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Abstract: This paper proposed the integration of the wind 
energy system (WES) with the grid consists of a wind 
turbine, a permanent magnet synchronous generator 
(PMSG), a switch-mode rectifier (SMR) and a three-phase 
voltage source inverter (VSI). Optimal torque control 
(OTC) method is applied to the converter on the generator 
side for maximizing the power coefficient under the 
change in wind speeds. To synchronize the WES with the 
grid, another controller is applied to keep dc-bus voltage 
at constant value and to regulate active and reactive 
power transmitted into a grid. A system of WES connected 
into a grid is created and tested in the MATLAB/SIMULINK 
platform version 2019b. Comprehensive simulation 
results are used to analyze and verify the excellent 
performance of the suggested two- control strategy on 
the machine and grid side. 

Keywords: permanent magnet synchronous generator, 

switch-mode rectifier, wind energy system, grid Side 

convertor.  

1. Introduction 

Few years ago, the energy demand has increased 

due to the rapid development of industrial sectors 

in various fields. This increase was associated 

with an increase in the rate of environmental 

pollation caused by traditional energy sources 

such as gas, coal, and other crude oil products. 

Therefore, the search for alternative energy 

sources has become an urgent necessity. Wind 

energy is considered one of the most growing and 

invested renewable energy sources in the world 

[1]. 

Many generators are used in wind energy 

applications, including the doubly-fed induction 

generator (DFIG), which is widely used, but the 

presence of the gearbox makes it suffer from 

many faults and requires constant maintenance 

and this may causes additional cost of the system 

and reduces reliability , PMSGs are an effective 

solution to the problems of the gearbox, as well 

as it has many advantages, including a built in 

permanent excitation, its ability to work at low 

wind speeds [2,3]. 

The power conversion utilized in WES 

applications can be divided into two topologies: 

(i) the first topology is back to back (BTB) 

converter, which consists of a three-phase 

rectifier controlled, connected to the generator 

side and a three-phase VSI connected to the grid 

side or load. The dc-link capacitor is connected 
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between them as it performs the isolation 

function between the generator side and the grid 

side [4, 5, 6].The second topology is SMR, which 

consists of uncontrolled three-phase rectifier 

connected with a DC-DC boost converter. The 

later configuration characterized by simplicity, 

low switching losses and unidirectional power 

flow as well as robust control to achieve 

maximum power point tracking (MPPT) [7,8].  

The modeling and simulation study of variable 

speed PMSG had attracted many researchers. A 

simulation study of a variable speed PMSG based 

on wind turbine connected to the grid through 

two-leg  switch BTB converter was presented it 

[9]. In Reference [10], a close loop control was 

also used to control the duty cycle of the boost 

converter for stand-alone system and connected 

to the network. Maximum power point tracking 

(MPPT) control for small scale PMSG wind 

turbine is designed by fuzzy logic control method 

(FLC) at different wind speed conditions in [11], 

power quality problems for variable speed wind 

turbines have been addressed in [12]. The 

electrical parameters identification of a PMSG 

such as (phase resistance, phase inductance and 

flux linkage) utilizing the PSO technique was 

implemented and investigated [13]. A 

comparison between three method for  current 

regulator which is hysteresis-band current 

regulator (HBCR) and  a PI  current regulator 

(PICR) and improved PI-current 

regulator(IPICR) based on PSO was performed 

in small scale wind generation system (WGS) 

utilizing PMSG based on vertical axes-wind 

turbine (VAWT)  to maximize output power in 

stand-alone system with resistive load [14]. A 

pitch angle and MPPT control strategy in WES 

using DFIG based on a wind turbine to handle 

with DC-link voltage overshooting and maintain 

faulty situations close to its nominal values under 

short-circuit was used in [15].  a MPPT control 

which is TSR based on perturbation and 

observation (P&O) with a variable step size in 

WES which comprise of PMSG connected to 

boost converter was suggested in [16].   

This paper analyzed the performance of PMSGs 

based on wind turbine (WT) connected to a grid. 

SMR and three-phase VSI is used to connect 

PMSGs with the electrical grid. Two control 

strategies have been established via converter on 

the generator and grid side. The control signals 

for boost converter and VSI switches are 

generated by using pulse width modulation 

(PWM) and the dynamic performance of the 

system and effectiveness of two control 

strategies simulated by MATLAB/SIMULINK. 

