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ABSTRACT. Nowadays, Exploitation of the renewal wind energy such as wind energy 
finds increasing interest. Wind-turbines prime movers operate at variable speed. 
Therefore, it is recommended to use induction generators with such prime movers as it is 
suitable for such conditions. The present research is aimed at improving the performance 
of a wind-driven double-fed induction generator (DFIG) system at different wind speeds. 
A set of two converters in the rotor circuit has been controlled to inject a certain voltage. 
This voltage enables the generator to run at the speed which allows the wind turbine to 
extract the maximum power from the wind. The research presents a new analytical 
technique for calculating the injected voltage and power necessary to catch the maximum 
wind power. The induction generator has been modelled at steady-state conditions using 
frequency domain equivalent circuit. Computer-programs have been designed to compute 
the performance characteristics of the DFIG with this basic control strategy and compare 
it to the uncontrolled generator. The comparison has revealed that the performance of the 
controlled DFIG is clearly improved. 
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1. Introduction 

The utilization of wind energy is very important and finds nowadays great interest. 
This interest has become vital as many energy experts have expected the rapid exhaust of 
the conventional energy resources. Therefore, generation of the electrical power from the 
sustainable energy resources such as wind energy has become on the top of the solution 
priorities. 

Wind-turbines have the problem of being of variable and unexpected speeds. The 
frequency of the generated voltage of synchronous generators is directly proportional to 
the prime mover speed.  Therefore, to have a fixed frequency, other generator types or 
unconventional solutions should be used. Use of induction generators is a good practical 
solution [1, 2]. 

Because the wind has variable speed character, the performance of the wind driven 
induction generator will clearly differ depending on the wind speed. Therefore, it is 
necessary to control the generator to ensure getting a good performance at all wind speeds. 
Amelioration of the performance of the grid-connected induction generators at different 
wind speeds has been achieved through the use of converters in the stator side for single-
fed generators [3-11], or through the use of a rectifier-inverter set in the rotor side for 
double fed generators [12-17]. 

Many researchers investigated the performance of the doubly-fed induction 
generators. Carlos [12] suggested a technique by which the current of the grid-connected 
induction generator is controlled while driven by a variable-speed wind-turbine. 
Holdworth et. al. [13] have carried out a comparison between fixed-speed induction- 
generators (FSIG) and variable speed doubly-fed induction generators (DFIG). They 
showed that the FSIG during short circuits induces voltage sags at the terminal busbars 
which may lead eventually to voltage instability, while the DFIG improves the terminal 
bus voltage profiles thus increasing the stability margins. Fernandez et. al. [14] have 
developed a new way of aggregation of DFIGs under different incoming winds by an 
equivalent wind turbine to approximate the active and reactive powers of wind farms with 
high number of wind turbines. De Almeida and Lopes [15] have described a control 
approach to integrate a frequency regulation capability into a DFIG active power control 
loop using the frequency deviation. Such an approach could contribute to increase the 
system robustness, reducing frequency changes following disturbances. Shaltout, et. al, 
[16] proposed a simple control strategy of DFIG to facilitate harnessing maximum power 
extracted from the wind. This strategy is based on controlling the slip power, which is 
drawn from the rotor circuit and fed to the power grid through a rectifier-inverter set. 
Abdel-halim, et. al [17] presented a stator and rotor combined control method for 
induction generators to trace the maximum wind power and at the same time the power 
factor is adjusted at unity. The optimization technique is based on an approximate circuit 
model which neglects the iron losses and fixes the magnetizing current. 
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The present paper aims at improving the performance of the wind-driven double-fed 
induction generator (DFIG) at the different wind speeds employing a basic control 
technique from the rotor side. The control is employed through injecting a voltage in the 
rotor side in-phase or in-phase opposition to the rotor current using a rectifier-inverter set, 
and controlling the voltage magnitude such that the generator will trace the maximum 
wind power point. This technique will ensure catching the maximum wind mechanical 
power, and at the same time minimizing the apparent power dealt with through the rotor 
slip rings. In the present research a developed method is presented for calculating the 
required injected voltage at the different wind speeds. The research is performed through 
developing a steady-state frequency domain circuit model for the generator and a 
conventional mathematical model for the rest of the system. Based on these models, 
computer programs will be developed to compute the performance characteristics of the 
DFIG. Thereafter, the performance will be compared to that of the uncontrolled IG.  

