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Abstract- This paper presents the control strategy for a stand-alone wind turbine system connected to batteries is presented in
this paper. The wind turbine system uses permanent magnet synchronous generators (PMSG). The control strategy consists of
optimum power extraction based on particle swarm optimization (PSO) and loads voltage control based on multi-objective PSO
(MOPSO). The optimum power extraction functions to get optimal power at each wind speed based on voltage and current of
converter through the control of the converter duty cycle. While MOPSO will tuning parameter of the proportional integrator

(PI) controller which will regulate the bidirectional converter through duty cycle setting so that the dc-link voltage can be held
according to the reference value. This control strategy is tested for slowly and rapid wind speed changes. Based on the test
results, this control strategy has good performance. The dc-link voltage can be maintained constant at 400V and the power can
be extracted optimally even though the wind speed fluctuates rapidly.
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1. Introduction

Utilization of electricity using wind energy has increased
due to the fossil energy crisis and increased awareness of the
use of green energy to reduce environmental pollution. In
2018, the total use of wind energy in the world is around 5%
with total production reaching 690.8 GW and is predicted to
increase in the next years [1]. Compared to conventional
electricity generation, the use of renewable energy is very
dependent on environmental conditions and intermittent so
that it will produce fluctuating electrical energy. Therefore,
the controller is needed to obtain optimal power and in
accordance to load requirements. The stand-alone wind
energy system is very suitable for remote areas. Stand-alone
systems require batteries as storage systems to store excess
energy and meet load requirements [2]. If the load requirement
is lower than the wind energy produced, the battery will store
energy. Conversely, if the load requirements exceed the wind
energy produced, the battery supplies the load. For this,
battery charge and discharge control are required.

In a stand-alone wind energy system uses batteries. This
system consists of a rotor side converter (RSC) and load side

converter (LSC). The RSC functions to regulate the generator
speed, therefore, this system operates at optimum power by
using a maximum power extraction controller [3]. The dec-link
voltage will be maintained constant through battery charge
and discharge settings by LSC.. Several studies have been
done to investigate the extraction of maximum power in wind
turbines. Maximum power extraction was done by setting the
tip speed ratio (TSR) at the optimal point. Compared to the
TSR method, the optimal torque control (OTC) method is
simpler, faster and efficient but the efficiency of the OTC
method is lower than the TSR method [4]. The conventional
method for maximum power extraction has simple computing
time but requires wind speed measurement and turbine
characteristics thereby increasing utilization costs. The P&O
method was developed to obtain maximum power without
measuring wind speed and produce a better response than
conventional methods. But the performance of this method is
largely determined by the choice of step size which will affect
the computational time [5]. Some studies combine intelligent
methods to determine the step size of the P&O method [6-8].
Compared to conventional P&O methods, fuzzy logic, PSO,
and swarm algorithm produce better performance [9 - 17].
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Setting DC link voltage through charging and discharging
storage system for stand-alone wind energy systems has been
carried out several investigations. The use of batteries and
super capacitors can maintain load balance but increase
equipment costs due to expensive super capacitor costs [18].
Constant power management by using a battery as a storage
system through bidirectional converter settings produces
constant power according to load requirements [2][19-21] The
use of batteries to regulate balance power on stand-alone and
on-grid systems through bidirectional converters using PI
controllers produces good performance[22]. But the
determination and tuning of PI parameters are very
complicated because it has high linearity and complexity of
the system. Incorrect tuning will result in oscillations in
dynamic behaviour and system instability [23]. Tuning PI
controller parameters using the root locus method on the grid
side converter has been applied to wind turbine systems with
PMSGJ[24]. Several optimization methods have also been
developed for the use of bacteria foraging (BF) and PSO for
optimizing PI controller parameters in wind turbine systems
with DFIG that can maintain constant power to the grid
[25][23]. However, the use of these methods requires accurate
wind and power predictions thereby increasing the memory
and equipment requirements for wind measurements [26].

This paper presents the control of a wind turbine system
using PMSG and batteries as energy storage. The control
system consists of the optimal power extraction and load
voltage control. Optimal power extraction uses the PSO
method through the measurement of the converter electric
parameter to get optimal power. Load voltage control will
maintain the dc-link voltage at a certain value even though the
wind speed fluctuates. Load voltage control using a battery
charger controller via a bidirectional converter using a multi-
objective PSO. Multi-objective PSO is used for tuning the
proportional integrator (PI) controller parameters that will
regulate  battery charging and discharging through
bidirectional converters so that the load voltage can be kept
constant.

