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In this paper, a nature-inspired optimization algorithm is employed for parametric tuning of
proportional-integral controllers in the vector control of a grid-linked doubly-fed induction generator
energy system. The optimization approach is based on the nature-inspired computing technique from
the water cycle. The vector control system includes loops for dc-link voltage control at the grid side con-
verter and the rotor current at the rotor side converter. The water cycle optimization is implemented to
tune six control parameters by minimizing a cost function carried out using the tracking errors. The cost
function value, required in the optimization process, is carried out from a simulated grid-linked doubly-
fed induction generator energy system. The optimized control parameters are tested on an experimental
setup. Experimental results, obtained for a grid-linked doubly-fed induction generator energy system in
terms of different optimization methods and conditions, are provided to demonstrate the effectiveness of
water cycle optimization technique. As a result of the comparative analysis, it is observed that water
cycle technique offers better results in minimizing the overshoot and the response time.
� 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, environmental problems related to the increase in
electricity consumption, exhaustion of fossil fuels and the use of
non-renewable resources have encouraged the use of renewable
resources. Wind is one of the most promising distributed energy
resources to meet the electricity demand and the share of wind
power generation is increasing worldwide [1]. A grid-linked
doubly-fed induction generator (DFIG) energy system, equipped
with wind turbine (WT), has been deployed for high energy gener-
ation. This wind energy configuration has been investigated in sev-
eral studies. This is due to its advantages in decoupled active-
reactive power control, high converter efficiency and low cost,
and reduced mechanical stress. Furthermore, the DFIG system
can operate under wide range of wind speeds and the energy cap-
ture can be enhanced compared to variable speed turbine using a
cage bar induction machine. However, controlling of DFIG is harder
than controlling other machines, and it is vital to observe the gen-
erator behavior in fault conditions or normal operation by power
converters and controllers [2].

In the DFIG system, a back-to-back converter structure is used
for the power feeding and transfer. This configuration comprises
separate rotor side converter (RSC) and grid side converter (GSC).
At the GSC, the dc-link is regulated to have a constant voltage for
proper power transfer. Furthermore, the GSC can be controlled to
compensate or remove the reactive power for unstable conditions
[3]. At the RSC, the required magnetization currents, in rotor wind-
ings, can be governed to regulate the active and reactive powers at
the DFIG stator [4].

Adjustment methods for DFIG energy systems are considered as
an important issue in the presence of high amplitude disorders. In
most applications, control systems have employed proportional-
integral (PI) controllers based vector control scheme to regulate
the dc-link voltage, rotor currents, or active-reactive power.
According to the reported studies, setting the PI controller param-
eters does not provide a satisfactory result with the basic adjust-
ment methods. Furthermore, the minimization of the
performance indices is confronted with indeterminate dynamics,
time delays and nonlinearities. The cyclical and slow recovery of
incorrectly setting of PI parameters, poor stability and worst-case
scenario may cause the system operation to crash. These outputs
provide large oscillations and higher settling time in high power
systems. Therefore, it is required to automatically set the PI control
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Fig. 1. Optimization, control and model for DFIG energy system.
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parameters to provide better responses. In this field, researchers
are conducting studies to find efficient methods to optimize the
control parameters through artificial intelligence tools or nature-
inspired algorithms. The present research is therefore intended to
make contributions to the literatures on optimal design of the PI
controllers, using Water Cycle Algorithm (WCA) technique for per-
formance improvement of an experimental grid-linked DFIG
energy system.

