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Abstract-- This paper presents a control strategy for output 
maximization of a direct drive permanent magnet synchronous 
generator (PMSG) based small scale variable speed wind turbine. The 
control topology uses a single switch three-phase switch-mode 
rectifier and the generator torque and power is controlled by 
controlling the switch duty cycle of the switch. To extract maximum 
power from the wind, the torque reference of the PMSG is calculated 
from generator speed and wind turbine characteristics. From this 
torque reference, a current reference is calculated using measured dc 
link voltage and generator speed. The current error is then used to 
control the duty cycle of the switch-mode rectifier and thereby torque 
of the generator is regulated through a PI regulator. The operational 
characteristics of the generating system are investigated under varying 
wind speed through extensive simulations and the results confirm that 
the proposed control strategy can maximize the output power under 
fluctuating wind speeds. 
 

Index Terms—Output maximization, permanent magnet 
synchronous generator, switch-mode rectifier, variable speed wind 
turbine 

I.  INTRODUCTION 

ecently, there is a first growing interest on wind power 
generation due to environmental concern and higher oil 
price. Many countries are affluent in renewable energy 

resources; however they are located in remote areas where 
power grid is not available. Local, small scale stand-alone 
distributed generation system that can utilize these renewable 
energy resources when grid connection is not feasible. 
Permanent magnet synchronous generator is suitable for such 
applications because of their property of self excitation, which 
allows an operation at a high power factor and high efficiency. 
Also, the direct drive PMSG is much more promising than 
other generators because of higher energy density, smaller 
size, and low losses [1,2].  
 

To extract maximum power from the fluctuating wind, 
variable speed operation of the wind turbine generator is 
necessary. This requires a sophisticated control strategy for 
the generator. Optimum power/torque tracking is popular 
control strategy as it helps to achieve optimum wind energy 
utilization [3-7]. Some of these control strategies use wind 
velocity to obtain the desired shaft speed to vary the generator 
speed. However, anemometer based control strategy increases 
cost and reduce the reliability of the overall system. These 
control strategies are not suitable or too expensive for a small 
scale wind turbine. Sensorless control method for maximum 
power point tracking is reported in the literature [5,6]. In [6], 
the current vector of an interior type PMSG is controlled  
 

 
to optimize the wind turbine operation at various wind speed, 
which requires six active switches to be controlled. Switch-
mode rectifier has been investigated for use with automotive 
alternator with permanent magnet synchronous machines 
[8,9]. The switch-mode rectifier has also been investigated for 
small scale variable speed wind turbine [10, 11]. 
 

In this paper, a control strategy for output maximization of a 
PMSG based small scale wind turbine is developed. The 
method has the following features: 
 

 The generated ac power from PMSG is converted to 
dc power though a simple uncontrolled diode bridge 
rectifier.  

 It requires only one active switching device (IGBT), 
which is used to control the generator torque to 
extract maximum power. 

 It is suitable for small scale wind turbine. 
 It is a simple, low cost solution. 

 

The structure of the paper is as follows. The model of the wind 
turbine-generator system is discussed in section II. The control 
topology and the wind power generating system are presented 
in section III. In section IV, simulation results are presented 
and discussed. Finally conclusions are made in section V. 

II.  MODELING OF TURBINE-GENERATOR SYSTEM  

 The models of PMSG and wind turbine are presented in the 
following sub-sections: 
 

A.  PMSG Model 
 

The d- and q- axes voltages of the PMSG can be given by: 
 

 dqsdd pRiv                         (1) 
 

 ddsqq pRiv                          (2) 
 

where, d and q are the d- and q- axes stator flux linkages and 
are given by the following equations. 
 

