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1. INTRODUCTION

Nowadays, standalone energy generation systems are becoming widespread in islands and rural
regions. The reason behind this is the grid is usually not available due to economic issues. Commonly, diesel
generators are utilized for electricity production in remote area applications. Though these generators have
high reliability, simple starting, and low installation cost, it requires regular maintenance, high running cost,
and has bad environmental impacts [1]. Standalone wind systems incorporating an energy storage system provide a
good alternative to classical diesel generators. It is environmentally friendly and has no running cost [2].

As wind power is intermittent in nature, it can not supply steady electrical power to loads. To
overcome this problem, an energy storage device can be employed in order to store/supply energy in such a
way as to compensate for the wind energy variations significantly. Therefore, energy storage systems are
essential for the stability and reliability of wind energy system operation [3]-[10]. Also, it supports the
transient stability of the system against load and wind fluctuations [11]. Different kinds of energy storage
systems have been utilized like batteries, flywheels, superconducting magnetic energy storage (SMES),
supercapacitors, hydrogen, thermal, and compressed air energy storage. However, lead-acid batteries are the
common energy storage for many applications due to their merits of low cost, wide operating temperature,
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and high cell voltage [12]. Therefore, the lead-acid batteries strongly support the development of standalone
wind systems [13].

For any wind energy system, there are two main components, which are the electrical generator and
the mechanical wind turbine. Many types of generators have been implemented in the wind systems such as
the permanent magnet synchronous generator (PMSG) and the induction generator [14], [15]. Nevertheless,
PMSGs are suitable for low power wind systems as it has high energy density, self-excitation, and compact
size. It can be used to generate power from gearless wind turbines [16].

The annual generated energy of standalone wind systems could be increased by applying maximum
power point tracking (MPPT) must for variable-speed wind systems [17]. Various maximum power point
tracking MPPT techniques have been proposed. Such techniques can be classified into; i) the hill-climbing
search technique, ii) the power signal feedback technique [18], iii) the quasi-MPPT control technique [19],
and iv) fuzzy logic control technique [20].

Recently, there are much research in the area of the analysis, design, control, and modeling of
standalone wind energy systems [21]-[24]. Musarrat et al. [21] introduces a PMSG-based wind power system
with an ESS utilizing an SMES with high-temperature. However, the system was complex and expensive. A
common-mode voltage suppression for a standalone wind power conversion system utilizing PMSG is
introduced by [22]. The proposed system has not considered the MPPT and the system efficiency is low.
Hui et al. [23] provides an energy management algorithm with adaptive MPPT and power limit capability.
However, the study was suitable for small standalone systems. Another MPPT scheme for standalone wind
systems has been introduced in [24].

The problem of this research is addressing the energy management of a standalone wind system
incorporating an energy storage system. Also, a new off-line MPPT algorithm is proposed to maximize the
delivered energy from the wind turbine. The technique is very simple and uses the wind turbine
characteristics curves to generate the gate pulses for a boost converter that is cascaded to the rectifier
terminals for this purpose. Hence, the boost converter function is to solve the MPPT problem of the proposed
system. The proposed system includes the wind turbine, PMSG generator, rectifier, boost converter, energy
storage system, bidirectional charger, and power inverter. Compensation of high-frequencies harmonics is
attained by employing a simple filter. The system has four controllers used to manage the system energy,
implement MPPT, regulate the charge/discharge process of the storage battery, control the voltage of the DC
link, control the inverter frequency and voltage. The controllers’ main objective is to alleviate the
intermittence problem of wind energy and regulate the storage of excess energy. The proposed system has
been simulated using MATLAB/Simulink platform. The system is tested under several step changes in the
wind speed and load power. The results show good performance and energy management under all
disturbances. The manuscript is arranged as follows: Section 2 introduces the configuration and modeling of
the introduced system. In section 3 the proposed system controllers are presented. The discussion of the
system simulation results are proposed in section 4. Finally, section 5 provides the paper net conclusions.

