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Abstract: This study proposes a novel integral variable structure direct torque control (IVS-DTC) scheme for a doubly fed induction
generator (DFIG). The proposed scheme directly controls the torque and reactive power of the DFIG with rotor winding voltage, and
hence no extra current control loops are required. Uncertainties in the parameters are included in the design procedure, which
guarantees the robustness of the system. Compared to conventional direct torque control (DTC) scheme, the constant switching
frequency in the proposed scheme does not introduce low-frequency sub-harmonics. Both computer simulation and hardware
implementation results show that proposed scheme has satisfactory parametric robustness and generated power quality.
Nomenclature

uds, uqs direct and quadrature stator winding voltage

udr, uqr direct and quadrature rotor winding voltage

ids, iqs direct and quadrature stator winding current

idr, iqr direct and quadrature rotor winding current

lds, lqs direct and quadrature stator flux

ldr, lqr direct and quadrature rotor flux

ve, vr, vs stator, rotor and slip angular frequency

Rs, Rr stator and rotor winding resistance

Lm magnetising inductance

Ls, Lr stator and rotor self-inductance

Lls, Llr stator and rotor leakage inductance

pn number of pole pairs

Te electromagnetic torque of machine

Qs reactive power of stator

D parameter deviation

Superscript

∗ reference value

Subscripts

s, r stator and rotor

d, q synchronous d–q axis

a, b stationary a–b axis

max, min upper and lower limits of the parameter

0 nominal value of the parameter
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1 Introduction

Owing to the increasing concern for environmental pollution
and the gradual depletion of fossil energy resources,
renewable energy and especially wind energy has attracted
great interests in recent years. Grid-connected wind energy
conversion system (WECS) can be divided into constant
speed constant frequency (CSCF) type and variable-speed
constant frequency (VSCF) type. Compared to CSCF-
WECS, VSCF-WECS offers several advantages including
maximising power capture, reducing mechanical stresses,
improving power quality and providing frequency and
voltage support to the power grid [1, 2].

VSCF-WECS can further be sub-divided into two
categories: generators with full-power converters and the
doubly fed induction generators (DFIG) with converters
handling part of the generated power. The stator windings
of DFIG are directly connected to the grid, and rotor
windings are connected to the grid through a back-to-back
PWM converter (Fig. 1). The rotor converter controls the
voltage applied to the rotor winding of the DFIG. The grid
converter controls the power flow between the DC-link and
the grid to keep the DC-link capacitor voltage in a constant
value. The main advantage of WECS based on DFIG is that
the rating of the power converter is a portion of the
generator rating [3].

The most popular and practical control scheme of DFIG is
vector-oriented control based on proportional-integral (PI)
controller [4, 5]. In the control scheme, the non-linear cross
coupling is eliminated with feed-forward compensation,
after which the motor model becomes linear and PI control
techniques can be applied. However, since the decoupling
procedure involves motor parameters, the resulting control
scheme is sensitive to these parameters [6]. Furthermore,
with the purpose of achieving expected closed-loop
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dynamic response, the coefficients of PI controller should be
designed according to motor parameters. Hence, the
performance of vector control depends on the accuracy of
motor parameters [7, 8].

In practice, motor parameters are generally obtained by
identification experiments in which errors are unavoidable.
The parameters will also be influenced by the environment
and operating condition, for example, the resistance may
vary with temperature and the inductance may vary with
saturation.

Since the parameter depends on the vector control, a direct
torque control (DTC) has been proposed [9, 10]. The DTC
method directly controls the torque and flux of DFIG by
selecting voltage vectors from a look-up table according to
the logical output of the torque and flux hysteresis
controllers. However, the hysteresis controls have some
disadvantages, such as variable switching frequencies and
current distortion, which will degrade the qualities of the
output power [11, 12].

