an algo-
rithm called as Firefly Algorithm is proposed for solv-
ing optimization problems. To form a relation between
optimization algorithm and firefly behaviours, it is as-
sumed that a) All the members can be attracted from
each other. In other worlds all the members are unisex.
b) Attractiveness is only depended on the light inten-
sity. Therefore, less bright member moves to brighter
one. If there is no brighter member due to the dis-
tance, then it moves randomly. ¢) The search space
is corresponding to the light distribution. Therefore,
brightness corresponds to the objective value. The per-
formance of the FA among other heuristic algorithm on
same well-known benchmark problems are discussed in
detail [40], and results showed that for some of the
benchmark/test problems, FA gives same or better per-
formances against well-known optimization algorithms.
Then, the improved version of this algorithm also dis-
cussed and converted to solve multimodal problems
[41]. Next, since it can present good performances,
after some time for obtain mature FA, it is applied to
some real-world problems [39] and [42] and produced

satisfactory performances. The members of the popu-
lations (firefly) assumed to have a position (x) at the
same dimension of the search space. Based on the po-
sition and distance, the light intensity is changed. For
a uniform medium, which has a constant light absorp-
tion coefficient (), initial light intensity ([p) at the
distance (r), and light intensity can be calculated as
given:

I(r) = Ipe " (20)

Similarly to the light intensity, as the attractiveness
is directly proportional to the light intensity, the at-
tractiveness is calculated from the following equation.

B = Boe™ . (21)

The attractiveness is mutual for both fireflies.
Therefore, the distance between them is a parameter
at the formulation. The distance is calculated from
Euclidean function (Eq. (22)).

rij = |lvs — x4, =

In the algorithm, the position of the members cor-
responds to the solution of the optimization problem.
Therefore, the position update rule is the main mech-
anism of the algorithm. The following Eq. is the
position update rule of the FA algorithm. The update
mechanism has three parts connected with addition.
The first term of the equation is the previous position,
the second term is the attractiveness, and the last term
is the randomness of movement, since the distance or
light intensity between members is the same and the
second term is zero.

T, =x; + (.Tj — xl) — (23)

QE;.

3.4. Covariance Matrix Adaptation

Evolution Strategy (CMA-ES)

Initially, Evolution Strategy (ES), as the name ex-
pressed, is designed as a set of rules based on the
evolution process in nature for using at automatic de-
sign of the engineering problems [43]. Then, the sin-
gle solution-based ES has only one parent and one off-
spring per generation. This new form of ES is called as
(141)-ES. Next, in the master thesis of Schwefer [44],
it is found that the algorithm is stuck on local opti-
mum frequently. Finally, multi-member (population-
based) ES is proposed and called as (u + 1)-ES, and
then (u+M\)-ES is proposed. In this algorithm weighted
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average of \ is selected from p offspring which is gener-
ated at each generation. After years, the algorithm be-
comes a population-based evolutionary algorithm with
the operators of marriage, recombination and muta-
tion. Since the local optimum problem is the reason
of the improvements on ES algorithm, in 2001, Hansen
proposed an adaptive covariance approach to ES algo-
rithm [45], and this CMA-ES algorithm is evaluated
[46] and discussed in the literature in detail [47] and
[48].

The CMA-ES has structure with five stages:

e initialization,
e update of covariance and step size,
e generation of offspring,

e recombination.

Unlike other optimization algorithms discussed in
this paper, for this population-based method, the solu-
tion candidates are selected and updated randomly by
using multivariate Gaussian distribution with Different
Mean (M), Variance (o) and Covariance (C) values.

=N (M(g), 0%, c), (24)

where ¢ - index of generation, k - index of members
in population. Like the other optimization algorithms,
x corresponds to the vector of elements and d to the
dimension of the problem. At the first step, the pop-
ulation is randomly distributed on the search space.
Then, two fundamental matrices are updated from the
Eq. , Eq. , Eq. and Eq. . These vectors
are covariance matrix and step size, where n - number
of decision variables, p - best individual of the popula-
tion, ¢eop = [0,1] - control parameter (determines the
rate of change of the covariance matrix) for step size
and covariance matrix [49].