The following are the significant contributions 

made by this work: 

1. Applying MPPT algorithm on the SMR 

side to obtain maximum power from 

WES. 

2. Stabilizing the DC-link voltage under the 

wind speed fluctuations, regulating active 

and reactive power transmitted to achieve 

unity power factor at different wind 

velocity. 

2. System Modeling 

2.1. Turbine Modeling   

Wind Turbines (WT) are unable to catch all of 

the power produced by the wind, therefore wind-

output turbine's power is given as [17]: 
 

𝑃𝑤𝑖𝑛𝑑−𝑇𝑢𝑟𝑏𝑖𝑛𝑒 =
1

2
𝜌𝐴𝐶𝑝(𝜆, 𝛽)𝑉𝑛

3                     (1)   

                                                                                   

Where: ρ air density (𝐾𝑔/𝑚2), A   swept area of a 

WT, 𝐶𝑝 is the turbine's power performance 

coefficient, which is governed by the rotor blade 

pitch angle 𝛽 (in degrees) and  𝑉𝑛 wind velocity 

(m/s).  

The tip-speed- ratio λ is calculated as follows: 
 

𝜆 =
𝜔𝑚𝑅

𝑉𝑛
                                                          (2) 
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Where: 𝜔𝑚, 𝑅 rotor velocity (rad/s) and rotor 

radius (m) of a WT respectively. 

A mechanical torque production by WT (Tm) can 

be represented as follows: 

𝑇𝑚 =
1

2
𝜌𝐴𝐶𝑝(𝜆, 𝛽)𝑉𝑛

3 1

𝑊𝑚 
                               (3) 

Also the general equation is employed to 

represent the coefficient power 𝐶𝑝 (𝜆, 𝛽 ) 

depending on the modeling WT characteristics 

stated in [18]. 

𝐶𝑝(λ, β) = 𝐶1(𝐶2/𝜆𝑖-𝐶3β-𝐶4)𝑒   − 𝐶5/𝜆𝑖+𝐶6 λ   (4) 

where; 𝐶1 − 𝐶6 , are the empirical power 

coefficients parameters of the wind turbine 

 ( 𝐶1 = 0.5176 , 𝐶2 = 116 , 𝐶3 = 0.4 , 𝐶4 = 5 , 

𝐶5 = 21 , 𝐶6 = 0.0068). 

 

  
1

𝜆𝑖
=

1

λ+0.008β
−

0.035

1+β3                                         (5) 

The maximum value of   𝐶𝑝   is  𝐶𝑝−𝑚𝑎𝑥 which is 

equal 0.48 in this work, this value is achieved 

when 𝛽 = 0     𝜆−𝑜𝑝𝑡 = 8.1.  

Therefore, in order to fully benefit from the 

variable speed-WES, the value of 𝜆 must be 

maintained at the ideal value, which represents a 

unique value in each type of wind turbine and is 

calculated during the design of the wind turbine 

blades. When WT operates at the ideal tip speed 

ratio at all wind speeds, the operation point will 

be maximum value, which means obtaining the 

greatest power, achieving the MPPT, and     𝐶𝑝 

will be at the maximum value despite the change 

in wind speeds, and this makes the power 

produced by the WT always the greatest possible 

Fig. 1. 

 

 

 

 

 

Figure 1. WT power versus rotor speed at different wind 

speeds 

 

2.2. PMSG Model 

The Equations that represent a PMSG's dynamic 

model in the d-q-0 reference frame can be 

expressed in equation (6) & (7) [19, 20] 

𝑉𝑔−𝑑 = (𝑅𝑔 + 𝑃𝐿𝑑). 𝐼𝑑 − 𝑊𝑒𝐿𝑞𝐼𝑞                   (6)                                                                         

𝑉𝑔−𝑞 = (𝑅𝑔 + 𝑃𝐿𝑞). 𝐼𝑞 + 𝑊𝑒𝐿𝑑𝐼𝑑 + 𝑊𝑒Ø𝑓      (7)                                                                                

 

Where:  𝑉𝑔−𝑑, 𝑉𝑔−𝑞 are stator voltages along d-

axis and q-axis, respectively. 𝐼𝑑, 𝐼𝑞 are stator 

current towards d-axis & q-axis, respectively. 𝑅𝑔 

is the  resistance of  stator, 𝐿𝑑, 𝐿𝑞 is inductance 

on the dq-axis, Ø𝑓is a flux-linkage  developed by 

permanent magnet and 𝑊𝑒 electrical rotational 

speed for PMSG generator witch defined by : 

𝜔𝑒 = 𝑃𝑎𝜔𝑚                                                    (8)                                                                                  

Where: 𝑃𝑎 is a number pole pairs for PMSG. 

