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ABSTRACT Optimal multi-objective design of proportional—integral-derivative controller parameters for
a small power system using epsilon multi-objective genetic algorithm (¢-MOGA) has been presented in
this paper. The small power system includes a wind turbine generator (WTG), a diesel generator, a battery
energy storage system (BESS), and a load. The proposed scheme is applied for controlling the pitch angle
system of the WTG to minimize the wind turbine mechanical blades stress, reduce the wind output power
deviation, control the system frequency, and decrease the size of BESS by regulating its charging level. The
deviations of input wind power are considered in a frequency domain. The low-frequency component is
reduced by the pitch angle control system of WTG, while the high-frequency component is mitigated by the
charge/discharge of the BESS, respectively. The input of the pitch angle control system of WTG is determined
according to the low-frequency component of the input wind power deviation and the BESS state of charge.
The output power of BESS is determined according to its state of charge, the high-frequency component of
the input wind power deviation, and the frequency deviations. The effectiveness of the proposed controller
is confirmed by numerical simulations.

INDEX TERMS Frequency control, multi-objective optimization, pitch angle control, power system

stability, wind power generation.

I. INTRODUCTION

There are many isolated islands in the world, and the power
is needed everywhere. Most of the remote and isolated com-
munities or technical installations (e.g. meteorological sys-
tems, communication relays, farms, tourist facilities, etc.)
are not interconnected to the national electric distribution
grids and depend on diesel generators to meet the elec-
tricity demand [1]. Diesel fuel has several drawbacks: it is
expensive because transportation to remote areas adds extra
cost. Moreover, it emits sulfur oxide and carbon dioxide by
engine exhaust that is harmful to the environment [2], [3].
In addition, diesel generators are inherently inefficient when
operating at a low load factor (below 40-50% of their rated
capacity) [4], [5]. One of the solutions to these matters is
to introduce renewable energy power plants such as wind
turbines and photovoltaic systems that are clean and available
natural resources. However, the photovoltaic system has some
disadvantages as it has low-energy conversion efficiency and
it is very costly compared to wind power [6]. Moreover,

many suitable regions of wind power generations exist in
isolated islands. So, wind turbines have attracted a lot of
attention nowadays. The wind-diesel hybrid power system
can be installed to the isolated communities to improve their
life standard. This hybrid system also can be a part of a micro-
grid. It helps to decrease the usage of heavy oils and reduce
the associated generation costs in the small power system.
In addition, the level of emissions can be minimized [7], [8].
However, wind energy is not constant, and windmill output
power is proportional to the cube of wind speed, which
causes the fluctuations of the generated output power of
WTG that may lead to frequency deviation and voltage flicker
inside the power system [9]. Therefore, a new provision is
needed in the small power system of the isolated island using
pitch angle control. There are various pitch angle methods
to control the output power of WTG using Model predictive
controls (MPC) [10], Genetic algorithm (GA) [11], [12],
Fuzzy logic control (FLC) [13]-[15], GA and Particle
swarm optimization (PSO) [16] and Variable structure
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controllers (VSC) [17]. But these methods increase the wind
turbine blade stress due to the rapid pitch action. Also,
pitch angle control strategy based on FLC is presented
in [18]-[20] for variable speed WTG without anything to
be mentioned about mechanical blade stress minimization.
In [21], individual pitch controller (IPC) based on FLC
is discussed for WTG. Blade rotor moment and genera-
tor torque are considered as control objectives to mitigate
fatigue loads and regulate output power of WTG. However,
deciding the type, number of input and output membership
functions, and their associated parameters in case of FLC
is a time-consuming and complex task that may not often
lead to satisfying results. So, in most cases, an optimiza-
tion tool has to be used to get the best values of these
parameters to ensure an optimal performance of the stud-
ied power system using FLC. Combined maximum power
point tracking (MPPT)-pitch angle control for variable speed
WTG using artificial neural networks (ANN) is clarified
in [22]. No discussion is presented for the effect of this
control scheme on the mechanical blade stress. In addition,
the main drawback for applying ANN to wind energy con-
trol is the fact that ANN requires substantial amount of
training based on predicted scenarios and specific system
parameters which conflict with the variable nature of wind
speed. Optimization of PID controller parameters for blade
pitch system using the Intelligent genetic algorithm (IGA)
is studied in [23]. Also, a comparison between PSO and
pattern search (PS) algorithm is held in [24] to optimize
Proportional-Integral (PI) controller parameters of pitch sys-
tem for the wind turbine. However, the mechanical stress of
the blade is not taken into account as one of the objective
functions in these researches. To reduce the blade stress, the
control region of the pitch angle and the output power of
the WTG should be considered in a frequency domain [25].
Hy control method is used in [26] to smooth the output
power of WTG but without illustrating the control region
of the pitch angle in a frequency domain. Also [27]-[29]
present Hyo-based control methods for WTG systems but
there are nothing indicated about frequency control strategies.
However, the weighting functions in the Hy, control design
cannot be selected easily. Also, the order of the Hy, controller
depends on that of the plant. This leads to a complex structure
which is not easy to be realized in practical applications. Most
of the industry applications still prefer simple controllers such
as PI, PID and lead-lag ones.