2
Ccovzfig'i_
H(n—kﬂ)
1 2u—1
+(1—— | min I,Q'U— , (25
J n“+4dn+4+p

o) = 5(9) exp

10

Qo+l — (1= Ceon) cl9) 4

1 1
+Ccov *Pg+1P(g+1)T + 1—-- Ctm ’ (26)
I c c m P

1M
Ctmp - - Z :
Hi3
1 T
2 (2277 = M@) (227 @) (21)
4
plth) — (11— P94
C TL+4 C
4 4 7
2 — —_ 28
+\/n+4< n—|—4>0(9) (28)

(e o)

Similarly, step size o - related to the parameter
PC£9+1)

Pc(g+1)

called conjugate evolution path which corre-

sponds to the control parameter . These update
formulations are given in Eq. and Eq. , where
B- eigenvector of C and D - diagonal matrix. The
step size update rule is calculated from the Eq.
and Eq. (32).

plo+t) — (1 _ 10 Pl
7 n+20) ¢

+\/n i020 (2 T i020>' (29)
B (D(g))’l (g(m)’l Py,
Pimp = U(—\/f) (x§9+” - M<9>) : (30)
cl = gl (D(g)>2 (B’(@)T. (31)

After all these steps are completed, the algorithm is
repeated until the termination conditions are met.

=]

max ((n +20),

3u(n+20)> 10 | NG

+ 10
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4. Implementation Procedure

and Results

In the study, the aim is to present a better control pa-
rameter selection methodology for hydropower plants.
Therefore, as an initial step, the control action is se-
lected. Based on the previously published papers (dis-
cussed in Sec. , it is observed that the PI con-
troller gives the sufficient /better performance with re-
spect to the desired criteria. The reason is that the in-
tegral term is applied to reduce/cancel the steady-state
error, even to make it zero. If a Differentiation term
(D) is added to the controller, then a noisy output sig-
nal is obtained and none of the papers for hydropower
plants from our research is suggested to use D term.
Also, from the previous studies, it is possible to make
an inference that the soft computing approaches help
to increase the performance of the classical controller.
Similarly, when a good controller parameter is selected,
not only the performance of the controller increases,
but also robustness and overshoot improve. Therefore,
in this study, the optimal parameters of PI controller
are obtained using heuristic optimization algorithm. In
this study, DE, PSO, FA and CMA-ES algorithms are
applied to the problem. These algorithms can be cat-
egorized into two groups. One includes the nature-
inspired optimization algorithms like PSO and FA; the
other group is for the evolutionary algorithms like DE
and CMA-ES. The reason is to compare the perfor-
mance of the algorithms of different categories. There-
fore, two relatively new and relatively widely preferred
algorithms are selected due to their acceptable perfor-
mance.

To show the performance of these tuning algorithms,
a classical tuning method; Ziegler-Nichols is initially
applied to the problem. Ziegler-Nichols (ZN) tuning
method is based on determination of the critical value
at marginal stable condition. In other words first it
is assumed that the system has only proportional part
and it increases until the closed-loop poles are almost
at the jw-axis, which means the almost marginal sta-
bility of the system. The ZN tuning algorithm is based
on determination of the PI parameter with respect to
the critical gain and critical period. The proportional
value for marginal stability is named as critical gain
K., and the period of oscillation is called critical pe-
riod Tg,.. The PI controller parameters are selected as
Kp = 045K, and T; = T,, - 1.2~ with respect to the
critical gain and critical period. Therefore, initially
critical gain and critical period are determined such
that the output exhibits an oscillation (marginal sta-
bility), and the period of the oscillation is the critical
period.

In order to determine the parameters of the control
method with heuristic optimization algorithms, simula-

tion studies are carried out based on the predetermined
model. The purpose function in simulation studies is
defined by the following equation.

J ! 1 v d
— 7K, + (tf _tb> /tb e(r)dr, (33)

where J - cost function of the problem, ¢, and ¢; - be-
ginning and final time of the simulation, K, - position
constant (steady state error), and e(t) - error function
between reference input (desired speed) and the out-
put of the system. The minimum value of the variable
’J’ defined in the equation expected from the optimiza-
tion algorithm is found. As different goal values can be
selected here, in this study, only the smallest value of
the error signal given by ’e’ was requested (Fig. |3).
The reason for choosing this way is not that the de-
sired system reaches the desired value quickly, unlike
other mechanical and electrical systems. Instead, it is
neither too slow nor too fast and minimizes the steady-
state error. The examined system consists of many
sub-systems in connection with each other and these
systems must be put into operation in order to work
together. For this reason, the system must first become
a steady state. After this stage, commissioning should
be done slowly in order not to put too much load on
other mechanical systems. The purpose function de-
termined in the equation is therefore chosen.