Many recent studies have been devoted to optimizing the con-
trol parameters in control circuit of various systems. Traditionally,
the conventional Ziegler–Nichols method can be used to tune
proportional-integral-derivative (PID) control parameters, as in
[5], or Kharitonov/Nyquist optimization methods as proposed in
[6]. A hybrid Taguchi-genetic algorithm (HTGA) was developed,
in [7], to select the optimal values of the PID control parameters.
In AC micro-grids, PI-based frequency control was investigated,
where intelligent control synthesis was developed and compared
to other PI control design techniques such as fuzzy PI and
Ziegler-Nichols [8]. Heuristic search methods were studied for
optimal design of the PI control parameters. In [9], genetic algo-
rithms optimization (GAO) was used to tune the parameters of
the PI controllers of the frequency converter of wind energy con-
version system (WECS). A harmony search algorithm (HSA) was
used in [10], for the optimal design of the PI controllers in the con-
verter at the grid-side voltage source. These studies have achieved
successful results in supporting the system voltage within the
required level using advanced optimization techniques [11]. [12]
used a fuzzy algorithm on multiple objective particle swarm opti-
mization, genetic algorithm, bees, and reinforcement learning
based on the frequency sensitivity margin of a water turbine gov-
ernor to optimize the proportional gain and integral gain. The
authors proposed the determination of grid frequency deviations
and PI parameters for the hydro-turbine. Their algorithm focused
on reducing the rise time and maintaining superior grid frequency
deviation performance, and simulation results are used to verify
the presented algorithm. For the optimization of numerical func-
tions, many nature inspired algorithms have been developed
[13–14]. [13] proposed a novel metaheuristic optimization algo-
rithm called circular water waves (CWW). They tested CWW algo-
rithm with eight different benchmark functions and used these
functions to compare with artificial bee colony (ABC) and particle
swarm optimization (PSO). Some parts of the study demand
improvement such as better mechanism for randomized best
points, decision mechanism for radius, and radius update mecha-
nism. In another simulation study performed for wind turbine sys-
tem [15] whale optimization algorithm (WOA) has been used for
the effective tuning of the PI controllers. The study demonstrate
that the WOA based controller can enhance power system stability
for Type-2 wind turbines. One of the recent optimization methods,
that was observed to be efficient and simple compared to other
methods, is the WCA. This technique has shown good perfor-
mances with respect to convergence, computation, and precision
[16]. The WCA algorithm was proposed, in [17], to tune the param-
eters of the PID controllers and checked against random distur-
bances in different conditions. The power system as micro-grid,
control circuit, converter operation can be further enhanced with
the use of the WCA for optimal control design in the PI control
scheme [18].

Examining the previous work, it can be observed that most of
the studies are based on simulations and an experimental evalua-
tion study on this field still needs more research. A recent study on
this field was conducted by Hato et al. on the superiority of WCA-
based PI Control over other methods [19]. Although significant
merits of WCA-based algorithm is shown, the results of the study
was limited on simulations. The optimal design of PI and PID con-
trollers have also been employed recently for hybrid renewable
891
energy applications. [20] proposed an efficient adaptive sine cosine
algorithm to predict the optimal settings of the PID controllers in
hybrid renewable energy system consisting of photovoltaic source,
wind turbine and battery storage. The objective of the study was to
decrease the fluctuations of the output voltage, current and power
in a hybrid renewable energy system. The authors verified the sys-
tem performance using simulation results for variations of the
wind speed, solar irradiation, and temperature. In our study, a
real-time measurement was made with OPAL-RT technology by
establishing a direct experimental application system. The water
cycle optimization is used for optimal design of the PI controllers
in order to operate a grid-linked DFIG energy system. The system
modeling is integrated in the optimization method to minimize
the cost function based on the tracking errors, which is considered
as one of the main contributions. The efficiency of the WCA based
PI controller method has been proven by comparing it with the tra-
ditional PI controller and the genetic algorithm based PI controller.
The results are also evaluated using different performance criteria
to improve the optimization of the proposed system. The main
contribution of this work is to eliminate the drawbacks of classical
tuning methods by employing WCA algorithm for optimal design
of PI controllers and improve the operation of vector control
scheme of a DFIG-based wind energy system. Furthermore, in the
WCA method, all the DFIG dynamics are presented in its
implementation.