2. System Description and Control Strategy 

2.1. Studied System 

The system under study (Figure (1)) comprises a variable-speed wind-driven grid-
connected double-fed induction generator. The stator of the generator is directly connected 
to the grid. The generator slip-ring rotor is connected to the grid through a set of two 
controlled three-phase bridge converters.  

 

Fig. (1). DFIG system 
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2.2. Control Strategy 

The generator control is performed by adjusting the magnitude of the rotor injected 
voltage while its phase is in-phase or in-phase opposition to the rotor current. The control 
strategy aims to regulate the speed of the generator to force the turbine to operate such 
that it will [18], 

i. Limit the minimum speed of operation (region 1) at low wind speeds. 
ii. Follow the curve of maximum power extraction from variable speed operation 

with partial load (region 2) at intermediate wind speeds. 
iii. Limit the maximum speed at partial load operation up to the rated generator 

power (region 3) at high wind speeds. 

 

3. System Modelling 

3.1. Wind-turbine Modelling 

Commonly, the torque and power are expressed in terms of non-dimensional torque and 
power coefficients (CQ) and (CP) respectively as follows [18& 19]  

      
  (1) 

       
  (2) 

Note that the coefficients are written in terms of the pitch angle β and the so-called tip-
speed-ratio λ defined as  

                                                                             
 (3) 

Figure (2) depicts typical coefficients CQ (λ) and CP (λ) of fixed pitch turbines in two-
dimensional graphs. 
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Fig. (2). Typical variations of CQ and CP for a fixed-pitch wind turbine 

3.1. Single-Fed Induction Generator Modelling 
Figure (3) shows the steady state equivalent circuit of the normally run induction generator 
with its stator terminals connected to the supply, and its rotor is short-circuited. This is the 
usual equivalent circuit of induction machines [2] keeping in mind that the slip is negative.  

 

Fig. (3). SFIG Equivalent circuit (Generator convention reference) 
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The shaft torque of the generator is governed by the following Equation (2): 

𝜏 =  
3 𝑉𝑇

2 𝑅2 𝑠⁄

𝜔𝑠[(𝑅𝑇 + 𝑅2/𝑠)2 +  (𝑋𝑇 + 𝑋2)2]
                                                 (4) 

Thevinin’s equivalent circuit parameters; VT, RT and XT, are given by 

𝑉𝑇 =  
𝑉1𝑍𝑚𝑠

√(𝑅1 + 𝑅𝑚𝑠)2 + (𝑋1 + 𝑋𝑚𝑠)2
                                                      (5) 

𝑅𝑇 + 𝑗𝑋𝑇 = (𝑅1 + 𝑗𝑋1)// 𝑗𝑋𝑚 // 𝑅𝑚                                                     (6) 

Where Rms and Xms are the components of Zms; the equivalent series impedance of the 
parallel combination Rm and Xm.  

The output current, power factor, active power, reactive power and losses at a specified 
slip; s and terminal voltage; Vs can be determined as usual for the ac circuit analysis using 
the generator equivalent circuit. 

3.2 Double Fed Induction Generator Modelling 

Figure (4) shows a frequency domain circuit model of the 3-phase induction generator 
when doubly fed [2]. The stator terminal voltage is considered constant assuming an ideal 
network linking transformer. The injected voltage in the rotor is assumed pure sinusoidal 
due to the filters action.  

 

Fig. (4). Equivalent circuit of the DFIG 
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The equations governing the generator different voltages, currents and power 
components are as follows: 

Pm = (1-s) (-3 Ir
2 Rr/s + 3 Vr/s Ir P.fr)     (7) 

Pe =  3 Vs Is P.fs - 3 Vr Ir P.fr      (8) 

PLoss = Pcore + Pcu = Pm - Pe      (9) 

η = Pe/Pm        (10) 

Qs = 3 Vs Is sin (ψs – φs)      (11) 

Qr = – 3 Vr Ir sin (ψr – φr)      (12) 

In the previous equations, the different phasors are denoted as 

Vs = Vs ∟ψs, Is = Is ∟φs, Vr = Vr ∟ψr and Ir = Ir ∟φr  (13) 

In the case of the basic control strategy where the rotor injected voltage is in phase 
or in phase-opposition, the rotor injected voltage can be considered as a voltage drop on a 
positive or negative resistance added in the rotor circuit. 