Initially, to compare the performance of the heuris-
tic algorithms, the system is tuned by using ZN, where
K. = 1.56 and T, = 7.2. The controller parameters
are calculated as Kp = 0.7 and T; = 6. Note that,
instead of T;, K7 can be used as controller parameter
which is equal to K; = Kp -T; " = 0.116. In the
second part of the implementation, heuristic optimiza-
tion algorithms are applied as a tuning strategy to the
problem. For this purpose, all these algorithms have
executed in the same conditions such as population size
60, number of iteration/generations 100. The solution
candidates are selected inside [10—4, 2]. Controller pa-
rameters obtained after the completed iteration are re-
ported in Tab. 2] and their transient responses are pre-
sented graphically in Fig. ] and numerically in Tab.

Tab. 2: Controller parameters obtained from tuning algo-

rithms.
Tuning Algorithm Kp Kr
Ziegler Nichols 0.7 0.116
Differential Evolution 1.003 0.16
Particle Swarm Optimization | 1.4626 | 0.2892
Firefly Algorithm 0.84 0.0748
CMA-Evolutionary Strategy 0.983 0.458

Figure [2] shows the transient responses correspond-
ing to the control parameters given in Tab. [2l By using
these graphical data, transient response characteristics
are summarized in Tab.[Ilas numerical values. Since all
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Fig. 2: Graphically demonstration of transient responses with respect to the different tuning algorithms.

Tab. 1: Relative transient response characteristics with respect to the different tuning algorithms.

Tuning Algorithm | Peak Time (s) | Settling Time (s) | Overshoot (%) | Steady State Error
7ZN 164 58.84 0 2.10° %
DE 164 45.67 0 1.13-10~ 1
PSO 24.52 59.35 7.12 6-10°
FA 164 120.47 0 7.8-10~%
CMA-ES 38.93 Osc. 8.28 2.4-10~3
\ ZN gives the smoothest and fast performance, and fi-
input oft) output nally, FA gives the third best performance among all
Wm » PI Controller > Plant " tuning algorithms.
A y(t
Kp(tb) Parameter
Ki(to) tuning
{e(ti)}tti=tb \ 5. Conclusion
I » o
y(t9) "| Cost Function P g Optimization

Fig. 3: Heuristic optimization-based tuning framework.

of these controllers have the integral term, the steady-
state errors are converged to approximately zero. In
case of overshoot values, PSO and CMA-ES give the
worst performances with respect to the overshoot, such
that almost 9 % overshoot is observed from the tran-
sient response of the CMA-ES parameter system. At
the same time, CMA-ES gives the oscillation output at
the stability border, which is expected to reach steady
state at time approaching infinity. For peak time values
of ZN, DE and FA are larger than settling time, which
means that there is no overshot and systems reach final
value. Therefore, for these three systems, the settling
time is the important indicator of the speed of the sys-
tems. Therefore, as seen in Tab. [I, DE gives the best
performance among all of the tuning algorithms. Then,

(©2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

The hydropower plant composes of different mechan-
ical and electrical systems where all of these sub-
systems run to produce electricity. The control of speed
governors has an important duty for synchronization
with the grid. Therefore, a well-designed controller is
needed for this duty. In this study, initially a model of
hydropower plant is constructed with the aid of real-
world power plant parameters. Then, PI controller is
selected as the main control algorithm and the param-
eters are optimized using ZN, DE, PSO, FA and CMA-
ES algorithms. The results showed that heuristic opti-
mization methodology improves the performance with
respect to the settling time. However, for this rela-
tively complex problem, it is not obtained best per-
formance from all of the heuristic tuning algorithms.
The CMA-ES gives almost unstable performance, PSO
gives large overshoot but relatively fast response, but
even the overshoot is not a good decision for synchro-
nization, FA presents good but slow response, ZN gives
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acceptable average performance and DE gives the best
performance among all the tuning methodologies.

References

(1]

5]

17l

(© 2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

FURUKAWA, K., A. IZENA, T. SHIMOJO,
K. HIRAYAMA and N. FURUKAWA. Governor
control study at the time of a black start. In: IEEFE
Power Engineering Society General Meeting. Den-
ver: IEEE, 2004, pp. 893-897. ISBN 0-7803-8465-
2. DOLI: 10.1109/PES.2004.1373127.

ULLAH, N. R., T. THIRINGER and D. KARLS-
SON. Temporary Primary Frequency Control
Support by Variable Speed Wind Turbines
- Potential and Applications. IEEE Transac-
tions on Power Systems. 2008, vol. 23, iss. 2,
pp. 601-612. ISSN 1558-0679. DOI: 10.1109/TP-
WRS.2008.920076.

