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Abstract
This paper presents the development and experimental verification of the mathematical model of wind turbine and Doubly 
Fed Induction Generator (DFIG) using the current control and voltage estimation method between the DC link. The rotor 
of the induction generator (IG) is rotated with the wind turbine at a specific speed. The DFIG is directly coupled with a grid 
station and the synchronization between DFIG and the grid station is controlled by setting two converters: Machine Side 
Converter (MSC) implemented with the rotor side and Grid Side Converter (GSC) implemented with the grid. PI controllers 
have been utilized in the control loops and the parametric range is extracted to maximize the mechanical power transferred 
to the IG rotor. The model is tested under three conditions DFIG running at super synchronous speed, synchronous speed, 
and under synchronous speed using MATLAB Simulink. In the end, the same model is also tested through a series of experi-
ments using lab modules. The results show that the proposed model is much simplified and accurate as compared to previous 
versions available in the literature.

Keywords DFIG modelling · Induction generator · Wind turbine · Grid side converter · Machine side converter

List of Symbols
A  Turbine swept area
�  Blade Pitch angle

ψr  Rotor side flux
ψs  Stator side Flux
CP  Performance factor
Cp  Power coefficient
DFIG  Doubly fed induction generator
DSL  Dynamic simulation language
Ewind  Wind energy
GSC  Grid Side converter
H  Motor inertia
IG  Induction generator
is  Stator current
ir  Rotor current
Iabc  Three phase line current
Lm  Mutual inductance
Lr  Rotor side inductance
Ls  Stator side inductance
�  Tip speed ratio
Pg  Grid active power
P  Number of poles
Pm  Mechanical power
Qg  Grid reactive power
Rr  Rotor resistance
Rs  Stator resistance
Te  Induced torque
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Tm  Mechanical torque
VDC  DC voltage
Vabc  Three phase line voltage
Vr  Rotor side voltage
Vs  Stator side voltage
Vwind  Wind velocity
�e  Synchronously rotating angle
�r  Rotor angular velocity (rev/min)
�s  Synchronous speed (rev/min
MSC  Machine side converter
NREL  National Renewable Energy Laboratory
t  Time
THD  Total harmonic distortion

1 Introduction

It has been estimated that power generation through wind 
will reach 300 GW until 2020, which is 20% of the whole 
energy production [1] The increasing demand for energy 
by society leads to scarcity of natural resources like coal, 
natural gas and oil [2] Renewable energy resources includ-
ing wind, solar and dams are considered as everlasting forms 
of energy extraction methods but each method has certain 
limitations. However, wind energy and hydropower stations 
have many things in common and both of them can be syn-
chronized together to get even a high amount of power.

While considering wind energy as a renewable energy 
source, the induction generator (IG) becomes really impor-
tant. The conventional power plants utilize synchronous gen-
erator as they operate at synchronous speed and consumes 
high cost to regulate their speed by using a prime mover, 
mostly diesel engines and are the least cost-effective than 
induction machines. On the other hand, IG which is mostly 
self-exited can operate on variable speed even higher than 
synchronous speed [3] and are mostly suitable when con-
nected by wind turbines.

The wind gyrators units use fixed and variable speed 
turbines [5], despite varying wind variable wind generators 
are opted to capture maximum power. Among all the vari-
able speed generators double-fed generators (DFIG) coupled 
with the rotor side, power converters are now commonly 
available. Recently, the control of high performing induc-
tion machines has gained a lot of attention from industrial 
applications. The wind generator manufacturing companies 
are required to provide descriptive simulation model for their 
product [6]. Since this information is confidential and ven-
dors do not provide such information, therefore, the math-
ematical modeling of such machines has attracted researches 
a lot in predicting the load characteristics and this is mainly 
due to the varying modes of operation including both steady-
state and dynamic state [7, 8]. Much of the work has been 
done in simplifying the model, the impact of DFIG model 

simplicity was of main concern and the model stability was 
analyzed by neglecting resistance of rotor and stator [9].