To improve the system stability and performance, energy
storage devices like superconducting magnetic energy stor-
age (SMES), flywheels, batteries, and ultracapacitors are
often used [30]. These serve as backup devices which store
excess power when the generation is more than the demand
and release power to the grid when the demand is more than
the generation. This helps to maintain the safe operation of
the power grid and balance the supply and demand sides.
Moreover, the integrated energy storage system and WTG
system can keep the deviations of frequency in the small
power system at acceptable levels. The installation cost of
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ultracapacitor is very high and flywheel makes high noise
especially when it is used with a large capacity range of oper-
ation. Also, the operation cost of SMES is very high because
it must be maintained at the conduction state. For these
reasons, BESS grows rapidly in the energy storage system
technologies. The main disadvantage of BESS is its instal-
lation cost for large one. If a large BESS has to be installed
in a small power system, the system cost will increase with
a rapid rate which makes the whole system unfeasible from
the economic term. So, it is economically beneficial to utilize
small batteries for the output power control of the integrated
system.

Therefore, this paper presents a multi-objective control
approach for wind turbine and BESS using pitch angle control
in a small power system. The proposed method is accessible
by implementing PID controller in the pitch angle control
system. e-MOGA algorithm is used to optimize the parame-
ters of the controller. The deviations of the input wind power
are considered in a frequency domain. The low-frequency
component is reduced by the pitch angle control system of the
WTG, while the high-frequency component is reduced by the
charge/discharge of the BESS, respectively. The input of the
pitch angle control system of the WTG is determined accord-
ing to the low-frequency component of the input wind power
deviation and the BESS state of charge. The output power of
BESS is determined according to its state of charge, the high-
frequency component of the input wind power deviation and
frequency deviations. The superiority of the proposed control
approach using frequency domain is validated via the singular
value plots of the control loops. The proposed method is
compared to conventional one for two cases. Diesel generator
dead-band is taken into consideration in the second case study
to investigate the robustness of the proposed control scheme.
The proposed approach can reduce the output wind power
deviation, control the system frequency, mitigate the wind
turbine mechanical blades stress and also ensure control of
the integrated system by small BESS that is considered as
an economical profit. Effectiveness of the proposed method
is verified by the numerical simulations in MATLAB® /
SIMULINKY environment. The main contributions of the
proposed control approach can be summarized a follows:

o 1) The proposed scheme presents a multi-objective con-
trol approach for wind turbine and BESS with four con-
flicting objective functions using pitch angle control of
WTG to minimize the wind output power deviations and
reduce the wind turbine mechanical blade stress. Also,
it controls the system frequency, decreases the size of
BESS, and increases it lifetime by regulating its charging
level.