2. THE CONFIGURATION AND MODELLING OF THE INTRODUCED SYSTEM

This section introduces the configuration, analysis, and modeling of the proposed system. The
introduced isolated wind power system is illustrated in Figure 1. The system includes a variable speed wind
turbine, that is coupled to a PMSG. The PMSG is connected to an uncontrolled rectifier with a filter. The
output of the filter is connected to a boost converter to help in supporting the MPPT state. The output of the
boost converter constitutes the system DC-link. It is connected to both the power inverter and the
bidirectional charging converter. The charging converter regulates the DC bus voltage and controls the
charging-discharging processes of the storage battery. On the other hand, the inverter supplies the isolated
load with a regulated voltage and frequency. The model of the whole proposed wind system is carried out in
the following subsections.

2.1. Wind turbine model

The wind turbine dynamic characteristics are specified in terms of the power coefficient (C,) which
is a function of the blade pitch angle (8) and the tip speed ratio (1). The optimum value of A should be used to
have the best utilization the wind energy. Therefore, the corresponding Cp will be supreme. The wind turbine
power coefficient and tip speed ratio are expressed as (1) [24]:

3 = ent )
C,(A, B) = (0.44 — 0.0167B) sin(m(A — 3)/(15 — 0.38)) — 0.00184(A — 3)B @)
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Where (R) is the rotor radius of the turbine, (wm) is the angular mechanical speed of the rotor, and (vv) is the
wind speed of the turbine. The turbine output power (Pm), may be given by (3) [24].

B, = Apv3C, (4, B)/2 3)

Where (p) is the air density and (A) is the blades swept area.
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Figure 1. The proposed isolated wind energy system

2.2. PMSG model rectifier model
The PMSG generator has the dynamic model, in the d—q rotor frame, given by [23]:

d;_std = (_iSdr:S + piSqmeq - Vsd)/Ld (4)
‘Z_Stq = (—igqTs + D0y (IsqLg + Am) — Veq) /Lq )

Where (rs) is the stator resistance, (isq) is the stator-current quadrature-component, (isqg) is the direct
component of the stator current, (Lq, Lq) are the stator d- and g-axis inductances. (p) is the pole pairs, (Am) is
the permanent flux linkage. The mechanical dynamics are given by (6).

di‘;—tm = (Z_le - 1-5p/1misq)/] (6)
Where (J) is the moving parts inertia.

2.3. Rectifier model

The PMSG speed is direct related to the wind turbine speed and affected by its variations. Hence,
the generator output voltage and frequency vary. This issue is not acceptable for the system loads. To
alleviate this problem, the PMSG output is transformed to DC voltage and thereafter reconverted to AC
voltage has the required frequency and amplitude. An uncontrolled 3-¢ rectifier is utilized for this purpose.
Assuming that the effect of source inductance is neglected, the rectifier average output voltage and current
(Vac, lac) is represented by (7) [24].

Vdc = 1654’Vh 'Idc = 09071h (7)

Where; (Vn, In) are the PMSG rms phase voltage and current.

2.4. Boost converter model

Figure 2 demonstrates the boost converter circuit diagram. Its input is the uncontrolled rectifier
output however its output constitutes the system DC bus. Its task is to control the PMSG power to act at the
MPPT state. The converter dynamic model is given by [25]:
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di
Vo = Ly d—f. Qp > on (8)

dal
Vp_Vdc:Lbbd_f:Qb_)off %)
where (Vqc) is the DC link voltage and (Lub) is the converter inductance.

2.5. Battery storage system model

The ESS includes a bidirectional converter and a lead-acid battery bank. Its function is to store the
spare wind energy greater than the load demand. Then use this storage to recover for the decrease in the wind
energy at low generated periods. The battery model or equivalent circuit includes a voltage-controlled
voltage source in series with internal resistance.

2.6. Bidirectional charge converter model

The function of this converter is managing the discharge/charge processes of the ESS. It can supply
power through the two directions. The circuit construction of this converter is presented in Figure 3. The
input terminals of this converter are attached to the system DC link. Nevertheless, its output terminals are
connected to the storage battery. The operation of this converter may be classified into two modes called the
buck mode and boost mode. The converter acts in the step-down mode if the switch S; is off and the switch
S1 is modulated. At this mode, the storage battery is charging. However, it acts in the step-up mode if switch
S1is off and the switch S; is modulated. At this mode, the storage battery is discharging.

