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Abstract: With the advances of power electronic 

technology and scaling up of MW wind turbines, Low

speed high torque permanent magnet synchronous 

generators has become the ultimate choice for wind 

power extraction. At present, a commercial PMSG 

wind turbine primarily makes use of a passive rectifier 

followed by an IGBT inverter. In this paper two back

to-back voltage source IGBT converters controlled 

through highly efficient vector control mechanism is 

considered. Control strategy is developed for integrated 

control of PMSG maximum power extraction, reactive 

power, DC voltage regulation and grid voltage support. 

Main objective of this paper is to smoothen the output 

power fluctuation of a variable speed wind farm using 

an Energy Capacitor System (ECS). ECS is composed 

of a current-controlled voltage source inverter, dc

buck/boost converter and an ultracapacitor bank 

including their control strategies. Exponential moving 

average is used to generate the real power reference of 

ECS. Simulation is carried out through 

MATLAB/SIMULINK. 

 

Key Words – PMSG wind turbine, voltage source 

converter, vector control, maximum power extraction, 

dc-link voltage control, reactive power control, grid 

voltage support control, power smoothening, ECS

 

1. Introduction 

 
Wind power can replace conventional energy sources at 

a faster rate due to less commissioning period and also 

many wind turbine manufacturer’s are developing 

offshore and MW scale wind turbines. Due to the 

intermittent nature of wind power it has to be processed 

before pumping to the grid which is taken as main 

objective in this paper. Wind turbines can either operate 
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advances of power electronic 

technology and scaling up of MW wind turbines, Low-

speed high torque permanent magnet synchronous 

generators has become the ultimate choice for wind 

power extraction. At present, a commercial PMSG 

use of a passive rectifier 

followed by an IGBT inverter. In this paper two back-

back voltage source IGBT converters controlled 

through highly efficient vector control mechanism is 

considered. Control strategy is developed for integrated 

maximum power extraction, reactive 

power, DC voltage regulation and grid voltage support. 

Main objective of this paper is to smoothen the output 

power fluctuation of a variable speed wind farm using 

an Energy Capacitor System (ECS). ECS is composed 

controlled voltage source inverter, dc-dc 

buck/boost converter and an ultracapacitor bank 

including their control strategies. Exponential moving 

average is used to generate the real power reference of 

ECS. Simulation is carried out through 

PMSG wind turbine, voltage source 

converter, vector control, maximum power extraction, 

link voltage control, reactive power control, grid 

voltage support control, power smoothening, ECS 

tional energy sources at 

a faster rate due to less commissioning period and also 

many wind turbine manufacturer’s are developing 

offshore and MW scale wind turbines. Due to the 

intermittent nature of wind power it has to be processed 

grid which is taken as main 

objective in this paper. Wind turbines can either operate 

at fixed or variable speed depending on its connection 

to the grid. An induction machine connected directly to 

the grid is a fixed speed wind turbine. Variable speed 

wind turbines are connected to grid through power 

electronic equipment. Various types of variable speed 

wind turbines used for MW power generation are as 

follows with their merits [1]: 

 

2. Component Modeling of t

 Speed System

 

2.1 Wind Turbine  Model 
 

The mechanical power that the wind turbine extracts 

from the wind is expressed as follows [10]:

 

Pw = 0.5ρπR2V3
wCp(λ,β) 

 

        Where ρ is the air density in kilograms per cubic 

meter, R is the blade radius in meters, V

speed in meters per second and C

which is a ratio of power extracted from the wind to 

power contained in the wind. Efficient operation of 

variable speed WTGs depends on regulating C

optimum which is function of both tip

the blade pitch angle β. In this paper, the mathematical 

representation of Cp is given by [11]:

 

Cp(λ,β)= 0.5176 (116/λi – 0.4β – 5)e

 

 
 

        Where  λ is defined by ωrR/V

turbine rotational speed in radians per second.
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at fixed or variable speed depending on its connection 

to the grid. An induction machine connected directly to 

the grid is a fixed speed wind turbine. Variable speed 

turbines are connected to grid through power 

electronic equipment. Various types of variable speed 

wind turbines used for MW power generation are as 

2. Component Modeling of the Variable 

Speed System 

The mechanical power that the wind turbine extracts 

from the wind is expressed as follows [10]: 

(1) 

 is the air density in kilograms per cubic 

meter, R is the blade radius in meters, Vw is the wind 

speed in meters per second and Cp is power coefficient 

which is a ratio of power extracted from the wind to 

power contained in the wind. Efficient operation of 

variable speed WTGs depends on regulating Cp at its 

th tip-speed ratio λ and 

. In this paper, the mathematical 

is given by [11]: 

5)e
-21/λi

 + 0.0068λ 

(2) 

R/Vw and ωr is the wind 

al speed in radians per second. 
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        The wind turbine characteristics used in this paper, 

including the maximum power point trajectory. From 

the definition of  λ  and with reference to Fig. 2, at any 

wind speed within the operating range, there is a 

specific ωr to achieve optimum power coefficient C

 

Popt= 0.5ρπR
2
(ωrR/λopt)

3
Cp_opt (3)

 

        Where Cp_op and λopt for the wind turbine in this 

paper are 0.48 and 8.1 respectively. From (3), it is clear 

that the optimum generated power Popt 

reference power for the frequency converter, till the 

rated value. When the rotational speed exceeds th rated 

speed of the wind turbine, pitch controller is used to 

operate at the rated value. 

