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Abstract: This paper presents modeling, simulation and control of Matrix Converter (MC) 
for Variable Speed Wind Turbine (VSWT) system including Permanent Magnet 
Synchronous Generator (PMSG). For a given wind speed, the power available from a wind 
turbine is a function of its shaft speed. To obtain the maximum available power from the 
wind at different wind speeds, the MC adjusts the PMSG shaft speed. The proposed control 
system allowing independent control Maximum Power Point Tracking (MPPT) of generator 
side and regulate reactive power of grid side for the operation of the VSWT system. The 
MPPT is implemented by a new control system. This control system is based on control of 
Zero D-axis Current (ZDC). The ZDC control can be realized by transfer the three-phase 
stator current in the stationary reference frame into d-and q-axis components in the 
synchronous reference frame. Also, this paper is presented, a novel control strategy to 
regulate the reactive power supplied by a variable speed wind energy conversion system. 
This control strategy is based on Voltage Oriented Control (VOC). The simulation results 
based on Simulink/Matlab software show that the controllers can extract maximum power 
and regulate reactive power under varying wind velocities. 
 
Keywords: Matrix Converter (MC), Maximum Power Point Tracking (MPPT), Permanent 
Magnet Synchronous Generator (PMSG), Space Vector Modulation (SVM), Variable 
Speed Wind Turbine (VSWT). 

 
 
 
1 Introduction1 
Over the last twenty years, renewable energy sources 
have been attracting great attention due to the cost 
increase, limited reserves and adverse environmental 
impact of fossil fuels. In the meantime, technological 
advancements, cost reduction, and governmental 
incentives have made some renewable energy sources 
more competitive in the market. Among them, wind 
energy is one of the fastest growing renewable energy 
sources [1]. The energy from the wind turbine system 
can be connected to a load or to the grid through power 
electronic converters. The power electronic converters 
can be used as a DC link converter or matrix converter 
[2]. MC is a direct frequency converter, which does not 
require any element of energy storage. When compared 
with a conventional two-stage ac/dc/ac converter, the 
MC has some important advantages. For instance, MC 
is highly controllable and robust due to absence of 
components such as electrolytic capacitors [3]. 
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Various types of generators can be used for wind 
turbines. The generators include the Squirrel Cage 
Induction Generator (SCIG), the Doubly Fed Induction 
Generator (DFIG), the Wound Rotor Synchronous 
Generator (WRSG) and the Permanent-Magnet 
Synchronous Generator (PMSG) [4]. 

A VSWT system with a DFIG, using an MC in the 
rotor circuit has been presented in [5]. In this system, 
the MC is used to control the DFIG based on a sliding 
mode control technique to extract the maximum energy 
from the wind. A field oriented vector control method is 
used in [6] to control a Brushless Doubly-Fed Machine 
(BDFM) in order to capture maximum wind energy and 
improve the generated electric power quality. A VSWT 
system with SCIG and MC is used to control the MPPT 
in [7, 8]. PMSG has received much attention in wind 
energy conversion because of the absence of the rotor 
windings, a high power density can be achieved, 
reducing the size and weight of the generator. In 
addition, there are no rotor winding losses, reducing the 
thermal stress on the rotor [9]. Using matrix converter 
with PMSG due to lower volume and more flexible 
structure, with minimal maintenance costs to other 
structures, it is the best option for micro grid and local 
applications [4, 10]. 
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Fig. 1 Wind Energy Conversion System with Matrix Converter 
 
 

In order to control the MPPT wind turbine system, 
various algorithms have been proposed in [11-13]. 
Within different algorithms for MPPT, three famous 
methods are: Wind Speed Measurement (WSM) [14], 
Perturbation and Observation (P&O) [15] and Power 
Signal Feedback (PSF) [16]. The P&O method is proper 
for wind turbines with small inertia, but not for medium 
and large inertia wind turbine systems. In the P&O 
method, the wind turbine speed is varied in small steps 
and the corresponding change in power is observed 
[15]. 