¢ 2) The deviations of input wind power are considered
in a frequency domain and the responsibility to smooth
these fluctuations are shared between the BESS and
the pitch angle control system of WTG to treat the
drawbacks of the previous studies that failed to control
all these objective functions at the same time. So, in
the proposed control approach, BESS smooths only the

6213



IEEE Access

M. E. Lotfy et al.: Enhancement of a Small Power System Performance Using Multi-Objective Optimization

Blade

Piich
» Contrel

wind o\

Enerey —»

Soply — Energy || Torvional
upply =2 4| Conversion System

System

Coniroller

WIND SIDE

= ga

Battery Inverter

+ Governor | | Diesel Unit
Tt

FIGURE 1. Single line diagram of the integrated small power system.
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high-frequency component of wind power fluctuations.
Therefore, its capacity can be reduced and all the system
cost can be minimized. In addition, BESS lifetime can
be extended. On the other hand, Wind turbine blade will
respond only to the low-frequency component of input
wind power fluctuations. So, the mechanical blade stress
can be reduced simultaneously.

o 3) The presented control approach is tested under two
case studies and compared to conventional one to vali-
date its effectiveness and robustness over various operat-
ing conditions. In the second case study, the performance
of the proposed control scheme is evaluated considering
the inclusion of governor dead-band of the diesel gener-
ator to investigate the ability of the proposed technique
to withstand such nonlinear operating condition. Also
to validate its capability to decrease all of wind, BESS,
diesel output powers and frequency deviations, miti-
gate the mechanical blade stress, and keep BESS state
of charge near its ideal value, versus the conventional
method.

This paper is organized as follows: Section II describes
the small power system configuration. Section III discusses
the proposed e-MOGA based PID controller design scheme
including a brief introduction for e-MOGA theory. Section
IV presents the simulation results for two case studies of
the small power system. Section V analyzes the time-domain
simulated results of these studied cases of the power system.
The specific conclusion is then drawn in section VI.

Il. SMALL POWER SYSTEM CONFIGURATION

The single line diagram of the power system under study is
shown in Fig. 1. The integrated small power system consists
of aWTG, a BESS, a diesel generator and a load. Itis assumed
that the small power system is disconnected from the grid
and it can work independently. The detailed model of the
power system is presented in Fig. 2. In this Figure, Af,, refers
to the frequency deviation of wind generation side, Afp is
the frequency deviation of diesel generation side, AP, is
the input wind power deviation, APy is the load deviation
and AP, is the output power deviation of WTG. Also, the
symbols AB, APp and ¢ are pitch angle deviation, diesel
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generator output power deviation and BESS state of charge,
respectively. The system capacity is 350 KW. The continuous
time dynamic behavior of the small power system is modeled
by a set of state vector differential equations:

X = AX + BU (1)
Y = CX + DU 2)

where X, U, and Y are the state, input, and output vectors,
respectively. A, B, C, and D are real constant matrices of the
appropriate dimensions associated with the above vectors. X
is a 12 order vector whose its elements are clearly indicated
in Fig. 2. While, U and Y can be given as:

U = [AP, APr] 3)
Y =[Afw Afp APp APwy ¢ ABl (4

A. PITCH ANGLE CONTROL SYSTEM

Fig. 3 presents the basic model of the pitch angle control
of the WTG system that determines the deviation of pitch
angle AB. From this figure, the input of the control system
is determined according to the low-frequency component of
the input wind power deviation and state of charge of the
BESS. The error signal (e) is then used as input for PID
controller whose parameters have to be tuned by e-MOGA
algorithm according to four objective functions as will be
discussed in later sections. The time constant of the low-
pass filter is chosen as 20s. Actually, the pitch angle control
system includes a hydraulic pitch actuator which drives the
blades depending on the output signal of the controller. The
actuator has nonlinear characteristics, but can be linearized
and modeled as shown in Figure 3. AB is limited by a rate
limiter (+10°/s) and a limiter within the range of 0°-80°.
When the wind speed is from zero up to the cut-in value, there
is no power generated and the pitch angle is set as § = 90°.
When the wind speed is between cut-in and rated values,
respectively, the pitch angle is fixed at § = 10° so that the
torque controller maximizes the power depending on the wind
speed. As the wind speed exceeds its rated value, the pro-
posed pitch angle control system operates between 10°-90°
to maintain the rated power of the WTG. Above the cut-out
wind speed, the pitch angle is again set as § = 90° for
safety reasons. The pitch angle control system presented in
this paper operates in the area restricted between the rated
wind speed and cut-out speed. So, the permissible deviation
of pitch angle is within 0° -80°.