 An electromagnetic torque can be represented by 

equation bellow: 

𝑇𝑒𝑚 =
3

2
𝑃𝑎[Ø𝑓𝐼𝑞 − (𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞]                 (9)                                                                                 

If the type of PMSG is surface mounted, 

therefore (𝐿𝑑 = 𝐿𝑞) and electromagnetic torque 

can be represented as follow: 

𝑇𝑒𝑚 =
3

2
𝑃𝑎Ø𝑓𝐼𝑞                                              (10) 
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3.  Controlling System 

3.1. MPPT Control 

If a power coefficient (𝐶𝑝 − 𝑚𝑎𝑥=0.48) was 

maximum value and 𝜆 at its optimum value (𝜆-

opt), WES have the max amount of power .The 

max- power of a wind turbine could be written in 

the following form based on Equation (1). 

𝑃𝑚−𝑚𝑎𝑥=0.5 ρ𝜋 𝑅2𝐶𝑝−𝑚𝑎𝑥(λ−𝑜𝑝𝑡, β)𝑣𝑛
3       (11)                                                                       

In generator side or turbine side, the wind 

turbine's power coefficient can be adjusted. The 

power coefficient can be attained at max-value 

by adjusting a rotor speed at ideal point or 

through regulating the mechanical torque at 

maximum level. The characteristics of the 

mechanical torque versus rotor speed for wind 

turbine can be seen in Fig. 2 according for each 

variation in wind velocity, mechanical torque 

values vary due to change of the rotor speed of a 

WT and vary of wind speed.  

𝑇𝑚−𝑜𝑝𝑡 =
𝑃𝑚−𝑚𝑎𝑥

𝑊𝑚
 =  𝐾𝑜𝑤𝑚

2                            (12)                                                                               

Where: 𝐾𝑜= 
0.5 ρ𝜋 𝑅5𝐶𝑝−𝑚𝑎𝑥 

𝜆_𝑜𝑝𝑡^3
                            

From dynamic equation of WT, reference 

electromagnetic torque 𝑇𝑒𝑚−𝑟𝑒𝑓 can be derived 

like in the following equation  

𝑇𝑒𝑚−𝑟𝑒𝑓 = 𝑇𝑚−𝑜𝑝𝑡 − (𝐽 
𝑑𝑊𝑚

𝑑𝑡
+ 𝐵 𝑤𝑚)        (13)                                                                               

Where: J is overall inertia of WT, B is viscous 

friction factor. The electromagnetic torque could 

be regulated by adjusting a dc current passing 

through step up DC -DC converter. The dc-

current reference for reference electromagnetic 

torque can be described as below: 

𝐼
𝑑𝑐−𝑟𝑒𝑓=

𝑇𝑒𝑚−𝑟𝑒𝑓 𝑊𝑚

𝑉𝑑𝑐

                                        (14)                                                                               

Where: 𝑉𝑑𝑐, is the output voltage of rectifier 

circuit. The duty cycle of a step up converter (D) 

is adjusted by a PI controller as shown in 

equation (15), also the block diagram of MPPT 

strategy can be seen in Fig. 3.  

D = (𝐾𝑝+
𝐾𝑖

𝑆
) ( 𝐼𝑑𝑐−𝑟𝑒𝑓-𝐼𝑑𝑐)                             (15) 

Figure 2. Characteristics of the mechanical torque vs 

rotor speed for different wind velocity. 

 

Figure 3. Scheme of MPPT algorithm 

3.2. Control on the Inverter-Side 

The objective of controlling in the grid-VSI side 

is to achieve two important goals for the process 

of incorporating the WES with the electrical 

network: 

1. Due to the unstable nature of wind velocity, 

the voltage on the dc-link is constantly 

changing with the wind-speed conditions. 

Therefore, the control on the inverter-side 

should be regulates and maintains dc-link 

voltage according to the imposed design 

value . 