RESTREPO, J. F. and F. D. GALIANA.
Unit commitment with primary frequency
regulation constraints. IFEE Transactions on
Power Systems. 2005, vol. 20, iss. 4, pp. 1836—
1842. ISSN 1558-0679. DOI: 110.1109/TP-

WRS.2005.857011.

NANDA, J., A. MANGLA and S. SURI. Some
new findings on automatic generation control of
an interconnected hydrothermal system with con-
ventional controllers. IEEE Transactions on En-
ergy Conversion. 2006, vol. 21, iss. 1, pp. 187-194.
ISSN 1558-0059. DOI: 10.1109/TEC.2005.853757.

ABDOLMALEKI, M., P. ANSARIMEHR and
A. M. RANJBAR. A robust fuzzy logic adap-
tive PI controller for hydro power plants.
In: SICE Annual Conference. Takamatsu: IEEE,
2007, pp. 2592-2595. ISBN 978-4-907764-27-2.
DOI: |10.1109/SICE.2007.4421428|

ABDOLMALEKI, M., A. M. RANJBAR,
P. ANSARIMEHR and S. B. BOROUJENIL
Optimal tuning of temporary drop struc-
ture governor in the hydro power plant.
In: National Proceedings Power and Energy
Conference (PECon). Johor Bahru: IEEE,
2008, pp. 100-105. ISBN 978-1-4244-2404-7.
DOI: 10.1109/PECON.2008.4762453.

RAM, P., and A. N. JHA. Automatic gen-
eration control of interconnected hydro ther-
mal system in regulated environment consid-
ering generation rate constraints. In: Inter-
national Conference on Industrial FElectronics,
Control and Robotics (IECR). Orissa: IEEE,
2010, pp. 148-159. ISBN 978-1-4244-8544-4.
DOI: 10.1109/IECR.2010.5720143.

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

NANDA, J., S. MISHRA, P. G. MISHRA and
K. V. SAJITH. A novel classical controller for
automatic generation control in thermal and
hydrothermal systems. In: International Con-
ference on Power FElectronic Drives and En-
ergy Systems for Industrial Growth. New Delhi:
IEEE, 2010, pp. 1-6. ISBN 978-1-4244-7781-4.
DOI: |10.1109/PEDES.2010.5712439.

KHUNTIA, S. R. and S. PANDA. A novel
approach for automatic generation control of
a multi-area power systems. In: Canadian
Conference on FElectrical and Computer FEn-
gineering (CCECE). Niagara Falls: IEEE,
2011, pp. 1182-1187. ISBN 978-1-4244-9789-8.
DOI: 10.1109/CCECE.2011.6030649.

LAGHARI, J., H. MOKHLIS,
A. B. H. A. BAKAR and H. MOHAMMAD.
Comparative studies on load frequency control for
isolated distribution network connected with mini
hydro. In: International Power Engineering and
Optimization Conference (PEOCO). Shah Alam:
IEEE, 2011, pp. 211-216. ISBN 978-1-4577-0354-
6. DOI: 10.1109/PEOCO.2011.5970388l.

JAGATHEESAN, K., and B. ANAND. Automatic
generation control of three area hydro-thermal
power systems with electric and mechanic gover-
nor. In: TEEE International Conference on Com-
putational Intelligence and Computing Research.
Coimbatore: TEEE, 2014, pp. 18-20. ISBN 978-1-
4799-3975-6. DOI: [10.1109,/ICCIC.2014.7238280.

SINGH, M. K., R. NARESH and D. K. GUPTA.
Optimal tuning of temporary droop governor
of hydro power plant using genetic algorithm.
In: International conference on Energy Efficient
Technologies for Sustainability. Nagercoil: IEEE,
2013, pp. 1132-1137. ISBN 978-1-4673-6150-7.
DOI:|10.1109/ICEETS.2013.6533545.

ALTINOZ, O. T. Optimal Controller Parameter
Tuning from Multi/Many Objective Optimization
Algorithms. 1st ed. Cham: Springer International
Publishing, 2019. ISBN 978-3-030-25445-2.

BEJARBANEH, E. Y., A. BAGHERI, B. Y. BE-
JARBANEH, S. BUYAMIN and S. N. CHEGINI.
A new adjusting technique for PID type fuzzy
logic controller using PSOSCALF optimiza-
tion algorithm. Applied Soft Computing. 2019,
vol. 85, iss. 1, pp. 1-26. ISSN 1568-4946.
DOI: 10.1016/j.as0¢.2019.105822.

