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Abstract 

In this paper the authors consider the Sliding 
Mode Control (SMC) of a Doubly Fed Induction 
Generator (DFIG), supplying an isolated RL load in a 
Variable Speed-Constant Frequency (VSCF) 
generation system. It must be reminded that in electric 
machines the existence of parameter changes, caused 
by several reasons like winding temperature variation, 
hysteresis and saturation, is well recognized, but rarely 
accounted for. For this reason, SMC has been 
considered. SMC has various attractive features like 
order reduction, robustness, disturbance rejection, 
and, sometimes, simple implementation. In this paper, 
some ideas of SMC applied by Utkin et. al. for 
controlling the speed or torque of a squirrel-cage 
induction motor are used to design two families of 
controllers for regulating amplitude and frequency of 
the voltage generated by a DFIG. First simulation 
results are presented as well. 

1. Introduction  

Since the second half of the 1980’s, it has been 
devoted a higher research effort focused on Wind 
Energy Conversion Systems (WECSs), because of the 
increasingly world interest for achieving a sustainable 
development by using renewable energies. Because of 
the wind nature, in order to generate constant 
frequency voltages, constant-speed-WECSs were first-
ly proposed. However, variable speed WECS operation 
can be considered advantageous, because additional 
energy can be collected when wind speed increases. 

Variable speed WECSs must use an electronic power 
converter, so they can be classified in full power 
handling WECS (also called direct-in-line) and partial 
power handling WECS, considering both the converter 
placement and ratings. In a full power handling WECS, 
the power converter is in series with the induction or 
synchronous generator, in order to transform the 
variable amplitude/frequency produced voltages into 
constant amplitude/frequency voltages, and it must be 
able to process all the generated power. In a partial 
power handling WECS, the converter to control the 
electric machine is in a secondary generator circuit, 
and it only processes a portion of the total generated 
power (e.g. slip power), which constitutes an 
advantage in terms of reduced cost of the converter and 
increased efficiency of the system [1]. This paper is 
focused on a partial power handling stand-alone WECS 
based on a Doubly-Fed Induction Generator (DFIG).

Variable speed WECSs supplying an isolated load 
have already been considered by other researchers. In 
[2], a stator voltage direct control is proposed using PI 
regulators. It offers a good dynamic performance, but 
is load dependent, which causes some practical 
difficulties. In [3], a system, where the rotor is fed 
from a battery through a PWM current source inverter, 
is presented. Additionally, regulation of the rms
generated voltages is proposed, which results in 
considerable voltage errors and load dependency. In 
[4]-[6], several PI-based indirect stator voltage vector 
control approaches are presented for a WECS in which 
a back-to-back (B2B) converter is used to manage the 
power interchange between the stator and rotor 
circuits. The proposed control strategies produce good 
dynamic performance without any load dependency. 
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However, DFIG parameter changes might degrade the 
control performance.

In order to take advantage of the robustness and 
disturbance rejection features of the SMC, in this paper 
two families of stator voltage sliding-mode controllers 
are proposed. To present the work, this paper is 
organized as follows. In Section 2, the considered 
system and its model are described. In Section 3, the 
controllers design is explained. In Section 4, 
preliminary simulation results are presented. Finally, in 
Section 5, the conclusions are given and some future 
activities are listed.

2. System description 

The considered WECS is depicted in Figure 1. In 
this system, energy is collected by a wind turbine (WT) 
and transferred to a DFIG by a rotational movement 
through a drive train (DT). The DT increases the 
rotational speed using a gear box (GB). The DFIG 
transforms the received mechanical energy into 
electrical one in order to supply an isolated load (both 
main and auxiliary). The system operation is controlled 
by a B2B converter. At this first stage, only a main RL 
load has been considered and the WT has been 
substituted by a speed-controlled dc motor. 
Afterwards, the auxiliary load and the WT will be 
taken into account. 
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Figure 1. Wind Energy Conversion System 
(WECS) to supply an isolated load.