2. Management and regulation of the reactive 

power and the active power supplied to the 

utility network, taking into account injection 
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of a power factor P.F are always equal to one 

[21] . 

The vector control (VC) method based on the PI 

controller is employed as approaches control 

used to regulate inverter-grid side. Fig.4 shows 

the overall schematic for the vector control that 

used in this work. As a result of VC, the reactive 

power infusion is controlled by a q axis loop, 

whereas the DC link voltage has been controlled 

by a d axis loop. Finally decoupling voltages are 

also provided to the current control loop outputs 

to accommodate for the cross-coupling effect 

caused by the output filter. 

[

𝑒𝑎−𝑖𝑛𝑣

𝑒𝑏−𝑖𝑛𝑣

𝑒𝑐−𝑖𝑛𝑣

] = 𝑅−𝑓 [

𝑖𝑔𝑎

𝑖𝑔𝑏

𝑖𝑔𝑐

] + 𝐿−𝑓
𝑑

𝑑𝑡
[

𝑖𝑔𝑎

𝑖𝑔𝑏

𝑖𝑔𝑐

] +

[

𝑉𝑎−𝑔𝑟𝑖𝑑

𝑉𝑏−𝑔𝑟𝑖𝑑

𝑉𝑐−𝑔𝑟𝑖𝑑

]                                                        (16) 

                                                                     

Where;   𝑒𝑎−𝑖𝑛𝑣  , 𝑒𝑏−𝑖𝑛𝑣, 𝑒𝑐−𝑖𝑛𝑣  inverter 

voltages , 𝑉𝑎−𝑔𝑟𝑖𝑑   , 𝑉𝑏−𝑔𝑟𝑖𝑑, 𝑉𝑐−𝑔𝑟𝑖𝑑  grid 

voltages, 𝑖𝑔𝑎 , 𝑖𝑔𝑏, 𝑖𝑔𝑐  line currents and 𝑅−𝑓 , 𝐿−𝑓 

resistance and inductance of filter respectively. 

By using synchronous reference dq-frame and 

space vector grid voltage is aligned on d-axis 

(𝑉𝑔𝑟𝑖𝑑−𝑑 = 𝑉 & 𝑉𝑔𝑟𝑖𝑑−𝑞 = 0) and Eq. (16) can be 

written as: 

𝑒𝑖𝑛𝑣−𝑑 = 𝑅−𝑓𝑖𝑑 + 𝐿−𝑓
𝑑

𝑑𝑡
𝑖𝑑 − 𝑊𝐿−𝑓𝑖𝑞 + 𝑉 (17)                                                                       

𝑒𝑖𝑛𝑣−𝑞 = 𝑅−𝑓𝑖𝑞 + 𝐿−𝑓
𝑑

𝑑𝑡
𝑖𝑞 + 𝑊𝐿−𝑓𝑖𝑑         (18)                                                                                    

where; 𝑉𝑔𝑟𝑖𝑑−𝑑 , 𝑉𝑔𝑟𝑖𝑑−𝑞 are grid voltages on the 

d-axis and q-axis respectively. 

Also real power & reactive power can be 

described in dq rotating frame by the following 

equation: 

𝑃 =
3

2
𝑉𝑖𝑑                                                       (19)                                                                                         

𝑄 =
3

2
𝑉𝑖𝑞                                                       (20)                                                                                         

According to the block diagram of inverter-grid 

control in Fig.4 it can describe the equation of 

designing as follow: 

𝑒𝑟𝑟𝑜𝑟−𝑉𝑑𝑐(𝑡) = 𝑉𝑑𝑐−𝑟𝑒𝑓 − 𝑉𝑑𝑐−𝑎𝑐𝑡𝑢𝑎𝑙           (21) 

𝑖𝑑−𝑟𝑒𝑓 = 𝐾𝑝𝑒𝑟𝑟𝑜𝑟−𝑉𝑑𝑐 + 𝐾𝑖 ∫ 𝑒𝑟𝑟𝑜𝑟−𝑉𝑑𝑐𝑑𝑡 (22)                                                                                   

𝑒𝑟𝑟𝑜𝑟−𝑖𝑑(𝑡) = 𝑖𝑑−𝑟𝑒𝑓 − 𝑖𝑑−𝑎𝑐𝑡𝑢𝑎𝑙                 (23)                                                                                     

