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ABSTRACT
This paper presents a new sliding mode fuzzy
control (SMFC) scheme for torque control of induction motors of the electric vehicles propulsion system. The control principle is based on sliding mode
fuzzy control combined with space vector modulation (SVM) technique. The sliding mode fuzzy control contributes to the robustness of induction motor
wheel drives of the electric vehicle propulsion system,
and the space vector modulation improves the torque,
ﬂux, and current steady-state performance by reducing the ripple. The Lyapunov direct method reinforced with fuzzy logic is used to ensure the reaching and sustaining of sliding mode and stability of
the control system. The performance of the proposed
system is compared with those of conventional sliding
mode controller and classical PI controller. Finally,
computer simulation results verify the validity of the
proposed method and show that the proposed control
scheme provides robust dynamic characteristics with
low torque ripple.
Keywords: Control Robustness, Electric Vehicle
Propulsion System, Low Torque Ripple, Sliding Mode
Fuzzy Control, Space Vector Modulation.
1. INTRODUCTION
The application of induction motors (IM) in traction systems, including electric vehicles, requires comparison of available drives for traction. The IM is the
best choice for electric vehicle driving motor, since
it has simple structure, reliable operation, high efﬁciency and large power density[1, 2, 3].The IM is
widely used in industry applications, mainly due to
its rigidness, maintenance-free operation, and relatively low cost. In contrast to the commutation DC
motor, it can be used in aggressive or volatile environments since there are no risks of corrosion or sparks.
However, induction motors constitute a theoretically
challenging control problem since the dynamical system is nonlinear, the electric rotor variables are not
measurable, and the physical parameters are most often imprecisely known. The control of the IM has
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attracted much attention in the past few decades; especially the speed sensorless control of induction motors has been a popular area due to its low cost and
strong robustness [4].
In the ﬁeld of electric vehicle, the eﬃciency of
the IM should be higher for lengthening the cruising
distance. Meanwhile, the dynamic torque response
should also be good. Classical PI controller is a simple method used in control of IM drives. However,
the main drawbacks of PI controller are the sensitivity of performance to the system parameter variations
and inadequate rejection of external disturbances and
load changes [5, 6]. Sliding mode control (SMC) is a
robust control since the high gain feedback control input suppresses the inﬂuence of the disturbances and
uncertainties [7]. Due to its order reduction, good
disturbance rejection, strong robustness, and simple
implementation by means of power inverter, SMC
has attracted much attention in the electric drive industry, and becomes one of the prospective control
methodologies for IM wheel drives of the electric vehicles propulsion system [8].
Fuzzy logic control and SMC have been combined
in a variety of ways for sliding surface design [9,
10]. These approaches can be classiﬁed into two categories. The ﬁrst approach taken by many researchers
is to use fuzzy logic control for the determination of
the sliding surface movement of the classical SMC [10,
11]. A Takagi-Sugeno type fuzzy tuning algorithm is
used for the movement of the sliding surface [6, 12,
13, 14]. The aim objective of the second approach
is to determinate directly the sliding surface based
on fuzzy logic, this method called sliding mode fuzzy
control (SMFC).
SMC acts in a transient state to enhance the stability, while fuzzy technique functions in the steady state
to reduce chattering. The Lyapunov direct method is
used to ensure the reaching and sustaining of the sliding mode [15, 16, 17]. These SMC methods result in a
good transient performance, sound disturbance rejection, and strong robustness in a control system. However, the chattering is a problem in SMC and causes
the torque, ﬂux, and current ripple in the systems.
With the development of microprocessors, the
space vector modulation (SVM) technique has become one of the most important pulse width modulation (PWM) methods for voltage source inverter
(VSI). It uses the space vector concept to compute
the duty cycle of the switches. It simpliﬁes the digital implementation of PWM modulations. An apti-
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tude for easy digital implementation and wide linear
modulation range for output line-to-line voltages are
the notable features of SVM [18, 19, 20]. Thus SVM
becomes a potential technique to reduce the ripple in
the torque signal.
This paper presents a new sliding mode fuzzy controller for torque regulation of induction motor wheel
drives of the electric vehicle propulsion system. This
novel control method integrates the speed sensorless
SMC with the SVM technique. It replaces the PWM
component in the conventional SMFC with the SVM
so that the torque ripple of induction motor wheel
drives is eﬀectively reduced while the robustness is
ensured at the same time. In this new technique,
the ripples of both torque and ﬂux are reduced very
remarkable, and switching frequency is maintained
constant. Simulation results verify the validity of the
proposed method.

to the switch states S0 (000), S1 (100) ,. . ., S7 (111), respectively. These vectors can be plotted on the complex plane (α, β) as shown in Fig. 2.

2. SVM TECHNIQUES IN INDUCTION
MOTOR DRIVES
The SVM technique is the more preferable scheme
to the PWM voltage source inverter since it gives a
large linear control range, less harmonic distortion,
and fast transient response [19, 20]. A scheme of a
three-phase two-level PWM inverter with a star connection load is shown in Fig. 1.