Based on the principle of DTC, hysteresis direct power
control (DPC) is proposed in [7], in which the switching
frequency is also not fixed. A constant frequency DPC is
proposed in [8]. The required rotor voltage is calculated
directly from the stator active and reactive power and their
references, and hence the current controller is eliminated. It
is well known that, in order to regulate the rotor rotating
speed accurately, the total output active power of the DFIG,
including stator power and rotor power, should be
controlled. However, in [7, 8], only the stator active power
is regulated but not the total power. Therefore the speed
control accuracy, and hence the performance of maximum
power point tracking of wind turbine, is degraded.

In recent years, a lot of research effort has been devoted to the
application of variable structure control (VSC) techniques to the
electrical drives and wind energy generation [6, 13–16].
Interest in this control approach has emerged because of its
potential for being insensitive to variations of system
parameters and external disturbances with a minimum of
implementation complexity [6].

In order to solve the parametric robustness problem of
vector control and power quality issue caused by variable
switching frequency in DPC or DTC, this paper proposes
an integral variable structure direct torque control (IVS-
DTC) of a DFIG with a space vector modulation (SVM)
scheme.

The paper is organised as follows. Section 2 gives the
mathematical model of the DFIG. Section 3 simply
describes the principle of IVSC. In Section 4, the IVS-DTC
for decoupled control of DFIG is designed, and the
parametric uncertainties are formally included. In Sections 5
and 6, simulation and hardware implementation results are

Fig. 1 DFIG-based WECS
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reported to validate the satisfactory parametric robustness
and generated power quality.

2 Model of DFIG

2.1 Mathematical model of DFIG

The equations describing the relationships among the
electrical quantities of the DFIG in the stator-flux-oriented
synchronous reference d–q frame are

uds = Rsids + dlds/dt − velqs (1)

uqs = Rsiqs + dlqs/dt + velds (2)

udr = Rridr + dldr/dt − (ve − pnvr)lqr (3)

uqr = Rriqr + dlqr/dt + (ve − pnvr)ldr (4)

lds = Lsids + Lmidr = ls (5)

lqs = Lsiqs + Lmiqr = 0 (6)

ldr = Lridr + Lmids (7)

lqr = Lriqr + Lmiqs (8)

Te = − 3

2
pn

Lm

Ls

lsiqr (9)

Qs =
3

2

vels

Ls

(ls − Lmidr) (10)

2.2 Direct relationship between electromagnetic
torque/reactive power and rotor voltage

For the purpose to directly control the torque and reactive
power, the direct relationship between the electromagnetic
torque/stator reactive power and the rotor voltage will be
developed. Substituting (5)–(8) into (3) and (4) and
rearranging gives

didr

dt
= udr

sLr

− Rr

sLr

idr + vsiqr (11)

diqr

dt
=

uqr

sLr

− Rr

sLr

iqr −
vslsLm

sLrLs

− vsidr (12)

where sLr = (Lr − L2
m/Ls) and vs = (ve − pnvr).

Differentiating (9) and (10) with respect to time and
substituting (12) and (11) into them yields

dTe

dt
= − 3

2
pn

Lm

Ls

ls

uqr

sLr

− Rr

sLr

iqr −
vslsLm

sLrLs

− vsidr

( )

(13)

dQs

dt
= − 3

2
vels

Lm

Ls

udr

sLr

− Rr

sLr

idr + vsiqr

( )
(14)

2.3 Parametric uncertainty

The parameters of the DFIG are obtained by identification
experiments in which errors are unavoidable, and
furthermore, these parameters may vary with ambient
temperature and exciting saturation. Considering the
uncertainties of the machine parameters, it is assumed that
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the parameters in (13) and (14) are bounded as follows

Rr min , Rr = Rr0 + DRr , Rr max

Lm min , Lm = Lm0 + DLm , Lm max

Ls min , Ls = Ls0 + DLs , Ls max

Lr min , Lr = Lr0 + DLr , Lr max

where Rr0, Lm0, Ls0 and Lr0 denote nominal values, and DRr,
DLm, DLs and DLr denote deviations.