The induced torque of the induction generator is related to the applied voltage, slip 
and the equivalent circuit parameters as follows [2]: 

𝜏 =  
3 𝑉𝑇

2 𝑅2 𝑠⁄

𝜔𝑠[(𝑅𝑇 + 𝑅2𝑡/𝑠)2 +  (𝑋𝑇 + 𝑋2)2]
                                              (20) 

where VT, RT and XT are the Thevenin's equivalent circuit parameters of the stator, and R2t 
is the total resistance of the rotor circuit and is given by 

 R2t= R2 + Radd        (21) 

Where Radd is the virtual added rotor resistance.  

Vr =  - Ir Radd         (22) 

Depending on the sign of the added rotor resistance, and adopting the generator 
convention reference, the rotor injected voltage will be in phase opposition to the rotor 
current when Radd is positive, while it will be in phase with the rotor current when Radd is 
negative. 
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4. Algorithms and Computation Methodologies 

4.1 Algorithm of Computing the Performance of the Single Fed Induction 
Generator 

The SFIG performance characteristics at different wind speeds are determined 
using the following algorithm: 

i- The generator is assumed to run near its synchronous speed (1500 rpm) at 
wind speed 6.75 m/s while the tip-speed ratio; λ, at this condition gives the 

maximum Cp value of the turbine (0.445). 
ii- At other value of the wind speed, keeping in mind that the generator still 

runs very near to its nominal synchronous speed, the tip-speed ratio is 
determined. 

iii- Using the characteristic of the wind-turbine (Figure (2)), CQ and Cp are 
determined, and consequently the mechanical torque is determined. 

iv- At this torque, the slip is determined using Equation (4). 
v- At this slip, the generator speed is determined, and hence new value of tip-

speed ratio is determined. Then the steps are repeated starting from step (iii) 
till a final value of slip is achieved. 

vi- At this slip, the output current, active power, reactive power and power 
factor etc. are determined using the equivalent circuit of the SFIG (Figure 
(3)) 

4.2 Algorithms of Computing the Performance characteristics of the DFIG 

The phase of the rotor injected voltage required to adjust the generator speed and 
consequently the wind turbine at the point of maximum extracted wind mechanical power 
depends on the value of the wind speed. At wind speeds higher than the base speed (about 
6.75 m/s in our case), the phase is such that electrical power is drawn from the rotor, and 
the generator is driven at super-synchronous speeds. At wind speeds lower than the base 
speed, the phase is such that electrical power is delivered to the rotor, and the generator is 
driven at sub-synchronous speeds. At speeds higher than the base speed, the rotor injected 
voltage should be in phase opposition with the rotor current or around this phase. At speeds 
lower than the base speed, the injected rotor voltage should be in phase with the rotor 
current or around this phase.  

An analytical technique is used in the case of the basic control strategy using the 
following algorithm: 

i. At any wind speed, the generator speed and, hence the corresponding generator 
slip will be determined such that the tip speed ratio is the one corresponding to 
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the maximum power coefficient to trace the maximum extracted wind 
mechanical power. 

ii. At this wind speed, the turbine driving torque corresponding to the maximum 
extracted wind mechanical power is determined using Figure (2) and Equation 
(2). 

iii. At steady state the induced generator torque is equated to the turbine torque. 
Thus, using Eqn. 20 is used to determine the virtual added resistance; Radd on 
which the rotor injected voltage appears. Two values of Radd will be obtained, 
and one proper value is chosen such that operation in the stable region is realized. 

iv. Using the equivalent circuit of Figure (4) replacing Vr by Radd, all the generator 
variables such as the stator current, rotor current, output electrical power, losses, 
efficiency, e.t.c are determined. 

5. Results and Discussions 

A system consisting of a wind turbine driving a 2 MVA DFIG has been studied. The 
specifications and parameters of the system are given in Appendix 8.1. 