MOHAMMAD, S. and H. MOUSAKAZEMI.
Computational effort comparison of genetic al-
gorithm and particle swarm optimization algo-
rithms for the proportional-integral-derivative

81


http://dx.doi.org/10.1109/PES.2004.1373127
http://dx.doi.org/10.1109/TPWRS.2008.920076
http://dx.doi.org/10.1109/TPWRS.2008.920076
http://dx.doi.org/10.1109/TPWRS.2005.857011
http://dx.doi.org/10.1109/TPWRS.2005.857011
http://dx.doi.org/10.1109/TEC.2005.853757
http://dx.doi.org/10.1109/SICE.2007.4421428
http://dx.doi.org/10.1109/PECON.2008.4762453
http://dx.doi.org/10.1109/IECR.2010.5720143
http://dx.doi.org/10.1109/PEDES.2010.5712439
http://dx.doi.org/10.1109/CCECE.2011.6030649
http://dx.doi.org/10.1109/PEOCO.2011.5970388
http://dx.doi.org/10.1109/ICCIC.2014.7238280
http://dx.doi.org/10.1109/ICEETS.2013.6533545
http://dx.doi.org/10.1016/j.asoc.2019.105822

POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 18 | NUMBER: 2 | 2020 | JUNE

[16]

[17]

(18]

[19]

20]

21]

22]

(© 2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

controller tuning of a pressurized water nu-
clear reactor. Annals of Nuclear Energy. 2020,
vol. 136, iss. 1, pp. 1-10. ISSN 0306-4549.
DOI: |10.1016/j.anucene.2019.107019.

LU Y., D. YAN, J. ZHANG and D. LEVY.
A variant with a time varying PID controller of
particle swarm optimizers. Information Sciences.
2015, vol. 297, iss. 1, pp. 21-49. ISSN 0020-0255.
DOI: 10.1016/j.ins.2014.11.017.

SALLAM, O. K., A. T. AZAR, A. GUAILY and
H. H. AMMAR. Tuning of PID Controller Us-
ing Particle Swarm Optimization for Cross Flow
Heat Exchanger Based on CFD System Identifi-
cation. In: Proceedings of the International Con-
ference on Advanced Intelligent Systems and In-
formatics. Cham: Springer, 2019, pp. 300-312.
ISBN 978-3-030-31128-5. DOI:10.1007 /978-3-030-
31129-2  28.

AZAR, A. T., A. S. SAYED, A. S. SHAHIN,
H. A. ELKHOLY and H. H. AMMAR. PID
Controller for 2-DOFs Twin Rotor MIMO Sys-
tem Tuned with Particle Swarm Optimization.
In:  Proceedings of the International Confer-
ence on Advanced Intelligent Systems and In-
formatics. Cham: Springer, 2019, pp. 229-242.
ISBN 978-3-030-31128-5. DOI:10.1007/978-3-030-
31129-2  22.

AZAR, A. T., H. H. AMMAR, Z. F. IBRAHIM,
H. A. IBRAHIM, N. A. MOHAMED and
M. A. TAHA. Implementation of PID Con-
troller with PSO Tuning for Autonomous Vehi-
cler. In: Proceedings of the International Con-
ference on Advanced Intelligent Systems and In-
formatics. Cham: Springer, 2019, pp. 288-299.
ISBN 978-3-030-31128-5. DOI:10.1007 /978-3-030-
31129-2 27.

MENHAS, M. I, L. WANG, M. FEI, and
H. PAN. Comparative performance analysis
of wvarious binary coded PSO algorithms in

multivariable PID controller design. Fxpert
Systems with  Applications. 2012, vol. 39,
iss. 4, pp. 4390-4401. ISSN 0957-4174.

DOI: |10.1016/j.eswa.2011.09.152.

RAY, P. K., S. R. PAITAL, A. MOHANTY,
Y. S. EDDY FOO, A. KRISHNAN, H. B. GOOI
and G. A. J. AMARATUNGA. A Hybrid Firefly-
Swarm Optimized Fractional Order Interval Type-
2 Fuzzy PID-PSS for Transient Stability Im-
provement. IEEE Transactions on Industry Ap-
plications. 2019, vol. 55, iss. 6, pp. 6486—6498.
ISSN 0093-9994. DOI:|10.1109/TT1A.2019.2938473.

RAVARI, M. A. and M. YAGHOOBI. Optimum
Design of Fractional Order Pid Controller Us-
ing Chaotic Firefly Algorithms for a Control

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

CSTR System. Asian Journal of Control. 2018,
vol. 21, iss. 5, pp. 2245-2255. ISSN 1561-8625.
DOI: |10.1002/asjc.1836.