In the WECS, the front end converter (FEC) 
manages the power flow between rotor and stator 
circuits by a cascaded control system, in which the 
inner loop controls the converter currents and the outer 
one regulates the dc-link voltage, similar to the 
approach in [4]-[5]. This paper presents the design of a 
SMC controller that uses the machine side converter 
(MSC) for regulating the stator voltage generated by 
the DFIG.

Figure 2 shows the electric subsystem of the 
considered WECS. The converters forming the B2B 
are taken as three-phase voltage sources. 

Figure 2. Electric subsystem of the considered 
WECS.

Applying Kirchhoff voltage and current laws, 
KVL and KCL, respectively, to the circuit shown in 
Figure 2, and considering the three-phase DFIG model 
derived in [7], following matrix equation results:
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[ ]T T

abc a b ci i i• • • • •= =i i
TT T T

abc g r g=v v v v

[ ]T T

abc a b cv v v• • • • •= =v v
2

3
πγ =

where: ands rr r  are the stator and rotor winding 
resistances [Ω], andls lrL L are leakage inductances 
corresponding to a stator or rotor winding [H], 

andms mrL L  are mutual inductances between two 
stator or rotor windings [H], ,cossrL α  with: 

or,    ,r r rα θ θ γ θ γ= + −  are mutual inductances 
between a stator winding and a rotor winding [H], 

2 m
P

rθ θ=  is the angular position of the axes 
associated with rotor electromagnetic fields [rad], 

mθ  is the mechanical angular position of the rotor 
shaft [rad] and P is the DFIG pole number.

 The model of the B2B is based in [8] and [9]. In 
this model, the output voltage of each converter 
depends on the gate signals or pulses g and on the dc-
link voltage V0. So, the next relations are valid: 

123
123abc abc• •= ⋅v A v (2)

[ ]T

abc a b cv v v• • • •=v

[ ]123 1 2 3
Tv v v• • • •=v

123

2 1 1
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abc
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o
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V
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( )3  and1  ,     = 1, 2, 3j jg g j+ •• = −
where: • = r for the MSC and • = g for the FEC;  

iv •  is an output phase voltage, with i=a, b, c;

0, 1jg• =  is the gate signal applied to the j-th

switch and oV  is the dc-link voltage.

 To determine the dc-link voltage, KCL is applied 
to the upper bus node and yields: 

1 2 0 0o o Ii i −− + = (3)

where: I0 is the current feeding the dc-link capacitor, 

2 1 2 3o g ag g bg g cgg gi g i i i+ +=  is the FEC “output” 

current and 1 1 2 3o r ar r br r crg gi g i i i+ +=  is the MSC 
“input” current. 

 Accordingly, the dc-link capacitor voltage will be 
given by: 

( )0 2 1

1 1o

o o

o o

dV
I

dt C C
i i= −=

(4)

 To obtain a dq WECS model to simplify the DFIG 
controller design, it is necessary to apply an abc to dq
transformation to the three-phase model in (1). This 
transformation is defined by the expressions in Table 1.

Table 1. Arbitrary Reference Frame Transformation [9]
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abc
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1 1 2 1 22
3 0 3 2 3 2

abc
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− −
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dq dq
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where: φ θ=  for stator variables and rφ θ θ= −  for 

rotor variables. Furthermore, θ  is the arbitrary 
reference frame position [rad]. NOTE: Superscript + 
denotes the pseudo-inverse. 

 Applying the arbitrary reference frame 
transformation, given in Table 1, to the three-phase 
model in (1), the next dq model is derived: 
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= + +
i
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 Furthermore, it is possible to rewrite the stator 
voltage in a more proper form. Combining with 
expressions (5) yields: 

dqs g dqg r dqr= + +v C i D v D v (6)

( )0 00 0SM S SM= + +C L A R X

0g SM g=D L B              0r SM r=D L B

[ ]0 2 2 2SM sL M=L I I 0

[ ]00 2 2 2S sr=R I 0 0

[ ]0 2 2 2SM sL Mω ω=X J J 0

3. Controllers design

 In a stand-alone system, it is necessary to regulate 
both the amplitude Vs and the frequency fe of the 
generated stator voltage. This is associated with the 
following control objectives: 

( )* 0lim s st
V V

→∞
− =    and   ( )* 0lim e et

f f
→∞

− = (7)

where: *
sV  y *

ef  are the desired stator voltage 
amplitude and frequency, respectively. 