The WTG model thus developed were validated by [10] 
and it showed the importance of distributed modeling in 
wind farm through IEC 61400-27 standard. Field-based 
measurement, the IEC Type-3 model for wind turbines based 
on voltage controller and wind power factor controller is 
verified in [11].

Although the current control based model has widely 
been used for DFIG modeling, but the model validation in 
previous works is carried out by using step input reference. 
However, it requires intensive analysis for various conditions 
when DFIG is connected to the grid under various modes. 
The IEC/WECC Type-3 WTG model is one of the bench-
marks of the current–source model. The simulation-based 
DFIG model and its applications are described in [12] but 
still, it lacks the analysis.

In this paper, our contribution is to present the mathemat-
ical model analysis of wind turbines connected with the cur-
rent control IG which is synchronized with the power grid 
station by implementing the DFIG controller to power elec-
tronics converters serving between the grid side and rotor 
side of IG. The power electronics converter model between 
the grid and the DFIG is based on the current control loop 
that monitors the speed of the wind turbine and its control 
through the current control strategy instead of just stepped 
input. The model of DFIG and its synchronization with the 
grid is also investigated through the synchronization of GSC 
and MSC and the back and forth power transfer in sub to 
synchronous and super synchronous operation in along with 
lab experiment.

This paper will be organized as follows. In Sect. 1 a 
brief history has been presented for the related work done 
on DFIG, Sect. 2 presents the mathematical model of wind 
turbine and suggests parameters for obtaining maximum 
mechanical power from a wind turbine and implements the 
mathematical model of DFIG, Sect. 3 presents the converter 
modeling strategy, Sects. 4 and 5 presents grid and machine 
side converters, Sect. 6 the simulation and experimental 
results for our proposed scheme and Sect. 7 concludes the 
whole discussion.

2  Wind Turbine Modeling and Integration 
with DFIG

The wind turbine shown in Fig. 1 is directly coupled with the 
rotor of the IG. The wind turbine extracts wind energy from 
the swept area of the rotor and transforms it into electrical 
energy. The mechanical power (Pm) delivered by the wind 
turbine is given by the following Eq. [13]
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where (Cp) is known as the coefficient of power, (A) is the 
turbine’s blade swept area (m2) , (�) is the air density (kg∕m3) 
and 

(

Vwind

)

 is the velocity of the wind in (m∕s).
The energy delivered by the turbine towards the IG rotor 

is given by the following Eq. [14]

During power transformation, not all the power is deliv-
ered by the wind to the rotor. Since the energy remains 
conserved, therefore, using Betz theorem [14] the mechan-
ical power can be obtained using the performance power 
coefficient ratio and is given by the following equation

In Eq. (1) Cp is not a constant but is a two-dimension 
dependent state function. One parameter is known as frac-
tional tip speed (�) and other one is blade pitch angle (�) 
and is expressed by using the following equation

Here, �r is the angular velocity (rev/min) of the turbine 
rotor and is controlled by using gearbox. The mechanical 
torque induced (Tm) by the wind turbine during rotation is 
given by the following Eq. (6) where (CT ) is termed as the 
torque coefficient and is given by Eq. (7)

The state variables of power coefficient for VSWT [15] 
can be summarized by the following equation

(1)Pwind =
1

2
A�CpVwind

3,

(2)Ewind = Pm × t.

(3)Cp =
Pm

Pwind

.

(4)� =
�rR

Vwind

.

(5)Pm = Tm�r,

(6)Tm =
1

2
AR�CTVwind

2,

(7)CT =
CP

�
.

The mechanical power obtained from the wind turbine 
as a function of wind speed at various blade pitch angles is 
shown in Fig. 2. Similarly, the performance coefficient of 
the wind turbine termed as implicit function of the speed 
tip ratio is demonstrated in Fig. 3. The output character-
istics curves in Fig. 2 reveal that in the beginning the out-
put power drastically rises as the level of wind increases 
but then significantly drops to zero and the amplitude of 
turbine power also declines by increasing the pitch angle 
of blades. Similarly, the performance factor (CP) at first 

(8)

Cp(�, �) = 0.73

[

151

�i
− 0.58� − 0.002�2.14 − 13.2

]

e18.4∕�i .