This paper is composed as follows: the grid-linked DFIG energy
system, used in the optimization process for the cost function, is
modelled in Section 2. The PI control-based vector control scheme
is discussed for GSC and RSC, in Section 3. The WCA algorithm is
detailed in Section 4, as design variables for PI control parameters.
Section 5 gives and discusses the experimental results and analy-
sis. Section 6 provides conclusion.
2. Grid-linked DFIG wind turbine

2.1. DFIG modeling

The DFIG energy system is linked to the grid via the back-to-
back converters and the stator as shown in Fig. 1. The DFIG system
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includes a dynamometer, as a prime mover, a DFIG, AC-DC con-
verter and DC-AC back-to-back converters, a resistive-inductive
(RL) filter and voltage source to imitate the grid.

The AC-DC rotor side converter is operated to govern active-
reactive power at the stator through controlling the rotor currents.
The rotor current dynamics is modeled under the stator flux orien-
tation in the synchronously rotating reference frame (d-q),
(usd=us,usq = 0) and the stator voltage alignment similar to [21,22].

v sd ¼ 0
v sq ¼ xsus ¼ Vs

�
ð1Þ

where, v sd is the d-axis stator voltage and vsq is the q-axis stator
voltage, usd is the d-axis stator flux, usq is the q-axis stator flux,
xs is the synchronous angular speed.

Then, the rotor current dynamics can be modelled by

dird
dt ¼ �aird þ sxsirq þ Rsb

xs
Vs þ 1

rLr v rd

dirq
dt ¼ �airq � sxsird � bsVs þ 1

rLr v rq

8<
: ð2Þ

r ¼ 1� L2m
LsLr

, s ¼ xs�xr
xs

, a ¼ RrL2s þRsL
2
m

rL2s Lr
, b ¼ Lm

rLsLr where, s is the slip, Rr

is the rotor resistance, Rs is the stator resistance, r is the leakage
factor, Ls is the stator inductance,Lm is the mutual inductance, Lr
is the rotor inductance, ird is the d-axis rotor current, v rd is the d-
axis rotor voltage, irq is the q-axis rotor current,vrq is the q-axis
rotor voltage, and xr is the rotor speed.

The DFIG stator’s active and reactive powers can be carried out
using the rotor currents and considering the assumption in (1)
such as

Ps ¼ � 3
2
Lm
Ls
Vsirq

Qs ¼ 3
2

Vsus
Ls

� Lm
Ls
Vsird

� �
8<
: ð3Þ

where, Ps is the active power and Qs is the reactive power.
The stator reactive and active powers can be controlled and

directly regulated by the d-axis and q-axis using the rotor currents
as shown in (3).

2.2. Grid modeling

The grid is emulated by three-phase voltage source connected
to the DC-AC converter, called the grid side converter, through
the RL filter as shown in Fig. 1. Using d-q reference frame, the
dynamics of the grid currents, modelled at the filter circuit, is car-
ried out by [21,22,25].

did
dt ¼ � R

L id þxiq � Vs
L þ 1

L vd

diq
dt ¼ � R

L iq �xid þ 1
L vq

(
ð4Þ

where, R is the filter resistance, x is the grid angular frequency, L is
the filter inductance, id is the d-axis grid current, iq is the q-axis grid
current,vd is the d-axis converter voltage, vq is the q-axis converter
voltage and GSC control is based on the synchronized vector control
scheme with the voltage alignment (vd, vq ¼ 0). The active-reactive
power, using the voltage alignment assumption at the grid side, is
expressed by

Pg ¼ vdid
Qg ¼ �vdiq

(
ð5Þ

where, Pg is the active power and Qg is the reactive power.
The grid power, expressed in (5), can be directly controlled

using the grid currents. The DC-link is represented by the capacitor
converters as illustrated in Fig. 1 at the back-to-back converter. Its
voltage dynamics is governed by the expression [22,25]
892
dVdc

dt
¼ vd

CVdc
id � 1

C
Ir ð6Þ

where, Ir is the rotor current. The DC-link voltage can be controlled
by the d-axis grid current according to the dynamics (6). This con-
trol loop ensures a proper active power transmitted from the rotor
to the grid by the AC converters.