B. BESS MODEL

The model of BESS is shown in Fig. 4. A bidirectional power
converter controlled by pulse width modulation is assumed
in the model. Taking into account the fast response of the
power converter, the BESS is modeled as a first-order lag
system and the time constant 7} is 0.3 s. The output power
of BESS is determined according to its state of charge, the
high-frequency component of the input wind power deviation
and frequency deviations. The BESS state of charge is indi-
cated as a REL (Remaining Energy Level), which expresses
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dischargeable energy in a percentage of the battery’s rated charge [31]. The state of charge should always be maintained

capacity. The REL is obtained by the integral of the BESS in its proper range for stable operation. If the deviation
output power and its range is within that of the state of of WTG output power is smoothed using BESS without
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regulating the charging level, it reaches to the lower limit due
to losses or to the upper limit by smoothing a large variation
of WTG. So, alarge capacity BESS is necessary if there is no
control method to regulate the charging level which increases
the small power system cost significantly. Therefore, one of
the objective functions for the proposed PID controller is
maintaining the state of charge near 50% to decrease the
number of charge/discharge of BESS. Subsequently, reducing
the battery capacity of the power system and extending its
lifetime. The rated capacity of BESS is 100 KWh and the
rated capacity of the power converter is 70 Kw (0.2 pu).

C. INPUT WIND POWER AND LOAD DEVIATIONS MODEL
Wind speed varies with time and also is related to wind speeds
of the previous time. Many wind speed models have been
used. In this paper, wind speed, and thus input wind power
deviation, is presented using autoregressive and moving aver-
age (ARMA) time-series model [32]. Also, load deviation is
modeled using the same approach. The ARMA time series
model y; is:

Vi = Q1ye—1 + $2yr—2 + .. + PnYi—n
+ar — 0101 — Oy 2 — .. — Opas—y  (5)

where ¢; (i=1,2,.,n) , ©; (j=1,2,..,m), and o; are the autore-
gressive parameters, moving average parameters, and a nor-
mal white noise process with zero mean, respectively. The
simulated input wind power and load deviations values S; can
be calculated using the following equation [32]:

St = s +oryr (6)

where u; and oy are the average and the standard deviation
values of input wind power and load deviations, respectively.

lIl. e-MOGA BASED PID CONTROLLER DESIGN

A. CONTROLLER DESIGN APPROACH

In this study, parameters of the pitch angle-PID controller
will be tuned using e-MOGA algorithm to meet the proposed
performance. Four objective functions are introduced using
integral absolute error (IAE) criteria as follows:

t
F(1) = / | Al i ™
0
t
F(Q2) = /0 | APy | .dt (8)
t
F(3) =/ ¢ — 50| .dt )
0
t
F4) = Bact =f0 |AB| .dt (10)
Subject to
K" < K, < K" (11)
K" < K; < K™ (12)
Kp™" < Kp < Kp™ (13)
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Typical range selected for each of K, K; and Kp is [0 to 100].
The weight of all objective functions is equal in this study.
Bact 1s a performance index used for mechanical blades
stress. If B, is large, it means that the pitch action and
therefore the mechanical blades stress is large and vice
versa. The four objective functions have clear conflict espe-
cially between minimization of wind output power deviation
and wind turbine mechanical stress reduction. That is why
&-MOGA algorithm was chosen. The advantage of e-MOGA
over the other multi-objective approaches is its capability to
keep the diversity over the optimization process by inserting
every solution in isolated box as will be discussed in details
with the next section. This action widens the search space so
it can reach to good results that cannot be achieved by other
techniques. Also, e-MOGA requires little memory resources.
In addition, its running time is small compared to other
multi-objective schemes with the same number of objective
functions.

B. ¢-MOGA THEORY

e-MOGA is an elitist multi-objective evolutionary algorithm
based on the concept of epsilon-dominance, which is used to
control the content of the archive A(t) where the result of the
optimization problem is stored. e-MOGA obtains an g-pareto
set, @; (which is not unique), that converges toward the
pareto optimal set, ®, in a smart distributed manner around
the pareto front ;(®)) with limited memory resources. More-
over, it adjusts the limits of the pareto front dynamically and
prevents the solutions belonging to the ends of the front from
being lost [33]-[35]. To reach this goal, the objective space is
splitinto a fixed number of boxes n_box;. So, for each dimen-
sionie [1....n], n_box; cells of &; width are created [35], [36].
Where

max min max
g = (ui " — ") /n_boxi, w;
min

W™ = min pi(x) and x6®; (14)