 Mddd iL                     (3) 

  qqq iL                         (4) 
 

The torque equation of an interior permanent magnet 
synchronous generator is given by [12], 
 

    qdqdqMdqqde iiLLiPiiPT )(
2

3
)(

2

3
          (5) 
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 For a surface PMSG, which is used in this paper qd LL  , 

therefore, the torque equation becomes: 
 

 
qMg iPT 

2

3
                         (6) 

 

The generator torque and rotor speed are related by 

 m
m

mg B
dt

d
JTT 

                       (7) 

 In equations (1-7), vd, vq, id, iq, Ld and Lq are the d and q 
axes stator voltages, currents and inductances respectively, Rs 
is the stator resistance, λM is the amplitude of the flux linkage 
(Wb) in the stator due to permanent magnet in the rotor,  is 
the electrical angular velocity in rad/sec, m is the rotor speed, 
B is the damping coefficient (Nm.s), J is the moment of inertia 
(kg.m2), and P is the number of pole pairs. p is the operator 
d/dt. The torque equation given in (5) consists of two terms. 
The first term represents the excitation torque and the second 
term is the reluctance torque due to rotor saliency.   
 

B. Wind Turbine Aerodynamic Characteristics 
  The amount of power captured by the wind turbine (power 
delivered by the rotor) is given by [13]:  
 

 ),(
2

1
),( 3  pwpwindt CvACPP               (8) 

 Where,   is the air density (kg/m3), v  is the wind speed 

in m/s, A is the blades swept area, Cp is the turbine rotor power 
coefficient, which is a function of tips peed ratio (λ) and pitch 
angle (β). The coefficient of performance of a wind turbine is 
influenced by the tip-speed to wind speed ratio (TSR), which 
is given by: 
 

 
w

m

v

R
TSR


                        (9) 

or,  


 R
v m

w                    (10) 

 where, ωm = rotational speed of turbine rotor in mechanical 
rad/s, and R = radius of the turbine. Figure 1 shows a typical 

pC versus  characteristics of a wind turbine. 

 By substituting v  from equation (10) into equation (8), the 

turbine power can be written as; 
 

 
3

5.0 








 R

ACP m
pt                    (11) 

 

 
 

Figure 1. Typical pC  characteristics. 

III.   SYSTEM CONFIGURATION 

 Figure 2 shows the control structure of a PMSG based 
standalone variable speed wind turbine. However, the single 
switch three-phase switch-mode rectifier and its control 
algorithm with output power maximization are investigated in 
this paper. The standalone system consists of the following: 
 

 Wind turbine 
 Permanent magnet synchronous generator, which is 

directly driven by the gearless wind turbine. 
 A single switch three-phase switch-mode rectifier, which 

is controlled to extract maximum power from the 
fluctuating wind. 

 A PWM voltage source IGBT-inverter. 
 

A. Single Switch Three Phase Switch-mode Rectifier 
 The output of a variable speed PMSG is not suitable for use 
as it varies in amplitude and frequency due to fluctuating 
wind. A constant DC voltage is required for direct use, storage 
or conversion to AC via an inverter. In this paper, a single 
switch three-phase switch-mode rectifier is used to convert the 
ac output voltage of the generator to a constant dc voltage 
before conversion to AC voltage via an inverter. 
 The single switch three phase switch-mode rectifier consists 
of a three-phase diode bridge rectifier and a DC to DC 
converter. The output of the switch-mode rectifier can be 
controlled by controlling the duty cycle of an active switch 
(such as IGBT) at any wind speed to extract maximum power 
from the wind turbine and to supply the loads.  
The average output voltage of the rectifier considering the 
stator resistance and generator leakage inductance is given by: 

  sddsgd RIILVV 2
363

 


              (12) 

where,  frequency, Rs= stator resistance, sL  leakage 

inductance, dI  rectifier average output current, mV  

maximum line to line voltage at the generator output, gV  

RMS phase voltage at the generator output. 
 The relationship between the terminal voltage of the 
generator and the DC bus voltage can be derived from the 
balance of power. From the conservation of energy, the power 
on the AC side must be equal to the power on the DC side. 
Assuming that the rectifier operates in continuous conduction, 
unity power factor is maintained at the generator terminal and 
losses in power conversion are negligible, the power balance 
becomes: 
 

 ddgg IVIV 3                    (13) 
 

From equations (12) and (13), the relationship between the AC 
generator rms current )( gI  and the DC bus current is given by 

 gd II
6


                     (14) 

 

The output of the single switch three-phase switch-mode 
rectifier as shown in figure 2, is given by 
 

 ddc V
D

V



1

1
                 (15) 
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Figure 2. Control Structure of a PMSG based standalone variable speed wind turbine. 
 