3. Vector control scheme

The control is based on the vector control scheme for the GSC
and RSC for the grid-linked DFIG energy system. At the GSC, cas-
caded control loops are used to regulate the grid currents and
the DC-link voltage to provide an optimum power transfer under
a specified power factor. The outer control loop provides the DC-
link voltage regulation to follow up a reference voltage. The inner
control loop provides the d-q axis grid current regulation. The d-
axis current reference i�d is provided by the outer control loop (volt-
age controller) and the q-axis current reference i�q is carried from
(5) depending on the required reactive power. For the DC-link volt-
age controller, a proportional-integral (PI) controller is used and a
hysteresis controller is used for the grid current controller as
depicted in Fig. 1.

For the DC-link voltage dynamics, the PI control law is
expressed as

i�d ¼ Kp1ev þ Ki1

Z
evds ð7Þ

where, ev ¼ V�
dc � Vdc is the following up error for the DC-link volt-

age, Kp1 and Ki1 are the proportional and integral parameters,
respectively.

At the RSC, the stator active-reactive power is controlled by the
rotor currents as shown in (3). From the rotor current dynamics
(4), the PI control laws are provided by

v�
rd ¼ Kp2ed þ Ki2

R
edds� rLrsxsirq þ RsLm

xsLs
Vs

� �
v�
rq ¼ Kp3eq þ Ki3

R
eqdsþ rLrxsird þ sLm

Ls
Vs

� �
8><
>: ð8Þ

where, ed ¼ i�rd � ird is the tracking error for d-axis rotor current,
eq ¼ i�rq � irq is the q-axis rotor current’s tracking error, Kp2;3 are
the proportional control parameters, and Ki2;3 are the integral con-
trol parameters.

In this control system, the parameters (Kp1, Ki1, Kp2, Ki2 ,Kp3 , Ki3)
will be optimized to achieve fast response time and no-overshoot.
Water cycle optimization algorithm will be applied for parametric
optimization of the three PI controllers.

4. Water cycle optimization

Water cycle optimization algorithm (WCA) is a technique
inspired by the continuous movement of water known as water
cycle [23]. The snows, or raindrops, on the mountains or hills flow
down through branches to form a river or a stream. The rivers-
streams content will continue the journey to be collected in the
sea. In addition, the water is evaporated and moved to the atmo-
sphere to form clouds that will condense, under cold conditions,
to return to the earth as rain.

At the start of the WCA algorithm, an initial population, formed
of raindrops within the search space, is created to solve the opti-
mization problem [23,24]. The best raindrop is selected as a sea,
which is the optimum solution.

The raindrop, for a single solution, is a vector such as

Raindrops ¼ x1; x2; x3; � � � ; xN½ � ð9Þ
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where, N is the dimension of the optimization problem, which rep-
resents the number of design variables.

For the optimal control design, the Raindrop vector includes the
six parameters of the three PI controllers. Therefore, N = 6 and the
vector, in (9), is given by

½x1; x2;x3; x4; x5;x6� ¼ ½Kp1;Ki1;Kp2;Ki2;Kp3;Ki3� ð10Þ
The parameters xi (i ¼ 1 � � �6), of the Raindrop vector (9), are

within the bound constraints such as

lb � xi � ub ð11Þ
where, lb is the lower bound and ub is the upper bound.

The optimization algorithm starts by generating a population of
raindrops, represented by the following matrix of size (Np � N)

Population ¼

Raindrops1
Raindrops2

..

.

RaindropsNp

2
666664

3
777775

X1

X2

..

.

XNp

2
66664

3
77775 ¼

x11 � � � x1N

..

. . .
. ..

.

xNp
1 � � � xNp

N

2
664

3
775 ð12Þ

where, Np is the population size, Xi is the position of Raindropsi and
i ¼ 1; � � � ;Np.

The raindrops position is randomly generated by the expression

Xi ¼ lb þ ðub � lbÞ � randð1;NÞ ð13Þ
The raindrops cost,Ci, is carried out using the following cost

function

Ci ¼ FðXiÞ ð14Þ
where, F is the objective function and i ¼ 1; � � � ;Np.