In this paper, the modeling and control of MC for 
VSWT system has been presented. The aim of this 
paper is control the MPPT of VSWT system and 
regulate reactive power delivery to grid. The proposed 
control system is implemented by space vector 
modulation technique for switching MC. The results of 
the digital simulation show that the proposed system can 
extract maximum power and also regulate reactive 
power under varying wind velocities. 

In the next section, the wind turbine system 
components are introduced. In section 3 structure of 
three-phase to three-phase MC is presented. Control 
system for implementation MPPT and regulate reactive 
power are presented in Section 4. Finally, simulation 
and conclusions are presented in Sections 5 and 6, 
respectively. 
 
2 Model of System Components 

Fig. 1 shows the block diagram of VSWT system 
including wind turbine, PMSG, MC, and utility grid. 
For this topology, the proposed control system allowing 
independent control MPPT of generator side and 
regulate reactive power of grid side. In the following the 
components of model will be described. 
 

2.1  Dynamic Model of Wind Turbine 
The energy in the wind with passing through turbine 

blades convert to mechanical torque. It is transmitted to 
the generator with the turbine shaft. Power delivered 
with wind turbine is dependent to wind density, the area 
is swept with the blades and the cube of the wind speed. 
The output mechanical power of the wind turbine shaft 
can be expressed as follows [8]: 

3
T p wP 0.5C AV           (1) 

where  is the air density (in kilograms per cubic 
meter), CP is the power coef cient (dimensionless), A 
( 2

rR ) is the blade swept area of the turbine (in square 
meters), Rr is the radius of the turbine shaft (in meters), 
VW is the wind speed (in meters per second), and PT is 
the wind turbine mechanical power (in watts). Also, CP 
is a function of  (tip-speed ratio) and  (pitch angle), 
and is given by [17]. 

i
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i
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               (2) 
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        (3) 

with 

r R
=

Vw
             (4) 

in which r is the rotational speed of turbine rotor (in 
radians per second). The coefficient CP signi es the part 
of wind energy, which is converted to mechanical 
energy by the wind turbine. According to Eq. (1) the 
amount of power produced by a wind turbine depends 
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on the turbine speed, turbine parameters and air density. 
The air density is usually assumed to be constant. Also 
the turbine parameters are specified by the designer and 
constants too. 
 

2.2  Dynamic Model of PMSG 
In the PMSG, the rotor magnetic flux is generated 

by permanent magnets, and this generator is brushless. 
Because of the absence of the rotor windings, a high 
power density can be achieved, reducing the size and 
weight of the generator. In addition, there are no rotor 
winding losses, reducing the thermal stress on the rotor. 
Dynamic model of PMSG in the synchronous reference 
frame can be expressed as follow [18]. 

ds
ds s ds d r q qs

diV R i L L i
dt

      (5) 

qs
qs s qs q r d ds r r

di
V R i L L i

dt
    (6) 

where Rs is the stator winding resistance, Ld, Lq are the 
stator dq-axis self-inductances, r is the rotor speed in 
the synchronous reference frame, r is the rotor flux-
linkage, ids, iqs and Vds, Vqs are the dq-axis stator 
currents and the dq-axis stator voltages, respectively. 
The electromagnetic torque produced by the PMSG can 
be expressed as follow [18]: 

e r qs d q ds qs
3T ( )P[ i (L L )i i ]
2

      (7) 

where P is pairs poles of PMSG. 
 

2.3  Drive Train 
In this paper, the VSWT system is represented with 

the two mass drive train model. The differential 
equations governing it can be expressed as follows [18]: 

tur
tur tur s s s tur r

d2H T K D ( )
dt

    (8) 

r
gen s s gen s tur r

d2H K T D ( )
dt

    (9) 

s
tur r

d
dt

              (10) 
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Fig. 2 Two-mass drive train model. 
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Fig. 3 Matrix converter, three phase to three phase. 
 
 
where Htur is the inertia constant of the turbine, Hgen is 
the inertia constant of the PMSG, S is the shaft twist 
angle, tur is the angular speed of the wind turbine in 
p.u., r is the rotor speed of the PMSG in p.u., KS shaft 
stiffness and DS is damping coefficient. Fig. 2 shows the 
two mass drive train model. 
 