GHARGHORY, S. M. and A. E. EBRAHIM.
Self-Adaptive Firefly Algorithm with Pole Zero
Cancellation Method for Controlling SMIB
Power System. International Journal of Com-
putational Intelligence and Applications. 2019,
vol. 18, mno. 2, pp. 1-20. ISSN 1469-0268.
DOI: 10.1142/s1469026819500135..

MOHANTY, P., R. K. SAHU and S. PANDA.
A novel hybrid many optimizing liaisons
gravitational search algorithm approach for
AGC of power systems. Automatika. 2020,
vol. 61, iss. 1, pp. 158-178. ISSN 0005-1144.
DOI:|10.1080/00051144.2019.1694743.

AZAR, A. T., H. H. AMMAR, M. Y. BEB,
S. R. GARCES and A. BOUBAKARI. Op-
timal Design of PID Controller for 2-DOF
Drawing Robot Using Bat-Inspired Algorithm.
In:  Proceedings of the International Confer-
ence on Advanced Intelligent Systems and In-
formatics. Cham: Springer, 2019, pp. 175-186.
ISBN 978-3-030-31128-5. DOI:10.1007/978-3-030-
31129-2 17,

KUNDUR, P. Power system stability and control.
1st ed. New York: McGraw-Hill, 1994. ISBN 978-
0-07-035958-1.

ALTINOZ, O. T., A. E. YILMAZ and G. W. WE-
BER. Application of Chaos Embedded Particle
Swarm Optimization for PID Parameter Tuning.
International Journal of Computers Communica-
tions & Control. 2012, vol. 7, iss. 2, pp. 204-218.
ISSN 1841-9844. DOI: [10.15837 /ijcce.2012.2.1403.

ALTINOZ, O. T. and H. ERDEM. Particle
swarm optimization-based PID controller tuning
for static power converters. International Jour-
nal of Power FElectronics. 2015, vol. 7, iss. 1,
pp. 1-8. ISSN 1756-638X. DOI: |10.1504/1JP-
ELEC.2015.071197.

ALTINOZ, O. T. and H. ERDEM. Evalua-
tion Function Comparison of Particle Swarm
Optimization for Buck Converter. In: Interna-
tional Symposium on Power FElectronics, Flec-
trical Drives, Automation and Motion. Pisa:
IEEE, 2010, pp. 798-802. ISBN 978-1-4244-4986-
6. DOI: 10.1109/SPEEDAM.2010.5542160.

STORN, R. and K. PRICE. Differential evolu-
tion - a simple and efficient adaptive scheme for
global optimization over continuous space. Jour-
nal of Global Optimization. 1995, vol. 23, iss. 1.
ISSN 0925-5001.

82


http://dx.doi.org/10.1016/j.anucene.2019.107019
http://dx.doi.org/10.1016/j.ins.2014.11.017
https://doi.org/10.1007/978-3-030-31129-2_28
https://doi.org/10.1007/978-3-030-31129-2_28
http://dx.doi.org/10.1007/978-3-030-31129-2_22
http://dx.doi.org/10.1007/978-3-030-31129-2_22
http://dx.doi.org/10.1007/978-3-030-31129-2_27
http://dx.doi.org/10.1007/978-3-030-31129-2_27
http://dx.doi.org/10.1016/j.eswa.2011.09.152
http://dx.doi.org/10.1109/TIA.2019.2938473
http://dx.doi.org/10.1002/asjc.1836
http://dx.doi.org/10.1142/s1469026819500135
http://dx.doi.org/10.1080/00051144.2019.1694743
http://dx.doi.org/10.1007/978-3-030-31129-2_17
http://dx.doi.org/10.1007/978-3-030-31129-2_17
http://dx.doi.org/10.15837/ijccc.2012.2.1403
http://dx.doi.org/10.1504/IJPELEC.2015.071197
http://dx.doi.org/10.1504/IJPELEC.2015.071197
http://dx.doi.org/10.1109/SPEEDAM.2010.5542160

POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 18 | NUMBER: 2 | 2020 | JUNE

31]

32]

[33]

[34]

[35]

[36]

37]

[38]

39]

[40]

(© 2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

STORN, R. Differential evolution design of an
[TR-filter with requirements for magnitude and
group delay. In: Proceedings of IEEE Interna-
tional Conference on FEvolutionary Computation.
Nagoya: IEEE, 1995, pp. 268-273. ISBN 0-7803-
2902-3. DOI: |10.1109/ICEC.1996.542373.

STORN, R. On the usage of differential evolution
for function optimization. In: Proceedings of North
American Fuzzy Information Processing. Berke-
ley: IEEE, 1996, pp. 519-523. ISBN 0-7803-3225-
3. DOI: 10.1109/NAFIPS.1996.534789.

