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MODELLING, SIMULATION AND ANALYSIS OF DOUBLY
FED INDUCTION GENERATOR FOR WIND TURBINES
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∗

A Wind Energy Conversion System (WECS) differs from a conventional power system. The power output of a conventional
power plant can be controlled whereas the power output of a WECS depends on the wind. This nature of WECS makes it
difficult for analysis, design and management. Various approaches have been developed to study the behaviour of WECS.
In this paper, the steady state characteristics of a WECS using doubly fed induction generator (DFIG) is analysed using
MATLAB. The dynamic steady-state simulation model of the DFIG is developed using MATLAB. Simulation analysis
is performed to investigate a variety of DFIG characteristics, including torque-speed, real and reactive-power over speed
characteristics. Based on the analysis, the DFIG operating characteristics are studied.
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1 INTRODUCTION

Renewable energy including solar, wind, tidal, small
hydro geothermal, refused derived fuel and fuel cell ener-
gies is sustainable, reusable and environmentally friendly
and clean. With the increasing shortage in fossil fuels,
and pollution problems renewable energy has become an
important energy source. Among the other renewable en-
ergy sources wind energy has proven to be one of the most
economical one. Earlier Constant speed WECS were pro-
posed to generate constant frequency voltages from the
variable wind. However, Variable speed WECS operations
can be considered advantageous, because additional en-
ergy can be collected as the wind speed increases. Variable
speed WECS must use a power electronic converter. They
are classified as full power handling WECS and partial
power handling WECS. In full power handling WECS,
the power converter is in series with the induction or
synchronous generator, in order to transform the vari-
able amplitude/frequency voltages into constant ampli-
tude/frequency voltages and the converter must handle
the full power. In a partial power handling WECS, the
converter processes only a portion of the total generated
power (eg slip power) which poses an advantage in terms
of the reduced cost converter of the system and increased
efficiency of the system. This paper is focused on partial
power handling WECS using DFIG [1–4].

A dynamic steady state simulation of WECS is es-
sential to understand the behaviour of WECS [5–9].This
paper explores steady-state characteristics of a typical
variable-speed WECS that uses doubly fed induction gen-
erators using MATLAB. A Simulation analysis is per-
formed and a variety of DFIG characteristics, includ-
ing torque-speed, and real and reactive-power over speed
characteristics are analyzed.

2 WIND ENERGY CONVERSION SYSTEM

Figure 1 Shows a WECS using DFIG. A wind turbine
catches the wind through its rotor blades and transfers it
to the rotor hub. The rotor hub is attached to a low speed
shaft through a gear box. The high speed shaft drives an
electric generator which converts the mechanical energy
to electric energy and delivers it to the grid [10–12]. As
the wind speed varies, the power captured, converted and
transmitted to the grid also varies.

Pwind =
1

2
ρairArotorp(λ, β)V 3

w , (1)

λ = Rblade ωm/Vw (2)

where ρair is the air density in Kg/m3 , Arotor is the area
covered by the rotor blades Cp is the performance coef-
ficient of the turbine. Vw is the wind speed. The perfor-
mance coefficient Cp is a function of the tip speed ratio,
and the pitch angle of the rotor blades. It is determined
by aerodynamic laws and thus may change from one tur-
bine to other.

3 DOUBLY FED INDUCTION GENERATOR

A doubly fed induction machine is basically a stan-
dard, wound rotor induction machine with its stator
windings directly connected to the grid and its rotor
windings connected to the grid and its rotor windings con-
nected to the grid through a converter. The AC/DC/AC
Converter is divided to two components: the rotor side
converter and the grid side converter. These converters
are voltage sourced converters that use force commutated
power electronic devices to synthesize an AC Voltage from
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Fig. 1. Wind Energy Conversion System The power output from a wind turbine is given by the equation [7]

Fig. 2. Power flow in a DFIG

a DC source. A capacitor connected on the DC side acts as
the DC voltage source. A coupling inductor is used to con-
nect the grid side converter to the grid. The three phase
rotor winding is connected to the rotor side converter by
slip rings and brushes and the three phase stator wind-
ings are directly connected to the grid. The control sys-
tem generates the pitch angle command and the voltage
command signals Vr and Vgc for the rotor and grid side
converters respectively in order to control the power of
the wind turbine, the DC voltage and the reactive power
or the voltage at the grid terminals [13].