In this work, the objective of the optimal control is minimizing
the tracking errors (ev ,ed,eq) for the voltage control (7) and the cur-
rent control (8). wv, wd and wq are the weighting factors, respec-
tively. Integral time square error (ITSE) performance criterion is
selected as the objective function such as

F Xð Þ ¼ wv wd wq½ �

R T
0 te2vdtR T
0 te2ddtR T
0 te2qdt

2
664

3
775 ð15Þ

In order to carry out the objective function in (15), the DFIG
energy system shown in Fig. 1 is simulated and run with the values

of the raindrops position Xi = ½xi1; xi2; � � � ; xiN� assigned to the PI con-
trol parameters, in (7) and (8), such as

Kp1;Ki1;Kp2;Ki2;Kp3;Ki3
� � ¼ ½xi1; xi2; xi3; xi4; xi5; xi6� ð16Þ

The costs, Ci in (14), are sorted in ascending order. The number,
Nsr, of the best raindrops, with lower cost values, are assigned to a
number of rivers (Nr) and one sea such as

Nsr ¼ Nr þ 1|{z}
sea

ð17Þ

where, the sea is the raindrops with the smallest cost value among
the minimum cost values.

In the optimization problem, the sea position is the optimal
solution. The remaining population, Nst, includes the streams that
have the possibility to flow to the rivers or directly to the sea. It
is carried out by
893
Nst ¼ Np � Nsr ð18Þ
The streams are allocated to the rivers or the sea based on the

flow intensity of the raindrop provided by [17,18]

NSn ¼ round
CnPNsr
i¼1Ci

�����
������ Nst

( )
;n ¼ 1;2; � � � ;Nsr ð19Þ

where, NSn is the number of streams flowing into certain rivers and
sea.

The streams are moving towards the rivers and the rivers are
moving towards the sea. The updated positions, for the streams
and the rivers, are given by

Xiþ1
stream ¼ Xi

stream þ rand� C � Xi
river � Xi

stream

� �
Xiþ1

river ¼ Xi
river þ rand� C � Xi

sea � Xi
river

� �
8><
>: ð20Þ

where, rand 2 0 1½ � and C is a number greater than 1 (best value is
2).

The costs of the new positions are carried out using the proce-
dure (14)�(16). If the stream cost is found to be less than the river
cost, their positions will be exchanged. The same procedure occurs
for the positions of the river and the sea. The river position, with
the lowest cost, becomes the sea position. To avoid a rapid conver-
gence of the optimization algorithm, the evaporation process
occurs for the sea water in order to leave space for the streams
or rivers to flow to the sea. This process is based on the following
condition

if Xi
sea � Xi

river

��� ��� < dmax Conduct raining process and evaporation End

ð21Þ
where, i ¼ 1;2; � � � ;Nsr � 1 and dmax is a small number (?0).

Any distance between the river and the sea, smaller than dmax

indicates that the river has reached the sea. Therefore, the evapo-
ration can be conducted and after enough evaporation, the raining
process can start as observed in nature. A small value for dmax

promotes near-sea search intensity, while a large value reduces
near-sea search. Therefore, the intensity of the search near the
sea (optimal solution) can be controlled by dmax, which is updated
in decrease as follows

diþ1
max ¼ di

max �
di
max

max iter
ð22Þ

where, max iter is the maximum iteration number and
i ¼ 1;2; � � � ;max iter.

The raining process consists of forming streams from new rain-
drops in different positions expressed by

Xnew
stream ¼ lb þ ðub � lbÞ � randð1;NÞ ð23Þ
The optimization algorithm will continue the search process

from (20) until reaching the stopping condition (max iter). Finally,
the sea position is the optimal solution and its values will be used
for the PI control parameters (10) to minimize cost functions
focused on the following up errors (ev ,ed,eq) either the d-q axes
rotor current of DC-link voltage control. The flowchart illustrating
the application of the water cycle optimization algorithm is given
in Fig. 2.

5. Experimental results and discussion

The experimental setup of the DFIG energy system, depicted in
Fig. 3, is used to assess the optimization design. System parameters
are shown in Table 1. A four-quadrant dynamometer is the prime
mover. The real-time control is processed by the OPAL-RT
OP5600. Voltage and current measurements are handled by the
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Fig. 2. Flowchart of the WCA algorithm.