3 Matrix Converter 

Matrix Converter was first introduced in the work of 
Venturini and Alesina in 1980 [19]. The MC provides 
direct ac/ac conversion, which does not require any 
energy storage element. Absence of bulky capacitors in 
the structure of this converter results in reduced size and 
improved reliability compared to conventional two-
stage ac/dc/ac frequency converters [7]. 

MC is a single stage converter with 18 bidirectional 
power switches that connects three-phase voltage source 
to three-phase load [2], [12]. The MC topology is 
composed of an array of nine bidirectional switches 
connecting each phase of input to each phase of the 
output, as shown in Fig. 3. Due to the MC is supplied by 
the voltage source, the input phases must never be 
shorted, and due to the inductive nature of load, the 
output phases must not be left open. If the switching 
function of a switch, Sjk in Fig. 3, is defined as: 

jk
jk

jk

1, S closed
S j {A, B,C}, k {a,c,d}

0, S open
           (11) 

The constrains can be expressed as: 

ja jb jcS S S 1, j {A, B,C}         (12) 

The switching combinations according Table 1 can 
be classified into three groups. The first group of this 
classification includes six combinations, which each 
output phase is connected to a different input phase. In 
second group, there are 3×6=18 combinations with two 
output phases shorted. The third group includes three 
combinations with all three output phases shorted. 

The switching is based on the Indirect Matrix 
Converter (IMC). The IMC emulates a Voltage Source 
Rectifier (VSR) and Voltage Source Inverter (VSI) 
conversion. The space vector modulation is 
simultaneously employed in both VSR and VSI parts. 
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Table 1 MC Switching Combinations 
Group A B C VAB   VBC   VCA   ia     ib     ic SAa   SAb    SAc SBa    SBb    SBc  SCa   SCb   SCc

