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Abstract: This work is based on the dynamics of wind energy generation considering the wind speed and the control of the 

rotor speed using vector control of the converters. The converters are both connected to the rotor side and grid side of the 

doubly fed induction generator (DFIG), pulse width modulated (PWM) generators powering the switches are controlled using 

various vector transformation and proportional integral (PI) control of the direct and quadrature current and the speed of the 

rotor. It is found that at an average wind speed of about 8.5 m/s a considerable voltage and current characteristic is evolved 

whereas at wind speed of about 2 m/s, the amount of voltage generated is seen not to compare favorably to the former. The 

modelling and simulation of this work was done using MATLAB and Simulink software. 
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1. INTRODUCTION 

Wind power generation is an attractive and clean source of energy with environmentally friendly production and sustainable 

living using green power [1,2,3,4]. The use of fossil fuels has been creating serious environmental problems, such as gas 

emissions, air pollution and climate changes thereby making current energy trends to be unsustainable thus necessitating a 

better balance between energy, economics, development and protection of the environment [3,5].  

Wind energy is one of the fastest growing sectors in renewable energy. The resources are freely available throughout the 

world and wind energy is mainly used for two purposes namely irrigation and electricity generation [2,6,7,8]. Winds are 

essentially caused by the solar heating of the atmosphere, and they carry enormous quantity of energy. Before the development 

of electric power on large scale, wind power has served many countries as source of power in early days, known as windmills 

[9]. The doubly fed induction generator (DFIG) consists of a 3-phase wound rotor and a 3-phase wound stator. The rotor is fed 

with a 3 phase AC signal which induces an AC current in the rotor windings. As the wind turbines rotate, they exert mechanical 

force on the rotor, causing it to rotate. As the rotor rotates the magnetic field produced due to the AC current also rotates at a 

speed proportional to the frequency of the AC signal applied to the rotor windings. As a result, a constantly rotating magnetic 

flux passes through the stator windings which cause induction of AC current in the stator winding. Thus the speed of rotation 

of the stator magnetic field depends on the rotor speed as well as the frequency of the AC current fed to the rotor windings. 

The basic requirement for the electricity generation using wind energy is to produce AC signal of constant frequency 

irrespective of the wind speed. In other words, the frequency of the AC signal generated across the stator should be constant 

irrespective of the rotor speed variations. To achieve this, the frequency of AC signal applied to the rotor windings need to be 

adjusted. 

Wind energy had been exploited for thousands of years. The oldest applications of wind energy include extracting water 

from wells, making flour out of grain, and other agricultural applications. In recent times, the use of wind energy has evolved 

to, primarily, electricity generation [10]. A wind turbine is a device for extracting kinetic energy from the wind. By removing, 

some of its kinetic energy the wind must slow down but only that mass of air, which passes through the rotor disc, is affected. 

Assuming that the affected mass of air remains separated from the air, which does not pass through the rotor disc and does not 

slow down, a boundary surface can be drawn containing the affected air mass and this boundary can be extended upstream as 

well as downstream forming a long stream-tube of circular cross section [11]. Wind turbine energy generation depends on the 

interaction between the rotor and the wind. The wind may be considered to be the combination of the mean wind and turbulent 

fluctuations about the mean flow. Experience has shown that the major aspects of wind turbine performance which are mean 

power output and mean loads, are determined by the aerodynamic force generated by the mean wind. Periodic aerodynamic 

forces caused, by wind shear, off-axis winds, and rotor rotation and randomly fluctuating forces induced by turbulence and 

dynamic effects are the source of fatigue loads and are a factor in the peak loads experienced by a wind turbine [12].  
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A paper [13] dealt with the introduction of doubly fed induction generator, AC/DC/AC converter control and finally the 

SIMULINK/MATLAB simulation for isolated induction generator as well as for grid connected DFIG. Also, [14] worked on 

three different models that were compared in terms of dynamic behavior and simulation time. However, in this paper, the 

particular interests are to study the response to specified wind speeds with particular reference to the rotor side and grid side 

and also to look at fault response in the model. 