3 Integral variable structure control

The essential idea of traditional VSC algorithms is to enforce
sliding mode in a predefined sliding surface of the system
state space. Once the state of system reaches the sliding
surface, the structure of the controller is adaptively changed
to slide the state of system along the sliding surface. Hence,
the system response depends only on the predefined sliding
surface and remains insensitive to variations of system
parameters and external disturbances. However, such
insensitivity property is not guaranteed before sliding mode
occurs, resulting in the loss of the robustness during the
reaching phase. Furthermore, in order to reduce the
chattering, the sign function of VSC is often replaced by
saturation function in practical implementations, which will
result in undesirable steady-state error.

To cope with the above problems, an integral action is
introduced into traditional VSC, which forms the so-called
integral variable structure control (IVSC). Sliding mode can
be established in the initial time instant by properly
choosing the initial condition of the integrator, and hence
the reaching phase can be eliminated, implying that the
invariance of the system to parametric uncertainty and
external disturbances is guaranteed during the entire
response. The integral action gives additional advantage of
effectively minimising the steady-state error caused by the
saturation function.

4 Design of proposed IVS-DTC scheme

The control objective is to independently control the
electromagnetic torque and stator reactive power to track
respective reference values, of which the control principles
are similar. Hence, the torque controller and reactive power
controller will be designed using the same procedure, and
the deductive processes will be given at the same time.

The sliding surfaces of the proposed IVS-DTC for the
electromagnetic torque and stator reactive power control of
DFIG are given as follows

sTe = xTe + c

∫t

−1

xTe(z)dzTe = 0 (15)

sQs = xQs + c

∫t

−1

xQs(z)dzQs = 0 (16)

where c is the coefficient of the sliding surface, zTe, zQs are the
dummy variables for the integration, state variables xTe, xQs

are the errors between the real values and the reference
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values, and are defined as

xTe = Te − T∗
e (17)

xQs = Qs − Q∗
s (18)

To guarantee the sliding mode in the initial time instant, the
initial conditions of the integrators should be chosen as

ITe0 = −xTe0/c, IQs0 = −xQs0/c

where xTe0 and xQs0 are the initial conditions of xTe and xQs,
ITe0 and IQs0 are the initial conditions of the integrators
defined as

ITe0 =
∫0

−1

xTe(z) dzTe, IQs0 =
∫0

−1

xQs(z) dzQs

Hence at t ¼ 0

sTe0(t0) = xTe0 + cITe0 = 0 (19)

sQs0(t0) = xQs0 + cIQs0 = 0 (20)

Equations (19) and (20) mean that the system states are on the
sliding surfaces in the initial time instant without the reaching
phase, and the complete robustness can be obtained during
the entire response.

The control inputs of the proposed scheme consists of the
equivalent controls and switching controls, and are given as

uqr = ueq
qr + Duqr (21)

udr = ueq
dr + Dudr (22)

The equivalent controls are used to control the nominal plant
model, and the switching controls are added to ensure the
desired performance despite parametric uncertainty.

By using the condition of the equivalent controls as ṡ = 0
[6], the equivalent controls are derived as

ueq
qr = Rr0iqr +

vslsLm0

Ls0

+ s0 Lr0vsidr −
2

3

s0 Lr0Ls0

pnLm0ls

dT∗
e

dt

+ 2

3

s0 Lr0Ls0

pnLm0ls

cxTe (23)

ueq
dr = Rr0idr − s0 Lr0vsiqr −

2

3

s0 Lr0Ls0

velsLm0

dQ∗
s

dt

+ 2

3

s0 Lr0Ls0

velsLm0

cxQs (24)

The switching controls are given as

Duqr = KTe1xTe sign(sTexTe) + KTe2 sign(sTe) (25)