= max j1i(x),

This grid preserves the diversity of 4(®7) since each box can
be occupied by only one solution. For a solution x € solution
space, box;(x) can be defined by

boxi(x) = ([(wi(x) = W™/ ("™ — ™)) * [n—box;)
x Vie[l.....n] (15)
A solution x! with value u(x!) e-dominates the solution x2
with value u(x?), denoted by x! <, x2, if and only if
box(xl) < box(xz) \% (box(xl) < box(xz)Ax1 < xz),
box(x) = {boxi(x), ..., boxs(x)} (16)

Hence, a set @;," C ©, is e-pareto, if and only if

vxl, xze®p, x! ;éxz, box(xl) ;ébox(xz)Abox(xl) > box(xz)
(17)

Therefore, e-MOGA updates A(t) by saving only e-dominant
solutions that do not share the same box. When two mutu-
ally e-dominant solutions compete, the solution that remains
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in A(t) is the closer to the center of the box. So, preventing
solutions belonging to adjacent boxes and increasing diver-
sity of solution can be achieved. The algorithm is composed
of three populations [35], [37]: the main population, P(t),
which explores the search space Dy during the iterations and
its population size is Nind,. The auxiliary population G(t) and
its size is Nindg, which must be an even number. The last one
is the archive, A(t), which stores the solutions ®; and its size
is Nindy4 that is variable but bounded by:

[T (n—box; + 1)
n_boxpax + 1

Nind_max_A =

(18)

where n_box,,;x = max[n_boxi, ..., n_boxs].
The main steps of the proposed algorithm are as fol-
lows [35], [38]:

o Stepl. Begin and create empty A(t).

o Step2. P(0)is initialized with Nind,, individuals that have
been randomly selected from Dj.

o Step3. Calculate the fitness value of each individual
in P(t).

o Step4. Check individuals in P(t) that might be included
in A(t), as follows:

o 1) Non-dominated individuals in P(t) are detected,
Opnp.

o 2) Pareto front limits "™ and u
from w(x),V X € Onp.

o 3)Individuals in ®yp are analyzed and those which
are not e-dominated by individuals in A(t), are
included in A(t).

o Step5. Create G(t) as follows:

o 1) Two individuals are randomly selected, x” from
P(t), and x4 from A(t).

o 2) A random number u € [0-1] is generated.

o 3)Ifu> P/, (probability of crossing/mutation), x”
and x* are crossed over by means of the extended
linear recombination technique.

o HIfu < Py, x4 and xP are mutated using Gaus-
sian distribution and then included in G(t).

This procedure is repeated Nind,/2 times until G(t) is
filled up.

o Step6. Calculate the fitness value of each individual
in G(t).

« Step7. Check, one by one, which individuals in G(t) must
be included in A(t) on the basis of their location in the
objective space.

o Step8. Update P(t) with individuals from G(t). Every
individual x¢ from G(t) replaces an individual x” that
is randomly selected from the individuals in P(t) which
are dominated by xG. However, x© will not be included
in P(t) if there is no individual in P(t) dominated by x.

Finally, individuals from A(t) compose the smart characteri-
zation of the pareto front, @; . Then e-MOGA was applied
to solve the multi-objective optimization problem to search
for the PID controller parameters of the pitch angle control
system. The parameters of the algorithm were set to:

e Nindg = 8, Nind, = 20000, P./, = 0.2.

min

7 are calculated
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FIGURE 5. Flowchart of e-MOGA based PID controller design process.

o Number of generation=1000.