4 POWER FLOW IN DFIG

Figure 2 shows the Power flow in a DFIG. Generally
the absolute value of slip is much lower than 1 and con-

sequently the rotor electrical power output Pr is only a

fraction of stator real power output Ps . Since the electro-

magnetic torque Tm is positive for power generation and

since Ws is positive and constant for a constant frequency

grid voltage, the sign of Pr is a function of the slip sign.

Pr is positive for negative slip (speed greater than syn-

chronous speed) and it is negative for positive slip (speed

lower than synchronous speed). For super synchronous

speed operation, Pr is transmitted to DC bus capacitor

and tends to raise the DC voltage. For sub synchronous

speed operation, Pr is taken out of the DC bus capacitor

and tends to decrease the DC bus voltage. The grid side

converter is used to generate or absorb the grid electrical

power Pgc in order to keep the DC voltage constant. In
steady state for a lossless AC/DC/AC converter Pgc is

equal to Pr and the speed of the wind turbine is deter-
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Fig. 3. Conventional induction machine equivalent circuit

Fig. 4. Equivalent circuit of DFIG

mined by the power Pr absorbed or generated by the rotor
side converter. By properly controlling the rotor side con-
verter, the voltage measured at the grid terminals can be
controlled by controlling the grid side converter DC bus
voltage of the capacitor can be regulated.

5 POWER CONTROL OF DFIG

The phase sequence of the AC voltage generated by
the rotor side converter is positive for sub synchronous
speed and negative for super synchronous speed. The
frequency of this voltage is equal to the product of the
grid frequency and the absolute value of the slip. The
rotor side and the grid side converter have the capability
of generating or absorbing reactive power and could be
used to control the reactive power or the voltage at the
grid terminals. The rotor side converter is used to control
the wind turbine output power and the voltage (reactive
power) measured at the grid terminals. The grid side
converter is used to regulate the voltage of the DC bus
capacitor [14, 15].

6 DFIG STEADY STATE MODEL

The induction machine can be represented by the
transformer per phase equivalent circuit model where Rr

and Xr represent rotor resistance and reactance referred
to the stator side. The primary internal stator induced

voltage Esi is coupled to the secondary rotor induced
voltage Er by an ideal transformer with an effective turn
ratio aeff . But the equivalent circuit of Fig. 3 differs from
the transformer equivalent circuit primarily in the effects
of varying rotor frequency on the rotor voltage Er . In the
case of doubly fed induction machines, however there is a
voltage injected in to the rotor windings so that the nor-
mal induction machine equivalent circuit of Fig. 3 needs
to be modified by adding a rotor injected voltage as shown
in Fig. 4 [16–20].

From the equivalent circuit, for a doubly fed induction
machine the real and reactive power of stator PsW , PsQ

and rotor PrW , PrQ and the torque developed Tm can
be derived as follows

PsW = 3V1I1 cos(ΦV1
− ΦI1) , (3)

PsQ = 3V1I1 sin(ΦV1
− ΦI1) , (4)

PrW = 3V2I2 cos(ΦV2
− ΦI2) , (5)

PrQ = 3V2I2 sin(ΦV2
− ΦI2) , (6)

T = 3EsiIr cos(ΦEsi
− ΦI2) . (7)

where V1 , I1 and V2 , I2 are the effective (RMS) values
of the stator and rotor voltage and current respectively.

7 TORQUE SPEED CHARACTERISTICS

An effective way to understand the operating charac-
teristics of a DFIG is to investigate DFIG characteristic
curves through simulation. Unlike a traditional induction
machine, these characteristics not only depend on the ap-
plied stator voltage, but also depend on the injected rotor
voltage V2 . The amplitude and angle of this equivalent
injected rotor voltage changes as the real and reactive
power control signals from the rotor side converter varies.