2. Wind Turbine System

The wind turbine system used in this paper, as shown in
Fig 1, consists of a wind turbine, PMSG, uncontrolled
rectifier, buck converter, bidirectional converter, battery
charger controller, MPPT based on PSO and load. The Wind
turbine and PMSG capture wind energy and convert to the
electric signal. PMSG produces AC voltage and an
uncontrolled three-phase rectifier will convert to DC voltage.
Buck converter will convert to a certain DC voltage to get
optimum power based on the optimal power extraction
algorithm through duty cycle control. The optimal power
extraction using PSO will calculate the input power of the
buck converter through measurement of voltage and current
of the converter at certain wind speeds and produce the duty
cycle to drive the switching component on a buck converter
based on the PSO algorithm.
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Fig 1. Wind Turbine System Block Diagram

Battery charger controller controls charged and
discharged the battery to remain load output voltage at a
certain value. Battery charger controller adjusts bidirectional
converter to charge and discharge battery based on the multi-
objective PSO (MOPSO) algorithm. MOPSO will tune the
parameter of the propotional integrator (PI) controller based
on the reference and dc-link voltage. The proposed system is
simulated by Simulink Matlab

2.1. PMSG Modelling
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d-axis circuit g- axis circuit

Fig 2. PMSG equivalent circuit

The proposed system used PMSG to convert mechanical
energy to electrical energy. The use of PMSG in small scale
wind turbine system has the advantage because it has simple
structure, good efficiency, low maintenance cost and high
performance [7][27].

Fig 2 shows PMSG modeling using dq equivalent circuit.
Field current in rotor winding is constant current source (If)
on d-axis circuit. Voltage equation for PMSG can be

expressed by
vds =-1ids.Rs—or.Ags + p. Ads 1)
vgs =-1igs.Rs + owr.Ads + p. Ags 2)

where id is d-axis stator current, iq is q-axis stator current, vd
is d-axis stator voltage, vq is g-axis stator voltage, Rs is stator
resistance, Ld is d-axis winding inductance (H), Lq is g-axis
winding inductance, p is pole number, and or is PMSG
electric rotation speed. Aqs and Ads is d and g- axis stator flux
that can be determined by

Ags = - igs.Lls + Lgqm.igs
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=-Lq.igs 3)
Ads = - ids.Lls + Ldm.(if — ids)
=-Ld.ids + Ar 4)

Where Ar is rotor flux, Ld and Lq is dqg-axis stator self-
inductance, and Lqm and Ldm is dg-axis magnet inductance.
Electromagnetic torque (Te) produced by PMSG can be
calculated by

3P .. . .
Te Y (lqs Ar + igs lgs (Ld + Lq)) (5)

The rotor speed of PMSG (wr ) and electric power generated
(P) are determined by

or = (T, = Tp) 6)

P = 1,5(vsd.isd + vsq.isq) @)

In this paper, stator resistance value (Rs) is 0.425Q, stator
inductance (Ls) is 0.0082H, pole pairs of PMSG is 10, PMSG
flux is 0.433 wb and turbine inertia is 0.01197 kgm?2.

2.2. Buck Converter

In this paper, buck converter topology is employed to
track optimum power generated through duty cycle control, as
shown in Fig 3. Buck converter consists of IGBT as switching
component, inductor, capacitor, diode, and load. The duty
cycle is adjusted by PSO algorithm, as optimum power
extractor, based on input voltage and current of the converter.
The duty cycle of pulse width modulation (PWM) signal will
drive the switching component that will determine the switch
condition.
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Fig 3. The Buck Converter

When the switch is closed therefore inductor, capacitor and
load is connected by the input voltage and a diode is reversed
bias so that input current will flow through inductor and
resistor load, , as shown in Fig 3b. When a switch is on mode,
inductor voltage can be expressed by

dip

v, =V -V, =L (8)

diy _ Vs=Vp

at L ©)
Where vt is inductor voltage, Vs is input voltage, Vo is output
voltage, L is inductance value, and iL is inductor current.
Changes in the inductor current when the switch is closed can
be formulated by

diy _ Aip _ Aig Vs=Vo

=kt (10)

dt ~ At DT L
(Aiciosea = (Z2) DT (11)

Where D is the duty cycle, and T is period time. When a
switch is an open and off mode, as shown in Fig 3c, all
component is not connected by the input voltage and inductor
functions as a current source. The diode will forward bias and
inductor current flows through it. Inductor voltage when
switch off mode can be expressed by

Vs—Vo
L

diy,

v, =V, = 1% (12)
dij —_Vo
i (13)

In this condition, the current will decrease linearly and
has a negative value. Changes in inductor current on switch
off mode can be expressed by

Aij, _ Aif, _ —_Vo

At @a-DT L (14)
. Vo

(AIL)open = (T) (1 - D)T (15)

