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This paper proposes an adaptable sliding mode control (A-SMC) scheme for an autonomous induction generator working with 
variable speed and load. The three-phase induction generator (IG) is excited using a PWM inverter connected to a single 
capacitor on the dc side. It is modelled through a diphase approach based on the application of the Park transform. The 
magnetic saturation phenomenon is included in the IG model. The control strategy should keep the dc voltage across the 
capacitor constant and equal to the reference value. The control takes a cascaded configuration, four SMCs in all. The outer 
control loops use adaptable gains and a tangent hyperbolic function, to ensure better performances in terms of response time, 
chattering and robustness. Finally, simulation results show the effectiveness of the proposed control strategy. 

1. INTRODUCTION 

As environmental pollution and climate change is increa-
singly evident, developing renewable energy sources has 
become the major subject of today’s energy revolution, 
especially wind energy [1, 2]. Wind energy systems attracted 
the attention of researchers due to its non-polluting nature, 
abundance and relatively interesting cost. 

The capability of the squirrel-cage induction generator, 
to excite without an external power supply, allowed its 
application in stand alone power generation systems. 
Furthermore, the squirrel-cage induction generator has many 
advantages over other types of electric generators such as 
robustness, less cost and maintenance free operation, which 
makes of it a perfect candidate for this type of operations.  

Inductions generators are usually excited by three ac 
capacitors (capacitor bank) connected across its stator 
terminals and are known as self-excited induction generators 
(SEIGs). But, this method has some important drawbacks. 
The magnitude and frequency of the stator voltage are very 
sensitive to the variations of the rotation speed and the load 
value. Thus, this needs an appropriate voltage regulating 
scheme to maintain a constant voltage level regardless of 
load and/or speed, by controlling the reactive power 
transmitted to the generator [3]. To achieve this purpose, 
many schemes have been suggested. The widely used solution 
consists in connecting the stator windings of the induction 
generator directly to a rectifier/inverter system. In this case, 
the device must be controlled. To reach this goal, a direct 
torque control (DTC) is used [4]. This approach is quite 
effective and does not require an accurate knowledge of the 
machine model but it uses a hysteresis-band controller 
which increases the losses. In addition, as this approach is 
sensitive to the stator resistance value, the accuracy of the 
flux estimation can be reduced at low voltage. Another 
alternative to the DTC is vector control [3, 5]. Most of the 
SEIG vector control systems reported in literature use 
classical proportional integral (PI) controllers for voltage 
and/or flux control. Besides, PI-controller is very interesting 
due to its high mathematical accuracy but it is sensitive to 
the system parameter variations and can reject external 
disturbances inadequately. More advanced controllers, such 
as fuzzy logic control (FLC) [6] or sliding mode control 
(SMC) [7] have also been considered in SEIG control 

systems. It is reported that such controllers bring considerable 
performances in terms of response time, settling time and 
robustness. 

In this paper, SMC based on vector control concepts is 
used to control an autonomous IG. Instead of the conventional 
PI controllers, the SMC is employed for each inner and 
outer control loops. The Lyapunov direct method is used to 
ensure the reaching and sustaining of the sliding mode. The 
control strategy takes a cascaded structure; the references of 
the current components are generated by the external 
SMCs, which use a hyperbolic tangent function instead of 
conventional sign function and adaptable gains instead of 
constant ones. So, the transient of the hitting control will be 
smoothed and the chattering phenomenon is alleviated 
without loosing the system robustness. 

2. STUDIED SYSTEM 

The studied system, shown in Fig 1, is constituted of a 
squirrel cage three-phase induction generator (IG) connected 
mechanically to a wind turbine through a gear box and 
electrically to a PWM rectifier/inverter. The dc side of the 
latter is connected to a capacitor, a battery to start up the 
system if no remnant voltage is available and a diode which 
decouples the battery from the rectifier/inverter as soon as 
the dc voltage generated is higher than the one of the 
battery. The load R is equivalent to the global load seen 
from the dc side. The block diagram of the control scheme 
is also shown on the same figure. 

3. MATHEMATICAL MODEL 
OF THE INDUCTION MACHINE 

Dynamic induction machine models are used as the basis 
for the design and implementation of control algorithms. 
Reliable and good control performance requires more 
detailed models. The parameters of the machine vary due to 
the variation of operating point, flux and frequency. At low 
flux values, the inductances remain constant, but as the flux 
increases, the machine starts to saturate and the inductances 
decrease. Hence, the accuracy of the model prediction and 
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the control performance can be improved by including the 
magnetic saturation phenomenon into account. This is done 
via a variable magnetising inductance, through the estimation 
of the magnertising current. 