When a traditional fixed-speed induction machine is
used for wind power generation the operating speed or
slip is affected only by the wind speed whereas when a
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Fig. 5. Simulated Torque-Speed
Characteristics of a DFIG (Vd = 0 pu)

Fig. 6. Simulated DFIG Torque Speed
Characteristics (Vq = 0.2 pu)

Fig. 7. Simulated DFIG Torque Speed
Characteristics (Vq = 0.2 pu , Vd negative)

Fig. 8. Simulated DFIG Stator Real
Power Characteristics (Vq = 0.2 pu)

Fig. 9. Simulated DFIG Stator Real
Power Characteristics (Vd = 0% pu)

Fig. 10. Simulated DFIG Reactive
Power Characteristics (Vd = 0 pu)

DFIM is used as a generator in a wind turbine the op-
erating slip of a DFIM is also affected by the injected
rotor voltage. Hence, the turbine output power and elec-
tromagnetic torque characteristics of DFIGs are different
from traditional fixed-speed induction machine. This pe-
culiar behaviour of DFIG can be simulated in MATLAB
and presented as different characteristic curves. As it is
known, a conventional fixed-speed induction machine op-
erates in generating mode for 1 < s ≤ 0 and motoring
mode for 0 < s ≤ 1. The common operating slips of a
fixed-speed induction machine lie within a very narrow
slip range around ±2 %. The normal motoring region lies
between 98 % and 100 % of synchronous speed, while the
normal generating region lies between 100 % and 102 %
of synchronous speed. Rated power is usually about 50 %
of peak powers. Unlike a traditional fixed-speed induc-
tion machine, a DFIG can run both over and below the
synchronous speed to generate electricity. The generat-
ing mode of DFIG corresponding to negative torque val-
ues extends from the negative slip (super synchronous
speed) to positive slip (sub-synchronous speed) region.
The DFIG torque-speed characteristics can be modified
by varying the amplitude and phase angle of the equiv-
alent injected rotor voltage. For simulation, the real and
imaginary components of the injected rotor voltage are
varied to observe the variation in the torque speed char-
acteristics. In order to reflect practical operating charac-
teristics of the DFIG, the simulation study is performed

corresponding to the decoupled DFIG control concepts.
It is also assumed that Vq keeps positive for real power
control but Vd can be positive or negative for reactive
power control.

Figure 5 presents the DFIM torque-speed character-
istics as the imaginary component, Vq , of the injected
voltage changes from 0 to 0.4 pu when the real compo-
nent, Vd , is fixed at 0 pu. It can be seen from the fig-
ure that when both the real and imaginary components
are 0, the DFIM torque-speed characteristic is the same
as the traditional induction machine torque- speed char-
acteristic, and the DFIM operates in generating mode
only above the synchronous speed. When increasing Vq

while keeping Vd constant, however, the DFIM torque-
speed characteristics shift more from over-synchronous
to sub-synchronous range to generate electricity, and the
DFIG becomes more stable because the pushover torque
increases too. In other words, under a constant turbine
driving torque, by increasing Vq , the DFIG operating
speed shifts to a subsynchronous speed for its generat-
ing mode. The variation in the real component of rotor
injected voltage, Vd , also affects the DFIG torque char-
acteristics. Fig. 6. shows the DFIM torque-speed charac-
teristics as a function of the real component of the in-
jected rotor voltage, Vd , is positive and changes from 0
to 0.5 pu while Vq is fixed at 0.2 pu. The increase of Vd

shifts the DFIM torque-speed characteristics more to sub-
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Fig. 11. Simulated DFIG Reactive
Power Characteristics (Vq = 0.2 pu)

Fig. 12. Simulated DFIG Reactive Power
Characteristics (Vq = 0.2 pu, Vd negative)

Fig. 13. Simulated DFIG Rotor Real
Power Characteristics (Vq = 0 pu)

Fig. 14. Simulated DFIG Stator Real
Power Characteristics (Vq = 0.2 pu)

Fig. 15. Simulated DFIG Rotor Real
Power Characteristics (Vq = 0.2,

Vd negative)