The total value of inductor current in one period (T) equals
zero and can be expressed by

Qi) ciosea + (AiL)open =0 (16)
(VS;—V")DT - (VT) (1-D)T =0 (17)

So that output voltage is proportional with input voltage and
duty cycle that is expressed by
V,=V,D (18)

Based on equation 16-17, inductance value for continuous
conduction mode (CCM) can be expressed by

. (VY _ (Vs—Vo _ V,(1-D)

ni, = (%) pr = (—Lf )D = T (19)
VsV __ Vo(1-D) Vs—Vp

L= (AiLf)D ToALf atau Aipf (20)

The capacitance value determines the current ripple value of
the capacitor. When the capacitor current is positive, the
capacitor will be charging. The capacitance value can be
determined by

Vo(1-D)

TV, _

AV, = a(l - D)T = oL (21)

AV, _ (1-D)

Vo _ 8BLCfZ (22)
1-D

¢= 8L(AV, /Vo)f2 (23)

Where f is frequency, and AVo is the ripple voltage. In this
paper, the input voltage of the buck converter has a voltage
range between 37V - 400V from an output voltage of a
rectifier. The frequency used is 31.5KHz so that inductance
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and capacitance values are determined based on equations 20
and 23. The inductance value is 10mH and the capacitance
value is 300 pF.

2.3. Bidirectional Converter

The bidirectional converter consists of two IGBTs and an
inductor connected to the battery, as shown in Figure 1. The
bidirectional converter works through the IGBT switch
settings by the controller. IGBT will work alternately
depending on the PWM signal sent from the controller. Based
on the dc-link voltage and the voltage generated by the wind
turbine system, the controller will set IGBT switching to
determine battery charging or discharging operations. The
bidirectional converter will maintain dc-link voltage
according to load requirements.

3. Control System

3.1 Optimal power extraction based on Particle swarm
optimization

MPPT Curve

1400
1000
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Fig 4. The relationship between output power and rotating
speed on the wind turbine system

Fluctuating wind speeds greatly affect the power
generated by wind turbines system. To get optimum power on
certain wind speeds, the wind turbine system must be operated
at optimum power so that a controller is needed to extract
optimum power. The relationship between output power
generated and rotating speed is shown in Fig 4. Wind speed
changed results in optimum output power point shifting. Ata
certain wind speed, the optimum power can be obtained if
generator rotates at a certain speed as well. Therefore,
optimum power extraction is done by controlling the generator
rotational speed to each change in wind speed so that the
power generated will be optimum. The controlling of
generator speed can be achieved through controlling of
converter duty cycle.

In this paper, PSO algorithm is used as optimum power
extraction using the converter output voltage and current. PSO
is an optimization method using swarm intelligence that is
based on objective functions to be achieved. This algorithm is
inspired by the behaviour of a group of birds where social
behaviour consists of individual actions and influences from
other individuals in a group. Each individual is stated as a
particle that has position and speed. A particle shows a
solution and has a position. In this paper, the position of the
article in the PSO algorithm shows the duty cycle of buck
converter. The objective function that will be achieved in this
algorithm is the optimization of the converter power which is

determined based on the measurement of the current and the
output voltage of the converter. While the particle speed
shows the step size of the duty cycle.
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Fig 5. PSO Algorithm Flowchart
The position and speed of particle can be determined by
Vik+1 =W Vik+ Clrl(dligbesti - df‘) + Czrz(dlébesti - dlk)(24)

diH = di+ v (25)
W is a momentum factor with a value of 0.15. C1 and C2 are
acceleration constants of 0.5 and 0.7 respectively, a is a
maximum velocity value of 0.03, r1 and r2 are random
variables between 0 and 1 generated using a uniform
probability. d¥ is the current position, d¥*? is a modified
position, df,,; is the best position for each particle, %,
is the best position in the group, V;* is the current particle
velocity and V/*! is the modified velocity of particle.
Flowchart of PSO algorithm is shown on Fig 5.

3.2 Battery charger controller based on Multi-objective
optimization

The battery charger controller will maintain a dc-link
voltage of 400V through a PWM pulse adjustment on the
bidirectional converter according to the DC reference voltage.
The bidirectional converter will determine the battery charge
and discharge based on the PWM pulses sent by the controller.
Fig 6 shows a battery charger controller using MOPSO.
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MOPSO has two objective functions to optimize the PI
controller parameters, Kp and Ki. The PI controller will
generate a PWM pulse signal for the bidirectional converter
based on the difference between the reference dc voltage and
the dc-link voltage.