2. METHODOLOGY 

Figure 1 represents a wind energy system linked by the converters [15]. A method of controlling wind turbine speed is to 

accept whatever frequency the generator produces, convert it to DC, and then convert it to AC at the desired output frequency 

using an inverter. This is common for small house and farm wind turbines. But the inverters required for megawatt scale wind 

turbines are large and expensive. In Figure 1, doubly fed generators are another solution to this problem. Instead of the usual 

field winding fed with DC, and an armature winding where the generated electricity comes out, there are two three-phase 

windings, one stationary and one rotating, being a doubly fed, both separately connected to equipment outside the generator. 

One winding is directly connected to the output, and produces 3-phase AC power at the desired grid frequency. The other 

winding usually called the field, but here both windings can be outputs, is connected to 3-phase AC power at variable 

frequency. This input power is adjusted in frequency and phase to compensate for changes in speed of the turbine. Adjusting 

the frequency and phase requires an AC to DC to AC converter. This is usually constructed from very large insulated gate 

bipolar transistors (IGBT) semiconductors. The converter is bidirectional, and passes power in either direction. Power can flow 

from this winding as well as from the output winding [16]. 

2.1 Conversion and Operation Principles 

Here, discussion is on the way the AC-DC-AC converters are used on the system. It consists of two voltage-sourced converters, 

namely, the rotor-side converter (RSC) and the grid-side converter (GSC), which are connected “back-to-back.” In between 

the two converters is a DC-link capacitor placed, as energy storage, in order to limit the voltage variations in the DC-link 

voltage. The control of the torque or the speed of the DFIG is achieved using rotor-side converter and that of the power factor 

at the stator terminals. The steady DC-link voltage occasioned by the grid side converter prepares it against the effects of rotor 

power magnitude and direction of the rotor power. The grid-side converter derives from the grid frequency to be able to deal 

with amount of reactive power. The rotor-side converter does not trace the grid frequency but enjoins any frequency as may 

arise as a function of the wind speed. The back-to-back arrangement of the converters provides a mechanism of converting the 

variable voltage, variable frequency output of the generator (as its speed changes) into a fixed frequency, fixed voltage output 

compliant with the grid [17]. 

The DC link capacitance is an energy storage element that provides the energy cushion required between the generator 

and the grid. The DFIG power electronics is composed of a two-level six switch converter. This means that the number of 

voltage levels that can be produced at the output of each bridge leg of the converter is two, the zero volts or the voltage of the 

DC link (Vdc). Figure 1 shows the connection in a back-to-back arrangement with a DC link between the two converters. The 

switching elements are represented by power converters IGBTs. The six-switch converter yields a three-phase output voltage 

which can be of arbitrary magnitude, frequency and phase. It is also such that the Vdc is greater than the peak line voltage. 

The synthesis and switching processes are also discussed in details in [18] as the limit is related to the switching frequency of 

the pulse-width modulated switching devices. At a fixed frequency the converters are switched either way and the output 

voltage is controlled when pulse-width is varied. 

2.2 Aerodynamic Model 

The aerodynamic model of a wind turbine can be seen in the subsequent equations.  Considering wind speed and cross sectional 

area of the wind turbine blade, the wind power is given by [12,15]: 

 

 

 

Figure 1. Induction machine (DFIG) based wind turbine 
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𝑃𝑤 =  
1

2
𝜌𝐴𝑉𝑤

3 
 (1) 

 

𝐴 =  𝜋𝑟2 (2) 

 

where 𝑉𝑤 is the wind speed (m/s), 𝐴 is the crossing surface area (m2), 𝑟 is the radius of the rotor blades (m) and 𝜌 is the air 

density = 1.22 kg/m3 at 15°C and normal pressure. 