MURAT, D., I. KOSALAY, D. GEZER and
C. SAHIN. Validation of Hydroelectric Power
Plant Model for Speed Governor Develop-
ment Studies. In: International Conference on
Renewable FEnergy Research and Applications
(ICRERA). Palermo: IEEE, 2015, pp. 1-5.
ISBN 978-1-4799-9982-8. DOI: 10.1109/ICR-
ERA.2015.7418709.

KENNEDY, J. and R. EBERHART. Particle
swarm optimization. In: Proceedings of ICNN’95
- International Conference on Neural Networks.
Perth: IEEE, 1995, pp. 1942-1948. ISBN 0-7803-
2768-3. DOI: [10.1109/ICNN.1995.488968.

EBERHART, R. and J. KENNEDY. A new op-
timizer using particle swarm theory. In: Proceed-
ings of the International Symposium on Micro
Machine and Human Science (MHS). Nagoya:
IEEE, 1995, pp. 39-43. ISBN 0-7803-2676-8.
DOI: |10.1109/MHS.1995.494215.

SHI, Y. and R. EBERHART. A modified parti-
cle swarm optimizer. In: IEEE International Con-
ference on Evolutionary Computation Proceedings.
Anchorage: TEEE, 1998, pp. 69-73. ISBN 0-7803-
4869-9. DOI: |10.1109/ICEC.1998.699146.

CLERC, M. and J. KENNEDY. The parti-
cle swarm-explosion, stability, and convergence
in a multidimensional complex space. IFEE
Transactions on Evolutionary Computation. 2002,
vol. 6, iss. 1, pp. 58-73. ISSN 1089-778X.
DOI: 10.1109/4235.985692.

YANG, X. S. Nature Inspired Metaheuristic Algo-
rithms. 1st ed. Cambridge: Luniver Press, 2008.
ISBN 978-1-905986-10-1.

FISTER, I., X. S. YANG and J. BREST.
A comprehensive review of firefly algorithms.
Swarm and Evolutionary Computation. 2013,

vol. 13, iss. 1, pp. 34-46. ISSN 2210-6502.
DOTI: |10.1016/j.swevo.2013.06.001.
YANG, X. S. Firefly algorithm, stochastic

test functions and design optimisation. Inter-
national Journal of Bio-Inspired Computation.

[41]

42|

[43]

[44]

[45]

[46]

[47]

48]

[49]

2010, vol. 2, no. 2, pp. 78-84. ISSN 1758-0366.
DOI: 10.1504 /1JBIC.2010.032124.

YANG, X. S. Firefly Algorithms for Multimodal
Optimization. In: Stochastic Algorithms: Foun-
dations and Applications. Heidelberg: Springer,
2009, pp. 169-178. ISBN 978-3-642-04943-9.
DOI: |10.1007/978-3-642-04944-6  14.

YANG, X. S.; S. S. HOSSEINT and A. H. GAN-
DOMI. Firefly Algorithm for solving non-
convex economic dispatch problems with valve
loading effect. Applied Soft Computing. 2012,
vol. 12, iss. 3, pp. 1180-1186. ISSN 1568-4946.
DOI:|10.1016/j.as0¢.2011.09.017.

BEYER, H.-G. and H.-P. SCHWEFEL. Evolution
strategies — A comprehensive introduction. Nat-
ural Computing. 2002, vol. 1, iss. 1, pp. 3-52.
ISSN 1567-7818. DOI: 10.1023/A:1015059928466.

SCHWEFEL, H. P. Kybernetische Evolution als
Strategie der exprimentellen Forschung in der
Stromungstechnik. Berlin, 1965. Master’s thesis.
Technical University of Berlin.

HANSEN, N. and A. OSTERMEIER. Com-
pletely Derandomized Self-Adaptation in Evolu-
tion Strategies. Fvolutionary Computation. 2001,
vol. 9, iss. 2, pp. 159-195. ISSN 1063-6560.
DOI: 10.1162/106365601750190398.

HANSEN, N., S. D. MULLER and
P. KOUMOUTSAKOS. Reducing the Time
Complexity of the Derandomized Evolution
Strategy with Covariance Matrix Adaptation
(CMA-ES). Evolutionary Computation. 2003,
vol. 11, iss. 1, pp. 1-18. ISSN 1063-6560.
DOI: 10.1162/106365603321828970.