e n_box; = n_boxy = n_box3; = n_boxs = 500.
After simulation running of the proposed optimization
approach, The final pareto front of e-MOGA is achieved
which consists of 126 points. Each point contains one value
for K, K;, and Kp, respectively of the PID controller for the
blade pitch system of WTG. The performance of the small
power system with these values of the PID controller param-
eters associated to each point is then investigated individually
using SIMULINK environment to get the best operating point
that can minimize the conflict among the four objective func-
tions. Finally, among all these points of pareto front, the best
one that can ensure adequate performance of the small power
system and at the same time minimize the conflict among the
objective functions has PID controller parameters as follows:
K, = 1.2252,K; = 0.7535, and Kp = 0.6854. The flowchart
of the complete design process for the proposed e-MOGA
based PID controller is presented in Fig. 5. The singular
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values plots of the control loops with/without the proposed
controller are shown in Figs. (6-8). In Fig. 6, the singular
values plot of the pitch angle control loop indicates that there
is a high gain in the low-frequency domain without using the
proposed controller. Due to this high gain, the pitch action
for the output power fluctuations of WTG may increase at
the low-frequency domain which increases the blade pitch
mechanical stress. Also, there is a resonance point as shown
in the figure. The resonance frequency can be calculated
and the value is 0.0803 rad/sec. The resonance point may
affect the blade pitch control in the small power system. The
state of charge control loop is shown in Fig. 7. From this
figure, the singular values plot has an integral characteristic
at the low-frequency domain without utilizing the proposed
control approach. Because of this, the state of charge keeps
increasing so that the characteristic can be eliminated. On the
other hand, in the frequency control loop, a high gain in the
low-frequency domain (below 1 rad/sec) is clarified with-
out implementing the proposed control scheme as shown
in Fig. 8. Therefore, the frequency fluctuations due to the
input wind power and load deviations may increase at the
low-frequency domain.

IV. SIMULATION RESULTS

To confirm the effectiveness of the proposed control
approach, some simulations are performed in the Simulink
environment of MATLAB software. The simulation param-
eters of the integrated power system are given in Table 1.
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TABLE 1. Simulation parameters.

Inertia constant for wind system, H,, 3.5s.
Inertia constant for diesel system, Hy 8.5s.
Fluid coupling between wind and diesel systems,

16.2 pu Kw/Hz.
16.5 pu Kw/Hz.

Kre
Governor gain, Kg

Governor time constant, T 0.025 s.
Gain of hydraulic pitch actuator, K;2 1.25
Time constant of hydraulic pitch actuator, T, 1 0.6 s.
Time constant of hydraulic pitch actuator, T2 0.041 s.
Gain of data fit pitch response, K, 3 14

Blade characteristic gain, K, 0.08 pu Kw/deg.

TABLE 2. PI controller parameters.

P gain K, 1 gain K;
Pitch angle control system | 2 0.1
State of charge 0.01 0
Frequency deviation 8 0.1

The proposed PID controller method is compared with con-
ventional control scheme presented in [39]. In the conven-
tional approach, three PI controllers are implemented: first
in the pitch angle control system, second in the BESS state
of charge closed loop while the third is set in the frequency
deviation closed loop. The parameters of the PI controllers
are listed in Table 2. In the proposed study, the ARMA(3,2)
model are used to present input wind power and load devia-
tions as follows [40]:

yr = 1.7901y,_1 — 0.9087y,_5 + 0.0948y,_3
+o; — 1.0929; | + 0.2892a;_» (19)

where the average input wind power deviation are considered
as 0.35pu taking into account the average annual wind speed
in the isolated island of Okinawa, Japan, which is from
8.5 to 10 m/s. However, the average value of load deviation
is presented as 0.3pu. Input wind power and load deviations
are shown in Figs. 9 and 10. Simulation of the small power
system is performed for 20 minutes.

A. CASE 1

This case is considered as the base one. The output powers
of WTG system for the conventional and proposed methods
are shown in Fig. 11. This figure clearly confirms that the
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FIGURE 11. Output power of WTG.

output power fluctuation of WTG with the proposed method
is smaller than that of the conventional one and with sig-
nificantly reduced overshoot. Figs. 12 and 13 indicate the
pitch angle and the performance index B,., respectively.
From these figures, it is obvious that the system with the
proposed controller has a speed of response faster than that
with conventional ones. It makes more pitch actions but with
less swing from the nominal value of the pitch angle. So, the
wind turbine mechanical blade stress is decreased using the
proposed controller which is confirmed with the performance
index figure. Hence, the proposed control approach with
that values of the PID controller parameters selected from
the pareto front succeeded to decrease the conflict between
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FIGURE 14. Output power of BESS.