The induction machine model can be written in the 
synchronous reference frame as follows [3]: 
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where Rs, ls, Rr and lr are the stator and rotor phase 
resistances and leakage inductances respectively, Lm and Lm

’ 
are the magnetising inductance and its derivative with 
respect to magnetising current and ωs and ωr are the stator 
and rotor electrical frequencies respectively. Besides, Vsd, 
isd, Vsq and isq are the d-q stator voltages and currents 
respectively. imd and imq are the magnetising currents, along 
the d and q axis, given by: 
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To express Lm with respect to im, several approaches can be 
used, whose simplest one is the polynomial approximation. 
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The waveform of the magnetising inductance is obtained 
through tests at no load for different voltage magnitudes. In 
Fig. 1 above, we show a comparison between measurements 
and approximated values of a magnetising inductance Lm 
versus im.  

4. CONTROL STRATEGY 

Generally, in vector control algorithms the flux is kept 
constant at its rated value. Thus the torque can be adjusted 
according to the active power demand. In fact, as the flux is 
controlled to be constant, its variation around the operating 
points is negligible. Thus the inductances can also be 
considered constant (Lmd = Lmq = M = 0.10474 H) [3]. Therefore, 
the model of the IG used for the control is simplified and 
can be considered as a linear one. 

In the case of the present work, the orientation of the d-q 
frame is chosen such as Фrd = Фr and Фrq = 0. Therefore, 
the state equation of the stator currents can be re-written as: 

 
Fig. 1 – System and control scheme. 
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where: σ =1–M2 /(LsLr), is the leakage flux coefficient. 
Ls = ls+M and Lr = lr+M, are the stator and rotor self 
inductances.  

The rotor flux, electromagnetic torque and the 
synchronous frequency can be estimated as follows [3]: 
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where s is the time derivative operator, τr = Lr/Rr is rotor 
time constant, Ω is the mechanical speed of the machine 
which is measured continuously and p is the pole pair 
number. 

4.1. SLIDING MODE CONTROL DESIGN 

According to the sliding mode theory, the first designing 
step consists in defining the switching functions (sliding 
surfaces). In the case of this paper, four sliding surfaces 
related to control objectives are defined as follows: 
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The sufficiency conditions for the existence and 
sustaining of the sliding mode is given as follows: 

( ) ( ) η−≤)(sign
d

d xS
t
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with η is a positive constant. If we keep different signs for 
the sliding surface and its derivative, the controlled variable 
will be attracted toward it, which means the existence of a 
sliding motion on the sliding surface S(x). In other words, 
the verification of the condition (8) implies stability of the 
system. 

In the following, we will design the corresponding 
control law for each sliding surface. 

4.1.1. SLIDING MODE CURRENTS CONTROL DESIGN 
(INTERNAL LOOP) 

The sliding mode control laws of the d and q-axis current 
components are given as follows:   

( )( )

*
* d d. . . . . .

d d
.sign ,

r sd
sd s sd s s sq s

r

d sd

M iV R i L i L
L t t

K S i

⎛ ⎞⎛ ⎞Φ
= −ω σ + ⋅ +σ +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

+

 (9) 

( )( )

*
* d

. . . . . . .
d

.sign .

sq
sq s sq s s sd s r s

r

q sq

iMV R i L i L
L t

K S i

⎛ ⎞⎛ ⎞
⎜ ⎟= + ω σ + ω ⋅Φ + σ +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

+

 (10) 

As it can be seen from (9) and (10), there are two terms 
in the control law, a continuous and a discontinuous one. 
The continuous term reflects knowledge of the system 
dynamics, it is the so-called equivalent control, whose main 
rule is to maintain the controlled variable on the sliding 
surface but it is not intended to attract it towards it. This 
task is devoted to the discontinuous control action, which 
ensures the sliding to occur. However, this controller leads 
to limited performance due to the high control activity 
resulting in chattering. To reduce the latter, we will introduce a 
hyperbolic tangent function instead of sign function. It 
results in a smooth control signal. Then, the control laws 
(9) and (10) become: 
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where ε defines the thickness of the boundary layer. 

4.1.2. ROTOR FLUX AND DC-VOLTAGE SLIDING 
MODE CONTROL DESIGN (EXTERNAL LOOP) 

The rotor flux and the dc voltage state equations are 
given as follow: 
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where C is the dc link capacitance and R is the resistive 
load. Besides, iL and idc are the load current and the dc 
current respectively. 

The SMC law of the rotor flux is given as: 
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By assuming the following: 
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Therefore, the SMC law of the dc voltage control loop is 
obtained: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎠

⎞
⎜
⎝

⎛
εΦΩ

= L
dc

V
r

dcr
sq i

VS
K

Mp
VL

i
)(

tanh.
...

.* . (16)

The gains of the outer control loops are self-adjustable 
for performance improvement and are given as follows: 
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where: λi (i = Ф, V) is a positive integer. Note that the fact 
of using a sign function in the outer loop will lead to a 
harmful chattering, mainly due to the cascaded 
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configuration of the controller; the output signals of the 
external loop are inputs of the internal loop. These signals 
will switch from a given maximal value to a minimal one. 
Hence, the waveforms of the stator currents will be affected 
and completely distorted. However, in the case of the 
present work, the problem of chattering is largely 
alleviated, thanks to the adaptable gain and to the 
hyperbolic tangent function which smoothes the transient of 
the hitting control without loosing the system robustness 
while keeping a good behaviour of the stator currents. 