 Assuming negligible losees in the converter: 
 

DI

I

d

dc




1

1
                   (16) 

where, the duty ratio, 
off

on

T

T
D  , Ts= period 

 For the case of boost type switch-mode rectifier, the PMSG 
should be chosen with terminal voltage at maximum speed to 
allow for a small voltage boost in the dc-dc converter for all 
situations. 
B.  Control Algorithm for Maximum Power Extraction  
 It is apparent from equation (11) that the wind turbine can 
produce maximum power when the turbine operates at 
maximum pC  (i.e. at optpC _ ). So it is necessary to keep the 

rotor speed at a optimum value of the tip speed ratio, opt . If 

the wind speed varies, the rotor speed should be adjusted to 
follow the change. 
 

The target optimum power can be written from equation (11) 
as; 

  3
_

3
_

__ 5.0 optmopt
opt

optm
optpoptm K

R
ACP 




 









     (17) 

where, 

3

_5.0 











opt
optpopt

R
CAK


           (18) 

and  www
opt

optm vKv
R




 _              (19) 

 

Therefore, the target optimum torque can be given by 
 

  2
__ optmoptoptm KT                    (20) 

 

 The mechanical rotor power generated by turbine as a 
function of the rotor speed for different wind speed is shown 
in figure 3. The optimum power is also shown in this figure. 
The optimum power curve (Popt) shows how maximum energy 
can be captured from the fluctuating wind. The function of the 
controller is to keep the operating of the turbine on this curve, 
as the wind velocity varies.  It is observed from this figure that 
there is always a matching rotor speed which produces 
maximum power for any wind speed. If the controller can 
properly follow the optimum curve, the wind turbine will 

produce maximum power at any speed within the allowable 
range. The optimum torque can be calculated from the 
optimum power given by equation (20). For the generator 
speed below the rated maximum speed, the generator follows 
the equation (20). If the generator speed exceeds the rated 
maximum speed, the wind turbine energy capture must be 
limited by applying pitch control or driving the machine to the 
stall point. 
 The structure of the proposed control strategy of the switch 
mode rectifier is shown in figure 4. The control objective is to 
control the duty cycle of the switch S in figure 2, to extract 
maximum power from the variable speed wind turbine and 
transfer the power to the load. The control algorithm includes 
the following steps: 
 

  Measure generator speed, ωg. 
  Determine the reference torque (figure 5) using the 

following equation: 
 

 

  2* )( goptg KT                  (21) 
 

 This torque reference is then used to calculate the DC 
current reference by measuring the rectifier output 
voltage, Vd as given by: 

 
 

  dggd VTI /)( **               (22) 
 
 

 The error between the reference dc current (and measured 
dc current is used to vary the duty cycle of the switch to 
regulate the output of the switch-mode rectifier and the 
generator torque through a PI controller. 

 

 The generator torque is controlled in the optimum torque 
curve in figure 5 according to generator speed. The 
acceleration or deceleration of the generator is determined by 
the difference of the turbine torque Tm and generator torque Tg. 
If the generator speed is less than the optimal speed, the 
turbine torque is larger than the generator torque and the 
generator will be accelerated. The generator will be 
decelerated if the generator speed is higher than the optimal 
speed. Therefore, the turbine torque and generator torque settle 
down to the optimum torque point optmT _  at any wind speed 

and the wind turbine is operated at the maximum power  point. 
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For example (considering figure 3), if the PMSG operating at 
point ‘a’ and wind speed increases from vw1 to vw2 (point b), 
the additional power and hence torque causes the PMSG to 
accelerate. The accelerating torque is the difference between 
the turbine mechanical torque and the torque given by the 
optimum curve. Finally, the generator will reach the point ‘c’ 
where the accelerating torque is zero. A similar situation 
occurs when the wind velocity decreases. This is also shown 
in figure 6 (c). 
 