I 

a  b  c  

a  c  b 

b  a  c 

b  c  a 

c  a  b 

c  b  a 

 Vab   Vbc    Vca 

-Vca  -Vbc  -Vab 

-Vab  -Vca  -Vbc 

 Vbc   Vca    Vab 

 Vca   Vab    Vbc 

-Vbc  -Vab  -Vca 

  iA    iB    iC    

  iA    iC    iB    

  iB    iA    iC    

  iC    iA    iB    

  iB    iC    iA    

  iC    iB    iA    

   1       0        0 

   1       0        0 

   0       1        0 

   0       1        0 

   0       0        1 

   0       0        1 

  0      1        0    

  0      0        1     

  1      0        0     

  0      0        1     

  1      0        0     

  0      1        0     

   0      0      1 

   0      1      0 

   0      0      1 

   1      0      0 

   0      1      0 

   1      0      0 

II-A 

a  c  c  

b  c  c 

b  a  a 

c  a  a 

c  b  b 

a  b  b 

 Vca     0    Vca 

 Vbc     0  -Vbc 

-Vab     0   Vbc 

 Vca     0  -Vca 

 -Vbc    0    Vbc 

-Vab    0    Vab 

  iA    0   -iA    

  0    iA   -iA    

 -iA    iA    0    

 -iA    0    iA    

  0    -iA   iA    

  iA   -iA    0    

   1       0        0 

   0       1        0 

   0       1        0 

   0       0        1 

   0       0        1 

   1       0        0 

  0      0        1    

  0      0        1     

  1      0        0     

  1      0        0     

  0      1        0     

  0      1        0     

   0      0      1 

   0      0      1 

   1      0      0 

   1      0      0 

   0      1      0 

   0      1      0 

II-B 

c  a  c  

c  b  c 

a  b  a 

a  c  a 

b  c  b 

b  a  b 

 Vca   -Vca    0 

-Vbc    Vbc   0 

 Vab   -Vab   0 

-Vca    Vca   0 

 Vbc   -Vbc   0 

-Vab    Vab   0 

  iB    0   -iB    

  0    iB   -iB    

 -iB    iB    0    

 -iB    0    iB    

  0    -iB   iB    

  IB   -iB    0    

   0       0        1 

   0       0        1 

   1       0        0 

   1       0        0 

   0       1        0 

   0       1        0 

  1      0        0    

  0      1        0     

  0      1        0     

  0      0        1     

  0      0        1     

  1      0        0     

   0      0      1 

   0      0      1 

   1      0      0 

   1      0      0 

   0      1      0 

   0      1      0 

III-C 

c  c  a  

c  c  b 

a  a  b 

a  a  c 

b  b  c 

b  b  a 

  0      Vca   -Vca 

  0     -Vbc    Vbc 

  0      Vab   -Vab 

  0     -Vca    Vca 

  0      Vbc   -Vbc 

  0     -Vab    Vab 

  iC    0   -iC    

  0    iC   -iC    

 -iC    iC    0    

 -iC    0    iC    

  0    -iC   iC    

  iC   -iC    0    

   0       0        1 

   0       0        1 

   1       0        0 

   1       0        0 

   0       1        0 

   0       1        0 

   0       0        1 

   0       0        1 

   1       0        0 

   1       0        0 

   0       1        0 

   0       1        0 

  1      0       0    

  0      1       0     

  0      1       0     

  0      0       1     

  0      0       1     

  1      0       0     

III 

a  a  a 

b  b  b 

c  c  c 

  0       0        0 

  0       0        0 

  0       0        0 

  0     0     0 

  0     0     0 

  0     0     0 

   1       0        0 

   0       1        0 

   0       0        1 

   1       0        0 

   0       1        0 

   0       0        1 

  1       0      0 

  0       1      0 

  0       0      1 
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Fig. 4 The space vector modulation of VSI. (a) VSI hexagon, 
(b) Space vector addition in different sectors. 

3.1  VSI Output Voltage SVM 
Consider the VSI part of the circuit in Fig. 3 as a 

standalone VSI, which is supplied by a dc voltage 
source, Vpn = Vdc. The VSI switches can assume only 
six allowed combinations which yield nonzero output 
voltages, and two combinations with zero output 
voltages. Therefore, the resulting output voltage space 
vector can be expressed as follows: 

j120 j120
A B C

2V (V V e V e )
3

         (13) 

where, can assume only eight discrete value, V0 – V7 as 
shown in Fig. 4. The space vector of the desired output 
voltages can be approximately synthesized by two 
adjacent switching state vectors, V  and V , and the zero 
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voltage vector, V0 or V7, as shown in Fig. 4. In each 
sectors the angle between the adjacent switching state 
vectors is 60°, and the duty cycles of the switching state 
vectors can be expressed as follow: 

s v svd T T m .sin(60 )          (14) 

s v svd T T m .sin( )            (15) 

ov ov sd T T 1 d d            (16) 

where mv is the VSI modulation index: 

v om dc0 m ( 3.V ) / V 1          (17) 
 

3.2  VSR Input Current SVM 
Consider the VSR part of the circuit in Fig. 3. The 

VSR input current SVM is completely similar to the 
VSI output SVM. The VSR hexagon is shown in Fig. 5. 
The VSR duty cycles are: 

s c scd T T m .sin(60 )           (18) 

v v s c scd T T m .sin( )            (19) 

oc oc s vd T T 1 d d            (20) 

where mc is the VSR modulation index : 

c im dc0 m I / I 1             (21) 

 
3.3  MC Output Voltage and Input Current SVM 

To assure proper operation of the converter, the two 
modulation strategies must now be combined to 
generate the switching pattern for the entire converter 
by a product of the corresponding duty cycles. 

sv scd d .d m.sin(60 ).sin(60 )       (22) 

sv scd d .d m.sin( ).sin(60 )        (23) 

v v sv scd d .d m.sin(60 ).sin( )        (24) 

v v sv scd d .d m.sin( ).sin( )          (25) 

0 v vd 1 d d d d           (26) 

where m = mc .mv . 
 