 The controllers design has been performed by 
following the same procedure used by Utkin and 
collaborators to design a controller for the squirrel-
cage induction motor (SCIM) in [9]-[10]. The main 
differences are: (i) The SCIM is fed and controlled 
from the stator, while the DFIG is fed both from stator 
and rotor, and it is controlled from the last one, and (ii) 
Utkin et. al consider a stationary reference frame in 
their design, while in this work an arbitrary reference 
frame is assumed. Moreover, this implies that actually 
a controller family is obtained, where each member is 
associated to a particular reference frame. The 
controller design procedure is described in the 
following paragraphs. 
 Consider the system in (5) and the output given in 
(6). Suppose the surfaces (8) or (9) are defined to 
satisfy the control objectives (7): 

*
1,2 dqs dqs= −s v v (8)

( )*
1,2 0 dqs dqs

t
dt= −s v v

(9)

where: *
dqsv  is the desired stator voltage vector, 

which implicitly contains the desired amplitude and 
frequency. 

 The surfaces defined in (8) have a common form 
directly related with control objectives (7), while the 
surfaces in (9) have been defined because the 
operations associated with the controller design will  
be simpler than the corresponding to surfaces (8). 
 Although Utkin et al. did not propose a general 
method for controlling electric machines, by analyzing 
their work following procedure has been defined: 
(I) System motion on subspace s1,2 is found using (8), 

(6), (5) and the transformation given in Table 1:

1,2 1,2 123r= − ⋅s F D v (10)

( )
*
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g dqg g dqg

p p p

p

= − ⋅ − ⋅ −

− − ⋅ −

F v C i D v

D v CA i CB v
123

1,2
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abc

dq abc

abc

dq
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αβ

αβ
αβ

= ⋅ ⋅ ⋅
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D D A A A

D A A

1,2 r rp= +D D CB

where: p is the differential operator d dt .

 By considering surfaces (9) it can be obtained: 
*

1,2 dqs g dqg= − ⋅ −F v C i D v

1,2 r=D D
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(II) To verify sliding regime can be established 
(system moving on s1,2=0) and to obtain a control 
vector able to enforce it:  
a. a Lyapunov candidate function (11) is defined: 

1
2 1,2 1,2 0Tv = ⋅ ⋅ ≥s Q s (11)

1

1,2 1,2
T −

= ⋅Q D D

b. it is necessary that the function v possesses a 
decreasing behavior. So, its time derivative is 
found by using (11) and (10): 

( ) 1
1,2 1,2 123 1,2 1, 22

T T

Cv = ⋅ ⋅ − ⋅ + ⋅ ⋅s Q F D v s Q s (12)

c. the surfaces transformation (13) is defined as: 
* * *

1,2 1 2 3

T
s s s+= =*s D s (13)

1 3
2

T T T−+ = ⋅ =D D D D D Q

d. the next control vector is proposed: 

( )1
123 02r V sign= *v s (14)

( ) ( ) ( ) ( )[ ]* * *

1 2 3

T

sign sign s sign s sign s=*s

(III)Expression (12) can be rewritten by substituting 
(13)-(14): 

( )
( ) ( )( )

* 1
1,2 2

2 * * *2 1
03 2

  2

T T T

l m n

v

V s s s

= ⋅ ⋅ + ⋅ ⋅ −

− + +

s D Q F s sQ (15)

where: l m n≠ ≠ ,  and  { }, , 1, 2,3l m n ∈

 From (15), it can be deduced that there is a dc-link 
voltage V0 high enough such that 0v <  for all possible 

combinations of l, m and n, provided that * 0≠s  and 
regardless the possible variation of disturbances 
contained in the first two terms of v . This implies that 
sliding regime can be reached in finite time by directly 
switching the controls 1 2 3and,      r r rv v v  given in (14). 
 The controller implementation must consider next 
steps: (i) determine sliding surfaces (8) or (9) from 
measurements; (ii) carry out sliding surfaces 
transformation by using (13); (iii) obtain control vector 
with (14); and (iv) determine gate pulses with proper 
expression in set (2). 