L
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Figure 2. Boost converter circuit Figure 3. The ESS bidirectional-converter circuit

The model of the circuit is described by:
— The buck (charge) mode:

-1

= Vac 0
e=[0 e fi]s+[4] w

z rb_C 0 TpC
X= i’] 11
= o (11)

Where (Ep, rp) are the voltage of the storage battery and the internal resistance, (vb, ii) are the capacitor
voltage and inductor current, S; is a binary number representing the switching state [0,1], (V) is the voltage
of the DC bus, (C) is the filter capacitance, and (L) is the filter inductance.

— The boost (discharge) mode:

-1 Vac

I ~Vd e
X=l __1X+[L]Q2+E_b (12)

C Crp 0 Crp

Where S; binary number represents the switching state of S, [0,1].

2.7. Inverter model

The 3-¢ inverter circuit including a filter is presented in Figure 4(a). For modeling purposes, the
space vector representation of the inverter 3-¢ quantities is important. Hence, all currents and voltages of the
inverter are represented using:

A =2/3We+x v, +2 1) (13)
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Where; (va, Vb, and v ) are the actual 3-¢ values, A is the equivalent space vector, and « = &?¥, The 3-¢
two-level inverter has eight switching states which may be transferred to, according to (13), space vectors
presented in Figure 4(b). The inverter dynamic model can be represented as:

-1

2|, ey fo)
r
2= [}

where (Cy, Ly) is the filter capacitance and filter inductance, (lo) is the space vector of the output current, (S) is
the switching states space vector, (V) is the capacitor voltage space vector, and (Ir) is and the space vector of
the filter current.
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Figure 4. The 3-¢ inverter (a) circuit diagram and (b) possible voltage space vectors

3. THE PROPOSED SYSTEM CONTROLLERS

This section proposes the details of the system controllers, the boost converter controller, MPPT
controller, and inverter controller. A simple MPPT algorithm is proposed to extract maximum power from
the wind turbine. The proposed system has three main controllers the load inverter controller, the bidirectional
controller, and the MPPT controller. The following subsections discuss those controllers in detail.

3.1. Load inverter controller

The load inverter is a two-level 3-¢ voltage source inverter. It is a current-controlled inverter. It has
two nested control loops, as displayed in Figure 5(a), which are used to control the inverter. The output
voltage is controlled via the outer loop. The error signal produced by comparing the actual output voltage
with the reference value is fed to a Pl controller that produces the required reference current for the inner
loop. Hence, it is compared to the actual current and fed to a PWM modulator to get the converter transistors'
signals.

3.2. Charge converter controller

The chare converter controller controls the charge/discharge processes of the energy storage system.
Also, it controls the system DC link voltage. Hence, a simple PID controller is used for this issue as shown in
Figure 5(b). The control system has two nested controllers. The first one is used for controlling the current,
However, the loop outer is used for controlling the voltage. This method is called the constant voltage-current
method. The PID parameters are tuned using the Ziegler—Nichols tunning technique.

3.3. MPPT controller

In wind power systems, the principle of MPPT is to maximize the power output by optimizing the
speed of the PMSG concerning the wind velocity. Numerous researchers have been done to get better
performance MPPT for wind systems [26], [27]. A simple and new MPPT algorithm has been introduced. It
uses the wind turbine characteristics curves to find a mathematical model of the MPPT controller. The MPPT
in this paper is based on the characteristic curves of the wind turbine. The datasheet for the wind turbine is
used to generate the Pm-m curves for different wind speeds as presented in Figure 5(c). Also, the controller
is shown in Figure 5(c). The input for this controller is the wind speed (V) however, its output is the boost
converter duty ratio (k). For the MPPT operation, it is assumed that the boost converter input current is
continuous, the voltage gain is:
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Viac _

1
Vr 1-k

(16)

To operate the wind turbine at the MPPT state, the rectifier terminal voltage should be at a peak voltage
condition (Vim). The duty cycle at MPPT conditions (Kmpp) is given by:

Kpp = 1 — 22 17)

Vdc

The value of Vi is calculated using the wind turbine curves for a given wind speed. Hence, the duty cycle
and the wind velocity relation can be generated as:

Kmpp = 2.055e5v — 1.191e 313 + 0,02212v2 — 0.2359v,, + 1.564 (18)
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Figure 5. The proposed system controllers block diagrams, (a) load inverter controller,
(b) bidirectional converter controller, and (c) the MPPT controller