5. SIMULATION RESULTS 
The logic control signals of the PWM converter are 

calculated by using the space vector modulation (SVM) 
technique. The details about its implementation can be 
found in [8]. The model of the induction generator used in 
this simulation is the one given in equation (1) which takes 
the saturation effect into account. 

The nominal parameters of the induction machine are 
listed in the appendix. The dc voltage reference value is put 
equal to Vdc

* = 600 V. The reference rotor flux is put equal 
to the rated value Φr

* = 0.7 Wb. The value of the load 
resistance R is initially equal to 70 Ω which is the value that 
allows the machine to generate a significant power related 
to the operating conditions. At t = 2 s the resistance is 
increased to R = 140 Ω, then it is decreased to its initial 
value at t = 4 s. For this test, an accelerated random rotor 
speed with wide range of variation is imposed, its 
waveform around the synchronous value (Ω = 750 rpm) is 
given in Fig. 2.  

 
Fig. 2 – Rotor speed. 

Note that the rotor speed time waveform which is 
imposed (Fig. 2) is not encountered in real wind power 
conversion systems due to the limited dynamics of 
commonly used prime movers. The speed disturbances are 
intentionally exaggerated to highlight the advantage of the 
developed control strategy over the conventional used PI 
controllers in terms of robustness to speed variations. The 
parameters of the PI controllers are chosen optimally by 
observing the behaviour of the controlled variables for 
different combinations of the proportional and the integral 
gains, based on the criteria of fast response, small overshoot 
and robustness. 

Figures 3 and 4 show that, the proposed control strategy 
(Fig. 3) exhibits more robust response to the imposed speed 
and load disturbances compared to the PI controller (Fig. 4). 
More specifically, in the case of the latter, the speed 

disturbance induces dc voltage ripples while the proposed 
strategy manages to eliminate them. It can be observed that 
the response of the dc voltage obtained by the SMC is 
insensitive to the applied step change in the load resistance. 
Concerning the strategy with PI controllers, we can observe 
an overshoot of about 10% caused by increasing the 
resistance value at t = 2 s and an undershoot with almost the 
same magnitude due to the restoration of the load resistance 
to its initial value at t = 4 s. The obtained results confirm 
the advantages of the studied control strategy over the 
usually used PI controllers in terms of robustness against 
load and speed disturbances. For both cases (Figs. 5 and 6), 
the rotor flux is well controlled and established to a 
constant value, with faster response concerning the SMC 
controller (Fig. 5).  

 
Fig. 3 – Dc voltage – SMC method. 

 
Fig. 4 – Dc voltage – PI controller. 

 
Fig. 5 – Rotor flux – SMC method. 
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Fig. 6 – Rotor flux – PI controller. 

As can be observed on the behaviour of the q-axis stator 
current component as well as the zooms of stator currents 
(Fig. 7), the proposed strategy exhibits high dynamic transition 
when the step changes in the load resistance occur, then 
permits to compensate quickly these disturbances. Thus, the 
dc voltage is not affected as confirmed in Fig. 3. On the 
other side, the obtained q-axis stator current component 
with PI controller (Fig. 8) has a low dynamic transition 
when the load resistance is varied. Hence, the perturbation 
is not compensated adequately, as confirmed in Fig. 4. 

 
Fig. 7 – Stator currents – SMC method. 

 
Fig. 8 – Stator currents – PI controller. 

6. CONCLUSION 

In this paper, vector control with an A-SMC and SMC of 
an induction generator used in an autonomous variable speed 
wind system is studied. An analytical model of the auto-
nomous induction generator, taking the saturation effects 
into account, by the means of a variable magnetising inductance, 
has been presented. The control leads us to feed the load 
with voltage of constant effective value, whatever the speed 
of the turbine and the load. The simulation results show that 
the proposed control scheme has high performance dynamic 
characteristics and shows very strong robustness compared 
to the usually used PI controller. The chattering problem 
encountered in SMC is largely alleviated without loosing 
the system robustness, thanks to the adaptable gains and to 
the hyperbolic tangent function. Simple and robust, the 
proposed method is quite relevant for an isolated wind 
energy conversion system based on a squirrel cage induction 
generator. 

APPENDIX 

Parameters of the induction machine: 
PN = 5.5 kW, UN = 230/400 V, IN = 23.8/13.7 A, 50 Hz, 
ΩN = 690 rpm, J = 0.230 kg·m2, d = 0.0025 N·m/rads-1, 
Rs= 1.07131 Ω, Rr= 1.29511 Ω, p = 4.  

Received on September 5, 2015 
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