 In VSWT, due to decoupling of generator and 

grid system by power electronic converters, drive train 

is modeled as a simple one-mass lumped model [12].

 (4)

Where Jeq is the equivalent inertia of generator and 

turbine, Tm is the mechanical torque input of generator, 

Te is the electrical torque output of generator and 

the friction coefficient of generator. 

 

A. Pmsg Model 
 

A commonly used PMSG transient model is the park 

model. Using the motor convention, the space vector 

theory yields stator voltage equations in the form [13]:

 (5)

         Where Vabc is three phase stator terminal voltage, 

Rs is the resistance of the stator winding, iabc

phase current flowing into the machine ψabc

flux linkage. 

 

 (6)

        Where and  are the d and q 

components of instantaneous stator voltage, current and 

flux. If the d-axis is aligned along the rotor

position, the stator flux linkages are 

he wind turbine characteristics used in this paper, 

including the maximum power point trajectory. From 
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to achieve optimum power coefficient Cp_opt. 
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speed of the wind turbine, pitch controller is used to 

In VSWT, due to decoupling of generator and 

system by power electronic converters, drive train 

mass lumped model [12]. 
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is the equivalent inertia of generator and 

is the mechanical torque input of generator, 

generator and β is 

A commonly used PMSG transient model is the park 

model. Using the motor convention, the space vector 

theory yields stator voltage equations in the form [13]: 

(5) 

is three phase stator terminal voltage, 

abc is the three 

abc is the stator 

(6) 

are the d and q 

r voltage, current and 

axis is aligned along the rotor-flux 

 

 

        Where Ld=Lls+Ldm and Lq

leakage inductance of the stator winding , L

are the stator-rotor d- and q-axis mutual inductances, 

is the flux linkageproduced by the permanent 

magnet,when replacing (7) in (6), the stator voltages 

are 

 

        Fig. 3 shows the electrical equivalent circuit of 

Permanent Magnet Synchronous Machine as motor. 

Under steady-state conditions (8) reduces to

 

 

 

        Where are the d and q components of 

the steady-state stator voltage and current. The stator 

electromagnetic torque, stator active and reactive power 

are (10), (11) and (12) respectively.

 

 

 

 

 

 

(7) 

q=Lls+Lqm; Lls is the 

leakage inductance of the stator winding , Ldm and Lqm 

axis mutual inductances, ψf 

is the flux linkageproduced by the permanent 

magnet,when replacing (7) in (6), the stator voltages 

 

 (8) 

Fig. 3 shows the electrical equivalent circuit of 

s Machine as motor. 

state conditions (8) reduces to 

(9) 

 

are the d and q components of 

state stator voltage and current. The stator 

electromagnetic torque, stator active and reactive power 

(12) respectively. 

(10) 

(11) 

(12) 
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        Where p is the number of poles. Normally the 

difference between the d- and q-axis mutual 

inductances is very small for direct-driven PMSG and 

the stator winding resistance is much smaller than the 

synchronous reactance. Under the simplified condition, 

(10) reduces to (13) and the steady-state stator d

axis currents obtained from (9) are(14) 

 (13)

 (14)

       Eq. (12) shows that, in the rotor-

frame the electromagnetic torque or the wind turbine 

speed should be controlled by regulating the stator q

axis current. 

 

B. Vector control of MSC 

 
Vector control method for the MSC has a cascaded 

structure consisting of a slow acting outer voltage 

controller and a fast acting inner current controller for 

both d- and q-axis control channels, which is shown in 

Fig. 4 [14] in which the q-axis channel is for wind 

turbine speed or torque control, i*d of d-axis channel is 

changed in different ways so the generator have 

different characteristics [15-19]. Direct –

reference can be calculated based on any one of these 

strategies 1. Zero direct-axis current control, 2. UPF 

control 3. Constant flux control 4. Weaken flux control. 

In this paper strategy one is used for high efficiency

power generation. 

The control strategy of the inner current loop is 

developed by rewritting (8) as (15) 

 

 (15)

          Where the items in the bracket of (15) relate the 

voltage and current of d and q channels as a state 

equation and the other items are treated as 

compensation terms. 