A numerical approximation of the aerodynamic power coefficient Cp is given by the following equations: 
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(4) 

 

where c1 = 0.39, c2 = 116, c3 = 0.4, c4 = 5, c5 = 16.5, c6 = 0.089, c7 = 0.035 and 𝛽 is the pitch angle. The effective mechanical 

power Pm which is transferred to the wind turbine rotor is reduced by Cp. The extracted mechanical power from the turbine is 

given by: 

 

𝑃𝑚 =  
1

2
𝜌𝜋𝑟2𝑉𝑤

3𝐶𝑝 
(5) 

 

𝜆 =  
𝜔𝑚𝑟

𝑉𝑤
 

(6) 

 

The wind turbine mechanical torque can be expressed as:  

 

𝑇𝑚 =  
𝑃𝑚

𝜔𝑚
=  

𝜌𝜋𝑟2𝑉𝑤
3𝐶𝑝

2𝜔𝑚
 

(7) 

2.3 Electrical modelling 

The electrical modelling used in this work is that of a DFIG. A model of the electrical machine which is adequate for designing 

the control system must preferably incorporate all the important dynamic effects occurring during steady state and transient 

operations [18,19]. The following equations describe the circuit representing a standalone DFIG application. In electrical 

modeling, direct–quadrature–zero (dq0) transformation is a mathematical transformation that rotates the reference frame of 

three-phase systems in an effort to simplify the analysis of three-phase circuits. Using Park’s transformation (from abc frame 

to dq reference frame) [20], the machine equations describing the dynamics are 

 

Voltage equations: 

𝑣𝑑𝑠 =  −𝑅𝑠𝑖𝑑𝑠 − 𝜔𝑠𝜆𝑞𝑠 +
𝑑𝜆𝑑𝑠

𝑑𝑡
 

(8) 

 

𝑣𝑞𝑠 =  −𝑅𝑠𝑖𝑞𝑠 + 𝜔𝑠𝜆𝑑𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
 

(9) 

 

𝑣𝑑𝑟 =  −𝑅𝑟𝑖𝑑𝑟 − 𝑠𝜔𝑠𝜆𝑞𝑟 +
𝑑𝜆𝑑𝑟

𝑑𝑡
 

(10) 

 

𝑣𝑞𝑟 =  −𝑅𝑟𝑖𝑞𝑟 + 𝑠𝜔𝑠𝜆𝑑𝑟 +
𝑑𝜆𝑞𝑟

𝑑𝑡
 

(11) 

 
 

 

 

 

 

 
 
 
 
 
 
 

Figure 2. Equivalent circuit diagram of the electrical representation of the DFIG 
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Flux linkages equations: 

 

𝜆𝑑𝑠 =  −(𝐿𝑠 + 𝐿𝑚)𝑖𝑑𝑠 − 𝐿𝑚𝑖𝑑𝑟 (12) 

 

𝜆𝑞𝑠 =  −(𝐿𝑠 + 𝐿𝑚)𝑖𝑞𝑠 − 𝐿𝑚𝑖𝑞𝑟 (13) 

 

𝜆𝑑𝑟 =  −(𝐿𝑟 + 𝐿𝑚)𝑖𝑑𝑟 − 𝐿𝑚𝑖𝑑𝑠 (14) 

 

𝜆𝑞𝑟 =  −(𝐿𝑟 + 𝐿𝑚)𝑖𝑞𝑟 − 𝐿𝑚𝑖𝑞𝑠 (15) 

 

Rotor slip: 

 

𝑠 =
𝜔𝑠 − 𝜔𝑟

𝜔𝑠
 

(16) 

 

𝜔𝑠 =
2𝜋

60
𝑁𝑠 

(17) 

 

𝑁𝑠 =
120𝑓𝑠

𝑃
 

(18) 

 

Neglecting the stator resistance and assuming that the d-axis coincides with the maximum of the stator flux results in the 

electrical torque equation as 

 

𝑇 =
3

2
(

𝑃

2
) (𝜆𝑑𝑟𝑖𝑞𝑟 − 𝜆𝑞𝑟𝑖𝑑𝑟) =  

3

2
(

𝑃

2
) 𝐿𝑚(𝑖𝑞𝑠𝑖𝑑𝑟 − 𝑖𝑑𝑠𝑖𝑞𝑟) 