4.  SIMULATION RESULTS

In this section, the evaluation of the proposed system responses are carried out by discussing the
digital simulation results. The parameters of the proposed system are shown in Table 1. The simulations have
been carried out using the MATLAB/Simulink platform. Figure 6 (see Appendix) provides the results for
different variables of the proposed standalone wind system. Forced step changes in the wind velocity are
applied as shown in Figure 6(a). It is noticed rotating speed of the PMSG changes with the wind velocity, as
shown in Figure 6(b). However, it has relatively long transient times due to the high inertia of the rotating
parts. The PMSG torque response is shown in Figure 6(c). The deriving torque of the shaft must be kept
within a safe limit to avoid destruction. In Figure 6(d), the DC-link voltage is remained stable and tracks well
its reference value. Small overshoots, less than 2%, have occurred indicating good performance. The
charging current of the ESS is demonstrated in Figure 6(e). The figure indicates the charging current of the
ESS battery during the high wind energy periods, 0 <t<1.35s. Also, the charging current level increases with
the wind energy increase. On the other hand, the current reverses its direction, discharge mode, when the
wind energy cannot generate all the required power at low wind velocities.

The system powers are shown in Figure 6(f); the turbine power, the ESS power, and the output
power. At the charging periods, the sum of the output power and the ESS power is less than the turbine
power by some losses. The ESS power is positive at these periods. Nevertheless, at the discharging periods,
the ESS changes to negative and added to the wind energy to supply the load.

The load 3-¢ voltages, shown in Figure 6(g), are sinusoidal with constant amplitude and frequency
for all load and wind velocity disturbances. Figure 6(h) shows the 3-¢ load currents. It is sinusoidal with
constant frequency, 50Hz, and variable amplitude related to the load power demand. The currents are in
phase with the grid voltage, as the load has a unity power factor.

Wind energy management of a standalone system operating at maximum power point (Hani Albalawi)
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The load current THD is 1.28% at a wind velocity of 12 m/s. However, it varies with different
variables and dominantly with wind velocity, as demonstrated in Figure 7(a). Figure 7(b) presents the
alteration of the load current frequency spectrum @ wind velocity of 12 m/s. The figure indicates that lower-
order harmonics of the load current are very small and the THD is low. The dominant harmonic is the 13"

harmonic which has an amplitude of 0.95%.

Figure 7. The variation of (a) the THD with wind velocity and (b) the spectrum of the load current (@12 m/s
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Table 1. System parameters

Parameter Value
Power rating of the wind turbine 10 KW
Ve 300V
Cc 3300 pF
PWM switching frequency 10 KHz
Load voltage 110V
Load frequency 50 Hz
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CONCLUSION

This article proposed the control and management of a standalone wind power system against load
and wind velocity variations. A simple MPPT algorithm is introduced to achieve high power utilization. The

wind velocity)
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wind generator is connected to the load via a boost converter. It is utilized to implement the MPPT state
using. The system dynamic model is derived then the control and energy management algorithms are
introduced to improve the system performance. MATLAB simulations for the proposed standalone wind
energy system were carried out. The system is tested under step variations of wind speed and load power.
The simulation findings show the following. The proposed management system success to supply the loads
perfectly under all disturbances. The performance of the load inverter controller is excellent, as the load
power responses have small overshoots and small settling times. The DC-link voltage keeps tracking its
reference perfectly. The AC load voltage and frequency are constants at their reference values. The load
current THD with the proposed system is less than the standard value of 5%.
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Figure 6. The proposed system results for the: (a) wind speed and (b) PMSG angular speed

Wind energy management of a standalone system operating at maximum power point (Hani Albalawi)



1692 O ISSN: 2088-8694

3

3
T
1

S
S
1

N
=)
1

PMSG torque (Nm)
o
T

N
=]
T
1

1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time(s)

(©)

315 T T T T T T T

A
=}

o

310 1

w

=1

@
|

DC-link volatge(V)
[~ w
& 8

|

~n
8
1

L 1 | 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time(s)

(d)

n
@
a

o

ESS current(A)

I
.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time(s)

()

%10

~———Turbine power|
‘Oulput power
~———ESS power | |

15+

1
:
5 ! 4
EMJ"'""'
z |
& |
! —r
oF i
05 4
-1 1 1 1 1 1 | | 1 1
0 0.2 0.4 06 0.8 1 1.2 14 16 1.8 2

Time(s)

®
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