 Limitations of the MSC and the modifications 

required for implantation is as follows: 

Where p is the number of poles. Normally the 

axis mutual 

driven PMSG and 

the stator winding resistance is much smaller than the 

synchronous reactance. Under the simplified condition, 

state stator d- and q-

(13) 

(14) 

-flux-oriented 

r the wind turbine 

speed should be controlled by regulating the stator q-

Vector control method for the MSC has a cascaded 

structure consisting of a slow acting outer voltage 

current controller for 

axis control channels, which is shown in 

axis channel is for wind 

axis channel is 

changed in different ways so the generator have 

–axis current 

reference can be calculated based on any one of these 

axis current control, 2. UPF 

control 3. Constant flux control 4. Weaken flux control. 

In this paper strategy one is used for high efficiency 

The control strategy of the inner current loop is 

(15) 

Where the items in the bracket of (15) relate the 

voltage and current of d and q channels as a state 

e treated as 

Limitations of the MSC and the modifications 

If the amplitude of the reference voltage generated by 

the inner current-loop controller exceeds the converter 

linear modulation limit, a saturation mechanism is 

applied by setting limitation on |V*

unchanged as shown by 

V*d_mod= Vmax_MSC( V*dq) 

 

V*q_mod= Vmax_MSC( V*dq) 

 

        Where V*d_mod and V*q_mod are modified controller 

output voltages, and Vmax_MSC

allowable dq voltage. System oscillation and unbalance 

is less with this saturation mechanism.

 

  

Figure 4. Vector control of MSC

 

3. Simulation Results

 
Response of PMSG connected to wind turbine is 

simulated. Fig. 11(a) shows the generator output power 

at rated wind speed 12m/s, corresponding three phase 

voltage and current is shown in Fig. 11(b).

To understand the power fluctuations for varying wind 

speeds, simulation is carried for two step changes in 

wind speed from 10 m/s to 11 m/s and  then to 12 m/s. 

At the beginning of the simulation wind speed is 10m/s, 

at t = 2s wind speed is gradually changed and made to 

reach 11m/s at 3s and maintained till 6s from there it 

changes to 12m/s at 7s and remains till the end of 

simulation. Above mentioned variations are shown in 

Fig. 12(a) and 12(b). 

 

 

If the amplitude of the reference voltage generated by 

loop controller exceeds the converter 

a saturation mechanism is 

applied by setting limitation on |V*dq| but keep 

(16) 

are modified controller 

max_MSC is the maximum 

allowable dq voltage. System oscillation and unbalance 

is less with this saturation mechanism. 

 

Vector control of MSC 

Simulation Results 

Response of PMSG connected to wind turbine is 

generator output power 

at rated wind speed 12m/s, corresponding three phase 

voltage and current is shown in Fig. 11(b). 

To understand the power fluctuations for varying wind 

speeds, simulation is carried for two step changes in 

m/s and  then to 12 m/s. 

At the beginning of the simulation wind speed is 10m/s, 

at t = 2s wind speed is gradually changed and made to 

reach 11m/s at 3s and maintained till 6s from there it 

changes to 12m/s at 7s and remains till the end of 

ove mentioned variations are shown in 
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Figure 10. Control block of CC-VSI

 

 
Figure 11(a). Machine output power at rated

 wind speed 

 

 

Figure 11(b). Three phase voltage and current 

of machine 

 

 

VSI 

 

Machine output power at rated 

 

Three phase voltage and current  

 

Figure 12(a). Step wise wind speed variation

 

 

Figure 12(b). Machine output power for varying

 wind speeds

 

 

 

 

 

Figure 13(a).  Random wind speed variation

 

 

 

 

Step wise wind speed variation 

 

Machine output power for varying 

wind speeds 

 

Random wind speed variation 

International Journal of Pure and Applied Mathematics Special Issue

330



 

 

 

 

 
 

Figure 13(b).  Smoothen wind speed waveform 

 

Any controller used to smooth a fluctuating output 

needs a reference. Moving Average techniques is used 

to calculate it and the results are verfied through 

simulation. In Fig. 13(a) random wind speed variations 

is shown, which has rapid fluctuations which is given 

as input for EMA block. Smoothen output of that block 

is shown in Fig. 13(b). 

 

4. Conclusion 
 

In this paper, modeling of various components of 

variable speed system and ECS is described. 

Simulation of PMSG without converter is analyzed for 

constant and variable wind speed. Reference signal for 

power smoothening is also simulated. 

 
Appendix PMSG Data 

 

Power Output 40 kW 

Armature Resistance, Ra 0.05 ohm 

d-axis inductance, Ld 0.000635H 

q-axis inductance, Lq 0.000635H 

Rotor Mechanical Speed, 

ωr 

314.1549 rad/s 

Shaft Mechanical 

Torque, Tm 

111 N-m 

Shaft Electrical Torque, 

Te 

126 N-m 

Permanent Magnet flux, 

λo 

0.192 Wb 

No. of Pole pairs, np 2 

Combined Equivalent 

Moment of inertia of 

0.0110kg.m2 

Generator and turbine 

Combined Viscous 

Friction of Generator and 

Turbine 

0.001889N.m.s 

Peak Value of Line-Line 

Voltage, Vm 

126.966 per krpm 
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