𝑒𝑟𝑟𝑜𝑟−𝑖𝑞(𝑡) = 𝑖𝑞−𝑟𝑒𝑓 − 𝑖𝑞−𝑎𝑐𝑡𝑢𝑎𝑙                  (24)                                                                                     

𝑉𝑑
− = 𝐾𝑝 𝑒𝑟𝑟𝑜𝑟−𝑖𝑑 + 𝐾𝑖 ∫ 𝑒𝑟𝑟𝑜𝑟−𝑖𝑑 dt            (25)                                                                                               

𝑉𝑞
− = 𝐾𝑝 𝑒𝑟𝑟𝑜𝑟−𝑖𝑞 + 𝐾𝑖 ∫ 𝑒𝑟𝑟𝑜𝑟−𝑖𝑞 dt            (26)                                                                                               

𝑉𝑑−𝑟𝑒𝑓 = 𝑉𝑑
− + 𝑉𝑔𝑟𝑖𝑑−𝑑                                   (27)                                                                                                   

𝑉𝑞−𝑟𝑒𝑓= 𝑉𝑞
− + 𝑉𝑔𝑟𝑖𝑑−𝑞                                    (28)                                                                                                    

By using inverse Parks transformation we can 

obtain𝑉𝑎
∗, 𝑉𝑏

∗, 𝑉𝑐
∗ that used to provide the gate 

signals to trigger IGBTs switches of three-phase 

voltage source inverter.The control on the grid-

inverter side can be seen in Fig. 4. 

 

Figure 4. Schematic control on grid –VSI side 
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4. Simulation Results 

MATLAB/SIMULINK is used to simulate the 

two proposed control strategies on the generator 

and grid side of a typical system. The special 

parameters that were used during the simulation 

are listed in Table (1), where the simulation was 

carried out through MATLAB/SIMULINK 

program. The total time of the simulation was 12 

second. 

Table 1. System Parameter 

PMSG parameters 

= 0.425 Ω sR H= 0.00835  sL λ = 0.433 wb 

J = 0.01197 β = 0.001189 = 6 kWrated P 

Parameter of wind turbine 

Rated wind 

speed =12 m/s 
R=2 m β = 0 

= 8.1 optimalλ  2/ mkg= 1.225 ρ  0.48=  maxCp  

Grid parameters 

R.M.S Line-Line 

Voltage = 400 V 

R = 0.1 Ω 

X/R ratio =7 
  

DC link voltage = 700 V 

 

The speed of the wind is changed as step size as 

seen in Fig.5.Wind speed is varied as bellow  

From 0-3sec, the wind speed is about 12 m/s.  

From 3-6sec, the wind speed is about 7m/s. 

From 6-10sec, wind speed is about 12m/s too. 

From 10-12sec, wind speed is about 9m/s. 

The validity and reliability of the proposed 

control strategy called OTC to extract the 

maximum power from the WT and achieve 

MPPT can be checked under different operating 

conditions. This is done by observing the 

response of the wind turbine’s 𝐶𝑝 and TSR. The 

maximum power of the WT is obtained at the 

optimum operating point when 𝐶𝑝 is at its 

maximum value and also TSR is at its optimum 

value. The value of 𝐶𝑝 and TSR for the proposed 

wind turbine model is 0.48 and 8.1 respectively.  

By using the OTC control strategy, the 

electromagnetic torque is controlled and  𝐶𝑝 of 

WT is always regulated at its maximum value 

despite changes in wind speed as shown in Fig.6 

(a). Although the wind speed changes more than 

once during the simulation time,  𝐶𝑝  maintains 

its maximum value of about 0.48. What confirms 

the effectiveness of the OTC also is the response 

of the TSR as shown in Fig.6 (b) where it always 

maintains its optimum value of about 8.1 despite 

the wind speed variations. Fig.6(c) illustrates the 

output power from the PMSG at all wind speeds. 

When the WTs operates at the rated wind speed 

of 12m/s, the rated power is about 6000 watts, 

which corresponds to the generator data 

mentioned previously in Table (1), and this is 

evident during the simulation time from 0-3 

seconds and from 6-10 seconds, where the wind 

speed is 12m/s. When the wind speed is 7m/s 

during the simulation time from 3-6 seconds, the 

power reaches about 1184 watts, and finally, the 

power reaches about 2524 watts at the simulation 

time from 10-12 seconds when the wind speed is 

9m/s and this Another evidence of the accuracy 

and durability of the proposed control, as it 

confirms the achievement of the ideal operating 

point and reaching the MPP at all wind speeds 

entered.  