Dudr = KQs1xQs sign(sQsxQs) + KQs2 sign(sQs) (26)

The constants K in (25) and (26) are determined by the
well-known sliding mode existence condition as

sTeṡTe , 0 (27)

sQsṡQs , 0 (28)
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The constants to satisfy the inequality given in (27) are

KTe1 . max

∣∣∣∣ 2

3

sLrLsLm0 − s0 Lr0Ls0Lm

LmLm0

( )
c

pnls

∣∣∣∣ (29)

KTe2 . max

∣∣∣∣(Rr − Rr0)iqr +
Lm

Ls

− Lm0

Ls0

( )
vsls

+ (sLr − s0 Lr0)vsidr

+ 2

3

s0 Lr0Ls0Lm − sLrLsLm0

LmLm0

( )
1

pnls

dT∗
e

dt

∣∣∣∣ (30)

The constants to satisfy the inequality given in (28) are

KQs1 . max
2

3

sLrLsLm0 − s0 Lr0Ls0Lm

LmLm0

( )
c

vels

∣∣∣∣
∣∣∣∣ (31)

KQs2 . max

∣∣∣∣(Rr − Rr0)idr + (s0 Lr0 − sLr)vsiqr

+ 2

3

s0 Lr0Ls0Lm − sLrLsLm0

velsLmLm0

( )
dQ∗

s

dt

∣∣∣∣ (32)

In (30) and (32), dT∗
e /dt and dQ∗

s /dt will be infinite if the
reference values are abruptly changed, and hence, KTe2 and
KQs2 cannot be determined if parametric uncertainty is
considered. Therefore the rising and falling rates of input
reference signals should be limited. Practically, in
engineering implementations, rate limiters are also needed
to avoid large stress on mechanical and/or electrical
components.

The switching actions in (25) and (26) will cause chattering
phenomenon, which can be conquered by introducing
boundary layer. The sign functions are replaced by
IET Renew. Power Gener., 2011, Vol. 5, Iss. 1, pp. 18–25
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saturation functions in a small vicinity of the sliding
surface, hence control discontinuities and switching action
in the control loop is avoided. However, the boundary layer
will cause steady-state errors. Fortunately, the integral
action can deal with this problem. Fig. 2 shows the block
diagram of the proposed IVS-DTC scheme. In Fig. 2, the
stator flux, torque and reactive power are calculated in the
stationary a–b frame as follows

labs =
∫

(uabs − Rsiabs) dt (33)

Te = 1.5pn(lasibs − lbsias) (34)

Qs = 1.5(ubsias − uasibs) (35)

Since the stator voltages and currents in (33)–(35) are
measured but not estimated, the stator flux, torque and
reactive power can be accurately calculated without
parameters of the generator, except for the stator resistance,
whose impact on the system performance is negligible
because of the relatively high grid frequency [7, 8]. As the
flux estimation proposed in (33) will produce DC drift, in
this implementation, the flux is estimated by subtracting the
DC drift from (33). The DC drift is extracted from (33)
with a low-pass filter with 40 Hz cut-off frequency.

5 Simulation results

The proposed IVS-DTC scheme is simulated in Matlab/
Simulink. The nominal parameters of the DFIG are shown
in the Appendix. The rising and falling rate of torque
reference input is limited at +150 N m/s, and the rising and
falling rate of stator reactive power reference input is
limited at +10 000 VAR/s. The value of sliding surface
Fig. 2 Block diagram of proposed IVS-DTC scheme
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coefficient c is chosen as 100. To determine the switching
control, the maximum bounds of the parameter errors
are assumed as 20.5Rr0 , DRr , 0.5Rr0, 20.5Lm0 , DLm

,0.5Lm0, 20.5Lr0 , DLr , 0.5Lr0 and 20.5Ls0 ,
DLs , 0.5Ls0. Under these assumptions and from (29) to
(32), the constants in (25) and (26) can be chosen as
KTe1 ¼ 0.76, KTe2 ¼ 25.7, KQs1 ¼ 0.005 and KQs2 ¼ 20.5.