DEB, K., A. ANAND and D. JOSHI. A Computa-
tionally Efficient Evolutionary Algorithm for Real-
Parameter Optimization. Evolutionary Computa-
tion. 2002, vol. 10, iss. 4, pp. 371-395. ISSN 1063-
6560. DOI: 10.1162/106365602760972767.

HANSEN, N. The CMA Evolution Strategy:
A Comparing Review. In: Towards a New FEvo-
lutionary Computation. Heidelberg:  Springer,
2006, pp. 75-102. ISBN 978-3-540-29006-3.
DOI:|10.1007/3-540-32494-1 4.

IRUTHAYARAJAN, M. W. and S. BASKAR.

Evolutionary algorithms based design of
multivariable PID  controller.  FExpert Sys-
tems with  Applications. 2009, vol. 36,
iss. 5, pp. 9159-9167. ISSN 0957-4174.

DOI:10.1016/j.eswa.2008.12.033.

83


http://dx.doi.org/10.1109/ICEC.1996.542373
http://dx.doi.org/10.1109/NAFIPS.1996.534789
http://dx.doi.org/10.1109/ICRERA.2015.7418709
http://dx.doi.org/10.1109/ICRERA.2015.7418709
http://dx.doi.org/10.1109/ICNN.1995.488968
http://dx.doi.org/10.1109/MHS.1995.494215
http://dx.doi.org/10.1109/ICEC.1998.699146
http://dx.doi.org/10.1109/4235.985692
http://dx.doi.org/10.1016/j.swevo.2013.06.001
http://dx.doi.org/10.1504/IJBIC.2010.032124
http://dx.doi.org/10.1007/978-3-642-04944-6_14
http://dx.doi.org/10.1016/j.asoc.2011.09.017
http://dx.doi.org/10.1023/A:1015059928466
http://dx.doi.org/10.1162/106365601750190398
http://dx.doi.org/10.1162/106365603321828970
http://dx.doi.org/10.1162/106365602760972767
http://dx.doi.org/10.1007/3-540-32494-1_4
http://dx.doi.org/10.1016/j.eswa.2008.12.033

POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 18 | NUMBER: 2 | 2020 | JUNE

About Authors

Okkes Tolga ALTINOZ received the B.S. from the
Department of Electrical and Electronics Engineering,
Baskent University, in 2003, the M.S. degree from
the Department of Electrical-Electronics Engineering,
Hacettepe University, in 2010, and the Ph.D. degree
from the Department of Electrical-Electronics Engi-
neering, Ankara University, in 2015. He was a Visiting
Researcher with Michigan State University from 2014
to 2015. He is currently with the Department of
Electrical-Electronics Engineering, Ankara University.
He has authored or co-authored more than 50 journal
articles, conference papers, books and book chapters.
His current research interests include evolutionary
computation, optimization, control systems, power
electronics, and machine learning.

Ilhan KOSALAY received his B.S. degree in
Electrical Engineering from Yildiz Technical Uni-
versity, Istanbul, Turkey, in 1991 and M.S. degree
in Electrical and Electronics Engineering from
Istanbul University, Istanbul, Turkey, in 1995.
From 1992 to 1995 he was with the Electronics

Engineering Department of Istanbul University as a re-
search assistant. From 1995 to 1998, he worked as an
engineer for Group Schneider and Tepe Construction.
He received his Ph.D. degree in Electrical Engineering
from Gazi University, Ankara, Turkey, in 2003. From
1998 until 2001 he was with the Electrical Education
Department of Gazi University as a lecturer. Since
2014, He has been with the Electrical and Electron-
ics Engineering Department of Ankara University,
Ankara, Turkey, where he is currently an associate
Professor. His research interests include theoretical
and computational electromagnetism, power systems
and power plant control.

Derya GEZER received her B.S degree in Electrical
and Electronics Engineering from Gazi University,
Ankara, Turkey, in 2009 and M.S. degree in the
Electrical-Electronics Engineering from Ankara Uni-
versity, Ankara, Turkey, in 2016. From 2010 to 2013
she was with the FERMA Engineering as a Research
Engineer. Since 2013, She has been with the Energy
Institute of Ankara Unit Tubitak MAM. Her research
interests include power systems and power plant
control.

(© 2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 84



	Introduction
	Literature Review

	Problem Definition and Mathematical Modelling
	The Controller Structure
	Performance Metric

	Heuristic Algorithms
	Differential Evolution (DE)
	Particle Swarm Optimization (PSO)
	Firefly Algorithm (FA)
	Covariance Matrix Adaptation Evolution Strategy (CMA-ES)

	Implementation Procedure and Results
	Conclusion