 

I4(c,a)

I

IIIII
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Iv 

I 

(a) (b)  
Fig. 5 The space vector modulation of VSR. (a) VSR hexagon, 
(b) Space vector addition in different sectors. 

4 Proposed Control System 
The synchronous generator can be controlled by a 

number of methods to achieve different objectives [5]. 
In this section introduced Zero D-axis Current (ZDC) 
control for PMSG and then implemented MPPT 
algorithm. Also a new control system to regulate the 
reactive power supplied by a variable speed wind 
energy conversion system is presented, which is 
implemented using modulation MC. 
 

4.1  Zero D-axis Current (ZDC) Control 
The zero d-axis current control can be realized by 

resolving the three-phase stator current in the stationary 
reference frame into dq-axis components in the 
synchronous reference frame. The d-axis component, ids, 
is then controlled to be zero. With the d-axis stator 
current kept at zero, the stator current is equal to its q-
axis component iqs [20]. 

s ds qs qs

2 2
s ds qs qs

i =i +ji =ji

i = i +i =i
     ,     qsi =0                   (27) 

where si  is the stator current space vector and is 
represents its magnitude, which is also the peak value of 
the three-phase stator current in the stationary reference 
frame. As a result, the electromagnetic torque of PMSG 
as follows: 

r qs r s
3 3Te P i P i
2 2

            (28) 

where P is the pole pairs and r is the rotor flux linkage 
produced by permanent magnets in the PMSG. The 
above equation indicates with ids = 0, the generator 
torque is proportional to the stator current is With a 
constant rotor flux linkage r, the torque exhibits a 
linear relationship with the stator current, which is 
similar to torque production in a DC machine with a 
constant field flux, where the electromagnetic torque is 
proportional to the armature current. 
 

4.2  Maximum Power Point Tracking Algorithm 
The wind turbine mechanical output power PT is 

affected by the ratio of the turbine shaft speed and the 
wind velocity. Fig. 6 shows a family of typical PT versus 

r curves for different wind velocities for a typical 
system. As seen in this gure, different power curves 
have different maximum power, or optimal power PT-opt, 
which can be calculated as follows: 

2
opt r optT k               (29) 

3 5
rk 2.10 10 R              (30) 

Optimal operating conditions can be achieved by 
employing an MPPT method is available in [12]. In this 
paper, P&O method is used to achieve maximum power 
of wind turbine. The P&O method is based on 
perturbing the turbine shaft speed in small steps and 
observing the resulting changes in turbine mechanical 
power. 
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The P&O method can be implemented, by checking 
the signs of T and PT/ T. The shaft speed will be 
either incremented T > 0 in small steps as long as 

PT/ T > 0, or decremented T < 0 in small steps as 
long as PT/ T < 0. This is continued until the 
maximum power point is achieved, i.e., PT/ T = 0. 
On the other hand, if incrementing the shaft speed 
results in PT/ T < 0 or decrementing shaft speed 
results in PT/ T > 0, the direction of shaft speed 
change must be reversed. The flow chart of the P&O 
method is shown in Fig. 7. Fig. 8 shows the proposed 
control system for MPPT of VSWT. 
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Fig. 6 Wind turbine mechanical output power for wind speed 
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Fig. 7 Flow chart of the P&O method. 
 

 
Fig. 8 Proposed control system generator side for MPPT. 
 

4.3  Reactive Power Control System 
Most commercial wind turbines deliver the 

generated power to the electric grid through power 
converters. The active and reactive power of system 
delivered to the grid can be calculated by: 

g g gP =3V I cos                    (31) 

g g gQ =3V I sin                    (32) 

where Vg, Ig and , respectively are voltage, current and 
power factor angle of grid. The grid power factor angle, 
defined by: 

g= V Ig               (33) 

The grid power factor can be unity, leading, or 
lagging. In this section, a new control system to regulate 
the reactive power supplied by a variable speed wind 
energy conversion system is presented. 
 