Fig. 1.  Windmill connected to wind turbine

Fig. 2  The turbine power delivered as a function of wind speed for 
different blade angles

Fig. 3  Performance coefficient factor as a function of the speed tip 
ratio for different blade angles
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increases but then starts to decline as the tip ratio crosses 
its knee value as shown in Fig. 3. 

The adopted model of DFIG is an analytical model 
of the following equations and the basic configuration is 
shown in Fig. 4 [14]. Where the induction machine works 
as a motor when the rotor angular velocity is less than syn-
chronous velocity and works as a generator when the rotor 
angular velocity is greater than the synchronous veloc-
ity. The three-phase induction machine can be translated 
into a two axis synchronously rotating frame of reference 
using Clark and Park transformation theorems. The result-
ing frame of reference corresponds dynamic quadrature 
d-q with (�e) synchronously rotating angle [13, 16]. Using 
the basic model of squirrel cage wound rotor type induc-
tion motor as shown in Fig. 5 can be modified to operate it 
as an induction generator at variable speed and the equa-
tions in a d-q model for stator and rotor sides are lined as 
follows. 

The stator and rotor circuit equations (referred to stator) 
in the stationary frame of reference become:

The d-q transformed stator circuit equations in a syn-
chronously rotating frame of reference are:

(9)Vs
s
= Rsi

s
s
+

dψs
s

dt
,

(10)Vs
r
= Rri

s
r
+

dψs
r

dt
.

Similarly, rotor circuit equations turn out to be:

Flux linkages in terms of currents are given by:

The electromechanical torque is given by

where (P) is the number of poles of the induction machine.

where (H) is the inertia constant (wb) is the base frequency 
and  Tm is the machine induced torque. In order to make it 
work as a generator rotor is rotated using a wind turbine, 
this creates a reverse torque, and the power of the generator 
increase. Since there is a limitation because of a lack of field 
excitation, reactive power is supplied by connecting reactive 
load like a capacitor at the stator side.

3  Converter Modeling

The basic structure of DFIG consists of only two main con-
trollers which are employed in Grid Side Converter (GSC) 
and Machine Side Converter (MSC). The GSC controller 

(11)Vqs = Rsiqs +
dψqs

dt
+ �sψqs,

(12)Vds = Rsids +
dψds

dt
− �sψds.

(13)Vqr = Rsiqr +
dψqr

dt
+ (�s − �r)ψqr,

(14)Vdr = Rsidr +
dψdr

dt
− (�s − �r)ψdr.

(15)ψqs = Lsiqs + Lmiqr = LIsiqs + Lm
(

iqs + iqr
)

,

(16)ψds = Lsids + Lmidr = LIsids + Lm
(

ids + idr
)

,

(17)ψqr = Lriqr + Lmiqs = LIriqr + Lm
(

iqs + iqr
)

,

(18)�dr = Lridr + Lmids = LIridr + Lm(ids + idr)

(19)ψqm = Lm
(

iqs + iqr
)

,

(20)ψdm = Lm
(

ids + idr
)

.

(21)Te =
(

3

2

)(

P

2

)

(

ψdsiqs − ψqsids
)

,

(22)
d
(

wr∕wb

)

dt
=

1

2H

(

Te − Tm

)

,

Fig. 4  Integration of DFIG with wind turbine

Fig. 5  The control scheme for MSC
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controls the DC link voltage and power exchange with the 
grid while the MSC controller controls the power of the 
stator. A classical vector control method is used in this 
work to control the DFIG [17]. DC link voltage is esti-
mated by using the following equation [18, 19].

4  Machine Side Converter (MSC)

The MSC is designed by a vector control method using the 
stator flux scheme shown in Fig. 5. The d-axis is in align-
ment with the stator flux. There’s a linear relationship 
between stator flux and grid voltage. If we neglect the small 
voltage drop caused by stator resistance, we get:

This results in the following equations

From the above equations, we can calculate the d-q axis 
stator currents

Substituting the values of iqs and ids in  Ps and  Qs, we get

The above-mentioned rotor dynamic and quadrature cur-
rents serve as a current controlling model of IG.