Fig.6 (d) shows the reference speed that was 

created through the MPPT. We can see the 

reference speed at a value of 152.9 rad/sec when 

the wind speed is at its rated value of about 12m/s 

and this reference speed decreases when the wind 

speed decreases to become its value about 89 

rad/sec when wind speed is 7m/s and reaches 

about 114rad/sec when wind speed is 9m/s. The 

MPPT is achieved when the speed is set at the 

above values by the proposed control method on 

the generator side. This indicates a good tracking 

of the reference speed values which the generator 

rotor must rotate at these values to achieve 

MPPT. Fig.6(e) shows the electromagnetic 

torque which changes with the change in wind 

speed, as it is set at its reference value that 
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achieves operation at maximum point of power 

when the wind speed is 12, the electromagnetic 

torque reaches about 40 N.m and then decreases 

when the wind speed decreases to reach 13.5 N.m 

at the wind speed 7m/s after that it increases to 

about 22 N.m when the wind speed  9m/s It is 

clear from the waveform of electromagnetic 

torque  high response speed at each change in 

wind speed and this indicates the high tracking 

speed of the OTC proposed in this work. Fig.6 (f) 

depicts the duty cycle of a DC-DC converter. 

There is an ideal duty cycle value for each wind 

speed at which the turbine will operate at MPP. 

The duty cycle decreases as the wind speed 

increases. 

 
Figure 5. Variation of wind speed (m/s) 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6. Simulation results of WES on the generator side, 

(a) Power coefficient, (b) Tip speed, (c) Output power (W), 

(d) Rotor speed (rad/s), (e) Electromagnetic torque (N/m), 

(f) Duty cycle of boost converter 
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The control method used from the grid side is the 

vector control based on PI controller, where the 

dc-link voltage is keeps at constant value which 

equal 700 volts in this paper, also the active 

power and reactive power are controlled and 

injected to the grid. Fig.7 (a) shows dc-link 

voltage waveform, which maintains its value 

constant at all wind speeds, as it appears stable 

and has few oscillations. Also, its response is fast 

when the wind speed changes. In addition, 

overshooting of waveform is within the 

permissible limits (less than 10%). Fig.7 (b) 

shows the waveform of the common coupling 

point (PCC) voltage, which is constant at all 

changes in wind speed, and this indicates the 

robustness of the control method used from the 

grid side. Fig.7(c) shows the PCC voltage under 

zooming. Fig.7 (d) shows the waveform of the 

PCC current injected to the grid that increases 

with increasing wind speed and decreases with 

decrease in wind speed. Fig.7 (e) shows the PCC 

current under zooming when wind speed is 

12m/s. Fig.7 (f) illustrates the grid frequency 

which is maintained at 50 Hz in all operation 

conditions in spite of wind speed variation during 

simulation time .The THD of the grid current is 

about 3.31% (less than 5 %) according to the 

IEEE standard as shown in Fig. 7(g), this confirm 

good performance of the proposed control in the 

grid side. Finally Fig.8 shows the block diagram 

of MATLAB/SIMULINK of the proposed 

system in this study. 
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Figure 7. Simulation results of WES on the grid side, (a) 

dc link voltage (V), (b) PCC voltage (V), (c) PCC voltage 

under zoom (V), (d) PCC current (A), (e) PCC current 

under zoom (A), (f) Grid frequency, (g) Total harmonic 

distortion of grid current. 

 

Figure 8. Simulink model of WES 

 

5. Conclusion 

A maximum power coefficient controller with a 

power synchronization controller is developed 

for a WES in this work. The entire system is 

tested in MATLAB/SIMULINK and it proved 

that the MPPT is implemented satisfactorily 

under real as well as ideal conditions. Simulation 

results have shown that the generator-side 

controller develops a clean DC voltage wave 

which consequently injects stable power to the 

PWM inverter. By using the grid side controller, 

the THD in the AC voltage wave is 

approximately 3.31% which is less than 5% for 

all wind speeds. Finally, power factor of the 

inverter is also close to unity. 
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