4.3.1  Voltage Oriented Control 
The control system is based on Voltage Oriented 

Control (VOC), which is implemented using modulation 
MC. To realize the VOC, the grid voltage is measured 
and its voltage angle is detected for the voltage 
orientation. This angle is used for the transformation of 
variables from the abc stationary frame to the dq 
synchronous frame through the abc/dq transformation or 
from the synchronous frame back to the stationary 
frame through the dq/abc transformation. The 
transformation of the abc variables to the dq frames, 
referred to as abc/dq transformation, can be expressed in 
a matrix form: 
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cos cos( -2 /3) cos( +2 /3)2T=
-sin -sin( -2 /3) -sin( +2 /3)3

       (34) 

To achieve the VOC control scheme, the d-axis of 
the synchronous frame is aligned with the grid voltage 
vector, therefore the d-axis grid voltage is equal to its 
magnitude vdg = vg and the resultant q-axis voltage Vqg 

is then equal to zero ( 2 2
qg g dgv v v 0 ), from 

which the active and reactive powers of the system can 
be calculated by: 

g dg dg
3P v i
2

              (35) 

g dg qg
3Q v i
2

              (36) 

The d-axis current and q-axis current references can 
then be obtained from: 

*
g*

dg
dg

P
i

1.5 V
              (37) 

*
g*

qg
dg

Q
i

1.5 V
              (38) 

Fig. 9 shows the proposed control system for 
regulate reactive power delivery to grid. 
 
5 Simulation Results 

To study and analyze the maximum power point 
tracking and regulate reactive power delivery to grid, 
the system shown in Fig. 1 has been modeled and 
simulated by Simulink/Matlab software. 
 
 

$

 
Fig. 9 Proposed control system for regulate reactive power 
grid side. 

The proposed control methods for matrix converter 
have been modeled using the same software. The 
simulation results show that the proposed system is able 
to control MPPT and regulate reactive power for 
varying wind velocities. 

The simulation model of the PMSG based variable 
speed wind turbine system with three phase to three 
phase MC (shown in Fig. 1) is modeled by using any 
arbitrary dq reference frame and data is taken from [14] 
which are reproduced in Appendix 2. Profile of wind 
speed step model is shown in Fig. 10. At first, the 
system is operating at wind speeds 12 m/s. In this wind 
speed, maximum power is equal 6 kW. In 1 s wind 
speed of 10 m/s has changed to 12 m/s, also maximum 
power is equal 4.07 kW. Finally, at 5 second wind speed 
of 10 m/s has changed to 12 m/s. Again in this wind 
speed maximum power is equal 6 kW. Accuracy of the 
MPPT control system to control the active power 
delivered to the grid is shown in Fig. 11. In each 
instance, the system follows the wind velocity 
variations, and the controller leads the system toward 
the maximum power point based on the mean wind 
velocity. At the same time the grid reactive power is 
kept constant by the MC, as shown in Fig. 12. 
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Fig. 10 Wind Speed. 
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Fig. 11 MPPT control with the P&O method. 
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Fig. 12 Grid reactive power during MPPT. 
 

With the implementation of the proposed control 
circuitry (voltage oriented control) reactive power 
delivered to the grid is kept at zero. Figs. 13 and 14 
shows power coef cient CP and tip speed ratio . It can 
be found that the  and CP are close to the optimal 
values of 7.05 and 0.44. Fig. 15 shows the variations in 
the MC input frequency that result in the necessary 
changes in the PMSG frequency and thus the shaft 
speed, in attempt to track the maximum power point. 
Figs. 16 and 17 shows generator torque and turbine 
torque respectively. Fig. 18 shows the characteristic 
rotor speed for maximum power point tracking. Fig. 19 
shows the characteristic of current phase of the 
generator for MPPT. The line to line output voltage of 
the MC including high switching frequency. Due to use 
the two-order filter has reduced harmonics, as shown in 
Fig. 20. The simulation results show the capability of 
structure three-phase to three-phase matrix converter 
with permanent magnet synchronous generator and 
proposed control method in tracking the maximum 
power point and regulate reactive power delivery to grid 
at varying wind velocities. 
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Fig. 13 Tip speed ratio during MPPT. 
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Fig. 14 Power coefficient during MPPT. 
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Fig. 15 Frequency variations during MPPT. 
 