In this simulation, the torque and reactive power reference
values are manually input instead of being derived from the
generator speed and the requirement of power grid so as to
test the performance of proposed control scheme.

The responses to a step change of torque reference from 0
to 210 N m at 0.1 s are shown in Fig. 3. It shows that the
torque of DFIG tracks the reference value quickly and
the stator reactive power remains almost unchanged. Since
the magnitude of the generator torque increases, the
generator decelerates from super-synchronous speed to sub-
synchronous speed, which does not influence the decouple
control of the generator torque and reactive power.

The responses to a step change of reactive power reference
from 1000 to 1500 VAR at a generator speed of 1440 RPM
are shown in Fig. 4. The stator reactive power tracks the
reference value quickly and the torque almost remains
unchanged. The simulation results are very similar for other
speeds within +20% of the synchronous speed.

An existing cascaded PI vector control scheme proposed in
[4] is also applied into the same DFIG system for comparison.
The PI controllers of the inner rotor current loop and outer
torque/reactive power loop are both designed to obtain first-
order closed-loop responses, which time constants are 5 and
50 ms, respectively.

When the motor parameters are exact, the PI vector control
scheme provides excellent control performance (solid line in
Fig. 5). However, if the rotor resistance, rotor leakage
inductance and stator leakage inductance of the DFIG are
set to 75% of nominal value, the control performance
degrades (dashed line in Fig. 5). The proposed IVS-DTC
scheme is also simulated under the same conditions and the

Fig. 3 Simulation results under a step change in the torque
reference

a Torque
b Speed
c Stator reactive power
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results are given in Fig. 6. Whether parametric errors exist
or not, the response shows hardly any difference, which
validate that the proposed scheme has better parametric
robustness than PI vector control scheme.

6 Hardware experimental results

Fig. 7 shows the configuration of the experiment system. The
rotor of the DFIG is mechanically coupled with a separately
excited DC motor. The armature and field voltages of the
DC motor can be manually adjusted to emulate a variable-
speed prime mover with linear torque-speed characteristics.
The rotor converter is an integrated power module (IPM)-
based inverter, controlling the voltage applied to the rotor
winding of the DFIG. The dSpace DS1103 is a prototyping
card installed in a personal computer. It acquires stator
voltages, stator currents, rotor currents and rotor position

Fig. 4 Simulation results under a step change in the reactive
power reference

a Torque
b Stator reactive power

Fig. 5 Simulation results with and without motor parametric
errors under conventional PI vector control

a Torque
b Speed
c Stator reactive power
IET Renew. Power Gener., 2011, Vol. 5, Iss. 1, pp. 18–25
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from the sensors and the encoder at a rate of 5 kHz, and
processes them with the algorithm implemented with Matlab/
Simulink. The card then generates 10 kHz SVPWM
switching signal for the IPM control. The operating
conditions and signals are displayed and stored in the
personal computer in which the prototyping card is installed.
The parameters of the DFIG are shown in the Appendix.

The responses to a step change of torque reference from 0
to 10 N m at 0.1 s are shown in Fig. 8. The torque follows the
reference value quickly and the reactive power almost remains
unchanged. Even the generator speed slows down from super-
synchronous to sub-synchronous, the torque and the reactive
power follow the reference values. The generator operates at
the reference torque and reactive power steadily subsequent
to the step change in the reference torque. The torque and
reactive power ripples caused by unbalanced grid voltage,
which will be discussed later, will not increase over time.

The responses to a step change of reactive power reference
from 1000 to 1500 VAR at a generator speed of 1425 RPM
are shown in Fig. 9. The stator reactive power follows the
reference quickly and the torque almost remains unchanged.