Fig. 16. Simulated DFIG Torque Over
Speed (small Vd values)

synchronous range for its stable generating mode, and the
DFIG becomes more stable because the pushover torque
increases for negative values of Vd . As shown in Fig. 7
under a constant Vq at 0.2 pu, the DFIG torque-speed
characteristics for its generating mode shrink while Vd is
negative and the absolute value of Vd increases. Figure 7
shows the simulated DFIG torque-speed characteristics
(Vq = 0.2 pu)

8 STATOR POWER

Stator power generation of a DFIM includes the active
and reactive powers sent to the grid through DFIM stator
winding. A conventional fixed-speed induction generator
sends real power to the grid when driven at speeds above
the synchronous speed but also draws inductive reactive
power from the grid for its magnetizing and leakage re-
active power needs. For a DFIG with an injected rotor
voltage, this characteristic may be changed.

The simulation study is conducted by keeping the
value of either Vq or Vd component constant while vary-
ing the other one. Figure 8 shows real power taken from
the power supply system by the DFIG as Vd increases
from −0.4 pu to 0.4 p.u while Vq is kept constant at
0.2 pu. Figure 9 shows the DFIG real power as Vq in-
creases from 0 pu to 0.6 p.u while Vd is kept constant at
0 pu

More simulation results show that DFIG torque-speed

characteristics can be shifted or expanded by varying

the amplitude of the rotor-injected voltage when both

Vq and Vd are positive. However, the DFIG exhibits a

different behaviour From the simulation results, it can be

concluded:

1) as either Vq or Vd component of the rotor injected

voltage increases positively, the DFIG real power gen-

eration characteristics shifts more into sub-synchronous

speed range,

2) as Vq or Vd increases positively, the generation

pushover power of a DFIG rises too, showing increased

DFIG stability and power generation capability, and

3) as Vd changes from negative to positive, DFIG real

power changes gradually from flowing into (motoring)

to flowing out of (generating) the induction machine.

A traditional induction machine, takes inductive reac-

tive power from the power supply system for its leakage

and magnetizing reactive power needs under both gener-

ating and motoring modes. But, this situation is different

for a DFIG due to the injected rotor voltage.

Figures 10 to 12 show the DFIG reactive power charac-

teristics. By analyzing the torque, real power and reactive

power characteristics as well as many other simulation re-

sults, it is obtained that
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Fig. 17. Simulated DFIG Rotor Reactive
Power Over Speed (small Vd values)

Fig. 18. Simulated DFIG Rotor Reactive
Power Over Speed (Vq = 0.2 pu)

Fig. 19. Simulated DFIG Rotor Reactive
Power Over speed (Vq = 0.4 pu)

1) increase of Vq can result in the expansion of DFIG
torque and real power characteristics for its generating
mode, it also results in more inductive reactive power
needed by the DFIG,

2) the increase of Vd not only shifts DFIG torque and
real powercharacteristics to its generating mode but
also reduce the DFIG inductive reactive power and even
could change it to capacitive, and

3) the increase of Vd negatively shrinks the DFIG torque
and real power characteristics for its generating mode
and results in more inductive reactive power need.

It can be concluded from the above analysis that
proper coordination between both Vq and Vd components
of the DFIG injected rotor voltage results in optimal oper-
ation of DFIG in terms of torque, real power and reactive
power.

9 ROTOR POWER CHARACTERISTICS

The rotor windings of a conventional fixed-speed
wound rotor induction machine are normally shorted by
the slip rings so that there is no power output from the
rotor of the induction machine. The rotor power under
both generator and motor modes are rotor copper loss.
For a DFIG, however, the rotor power means not only the
rotor copper loss but also real and reactive power passing
to the rotor, which is fed to the grid through the DFIG
frequency converter.

Figures 13 to 15 show the simulated real power pass-
ing to the DFIG rotor, under the conditions of a) Vq =
0 pu and Vd = 0 to 0.4 pu, b) Vd = 0.2 pu and Vq =
0 to 0.4 pu, and c) Vq = 0.2 pu and Vd = 0 to 0.4 pu

From the figures, as well as the simulation analysis, it
is found that

1) For both motoring and generating modes, the DFIG
sends an additional real power through its rotor to the
grid as shown in Figs. 13–15.