 

 
Fig. 16 Generator torque for maximum power point tracking. 
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Fig. 17 Turbine torque for maximum power point tracking. 
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Fig. 18 Generator speed for MPPT. 
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Fig. 19 Current phase generator. 
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Fig. 20 Instantaneous line voltage. 
 
 
6 Conclusion 

In this paper, three-phase to three-phase matrix 
converter with permanent magnet synchronous 
generator was used to connect the variable speed wind 
turbine to the grid. This paper demonstrates the control 
MPPT and regulate reactive power are available by 
controlling the switching of MC. The switching matrix 
converter was implemented based on space vector 
modulation. Indirect space vector modulation was used 
for switching matrix converter. In this paper 
Simulink/Matlab software has been used for the 
modeling and the simulation of the system component 
and proposed control strategies for matrix converter. 

Also, the ZDC strategy was implemented with P&O 
algorithm for MPPT. The VOC is used for control 
reactive power delivery to grid. The results show that 
the proposed strategies provide the suitable dynamic 
behavior for variable speed wind turbine system. Also 
simulation results show the proposed strategies 
successful tracking of maximum power and regulate 
reactive power delivery to grid at varying wind 
velocities. 
 
Appendix 1 

To determine the shaft speed corresponding to 
MPPT for a particular wind speed, Eq. (1) is 
differentiated with respect to the shaft speed and 
equated to zero assuming the turbine radius and air 
density to be constants. These yields can be expressed 
as fallow: 

p3T i
w

r i r

dcdp d
=0.5 AV

d d d
           (39) 

Differentiating Eq. (2) with respect to i, assuming the 
blade pitch angle  is constant, yields: 
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ip -18.40/
2 3 2

i i i i

dc -110.23 2028.23 13.43= + - e
d

      (40) 

where 
2.14=0.58+0.002 +13.2            (41) 

Differentiating Eq. (3) with respect to r gives: 
3

w ri

 r w  r

V R [ ( +1)-0.003 ]d
=

d (V -0.003R )
         (42) 

where 
3=0.02(1+ )    ,   3=1+0.00006 +        (43) 

Using Eqs. (33), (34), we have: 

i

3T
w 2 3 2r i i i

-18.40/ i

r

dp -110.23 2028.23 13.43=0.5 AV + -
d

d
.e

d

    (44) 

At MPPT, dPT/d r =0. Applying this condition to 
Eq. (9) provides the value of shaft speed corresponding 
to the MPP ( r-opt), as follows: 

w
r-opt 3

r

V 2038.23 + (110.23+13.40 )=
R ( +1)(110.23+13.43 )+6.08

     (45) 

Putting =0,  =13.2,  =0, and  =1 gives: 
w

r-opt
r

V
= 6.91

R
         ,                 opt =6.91      (46) 

P-optC =0.44              ,               i-opt ;7.05      (47) 
2

opt r-optT =kw              (48) 
-3 5

rk=2.10×10 R             (49) 
 
Appendix 2 
 
Table A1 Parameter Turbine.

12 m/s Base wind speed  
2.54 m Blade radius  
1.08 kg/m3 Air dendity  

0 degree  Blade pitch 
angle  

4 s  Htur  

Table A2 Parameter PMSG 

10 Number of pole  
153 red/sec Rated speed  
0.425   Stator resistance (Rs)  
0.433 Wb  Magnetic flux linkage ( r)  
8.4 mH  Stator inductance (Ls)  
40 N.m  Rated torque  
6 kW  Rated power  
0.4 s  Hgen 
0.3 Ks 
0.7 Ds 
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