5.1 SFIG Performance Characteristics 

To evaluate the performance characteristics of the DFIG, it will be helpful to 
compare it with the SFIG. The SFIG performance characteristics have been determined 
using the algorithm given in section 4.1. The initial input tip-speed ratio, torque 
coefficient, and driving torque at different wind speeds in this case are given in Appendix 
8.2. 
The computed performance characteristics in case of SFIG are shown in Figures (5-8) 
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Fig. (5). Output active power in case of SFIG versus the wind speed 

 

 

Fig. (6). Generator efficiency versus the wind speed of the SFIG 
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Fig. (7). Output reactive power and power factor of the SFIG versus the wind-

speed  

 

Fig. (8). Stator and rotor currents of the SFIG versus the wind speed 
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The computed performance characteristics of the SFIG reveals that the output active 
power increases as the wind speed increases (Figure (5)). The generator efficiency 
increases as the wind speed increases till it reaches a maximum value of about 86 % at 
wind speed of about 6 m/s (Figure (6)). At higher wind speeds, the efficiency begins to 
decrease again. The generator consumes reactive power, and this reactive power increases 
as the wind speed increases (Figure (7)). Although the reactive power increases with the 
increase of the wind speed, the stator power factor increases as the wind speed increases. 
The stator power factor exhibits a saturated pattern at speeds above the base speed (Figure 
(7)). Investigating the stator and rotor currents depicted in Figure (8), it can be concluded 
that to avoid overloading the generator, it should not be operated at wind-speed higher 
than about 8.3 m/s when single-fed. At wind-speeds higher than 8.3 m/s, the stator current 
will exceed its rated value (1760 A). Thus, the maximum output power is about 1.76 MW 
at wind speed of 8.3 m/s. It is useless to operate the generator at wind speeds less than 5 
as the output power will decrease to the extent that at wind speed around 3.3 m/s, the 
generated power will not be enough to cover the stator losses. The machine will draw 
electrical power from the stator side to cover part of the stator losses. 

5.2 DFIG Performance Characteristics 

The three regions of operation of the DFIG system is shown in Figure (9) which 
gives the relation between the generator speed and the wind speed over the three regions. 
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Fig. (9). DFIG speed versus wind speed for the 3-operation regions. 

The input mechanical power to the generator at differen wind speeds over the three 
regions of operation is given in Appendix 8.2. 

The magnitudes of the rotor voltage which should be injected in phase or in phase-
opposition to the rotor current such that the generator runs at speed enabling the turbine 
to extract the maximum mechanical power from the wind have been calculated at different 
wind-speeds using the algorithm presented in Section 4.2. The performance characteristics 
of the DFIG which is controlled using this basic control algorithm are shown in Figures 
(10-14).  
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Fig. (10). Magnitude and Phase-angle (w. r. t the stator voltage) of the rotor 
injected voltage versus the wind speed when employing the basic control strategy 

 

Fig. (11). Stator, rotor and total output active powers versus the wind speed when 
employing the basic control strategy 



Control of Double-Fed Wind-Driven Induction Generator … 71 

 

Fig. (12). The generator efficiency versus the wind speed when employing the basic 
control strategy 

 

Fig. (13). Stator power factor and output reactive power versus the wind speed 
when employing the basic control strategy 
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Fig. (14). Stator and rotor currents versus the wind speed when employing the 
basic control strategy 

Comparing the performance characteristics of the DFIG when employing the basic 
control strategy to those of the SFIG reveals the following: 

- The output active power of the generator is increased by double-feeding especially 
at wind speeds far from the base speed. For example, at wind speed of 3.5 m/s, 
the total output active power is 0.113645 MW for DFIG while it is about 0.012 
MW for SFIG which means an increase of about 847 %. At wind speed of 9 m/s, 
the total output active power is about 2.09131 MW for DFIG while SFIG is not 
allowed to work at this speed. The maximum output power of the SFIG is about 
1.76 MW at 8.3 m/s. This means an increase of the maximum output power of 
about 18.82 % (Figures (5 and 11)).  

- The generator efficiency has a maximum value of about 84% at wind-speed of 
about 6.5 m/s, while the lowest efficiency value is about 51.4% at wind speed of 
3.0 m/s (Figure (12)).  

- The DFIG consumes reactive power from the stator side ranging from 0.59565 
MVAR up to 1.16322 MVAR, while the SFIG consumes reactive power ranges 
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from 0.5876 MVAR at 3.5 m/s up to 1.145 MVAR at 8.3 m/s. The reactive power 
consumption is more or less the same (Figures (7 and 13)). 

- The DFIG does not consume any reactive power from the rotor side. This is 
expected as the injected voltage is in phase or in phase opposition to the rotor 
current.  

- Although the output power of the generator is clearly increased by doubly feeding 
it, the stator and rotor currents are almost within their rated values over the entire 
wind speed range (Figure (14)). The stator current is slightly above its rated value; 
1.012 p.u, at wind speed of 9 m/s.  