The PWM converter is employed on the rotor and the 
control is done by PWM signals, the stator and rotor current, 
and the position of the rotor [20].

The MSC converter controller can be designed using sta-
tor flux control. There are two cascaded control loops of the 
MSC control scheme. The d-axis and q-axis rotor current 
components are regulated independently by the inner current 

(23)��� ≥
2
√

2
√

3�
���.

(24)Vqs = Vg ≈ �s�s.

(25)�qs = Lsiqs + Lmiqr = 0,

(26)�ds = Lsids + Lmidr = �s.

(27)iqs = −
Lm

L s
iqr,

(28)ids =
ψs − Lm

Ls
idr.

(29)iqr = −
2Ls

3VgLs
Ps,

(30)idr = −
2QsLm

3VgLs
Qs.

control loop with respect to some synchronously rotating 
reference frames [17].

The inner current control loop can be designed using the 
Eqs. (12) and (13). A Proportional and Integral (PI) con-
troller is designed for this purpose. The proportional and 
integral gain is decided using these equations.

where σ is given by

The gains of the PI controller have been tuned using Zie-
gler Nichols method [21] followed by experimental fine tun-
ing and are mentioned in Table 1.

5  Grid Side Converter (GSC)

The power of the grid is used to model the current loops that 
control the IGBTs using PI controllers. The active power 
components give the reference grid current of the dynamic 
axis, while the reactive power gives the grid current of the 
quadrature axis as in Eq. (33) to (36). The required vector 
control strategy is accomplished by aligning the dynamic 
axis of the synchronous frame with the vector of grid 
voltage.

(31)vdr = (kp +
ki

s
)
(

i∗
dr
− idr

)

− s�r�Lriqr,

(32)vqr = (kp +
ki

s
)
(

i∗
qr
− iqr

)

+ s�r(�Lridr) +
Lm

2

Ls

ims,

(32)� = 1 −
Lm

2

LsLr

.

(33)Pg =
3

2

(

Vdgidg + Vqgiqg
)

=
3

2
Vdgidg,

(34)Qg =
3

2

(

Vqgidg − Vdgiqg
)

= −
3

2
Vdgiqg,

(35)i∗
dg

=
2P∗

g

3Vdg

,

(36)i∗
qg

= −
2Q∗

g

3Vdg

.

Table 1  Parameters for PI 
controller

Gain Value

Kp 0.07
Ki 10
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The three-phase line voltage 
(

Vabc

)

 and current 
(

Iabc
)

 are 
used to estimate the stator fluxes. The rotating angle of the 
rotor is obtained from DFIG and then the a-b-c model is 
transformed into a d-q model where all the rotating cur-
rents are obtained using PI controllers. Finally, rotor d-q 
voltages are accomplished as stated in Eq. (31) and (32), 
these switching voltages are used to generate PWM signals 
that control switching of IGBTs as shown in Fig. 6

6  Results and Discussions

This section completely illustrates the DFIG model imple-
mentation and its operation through simulation results. The 
model is developed to test under three conditions i.e. sub-
synchronous speed, synchronous speed, and super synchro-
nous speed. The reactive and active power impacts on rotor 
speeds by connecting capacitor is observed against grid and 
machine side converters through voltages.

For DFIG to work in super-synchronous mode, the rotor 
angular frequency is much higher as compared to the stator 
angular frequency. Initially the value of slip is assumed to 
be zero and the turbine supply two times of the p.u torque 

(37)Vaf = Rf iag +
diag

dt
Lf + Vag,

(38)Vbf = Rf ibg +
dibg

dt
Lf + Vbg,

(39)Vcf = Rf icg +
dicg

dt
Lf + Vcg.