(19) 

 

Active power injected into the grid is expressed as 

 

𝑃 = 𝑣𝑑𝑠𝑖𝑑𝑠 + 𝑣𝑞𝑠𝑖𝑞𝑠 + (𝑣𝑑𝑟𝑖𝑑𝑟 + 𝑣𝑞𝑟𝑖𝑞𝑟)𝜂𝑐𝑜𝑛𝑣 (20) 

The vector control of the DFIG is achieved using basic Park’s and Clark’s transformations, from abc-D/Q-d/q, to alpha-

beta. However, in the grid connected three-phase inverter, dq transformation in synchronous reference frame is used to simplify 

the control algorithm. As the input signals are transformed to dq frame, these signals are transformed to DC quantities. Due to 

this, signals are easily regulated to their reference values by using PI controller. Generally, in this control d-component is 

responsible to control active power and q-component is used for reactive power control.  

The dq transformation at the synchronous reference frame allows time-varying sinusoidal signals to be transformed into 

stationary signals which simplify the control of three-phase inverters. For three-phase inverters, usually the d-axis is in line 

with the terminal voltage, and the phase locked loop (PLL) regulates Vq to zero. Hence all the voltage appears on the d-axis: 

Vd ~ 1 p.u., the d-axis current corresponds to active power and the q-axis to reactive power. Another convention involves 

places the q-axis in line with the terminal voltage of the three-phase inverter which means that the situation is reversed: d-axis 

current is reactive and q-axis current corresponds to active power. In summary, depending on the transformation matrix used 

for controlling the system, function of d and q components can be interchanged. The parameters of the machine and other 

component values used for simulation are presented in Table 1. 

Table 1. Machine parameters and component dimension 

Machine elements Values Grid side converter Values 

Number of poles 4 DC bus capacitance 800 × 10−3  

Rotor resistance 2.9 × 10−3 Ω Filter resistance 20 × 10−6 H 

Stator resistance 2.6 × 10−3 Ω Filter inductance 400 × 106 H  

Leakage inductance of stator 0.087 × 10−3 H Radius of blade 42 m 

Magnetizing inductance 2.5 × 10−3 H Gear ratio 100 

Rated Voltage 2070 V Pitch angle 0 

Rated frequency 50 Hz Air density 1.225 kg/m3 

Stator power 2 × 106 W Wind velocity 8.5 m/s 

Rated speed 1500 rpm Crow bar resistance 0.2 Ω  

Rated stator voltage 690 V   

Rated stator current 1760 A   

Rated torque 12732 Nm   
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 3. SIMULATION RESULTS AND DISCUSSION 

A MATLAB/Simulink software is used to implement the simulation study. Figure 3 shows the simulation diagram, while 

Figures 4 and 5 show the Simulink models of the rotor side and grid side, converters control respectively. 

 

 

Figure 3. Simulation diagram of a DFIG 

 

 

Figure 4. Simulink model of rotor side converter control 

 

 

Figure 5. Simulink model of grid side converter control 
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After performing the simulations, several responses were obtained. Figure 6 presents the relationships between the 𝜆 and 

Ct and also the power and the wind speed. The maximum may be in the neighborhood of 0.57. Also at the speed of 10 m/s is 

almost associated with about 1.5 MW. From Figure 7, and at the rotor side, it is observed that about half the rated speed, there 

was a drift in the torque, a consequent of the current, the stator phase voltages are 120° apart. Figure 8 shows that the voltage 

output was steady with its magnitude above 100 V.  At about 1.7 s when the current Ig is vanishing corresponds to the time 

that the quadrature voltages and current are stabilizing. From Figure 9, the fault values were reduced, but however increased 

as it approaches the fourth second. In Figure 10, the associated ripples of the DFIG output are attendant manifestations of the 

effect of unsteady energy flow via the DC link capacitors. At wind speed of 2 m/s, an analytical model of the DFIG gave the 

responses from the rotor side and grid side controls as well as responses from the fault analysis and DFIG model. Due to 

transformation, each stated characteristics was plotted against the per unit time. 