the output power of WTG and the mechanical blade stress.
Figs. 14 and 15 show the output power of BESS and its
state of charge for both methods. From these figures, it is
proved that BESS with conventional method charges and
discharges with more fluctuations than those with the pro-
posed controller. Besides, the state of charge with conven-
tional method deviates slightly from fifty percent level with
larger fluctuations as compared to that with the proposed
one. Diesel generator output power with the conventional
and proposed approaches is pointed out in Fig. 16 which
shows the capability of both control approaches to keep
the fluctuations of diesel generator output power within the
acceptable limits. However, there are little more overshoots
using the proposed scheme due to diesel generators trials to
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meet the load demand variations from moment to another.
This action appears only in the proposed approach as a result
of the controller effect to ensure constant wind output power
and regulate the charged/discharged power of BESS. Fig. 17
shows the frequency deviation which clarifies the superiority
of the proposed control scheme to mitigate frequency fluctu-
ations compared to the conventional method.

B. CASE 2 (PERFORMANCE EVALUATION USING
DIESEL-GENERATOR DEAD-BAND)

The previously considered case study of the small power sys-
tem model is linear in nature. However, taking into account
the nonlinearity in the form of inclusion of the governor
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dead-band for the diesel generator is crucial for this type
of research work to investigate the effectiveness of the pro-
posed control scheme. In the model, the dead-band block
is included in the governor system of diesel-generator. The
dead-band control does not let the system to respond to the
frequency deviations that lie within a predefined range. So,
the governor is inactive within these dead-band limits. North
American Electric Reliability Corporation (NERC) standards
require the plant to have a dead-band not more than 0.036 Hz.
Hence, the dead-band range in this case study is chosen to be
£0.01 Hz. The time-domain simulations are performed using
the same input wind power and load deviations of case 1 for
20 minutes including the dead-band of diesel generator.

The output powers of the WTG system for the conven-
tional and proposed methods are pointed out in Fig. 18.
The proposed approach still has the ability to withstand this
harsh operating condition and can keep the output power of
WTG around its nominal value (0.4pu). However, the con-
ventional method has larger fluctuations which move away
from this value. The pitch angle with the proposed, conven-
tional methods and the performance index S, are shown in
Figs. 19 and 20, respectively. These figures confirm precisely
the capability of the proposed scheme to guarantee less wind
turbine mechanical blade stress even with the diesel gen-
erator dead-band implementation. This action can increase
the wind turbine lifetime significantly. Figs. 21 and 22 show
the output power of BESS and its state of charge for both
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techniques. From these figures, BESS with the conventional
method cannot charge and discharge many times due to the
capacity limit. So, larger battery capacity will be required
which will increase the system cost significantly. Also, it
is evident from the simulation results that the ramp rate
of charge/discharge is very high for BESS with the con-
ventional approach that affects the BESS lifetime. On the
other hand, the proposed method still ensures well-regulated
charged/discharged power of the BESS within the accept-
able limits and adequate charge/discharge ramp rate. Also,
the state of charge deviation with the conventional method
increases from the ideal level (50%) with larger fluctuations
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as compared to that with the proposed scheme. Diesel genera-
tor output power with the conventional and proposed schemes
is clarified in Fig. 23 which indicates the ability of the pro-
posed approach to withstand the effect of the governor dead-
band inclusion damping all oscillations with a high speed of
response. However, the conventional control technique fails
to keep the system stability having large swings compared
to the proposed one. Fig. 24 confirms the superiority of the
proposed control scheme for damping frequency fluctuations
while the conventional one seems to be unstable with high-
frequency oscillations.

V. RESULTS ANALYSIS

Detailed analysis of the time-domain simulation results is
held here for the two case studies presented in the previous
section