Fig. 6  The vector control diagram of the GSC mode

Fig. 7  Torque induced by machine running in super synchronous 
model

Fig. 8  Three phase stator and rotor voltage induced in super synchro-
nous model
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to the rotor and thus the positive torque induces the volt-
age across the stator. The torque induced by the machine 
is shown in Fig. 7. It can be clearly seen that the torque 
induced is positive. The induced stator and rotor voltages 
are shown in Fig. 8. The waveform of induced stator three 
phase voltage frequency is found to be less as compared 
to the frequency of rotor. This implies that power is fed to 
the grid side. This clearly illustrates that slip has become 
negative and the machine is acting as generator. The active 
and reactive power consumed by the stator and rotor are 
shown in Figs. 9 and 10. It is clear that rotor active power 
consumed is almost negligible and reactive power con-
sumed is due to reactive element connected at stator side.   

In synchronous mode, the rotor and stator frequency 
becomes equalized and in this way, the slip approaches 
to zero. In this mode, no power is transferred to the grid 
side by the induction generator. In this way, the active 
component of the rotor becomes zero however, the reactive 

Fig. 9  Stator active and reactive power during super synchronous 
model

Fig. 10  Rotor active and reactive power in super synchronous model

Fig. 11  Stator side active and reactive power running in synchronous 
mode

Fig. 12  Rotor side power consumed in synchronous mode

Fig. 13  Torque induced in synchronous mode
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power of the rotor will exist due to the reactive element 
connected by the stator as shown in Figs. 11 and 12. The 
induced torque in Fig. 13 shows that the induction machine 
is baring the load and at this stage the power is not delived 
to the grid side and nor we can say that the machine is 
totally running in motoring mode. The three phase rotor 
and stator side voltages induced are shown in Fig. 14. The 
system is highly stable due to frequency synchronization.   

In the third condition, the double fed induction genera-
tor is made to run in sub synchronous mode. For this pur-
pose, the stator frequency will be more than that of rotor 
frequency. In this way, the DFIG will run below the syn-
chronous speed and the rotor will not be able to transfer 
power towards the grid. This will cause the slip to be lesser 
than one and greater than zero, now the power from the grid 
will be consumed by the rotor. The DFIG running lesser 
than synchronous speed draws power from the grid side 
towards the rotor and now the rotor consumes both active 

and reactive power from the grid side. The torque induced 
by the IG is shown in Fig. 15 and it can be clearly seen that 
motor is bearing a load and its torque will be positive, the 
three phase voltage induced waveforms of stator and rotor 
clearly indicate that the frequency of rotor is less than the 
stator side frequency as in Fig. 16. Since the power is con-
sumed by the motor therefore, the both active and reactive 
power component will be cosumed by both rotor and stator 
winding as shown in Figs. 17 and 18.   

The above simulation model was also tested by setting 
the testing bed in the lab and Labsoft was used to establish 
the wind farm emulator. The experimental setup prepared is 
shown in Fig. 19 The modern wind systems employ DFIG 
for variable wind speed control and ensure optimum energy 
transfer. The experimental setup consists of thirty-seven 
units and the list is presented in Table 2. The first test per-
formed shows the dependency of mechanical rotating speed 

Fig. 14  Three phase statot and rotor voltage induced in synchronous 
model

Fig. 15  Torque induced in sub-synchronous mode

Fig. 16  Thre phase stator and rotor voltage in sub-synchronous mode

Fig. 17  Stator side active and reactive power in sub-synchronous 
mode
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over the generated supply frequency. The statistical data in 
Table 3 shows that the DFIG behaved as the synchronous 
generator over the variable mechanical speed range with a 
wide range of frequencies. The next test performed reveals 
the influence of variable frequency rotor and the following 
conclusions were made (i) the stator frequency could be held 
constant by adjusting rotor frequency for certain mechanical 
delivered speed by the wind turbine. (ii) At constant speed 
the stator frequency can be varied via rotor frequency and 
(iii) Stator speed is the sum of rotor frequency and the fre-
quency of mechanical rotating wind turbine. the results have 
been summarized in Table 4.  