In the proposed method, the wind speed is not required to be 
monitored and therefore, it is a simple output maximization 
control method without wind speed sensor (anemometer).  

 

 
Figure 3. Mechanical power generated by turbine as a function 

of the rotor speed for different wind speed. 
 
 
 

 
 
  
 
 
 
 

 

 
 

Figure 4.  Control strategy of the switch-mode rectifier. 
 

 
Figure 5. Generator torque reference versus speed. 

 
 

IV.  RESULTS AND DISCUSSIONS 

 The model of the PMSG based variable speed wind turbine 
system of figure 2 is built using Matlab/Simpower dynamic 
system simulation software. The simulation model is 
developed based on a Kollmorgen 5.5 kW industrial 
permanent magnet synchronous machine. The parameters of 
the Turbine and PMSG used are given in Table I. The power 
converter and the control algorithm are also implemented and 
included in the model. The sampling time used for the 
simulation is 20 µs. 
 Based on the torque regulation of the variable speed wind 
turbine the operation can be subdivided in three modes as 
follows: 
 Mode I (wind speedCut in speed): If the wind speed is 
below the cut in speed (Mode I in figure 5), the power 
produced by the wind turbine is too low and it is not worth to 
work with it. So turbine should be shut down. 
 Mode II (wind speed between cut in speed and rated 
speed): In this mode, the proposed control strategy is applied 
and generator follows the torque reference which is given by 
the equation (21). The blade pitch angle is set to zero to 
extract maximum power from the wind.  
 Figure 6 shows the response of the system for a step change 
of wind speed from 12 m/s to 9 m/s and  to 12 m/s. It is seen 
from figure 6 (c) that the generated torque reference follows 
the optimum mechanical torque of the turbine quite well. The 
generator electromagnetic torque also track the reference 
torque as shown in figure 6(d). Figure 6(e) shows the 
reference dc current and measured DC current. It is observed 
that the measured DC current follows the reference DC current 
and regulate the turbine torque to extract maximum power 
from the wind turbine. Figure 6(f) and 6(g) show the DC link 
voltage and dc output power, respectively. 
 Figure 7 shows optimum torque versus speed as well as 
generator torque versus speed. Turbine mechanical input 
power and electrical output powers are shown in figure 8. It is 
observed that the torque and power follow the optimum curves 
up to the rated speed. 
 The simulation results demonstrate that the controller works 
very well and shows very good dynamic and steady state 
performance. The control algorithm can be used to extract 
maximum power from the variable speed wind turbine under 
fluctuating wind. 
 Mode III (wind speed  rated speed): If the generator speed 
exceeds the rated speed, the wind turbine energy capture must 
be limited by applying pitch control, stall regulation control or 
dump load. The excess wind energy can also be utilized by 
using controlled energy storage devices. In this paper, pitch 
control is used to regulate the turbine speed when the turbine 
speed is higher than the rated speed. In this operating region, 
the generator torque can not follow the optimum torque curve; 
however the available maximum output can be generated as 
shown in figure 8. 
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Figure 6. Response of the system for a step change of wind 

speed from 12 m/s to 9 m/s to 12 m/s. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 7. Optimum torque and generator torque. 

 
Figure 8. Turbine mechanical input power and Electrical 

output power. 
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Table I: Parameter of the Turbine-Generator system 

 

Wind turbine 
Density of air 1.225  Kg/m3 

Area swept by blades, A 1.06 m2 

Optimum coefficient, Kopt 8.885×10-4 Nm/(rad/s)2

Base wind speed 12 m/s 
PMSG 
No. of poles 10 
Rated speed 184 rad/sec 
Rated current 9 A 
Armature resistance, Rs 0.425 Ω 
Magnet flux linkage 0.433 Wb 
Rated torque 30 Nm 
Rated power 5.5 KW 
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