Fig. 3. DFIG energy system experimental setup.

Table 1
Doubly-fed induction generator parameters.

Parameters Symbol Quantity

Power Ps 2 kW
Rotor voltage Vr 120 V
Stator voltage Vs 360 V
Stator current
Rotor current
Pole pairs
Nominal speed
Rotor inductance
Stator inductance
Mutual inductance

is
ir
p
wnom

Lr
Ls
Lm

10 A
3.3 A
2
1700 rpm
0.0662 H
0.0662 H
0.0945 H
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data acquisition interface OPAL-RT OP8660. MATLAB/Simulink and
RT-Lab software environment are used to build the real-time con-
trol system and hardware-in-the-loop. The DFIG energy system
illustrated in Fig. 1 is simulated and controlled. Conventional,
894
GAO and WCA methods are carried out to optimize PI control
parameters for d-q axes rotor current and DC-link voltage control,
on the simulated DFIG energy system. The GAO andWCA optimiza-
tion techniques were conducted using the performance criteria:
integral time square error (ITSE), integral square error (ISE), inte-
gral time absolute error (ITAE), integral absolute error (IAE). Exper-
imental results are collected to prove the effectiveness of the WCA
method employing the optimized control parameters in the exper-
imental DFIG setup, and its advantages over the conventional tun-
ing design and the GAO method for parametric tuning of the PI
controllers are demonstrated.

The conventional design method is based on a second-order
system response by selecting the settling time (ts) and the damping
coefficient (e) to evaluate the natural frequency (xn) and the
parameters (Kp, Ki) of the PI controller [25,26].

The GAO technique is detailed in [27]. It is carried out using the
parameters:

Population size: 50
Number of variables: 6
Rate of cross over: 0.8
Rate of mutation: 0.01
Number of iterations (Generations): 10, 100
The WCA technique is carried out using the parameters:
Number of variables (N): 6
Number of population (Np): 50
Number of rivers + sea (Nsr): 4
Evaporation condition constant (dmax): 10�16

Number of iterations (max_iter): 10, 100
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The GAO and WCA methods were performed using the perfor-
mance criteria ITAE, IAE, ITSE and ISE and the number of iterations
equal to 10. The optimization was conducted off-line on a com-
puter with the processor Intel(R) CPU@1.70 GHz Core(TM) i5-
3317U. The optimization results are provided in Table 2. It can
be noticed that the performance of WCA is superior to that of the
GAO in terms of the mean error. Also, it is superior in terms of
all performance criteria. However, the WCA method requires more
execution time to achieve that performance.

For testing the experimental setup performance, the GAO and
WCA methods were performed using the performance criterion
ITSE and the number of generations and iterations are equal to
100. The DFIG energy system model was operated at a constant
speed of 1650 rpm and used in the optimization method. The opti-
Table 2
Statistical results of optimization.

Performance
criterion

Control gain
parameters

Genetic algorithm
technique
optimization

Water Cycle
technique
optimization

ITAE DC-link voltage
controller
(Kp1;Ki1)
d-axis current
controller
(Kp2;Ki2)
q-axis current
controller
(Kp3;Ki3)
Best
Mean
Elapsed time
(sec)

0.901810, 0.084212
0.917121, 0.670713
0.926244, 0.487437
0.06980
0.08640
13812.12

0.824910, 1
0.631795,
0.813323
0.789344,
0.324237
0.063385
0.064210
16987.4339

ITSE DC-link voltage
controller
(Kp1;Ki1)
d-axis current
controller
(Kp2;Ki2)
q-axis current
controller
(Kp3;Ki3)
Best
Mean
Elapsed time
(sec)

0.905712, 0.934021
0.950231, 0.636311
0.959714, 0.95931
1.5660
1.87196
12950.32

0.655728,
0.849184
0.822872,
0.146304
0.959712,
0.459390
1.406088
1.4791
16730.1059