The results obtained from Tables 3 and 4 help to formu-
late a relationship to understand the impact of changing rotor 
frequency at a certain rotor current over the per phase stator 
voltage. The results presented in Table 5 help to conclude 
that by increasing the rotor frequency by just 10 Hz will 
increase the stator voltage at 50 Hz proportionally. Also by 
increasing the rotor current for the same rotor frequency 
will also increase the induced stator voltage per phase. The 
results for the influence of rotor current over stator voltage 
at different levels of rotor frequency have been summarized 
in Table 5.

In order to control power through DFIG, its power is var-
ied under sub-synchronous mode. This mode power required 
to excite the generator is received from the grid and in this 
mode power is fed to the DFIG. And the results have been 
demonstrated in Fig. 20 The power through generator can 
also be controlled by speed variation of generator. The 
results for speed variation of generator for fixed power sup-
plied by IG at 400 W can be controlled and fed to grid side 
is shown in Fig. 21. The GSC power will steady rise due to 
large consumption of reactive power. Similarly, the power 
can be controlled in super synchronous mode for both which 
means that now the rotor frequency is higher than stator 
frequency, this means that power is being fed to the grid 
side through MSC and GSC. In this case the DFIG power is 
steadily raised and the reactivein power of GSC will steadily 
decrease. The experimental result has been shown in Fig. 22. 

Fig. 18  Rotor side active and reactive power in sub-synchronous 
mode

Fig. 19  The experimental setup 
of Grid-connected DFIG



150 Journal of Electrical Engineering & Technology (2021) 16:141–153

1 3

7  Conclusion

This paper presented the implementation of an analytical 
model of DFIG connected with wind turbines and its inte-
gration with the grid using current control loops. The imple-
mented mathematical model was tested under synchronous, 

subsynchronous and super synchronous mode and the results 
obtained were briefly discussed in the above section. The 
results revealed that when the rotor is rotating at an angular 

Table 2  Equipment used to 
connect DFIG to Grid

Equipment code Description Number 
of units

CO3208-3A Controller for wind power plant DFIG 1
CO3208-3B Three-phase isolating transformer for wind power plant 1
SE2662-6 W Three-phase, multi-function machine (double fed generator) 1
SE2662-5 T Incremental position encoder (1024 pulses) 1
CO3636-6 W/CO2663-6U Servo machine test stand (1 kW) 1
SE2662-6A Coupling sleeve (1 kW) 2
SE2667-6B Coupling guard (1 kW) 2
CO5127-1Z Analog/digital multimeter 1
SO5148-1L Set of safety connecting cables (4 mm) 1
SO5126-9Y Safety connecting plugs (4 mm) 20
So5126-9R Safety connection plug (19/4 mm) with tap 5

Table 3  Mechanical speed influence over DFIG in synchronous mode

Mechanical Speed (rpm) 1200 1300 1400

Mechanical frequency (Hz) 40 44 47
Voltage frequency (Hz) 40 44 47

Table 4  Mechanical speed influence over DFIG in for variable rotor 
frequency (sub-synchronous mode)

Mechanical Speed (rpm) 1200 1300 1400

Voltage frequency (Hz) 10 7 3
Stator frequency (Hz) 50 50 50

Fig. 20  Power control by DFIG 
running in subsynchronous 
mode at variable power supplied 
by GSC

Fig. 21  Power control by DFIG running in subsynchronous mode at 
veriable speed
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frequency lower than the stator angular frequency then the 
power is fed to the rotor from grid side and when the angular 
frequency of rotor is higher than the stator angular frequency, 
the power is fed to the grid from rotor side. The mathemati-
cal model was also tested under the lab integrating the DFIG 
model with the grid under the same conditions and the results 
thus obtained completely validated our model. Further tests 
have been performed to analyze the change of rotor current and 
frequency over stator induced voltage. It showed that under sub 
synchronous mode the reactive power from GSC continuously 
increases in negative. However, in super-synchronous mode, 
the reactive power of GSC becomes positive due to a decrease 
in reactive power. The lab experiment has also been validated 
by running DFIG at variable and fixed speed to show the vari-
ation of power transfer from the grid to DFIG and toward the 
grid.

Acknowledgements The authors would like to thank to colleagues for 
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