Two facts must be highlighted: (A) expression (13) 
implicitly considers reference frame transformation. 
So, its final form depends on the chosen orientation; 
(B) the first two terms of (15) depend on system 
parameters contained in matrix Q and in the reference 
frame orientation. In fact, and considering fixed 

parameters, used orientation can affect the conditions 
for sliding regime establishment. In accordance, there 
are reference frames where it is more “easy” to enforce 
sliding regime. Consequently, the dc-link voltage can 
be smaller when these reference frames are considered.  

4. Simulation results

 In simulations it has been considered a 50 hp 
DFIG, a 200 hp dc motor and a three-phase RL load, 
whose parameters are:  (i) rs=0.087 Ω, Lls= Llr’=0.8e-3 
H, rr’=0.228 Ω, Lm=34.7e-3 H, P=2, (ii) rf=12 Ω, Lf=9 
H, ra=0.012 Ω, La=35 e-5 H, Laf=0.18 H, Jm=30 Kg⋅m2,
and (iii) rL=10 Ω y LL=0.015 H, respectively. In 
addition, it has been supposed an initial dc motor speed 
of 41 rad/s and a desired one of 41.9 rad/s. Also, 
simulations suppose the dc motor is mechanically 
coupled to the DFIG through a rigid shaft without any 
friction and an ideal gearbox of ratio 4. Moreover, the 
dc-link voltage is considered to be initially equal to its 
desired value. This voltage is regulated by PI-
controllers through the FEC. Finally, a filtered stator 
voltage, using a second order band-pass filter, will be 
presented. 
 For the controller designed with surfaces (8) 
matrix D1,2 is: 

1 2

1,2 2

2 1

1 a a

a ad
=

−
D

(16)

( ) ( )* * * 2 2
1 2 2 2 2L s r r s r L L La M L L r LL r LL r L L r L r Lσ= + + − +

2 2 L ra ML L dω=               *

2 L rd L L L Lσ= +

( )* 2

s rL L Mσ = −
 This controller has been simulated in 
Simulink/MATLAB® in a stationary reference frame 
and in a stator-voltage-oriented one. In the last one, the 
dc-link voltage must be too high in order to enforce the 
sliding regime. This makes that approach to be 
practically unfeasible. Better results have been 
obtained in a stationary reference frame, since (15) 
imposes less severe restrictions on the dc-link voltage. 
Figure 3 shows some corresponding simulation results. 
Note that sliding regime is enforced in one half of the 
electric signal cycle. Desired amplitude and frequency 
are *

220 2sV =  V and * 60ef =  Hz, respectively, also a 
PI-controlled dc-link voltage of 600 V has been used.  
 For the controller designed with surfaces (9) 
matrix D1,2 is: 

2
1,2 2

LML L

d
=D I

(17)

 This controller has been simulated in a stationary 
reference frame and in a stator-voltage-oriented one.  
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In the last one better results have been obtained, in 
contrast with the previous controller. However, the dc-
link voltage has to be relatively higher in order to 
obtain acceptable results, which can be considered 
practically unfeasible. Figure 4 shows some 
corresponding simulation results. Note that sliding 
regime is enforced in almost one half of the electric 
signal cycle. A dc-link voltage of 1100 V has been 
used. 

Figure 3. First controller simulation results.

5. Conclusions

 This paper presents the design of two SMC 
controller families for the voltage generated by a DFIG 
that supplies a RL load in a stand-alone WECS. The 
design has been performed following the same 
procedure used by Utkin et. al in speed/torque squirrel-
cage induction motor control. Preliminary simulation 
results have been presented, which show good 
behavior. However, it is still necessary to verify some 
items, like the assessment of controller robustness and 
several practical implementation issues. 
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