6. Conclusions 
The present research is aimed at improving the performance of the double-fed 

induction generators used with wind turbines at different wind speeds through employing 
control techniques from the rotor side. The inverter-rectifier set in the rotor circuit has 
been adjusted to inject a voltage in phase or in phase-opposition to the rotor current such 
that the generator runs at the speed which allows the wind turbine to extract the maximum 
mechanical power from the wind, while the apparent power dealt with through the rotor 
slip rings is minimized.   

The results show that the rotor injected voltage phasors required for each control 
strategy are somewhat different at each wind-speed, and clearly vary as the wind speed 
changes. The variation can be described for the three modes of operation as follows: 

i- Over the first mode of operation and up to the base wind speed, the phase of 
the rotor injected voltage is around the rotor current phase. 

ii- Above the base wind-speed, the phase of the rotor injected voltage is around 
the phase-opposition of the rotor current. 

iii- The magnitude of the rotor injected voltage is more or less constant over the 
first mode and over the third mode. While, over the second mode it decreases 
rapidly as the wind speed goes in the direction of the base speed. 

The utilized wind energy, and consequently the output power from the DFIG is 
clearly increased when compared with those of the SFIG. 
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8. Appendices 

8.1 Generator and Turbine Data 
The data and parameters of the studied induction generator and wind-turbine are given in 
Tables (1-3). 

Table (1). Main Characteristics of the Generator 

Nominal stator active power 2.0 MW 
Nominal torque 12732 Nm 
Nominal stator voltage 690 V 
Rotor to stator voltage ratio 2.6 
Nominal stator current 1760 A 
Nominal rotor current referred to the stator side 1807 A 
Nominal speed 1500 rpm 
Speed range 900–2000 rpm 
Pole pairs 2 

Table (2). Parameters of the Generator Circuit Model 

Magnetizing inductance Lm  2.5 mH 
Rotor leakage inductance Lr  0.087 mH 
Stator leakage inductance Ls  0.087 mH 
Rotor resistance Rr  0.026 ohm 
Stator resistance Rs  0.029 ohm 

Table (3). Turbine Parameters 

Type Horizontal axis turbine 
Radius  62 m 
Nominal wind speed 9 m/s 
Variable speed ratio (minimum–

maximum turbine speed) 
9–18 rpm 

Optimum tip speed ratio  6.3 
Maximum power coefficient Cp_max  0.455 

 
8.2 Wind-turbine Initial Mechanical Outputs in Case of SFIG 
The wind turbine extracted torques in case of SFIG at different wind speeds are given in 
Table (4). 
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Table (4). Initial inputs of the wind-turbine in case of SFIG 
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Appendix 8.3: Wind-turbine Mechanical Power at Different Wind Speeds 
The mechanical power extracted from the wind at different wind speeds over the three 
regions of operation is given in Table (5). 

Table (5). Wind-turbine mechanical power at different wind speeds 
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م، وتعمل دارة الرياح عند سرعات استغلال الطاقة المتجددة كطاقة الرياح تجد اهتماما متزايدا هذه الأيا. ملخص البحث
متغيرة، ولهذا يوصى باستخدام مولد الحث مع تلك الدارة للتوافق مع ذلك . يهدف البحث الحالي إلى تحسين أداء نظام 
مولد الحث ثنائي التغذية والمدار بطاقة الرياح عند سرعات الريح المختلفة. ولهذا الغرض يستخدام مجموعة مغييرين تربط 

لعضو الدار بالشبكة وتقوم بحقن جهد معين في دائرة العضو الدوار. هذا الجهد يؤدي إلى دوران المولد عند السرعة دائرة ا
التي عندها يستخرج المولد أعلى قدرة ميكانيكية من الرياح. ويقدم البحث طريقة تحليلية جديدة لحساب الجهد المحقون 

مة تخيلية موجبة أو سالبة مضافة في الدائرة المكافئة للمولد في نطاق التردد في دائرة العضو الدوار بتمثيله بجهد عبر مقاو 
والتي تمثل الحالة المستقرة للمولد. وبناء على نموذج رياضي تم بناؤه طور برنامج حاسوب لحساب خواص أداء المولد، وتم 

 سا باستخدام التغذية الثنائية.مقارنة الأداء بأداء المولد أحادي التغذية، ولقد أظهرت المقارنة تحسنا ملمو 
 