IAE DC-link voltage
controller
(Kp1;Ki1)
d-axis current
controller
(Kp2;Ki2)
q-axis current
controller
(Kp3;Ki3)
Best
Mean
Elapsed time
(sec)

0.681474, 0.131560
0.669862, 0.439013
0.754817, 0.156626
3.407847
3.66189
131221.43

0.792706,
0.029003
0.592603,
0.499241
0.787434,
0.000874
3.30265
3.32941
16936.8080

ISE DC-link voltage
controller
(Kp1;Ki1)
d-axis current
controller
(Kp2;Ki2)
q-axis current
controller
(Kp3;Ki3)
Best
Mean
Elapsed time
(sec)

0.665711, 0.859105
0.823506, 0.157321
0.948731, 0.478309
342.7157
354.531
142311.35

0.603819,
0.791254
0.517939,
0.408270
0.998447,
0.006517
340.24297
342.568
17615.40295
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mized values, for the PI control parameters were deployed in the
vector control system shown in Fig. 1. The same values were used
for all experiments. The goal of the optimization is to minimize
response time, overshoot, and settling time in the tracking
response.

The DFIG system was operated under a fixed rotor speed
(1650 rpm) in the first experiment. The voltage reference follows
up-down step variations, at time instants t = 50 s and t = 60 s, from
295 V to 305 V and vice versa. Similar behavior was done for the
references of the rotor d-q axes current. While getting real-time
results, the time interval of 50–60 s is used for the DC-link
response, while the time interval of 40–50 s is used for the d and
q rotor current responses. The purpose of the study is to assign
the control performance for each optimization method at the tran-
sitions. The control objective is tracking the specified references for
the rotor d-q axes current and the DC-link voltage. In Fig. 4, the
tracking responses are illustrated. As shown in Fig. 4.a, the voltage
responses of GAO based PI control and the conventional one are
underdamped with an overshoot while the response of the WCA
PI controller is overdamped with better settling time. The WCA
based response according to other comparison methods is efficient
with regards to the settling time for the rotor d-q axes current, as
shown in Fig. 4.b. and c.

Fig. 5 illustrates the WCA based optimal control performance
for different number of iterations (max_iter) under the rotor d-q
axes current and the DC-link voltage. It can be noticed that in
Fig. 5.a, at a low number, the voltage response is underdamped
and increasing the number to 50 and 100 makes it overdamped
with improved settling time. In the rotor currents, illustrated in
Fig. 5. b and c, the settling time is reduced with increasing iteration
numbers.

In this experiment, the optimized PI parameters were deployed
to operate the experimental DFIG energy system under variable
rotor speed. The DFIG system was run under variable rotor speed
(1650 rpm in [020]s, 1700 in [20 40]s, 1750 in [40 60]s, 1700 in
[60 80]s and 1650 in [80 90]s). The components of the rotor current
are the most influenced by the variations of the rotor speed from
the DFIG dynamics (2), (4) and (6). The results are illustrated in
Fig. 6. It can be detected that the DC-link voltage regulation is
affected by speed variations in case of the conventional method,
whereas the WCA and GAO provide good performance as shown
in Fig. 6.a. Concerning the rotor d-q axes current responses, shown
in Fig. 6.b and c, the WCA optimized PI controllers compared to
GAO and conventional controllers react better to the rotor speed
variations with respect to settling time and overshoot. Further-
more, the settling time at the transient regime, for the controlled
variables d-q axes rotor current and DC-link voltage, is better for
the WCA in comparison to the GAO and conventional methods as
shown in Fig. 7.

Finally, the transient regime response of the voltage is com-
pared using WCA method, for performance criteria IAE, ITAE, ISE,
and ITSE. According to the results depicted in Fig. 8, the best set-
tling time belongs to the ITSE performance criterion and the best
overshoot belongs to the ISE criterion. It can be seen from the
results in Table 2 that the WCAmethod gives better results for ITSE
criterion. It is worth mentioning that the responses in Figs. 7 and 8
were delayed in order to separately visualize the settling time.
These results were obtained to demonstrate the effect of different
performance criteria on the results, which is another important
aspect of the study that makes it possible to experimentally evalu-
ate the proposed system according to various performance criteria.