 

 

                          

Figure 6. Curve of power against wind speed 

 

 

 

Figure 7. Output from the rotor side control 
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Figure 8. Output from the grid side control 

                

Figure 9. Output from the fault analysis 

 

             

Figure 10. Output of the DFIG model 
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From Figure 7, and at the rotor side, it is observed that about halve the rated speed, there was a drift in the torque, a 

consequent of the current, the stator phase voltages are 120 degrees apart.  From Figure 8, the voltage output is observed to be 

steady with its magnitude above 100V.  At about 1.7s when the current Ig is vanishing corresponds to the time that the 

quadrature voltages and current are stabilizing. From Figure 9, the fault values were reduced but however increased as it 

approaches the fourth second. In Figure 10, the associated ripples of the DFIG output are attendant manifestations of the effect 

of unsteady energy flow via the DC link capacitors. At wind speed of 2 m/s, an analytical model of the DFIG gave the following 

responses from the rotor side and grid side controls as well as responses from the fault analysis and DFIG model. Due to 

transformation each stated characteristics is plotted against the per unit time. 

To establish case for comparison, at wind speed of 8.5 m/s, an analytical model of the DFIG gave the responses from the 

rotor side and grid side controls as well as responses from the fault analysis and DFIG model as shown in Figures 11-14. From 

Figure 11, and at the rotor side, it is observed at the constant speed of 1500rad/seconds there was an attendant decrease in the 

torque as can be seen from the graph, also a consequent of the current. The stator voltage phase components maintained the 

120° as expected. From Figure 12, the bus or source voltage output is observed to be steady while the quadrature components 

of the current and voltage started increasing appreciably from about 1.5 s. From Figure 13, the fault values were further reduced 

but not as much as it approached the fourth second. In Figure 14, the output of the DFIG is far better than what was earlier got 

from Figure 10. In view of the assertions, it is due to note that, the parameters of the system changes with change in wind 

speed which indicated that there will be no power generated at very low or zero wind speed. An average wind speed of about 

8.5 m/s is seen to generate a considerable voltage and current. Due to the control of the rotor side, the doubly fed induction 

machine is properly controlled to desirable quality. At wind speed of about 2 m/s, the amount of voltage generated is seen not 

to compare favourably to the voltage generated at 8.5 m/s. 

 

Figure 11. Output from the rotor side control 

 

 

Figure 12. Output from the grid side control 
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Figure 13. Output from the fault analysis 

 

 

Figure 14. Output of the DFIG model 

4. CONCLUSION 

Wind energy system can be incorporated into electric grid for maximum and reliable power supply. It is a reliable source of 

energy, also environmental friendly, notwithstanding the seasonal and other dynamics associated with this source of power, 

such as change in wind speed, cost of installation, etc. The doubly-fed induction machine is a wound-rotor doubly-fed electric 

machine and has several advantages over a conventional induction machine in wind power applications. First, as the rotor 

circuit is controlled by a power electronics converter, the induction generator is able to both import and export reactive power. 

This has important consequences for power system stability and allows the machine to support the grid during severe voltage 

disturbances (low-voltage ride-through; LVRT). Second, the control of the rotor voltages and currents enables the induction 

machine to remain synchronized with the grid while the wind turbine speed varies. A variable speed wind turbine utilizes the 

available wind resource more efficiently than a fixed speed wind turbine, especially during light wind conditions. Third, the 

cost of the converter has according to [16] been known to be low when compared with other variable speed solutions because 

only a fraction of the mechanical power, typically 25–30%, is fed to the grid through the converter, the rest being fed to grid 

directly from the stator. In summary, the following are the benefit; constant frequency output signal to the grid irrespective of 

the variable rotor speed, low power rating required for the power electronic devices and hence low cost of control system, 

power factor is controlled, i.e. maintained at unity, electric power generation at low wind speed, power electronic converter 

has to handle the fraction of the total load i.e., 20-30% and also cost of this converter is low than in case of the other types of 

generators. 
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