Vde ref T BT Contoner | L "M Signal
—>
- I
Ve link Multiobjective
PSO

Fig 6. Battery Charger Controller using multi objective PSO

MOPSO consists of 10 particles where each particle has
two dimensions to determine the parameters Kp and Ki. The
speed and position of each particle are updated using
equations (24) and (25). The objective function of the MOPSO
is based on performance criteria for evaluating the PI
controller. The performance criteria based on the time domain
are better than based on the frequency domain [28]. This paper
uses performance criteria consisting of maximum overshoot
and steady-state error as an objective function, which can be
expressed by

F =Ess.p+ Mp.a (26)

Where Ess is a steady-state error, Mp is maximum
overshoot, B and o are constants. The § and a values are 0.01
and 0.0001. The PSO fitness function value is determined by
the minimum value achieved for each criterion.

4. Simulation Results

The performance of the controller as the optimum power
extraction and the battery charger controller is simulated
through two conditions namely slowly wind speed changes
and rapid wind speed changes. MOPSO tunes the PI controller
parameters to maintain a dc-link voltage of 400V against
changes in wind speed.

Fig 7 shows the controller performance with the wind
speed changes slowly from 8.5 m/s to 11m/s. The wind speed
is set at 10.5m/s for 0.6s and it decreases to 8.5m/s.
Furthermore, the wind speed changed to 10m/s and 11m/s
respectively, as shown in Fig 7(a). Fig 7(b) shows converter
output voltage which is proportional to the wind speed. The
greater the wind speed, the PMSG output voltage generated
will be greater as well as the converter output voltage. The
output voltage generated by the Rectifier circuit is
proportional to the wind speed. The higher the wind speed
will be followed by an increase in the rectifier voltage. At a
wind speed of 10.5m/s will produce an output voltage of
500V and at a wind speed of 8.5m/s will produce 400V. The
battery charger controller using MOPSO will keep a constant
dc voltage of 400V. MOPSO algorithm will determine the
proportional integrator controller parameters to regulate the
charge and discharge batteries. PI controller parameters tuned
through the MOPSO algorithm are Kp value of 0.4474 and
KI value of 163.41. At a wind speed of 10.5m /s, the battery
will be charged so that the battery voltage will increase, as
shown in Fig 7 (c). Conversely, when the wind speed is
8.5m/s, the battery voltage will drop because the battery is
discharged. The dc-link voltage can achieved constant value,

as shown in Fig 7 (d). Fig 7 (e) shows the output power at the
load, converter and battery. When the wind speed drops, the
power and voltage generated by the converter decrease so that
the battery will be regulated in a discharged condition by the
battery charger controller to reach the dc-link voltage value
equals with the reference value. This is indicated by the
battery's output power will increase and the battery voltage
will drop when the battery is discharged. Although the wind
speed changes, the MOPSO algorithm can maintain a
constant DC link voltage of 400V.
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Fig 7. Simulation Result With Wind Speed Changes Slowly

MOPSO controller performance was also tested in
conditions of rapid wind speed changes and simulation results
are shown in Fig8. The wind speed changes between 7m/s
until 11m/s rapidly and fluctuates as shown in figure 8a. The
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converter output voltage is proportional to the wind speed and
can follow wind speed changes rapidly, as shown in Fig 8 (b).
Although the wind speed changes rapidly, the link dc voltage
can be held constant according to the reference, as shown in
Fig 8 (d). The MOPSO algorithm tunes the PI controller
parameters and produces Kp of 0.4297 and Ki of 107.14. The
bidirectional converter setting can adjust the conditions of the
battery so that the dc-link voltage will be kept constant. Fig
8(c) describes battery condition. When the wind speed is low,
the battery will be discharging to supply voltage to the load
so that the battery voltage decreases. Fig 8 (¢) shows the
power of a battery, converter and load against wind changes.
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Simulation Result with Rapid Wind Speed Changes

5. Conclusion

A wind turbine system with PMSG will produce fluctuating
output power and voltage because it depends on intermittent
wind speeds. This requires a controller to get optimum power
and a constant dc-link voltage according to the reference even
though the wind speed is changing. This paper presents PSO-
based maximum power extractor and MOPSO-based battery
charger controllers on a wind turbine system with PMSG in an
off-grid application. The controller performance is simulated
on slowly wind speed changes and rapid wind speed changes.
Based on test results, PSO can extract optimum power
following changes in wind speed. While the MOPSO
algorithm can tune the parameter of PI controller so that the
dc-link voltage is maintained at 400V even though the wind
speed changes rapidly and fluctuations. Future work will
develop this algorithm to implement on the prototype of small
scale PSMG wind turbine system. Additional performance of
wind turbine system connected to grid will be solve in the
future.
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