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Abstract— This paper presents a new maximum power
point tracking (MPPT) technique control strategy for a
variable speed stand-alone wind turbine with a permanent
magnet synchronous generator (PMSG). The PMSG is
controlled to achieve maximum power extraction from the
available wind power. This control technique contains the
merits of both perturb and observe (P&O) technique and the
tip speed ratio (TSR) technique. The P&O technique is
modified to be a variable duty cycle steps and the TSR is used
to improve the steady state performance. The PMSG is
connected to a DC/DC boost converter through a three-phase
uncontrolled rectifier. The system is modeled and simulated
by using Matlab/Simulink package under different wind
speed.

Keywords— Maximum power point tracking (MPPT),
Permanent magnet synchronous generator (PMSG), Perturb
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I. INTRODUCTION

Wind energy is the fastest growing renewable energy
due to its free availability and environmental benefits [1]. It
is one of the most efficient renewable energy sources for
the generation of electrical energy from the kinetic energy
[2]. The main components of the wind energy conversion
system (WECS) are two main parts: mechanical part
(aerodynamic rotor and gear box) and electrical part
(electrical generator, power electronics converters, and
electrical loads) [3].

The mechanical power extracted from the wind turbine
(WT) is converted to an electrical power through an
appropriate generator. There are many types of generators
are used. The major difference among them is using a fixed
speed or as variable speed WT [4]. The PMSG is used in
this paper as it has many advantages compared to other
generators such as: high energy produced, high power
density, High active and reactive power controllability,
absence of brush or slip ring, and low mechanical stress
[5].

As known, the wind turbines are designed to operate at
specified wind speed. This speed is limited between the
cut-in speed, at which the turbine starts working, and cut-
out speed, at which the turbine stops working [6].
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Between these limits the turbine must be controlled to
capture the maximum power. The maximum extracted
energy is achievable only with variable speed wind turbines
as they can change the generator rotational speed to follow
the instantaneous changes in the wind speed [7]. Hence,
they are able to maintain a constant rotational speed to
wind speed ratio. In other words, in order to operate at this
point, the generator speed should be changed to operate at
the optimal tip speed ratio.

The generator rotational speed through power electronics
converters will be controlled to be able to capture as much
electrical power as possible from the available wind power
in the shortest time. This objective can be achieved through
different power electronics converters topologies and
different MPPT algorithms [8-10]. These algorithms can be
classified according to method and type of generating the
reference control signals, the number of sensors which are
required, the tracking time, the complexity of the hardware
implementation, memory requirement, and the algorithms
performance under varying wind speeds [11].

The MPPT algorithms are classified into three types
based on the methodology employed in generating the
reference signal (voltage/torque/speed). These types are:
the methods which uses the reference speed such as TSR
control and Power-Signal feedback (PSF), methods that are
used the reference voltage such as Hill climb search (HCS),
methods that are used the generator torque as a reference
signal such as an optimal torque control (OTC) [2, 7].
Another classification of MPPT techniques based on sensor
required for measuring the wind velocity can be divided
into two types: Sensor based MPPT methods such as TSR
control and Sensorless MPPT methods such as P&O and
PSF control [12]. The proposed algorithm in this paper is
combination between TSR method and P&O method to
obtain the advantages from both algorithms

Il. MATHEMATICAL MODELLING OF THE SYSTEM PARTS
A. Modeling of the aerodynamic wind turbine

The mechanical power by the rotor blades of the WT can
be determined by [1, 2]:
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P, = PAVC, (2 f) ®

Where, p is the air density (Kg/m®), A is the blades
swept area, vy, is the wind speed (m/sec), and Cp (A,B) is the
power coefficient, which is defined as the ratio of turbine
power to wind power and it is a function of the pitch angle
(B) and the tip speed ratio (A). The tip speed ratio is the
ratio between the rotor speed and the wind speed as given

by:
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Where: o is the blades angular velocity (rad/sec) and R,
is the rotor blade radius (m). The equation that describes
the power coefficient has been reported by different fitted
equations [4, 13]. In this study, the power coefficient can
be calculated as [14]:

21
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Where,

1 1 0.035
== - @
y A+0083 43,4

The Maximum power can be extracted from the WT
when it operates at the optimal value of C, , Cy.op.
Therefore, it is necessary to adjust the rotor speed at
optimum value of tip speed ratio (Aqy) With variation in
wind speed.

B. Permanent Magnet Synchronous Generator Model

In The PMSG, the excitation field is obtained using
permanent magnets in the rotor. The equivalent circuit of
the PMSG on the d-q synchronous rotating reference frame
is shown in Fig.1 [4].

The modeling of the PMSG is written in d-q
synchronous rotating reference frame as formulated in the
following equation [4, 15-17]:

dg Ry. Lo . 1

—=——21i4 +— Papig +—U

dt de+|-d pweq+Ld d ©)
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— =g - paid - il
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where ig , iq are the d- and g-axis components of current
respectively; R, is the armature resistance; Lq , Ly are the
generator inductance on the d-g axis; ug , Uq are the d- and
g-axis voltage components, respectively, p and w, are the
number of pole pairs and the electrical rotating angular
speed, W= pw, of a PMSG respectively; s is the
permanent magnet flux. The electromagnetic torque (T.)
and the equation of motion for a PMSG can be expressed as
[18]:
d_a) — _T_W _B_ma)+ lTe
dt J J J

Where J is the rotational inertia of the generator, where
there isn’t any gearbox, and B, is the damping coefficient

(6)
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(b) d-axis equivalent circuit

Fig. 1 Equivalent circuit of a PMSG in the d-q synchronous frame [4],
(a) g-axis, (b) d-axis

I1l. PROPOSED MPPT CONTROL METHOD

The block diagram of the overall wind energy
conversion system is shown in Fig. 2. The system consists
of 20 kW WT with PMSG. The output of the generator is
connected to three-phase uncontrolled bridge rectifier and
the output of the bridge rectifier is connected to DC-DC
boost converter for tracking the MPP at any wind speed.
The proposed MPPT is a modified P&O with variable duty
cycle steps based on TSR. The measured inputs are the
wind speed as in the TSR method, turbine speed, and the
turbine power as in the P&O method.