Fig. 6 Simulation results with and without motor parametric
errors under the proposed IVS-DTC scheme

a Torque
b Speed
c Stator reactive power

Fig. 7 Configuration of experimental system
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Fig. 10 shows the harmonic spectra of stator and rotor
current of the DFIG, which operates at 25 N m torque,
1000 VAR reactive power and 1425 RPM rotor speed. The
dominant frequency of the stator current is 50 Hz, which
equals to the grid frequency, and the dominant frequency of
the rotor current is 2.5 Hz, which equals to the slip
frequency. In Fig. 10, the proposed IVS-DTC scheme with
constant switching frequency does not introduce low-
frequency sub-harmonics, which are very common in
conventional DTC schemes.

It is noticed that there are torque ripples and reactive power
ripples in Figs. 8 and 9, whose dominant frequencies are
100 Hz. As suggested in [17–20], the ripples are caused by
the unbalanced grid voltage. To estimate the degree of
unbalance in the grid voltage, the measured grid voltage is

Fig. 8 Experimental results under a step change in the torque
reference

a Torque
b Speed
c Stator reactive power

Fig. 9 Experimental results under a step change in the reactive
power reference

a Torque
b Stator reactive power
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decomposed into positive and negative sequence components
using the decomposition algorithm based on signal delay
cancellation proposed in [21]. The average positive sequence
voltage is 308 V and the average negative sequence voltage is
3.29 V, hence the ratio of negative sequence to positive
sequence voltage is 1.07%. Muljadi et al. [17] use the
symmetrical component theory to analyse the effects of
unbalanced voltages and finds that even a small stator voltage
unbalance can cause large torque pulsation in an induction
generator because of the low negative sequence impedance.
The negative sequence component rotates at 50 Hz in the
opposite direction of the positive sequence component, and
causes a second harmonic (100 Hz) pulsation in the torque
and reactive power [18]. Under unbalanced stator voltage, the
rotor current of DFIG contains both the fundamental
components of fe − pnfr and the harmonic components of
fe + pnfr [19]. As shown in Fig. 10b, the fundamental
component of rotor current is 2.5 Hz (50 2 47.5 Hz) and the
harmonic component is 97.5 Hz (50 + 47.5 Hz). The
existence of the harmonic components in the rotor verifies
that unbalance component of the stator voltage causes the
torque and reactive power ripples. Further investigation on
advanced control schemes for DFIGs under unbalanced grid
voltage will be performed.

7 Conclusions

This paper presents an IVS-DTC control scheme of the DFIG.
Different from conventional variable switching frequency
DTC scheme, the proposed IVS-DTC scheme employs a
constant switching frequency, which does not introduce
low-frequency sub-harmonics. Parametric uncertainties are
formally included into the design procedure of the proposed
scheme, and hence the robustness of the system can be
guaranteed.

Simulation and hardware experimental results show that
the proposed IVS-DTC scheme has satisfactory parametric
robustness and generated power quality. The next research
objective is to enhance the fault ride through capability of
DFIG under unbalanced grid voltage, which is important
for large-scale grid-connected wind turbines.

Fig. 10 Harmonic spectra of stator and rotor current

a Stator current
b Rotor current
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10 Appendix

Machine parameters:
Stator-rated voltage: 380 V
Stator-rated current: 4.5 A
Rotor-rated voltage: 120 V
Rotor-rated current: 10 A
Operating frequency: 50 Hz
IET Renew. Power Gener., 2011, Vol. 5, Iss. 1, pp. 18–25
doi: 10.1049/iet-rpg.2009.0021
Synchronous speed: 1500 RPM
Magnetising inductance (referred to the stator): 0.2987 H
Rotor leakage inductance (referred to the stator): 0.0186 H
Stator leakage inductance: 0.0186 H
Rotor winding resistance (referred to the stator): 5.8985 V
Stator winding resistance: 2.6596 V
Stator-to-rotor turn ratio: 3.1667
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