« 1) Case 1 represents the implementation of the proposed
multi-objective e-MOGA based PID control scheme for
the pitch angle control system of WTG in the small
power system. Simulation is performed for 20 min-
utes. As a result, the proposed technique can reduce
the output power fluctuations of WTG and decrease its
overshoot significantly as shown in Fig. 11. While the
conventional method still has very high overshoot near
0.65 pu. Also, the proposed technique succeeded to mit-
igate the pitch angle fluctuations and accordingly reduce
the mechanical blade stress performance index P
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compared to the conventional method that can be
extracted from Figs. 12 and 13. So, the proposed control
scheme overcomes the main drawbacks of the previ-
ous studies and can decrease the significant conflict
between the wind output power fluctuations and
mechanical blade stress thanks to considering the input
wind power deviations in a frequency domain and
sharing its smoothing responsibility between BESS
and pitch angle control system of WTG. This action
decreases the duty cycle of both elements and thus
achieves the proposed performance. Also, the BESS can
charge/discharge with fewer fluctuations using the pro-
posed control technique having state of charge almost
constant at its typical value (50%) compared to the
conventional method as shown in Figs. 14 and 15. On the
other hand, due to the achievement of the proposed
control approach for keeping the output wind power
almost constant and regulating the charged/discharged
power of BESS, diesel generator tries to meet the load
demand variations from one moment to another. So, the
diesel generator output power has a little more overshoot
fluctuations compared to the conventional technique as
shown in Fig. 16. Also, the proposed control scheme
succeeded to damp the frequency variation and decrease
its magnitude compared to the conventional method as
presented in Fig. 17.

2) In the second case study, the inclusion of the gov-
ernor dead-band of the diesel generator is considered
and the performance of the proposed control scheme
is evaluated for 20 simulation minutes to validate its
capability to withstand such nonlinear operating con-
dition. The results confirm the ability of the proposed
control technique to keep the WTG output power near
its nominal value (0.4 pu) while the conventional method
has high fluctuations reach to 1 pu. Also, the proposed
scheme can mitigate the pitch angle fluctuations signif-
icantly and decrease the mechanical blade stress by an
enormous amount compared to the conventional method
which has high pitch angle fluctuations as indicated in
Figs. 19 and 20. Besides, the proposed method suc-
ceeded to damp the deviations of the charged/discharged
power of BESS significantly with an almost constant
state of charge at its recommended value (50%). How-
ever, BESS with the conventional approach stopped
charging/discharging many times due to reaching to
the capacity limit (0.2 pu) with high fluctuations. So,
larger battery capacity will be required if this method
is practically implemented in the small power system.
Hence, the total cost of the power system will increase
dramatically. Also, the conventional technique has clear
deviations for the state of charge compared to the pro-
posed one as presented in Fig. 22. On the other hand, the
proposed approach still can regulate the output power of
diesel generator while the conventional method fails to
keep the system stability with high fluctuations of the
diesel generator output power reaches to 0.9 pu as shown

in Fig. 23. Also, the proposed control scheme guarantees
its superiority to control the system frequency and damp
its fluctuations as shown in Fig. 24. In contrast, the
conventional method appears to lose its stability with
high frequency oscillations.

VI. CONCLUSION

Multi-objective frequency domain approach has been applied
to a PID controller design process for a small power system in
this paper. The small power system consists of WTG, diesel
generator, BESS, and load. e-MOGA algorithm is used to
optimize the gains of the controller in the pitch angle system
of WTG. The deviations of the input wind power are consid-
ered in a frequency domain. The low-frequency component
is reduced by the pitch angle control system of the WTG,
while the high-frequency component is minimized by the
charge/discharge of the BESS, respectively. Four objective
functions are considered in the controller design approach.
The proposed method is compared to the conventional one
in two case studies. To confirm the robustness and effective-
ness of the proposed control approach, the diesel generator
dead-band is considered in the second case. From simulation
results, for the first case, the proposed approach can reduce
the wind output power deviation and control the system
frequency. Furthermore, it can minimize the wind turbine
mechanical blades stress, decrease the size of BESS and
increase its lifetime by regulating its charging level that is
taken into account as an economic profit. In addition, for the
second case, the proposed control scheme can bear diesel
generator dead-band inclusion and ensure system stability
with reducing all of the wind, BESS, diesel output pow-
ers, and frequency deviations. Also, it clearly minimizes the
mechanical blade stress and keeps the BESS state of charge
near its ideal value (50%). However, the conventional method
fails to keep system stability having large oscillations for all
of the system components output powers and frequency. Also,
it has high mechanical blade stress and BESS ramp rate of
charge/discharge that decrease dramatically the lifetimes of
the wind turbine and BESS, respectively. Overall, the perfor-
mance of the small power system is enhanced significantly
using the proposed technique.
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