The measured turbine power and speed are used to
determine the direction of the new duty cycle step as in
conventional P&O method. The measured wind speed is
used to estimate the optimal value of the generator angular
speed at the optimal tip speed ratio based on equation (2).
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The generated variable steps depend on the position of
the operating point from the MPP. The variable steps are
changed from 0.75*D,,, to 0 with seven different steps.
Where, Dy, is equal 0.001. The percentage of absolute
Awlwgy is determined which step will be produced. The
output of this subsystem is AD which will be used to
increase or decrease the pervious duty cycle depends on the
sign of P&O algorithm.

DC-DC
MPPT
convert

3-phase
rectifier

Wind
turbine

PMSG DC-load

Fig. 2 Block diagram of wind energy conversion system

IV. SIMULATION MODEL OF THE PROPOSED SYSTEM

Simulink block diagram of the wind turbine with MPPT
feed DC load is shown in Fig. 3. The details of the wind
turbine with PMSG block is shown in Fig. 4 which consists
of the simulation model of the aerodynamic turbine and the
simulation model of the PMSG. The details of the
simulation model of the aerodynamic turbine are shown in
Fig. 5. The model is based on the equations from (1) to (4).
The simulation model of the proposed MPPT control is
shown in Fig. 6. The variable duty cycle steps are seven
steps and the details of these steps are shown in Fig.7. All
paragraphs must be indented. All paragraphs must be
justified, i.e. both left-justified and right-justified.
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Fig. 3 Simulink block diagram of the WECS
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Fig. 4 Details of wind turbine with PMSG subsection

Fig. 5 Simulation model of the aerodynamic wind turbine

[@D]

Memory
Pm
G S
L.
, N
VW
G e

Variable duty cycle

Fig.6 Simulation model of the proposed MPPT control
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Fig. 7 Details of variable duty cycle subsection
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V. SIMULATION RESULTS AND DISCUSSION

The WECS which is used for the simulation has two
parameters. The first is the wind turbine parameters which
contain: P, = 20 kW at V,, = 12 m/s, R, = 4 m, and
Copt=0.48. The second is the three-phase PMSG generator
parameters which have: 20 kW, R, = 0.176 Q; L = 4.48
mH, y; = 0.742 V.sec; pair poles, p = 18; J = 1.8 kg.m*.

In order to validate the mathematical model of the
aerodynamic WT, the simulation results will be obtained
and compared with a 20 kW WT data from the catalogue of
European Urban WT manufacturers [19] as shown in Fig.
8. It can be seen from the figure that the simulation results
obtained are very close to those obtained from the
manufacture datasheet. The relation between C, and A
when the pitch angle equals zero degree is shown in Fig. 9.
It can be verified that the optimum value of C, is about
0.48 at A equal 8.1 whatever the value of the wind speed
[13]. The relation between the blade rotational speed and
the mechanical turbine power at different values of the
wind speed and at p=0° is shown in Fig. 10. It can be
concluded from the figure that the maximum mechanical
power of the WT is occurred at a particular rotational
speed. Hence, the tip speed ratio which is function in the
rotational speed should be kept at the optimal value (Ayp) tO
maximize the wind energy [20].

The performance of the WECS is studied under different
rapid change in the wind speed. The wind speed is changed
as stairs shape 7, 9, 10, 11, and 9 m/sec as shown in Fig.
11. The output power of the turbine is shown in Fig. 12
which proves that the turbine output power is operated at
the MPP. The maximum tracking time occurs at starting
operation and equal to 1.1 sec. The tracking time is reduced
to 0.3 sec in the next wind speeds. The fluctuation of the
turbine power around the MPP is nearly zero. The power
coefficient of the wind turbine is shown in Fig. 13. The
figure shows that the wind turbine is operated at the
optimal power coefficient (0.48) whatever the wind speed
values. The DC-DC converter duty cycle is shown in Fig.
14. At each wind speed, there is an optimal value of duty
cycle at which the turbine will be operated at MPP. The
figure also shows that as the wind speed is increased, the
duty cycle is increased.
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Fig. 8 Maximum power of 20 kW wind turbine at different wind
speed
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Fig. 10 The relation between the turbine power and the blade angular
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Fig.11 The variation of the wind speed
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Fig. 12 Output mechanical power of the wind turbine

r (sec)
Fig. 13 The wind turbine power coefficient
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Fig. 14 Duty cycle of the DC-DC boost converter

VI.

In this paper, it has been observed that the wind energy
conversion system controlled with a proposed MPPT has
good steady state performance and high tracking factor.
The steady state fluctuation power is very small and
reaches to zero as the controller maintain the duty cycle at
its optimal value when the wind turbine produces the
maximum available power at certain wind speed. The
power coefficient of the wind turbine is maintained at the
optimal value whatever the values of the wind speed.
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