2) The characteristics of power sent to the grid through
DFIG rotor is mainly dependent on the amplitude of
the injected rotor voltage as shown in Figs. 13–15.

3) For high values of the injected rotor voltage, the real
power delivered to the DFIG rotor is maximum at syn-
chronous speed at which the DFIG rotor is equivalent

to a short circuit. A proper control of Vq and Vd is
essential to prevent high currents flowing in the rotor
and

4) A comparison between DFIG stator and rotor real
power shows that the rotor power is normally smaller
than the stator power and the difference between the
two really depends on the Vq and Vd values and the
slip.

There is also reactive power passing to the DFIG ro-
tor. Fig. 16. shows the simulated DFIG torque-speed and
Fig. 17. shows the rotor reactive power-speed character-
istics under the condition of Vq = 0 pu and very small
increment of Vd . With small increments in the rotor volt-
age, it can be seen from Fig. 16. how the DFIG torque
characteristics change from normal induction machine to
DFIM operating condition. The effect of injected rotor
voltage on rotor reactive power is clear from Fig. 18 to
Fig. 19. Basically, when there is no injected rotor volt-
age, there is no power passing through the rotor to the
DFIG frequency converter. As the injected rotor voltage
increases slightly, there is reactive power passing through
the rotor to the DFIG frequency converter as shown by
Fig. 18. From a detailed comparison study it is clear that
that rotor reactive power is capacitive when the DFIG
operates in a generating mode under a sub-synchronous
speed and is inductive otherwise.

More simulation results, such as Fig. 19, demonstrate
that with increased rotor injected voltage, the DFIG
shifts more to sub- synchronous speed range for its gener-
ating mode and the reactive power passing to the DFIG
frequency converter is more capacitive. This capacitive
reactive power increases the capacitor voltage of the fre-
quency converter.

10 CONCLUSION

In this paper a simulation study on the operating char-
acteristics of a doubly fed induction generator is per-
formed using MATLAB.

From the simulation analysis it is clear that the DFIG
characteristics are affected by its injected rotor voltage.
By varying the amplitude and phase angle of the rotor
injected voltage, the DFIG torque speed characteristics



Journal of ELECTRICAL ENGINEERING 60, NO. 2, 2009 85

are shifted from the over-synchronous to sub-synchronous
speed range to generate electricity and also increases the
DFIG pushover torque, thereby improving the stability
of operation.

The simulated stator real power characteristics of the
DFIG show that with increase in the rotor injected volt-
age, the DFIG real power characteristics shifts more in to
the sub-synchronous speed range and the pushover power
of the DFIG rises.

The increase of Vq results in the expansion of the
DFIG torque and real power characteristics for its gener-
ating mode,but at the same time increase the inductive
reactive power demand from the grid. Whereas, the in-
crease of Vd can not only expand DFIG torque and real
power characteristics for its generating mode but also re-
duces the DFIG inductive power demand and may even
change it to capacitive.

For both motoring and generating modes, the DFIG
sends additional real power through its rotor to the grid.
Unlike the stator power, the characteristics of rotor power
are mainly influenced by the rotor injected voltage. A
comparison of the stator and rotor real power shows that
the rotor power is normally smaller than the stator power
and the difference between the two depends on the values
of Vd and Vq and slip.

It can also be seen that the DFIG rotor power is ca-
pacitive when the DFIG operates in the generating mode
under a subsynchronous speed and is inductive otherwise.

Appendix – Typical DFIM data used in the

simulation study

KVA 2000 Rated Voltage 690 V
R1 (stator resistance) 0.0043pu
X1 (stator reactance) 0.0809pu
R2 (rotor resistance referred to stator side)

0.048pu
X2 (rotor reactance referred to stator side)

0.0871pu
Xm (magnetizing reactance) 3.459pu
Frequency 50 HZ
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