In Fig. 9, fitness function comparison for performance criteria
for ITSE and ISE is given. In Fig. 10, active and reactive powers
are controlled by changing and controlling the rotor q current,
and power profiles for stator, rotor and network are given. From
the power responses shown in Fig. 10, it can be observed that



Fig. 4. (a) DC-link voltage (b) d-axis current (c) q-axis current (Tracking responses of the optimization techniques under constant rotor speed).

Fig. 5. (a) DC-link voltage (b) d-axis current (c) q-axis current (Tracking responses of WCA under different number of iterations).

Fig. 6. (a) DC-link voltage (b) d-axis current (c) q-axis current (Tracking responses of the optimization techniques under variable rotor speed).

Fig. 7. (a) DC-link voltage (b) d-axis current (c) q-axis current (Transient responses of the optimization techniques under variable rotor speed).
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Fig. 8. Transient responses of the WCA under different performance criteria.

Fig. 10. Active and Reactive power responses.
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the active and reactive powers can be controlled by changing the
rotor current. In Fig. 10, active power shown in blue increases to
balance the total while reactive power shown in green decreases.

Likewise, when the Id current is changed in the system, the
active power decreases to balance the total while the reactive
power increases. Active and reactive powers and changes in the
system are observed in this wind energy system by keeping the
dc link voltage Vdc constant and changing the id and iq currents.
The effect of the change of id and iq on the system and the changes
in the power profile can be seen. In addition, the DC-link voltage
Fig. 9. Fitness function comparison for perform

Table 3
Dynamic performance for experimental results.

Controller Methods Overshoot (%)

DC-link voltage (V) Conventional 52.12
GA 26.92
WCA 11.08

d-rotor current (A)
q-rotor current (A)

Conventional 8.90
GA 3.202
WCA 1.27
Conventional 9.08
GA 2.06
WCA 1.01
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has been successfully arranged to follow a continuous reference.
The dynamic time responses, for the step transition at 50 s in
Fig. 4, are presented in Table 3, where the superiority of the WCA
compared to GA and conventional methods can be observed with
respect of overshoot and settling time. As can be seen in Table 3,
the overshoot for the dc link controller decreased from 52.12% to
11.08%, the settling time fell from 1.340 to 0.67.
ance criteria in terms of (a) ITSE, (b) ISE.

Settling time (s) Peak Values

1.340 310.2
0.8 307.9
0.67 306.0
2.5
1.5
1.04
2.1
1.09
0.9

2.58
2.503
2.501
1.609
1.52
1.51
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6. Conclusions

The parameters of the PI controllers, in a grid-linked DFIG
energy system, were optimized using a nature-inspired computing
tool based on the water cycle. The vector control scheme of the
energy system includes three PI controllers for the rotor d-q axis
current and the DC-link voltage. The water cycle optimization
technique was implemented to minimize a cost function carried
out from the tracking errors to optimize the control parameters.
Different performance criteria were investigated for comparison
purposes. Experimentation was carried out on an experimental
DFIG energy system, using control parameters optimized by con-
ventional, genetic algorithms and water cycle methods, under fixed
and variable rotor speed. It was found that the water cycle opti-
mization provides superior performance according to the over-
shoot and the response time. From the dynamic time responses
given in Table 3, obtained for the step transition at 50 s in Fig. 4,
the peak value of the conventional method is 310.2 V while the
peak value of the WCA-based method is 306 V, according to a ref-
erence value of 305 V. As a result, in the WCA based method the
voltage fluctuation was reduced by 1.35% compared to the conven-
tional method. Furthermore, it was found that the ITSE based cost
function provides better tracking response. Although the water
cycle optimization requires more execution time, this does not
pose any drawback as these computations are done off-line.
Besides, different from the classical PI tuning methods, the trial
and error based methods are not used in tuning and therefore
the design time can be further reduced without altering the opti-
mization quality. Finally, it can be concluded that the water cycle
optimization is a practical tool in optimal control for physical
applications.
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