Fig.1: Three phase two levels PWM inverter.
In Fig. 1, uP i , i = 1, 2, 3, are pole voltages; ua ,
ub , and uc are phase voltages; u0 is neutral point
voltage; VDC is the DC link voltage of PWM. Their
relationships are:

uP i
u0
ua

1
= ± VDC i = 1, 2, 3
2
1
= ± VDC
6
= uP 1 − u0 ; ub = uP 2 − u0 ; uc = up3 − u0(1)

The SVM principle is based on the switching between two adjacent active vectors and two zero vectors during one switching period [19]. From Fig. 1,
the output voltages of the inverter can be composed
by eight switch states U0 , U1 , · · · , U7 , corresponding

Fig.2: Space vectors.
The rotating voltage vector within the six sectors can be approximated by sampling the vector and
switching between diﬀerent inverter states during the
sampling period. This will produce an approximation of the sampled rotating space vector. By continuously sampling the rotating vector and high frequency switching, the output of the inverter will be
a series of pulses that have a dominant fundamental
sine wave component, corresponding to the rotation
frequency of the vector [20]. In order to reduce the
number of switching actions and make full use of active turn-on time for space vectors, the vector us is
commonly split into two nearest adjacent voltage vectors and zero vectors S0 and S7 in an arbitrary sector.
For example, during one sampling interval, vector us
in sector I can be expressed as

us (t) =

T0
T1
T2
T7
U0 + U1 + U2 + U7
Ts
Ts
Ts
Ts

(2)

where Ts is the sampling time, and Ts − T1 − T2 =
T0 + T7 ≥ 0, T0 ≥ 0 and T7 ≥ 0 . The required time
T1 to spend in active state U1 is given by the fraction
of U1 mapped by the decomposition of the required
space vector us onto the U1 axis, shown in Fig. 2 as
U1X . Therefore
T1 =

|U1X |
Ts
U1

(3)

T2 =

|U2X |
Ts
U1

(4)

and similarly

From Fig. 2, the amplitude of vector U1X and U2X
are obtained in terms of |us | and θ,
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|us |
|U2X |
|U1X |
(5)
2π = sin θ = sin( π − θ)
sin( 3 )
3
Based on the above equations, the required time
period spending in each of the active and zero states
are given by

T1

=

(
(
)
)
|us | sin π3 − θ
|us | sin π3 − θ
( ) Ts , T2 =
( ) Ts
|U1 | sin 2π
|U2 | sin 2π
3
3

Tz

=

T0 + T7 = Ts − (T1 + T2 )

(6)

The pulse command signals pattern for the inverter
for Sector I can be constructed in Fig. 3. Similarly,
according to the vector sequence and timing during
a sampling interval given in Table 1, other ﬁve pulse
command signal patterns, associated with sector II,
sector III, . . ., sector VI can be obtained.

3. SLIDING MODE CONTROLLER DESIGN
The objective of SMC design is to make the modulus of the rotor ﬂux vector ψr , and torque T track
to their reference value ψr∗ and T ∗ , respectively.
3. 1 Selection of the sliding surfaces
The transient dynamic response of the system is
dependent on the selection of the sliding surfaces.
The selection of the sliding surfaces is not unique.
The higher-order sliding modes can be selected; however, it demands more information in implementation
[21]. Considering the SMC design for an induction
motor wheel drives supplied through an inverter (Fig.
1), two sliding surfaces are deﬁned as

Table 1: Time duration for selected vectors.
a
U0 Um
Una U7 Un Um U0
Tz
4

Tm
2

Tn
2

Tz
2

Tn
2

Tm
2

Tz
4

Um and Un are two adjacent voltage vectors.
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S1

= T ∗ − T̂

(8)

S2

˙
= C(ψr∗ − ψ̂r ) + (ψ̇r∗ − ψ̂r )

(9)

The positive constant C determines the convergent speed of rotor ﬂux. T ∗ and ψr∗ are the reference torque and reference rotor ﬂux, respectively.
T̂ and ψ̂r √
are the estimated torque and rotor ﬂux,

and ψ̂r = ψ̂α2 + ψ̂β2 where ψ̂α2 and ψ̂β2 are the estimated rotor ﬂux in α, β coordinate. Once the system
is driven into sliding surfaces, the system behavior
will be determined by S1 = 0 and S2 = 0 in Eqs. (8)
and (9). The objective of control design is to force
the system into sliding surfaces so that the torque and
rotor ﬂux signals will follow the respective reference
signals.
Fig.3: Pulse command signal pattern.
Hence the required time periods in a sampling interval can be given as
t1

t2

t3

Tz
=
4



=



=

t4

=

t5

=

t6

=

Tz
4

+

Tm
2 ,

sector = I, III, V ;
m = 1, 3, 5, respactively
Tn
Tz
4 + 2 , sector = II, IV, V I;
m = 3, 5, 1, respactively
Tm + Tn
Tz
+
4
2
3Tz
Tm + Tn
+
2
4 3T
Tm
z
+


4
2 + Tm+1 , sector = I, III, V ;


m = 1, 3, 5, respactively

Tn
3Tz
4 + 2 + Tm , sector = II, IV, V I;


m = 2, 4, 6and



n = 3, 5, 1, respactively
3Tz
+ Tm + Tn
(7)
4

3. 2 Invariant transformation of sliding surfaces
In order to simplify the design process, the time
derivative of sliding surfaces function S can be decoupled with respect to two phase stator voltage vectors
u = [uα , uβ ]T . Projection of the systems motion in
the subspaces S1 and S2 can be written as
dS
= F + Au
dt

(10)

where F = [f1 , f2 ]T , u = [uα , uβ ]T , and S =
[S1 , S2 ]T .
Functions f1 , f2 , and matrix A can be obtained as
follows by diﬀerentiating structure switching function
(8) and (9) and substituting corresponding relations
from the mathematical model,

3P
f1 = Ṫ +
2
∗

(

)
1 ˙
2
ψ̂r · ψ̂r + σLs ψ̂r · ω̂ + σγ T̂ (11)
Rr
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f2

2
T̂
Rr ω̂
3P
ψ̂r
(
)2
(
)
2
2
T̂
2Rr
˙
−
+
− C ψ̂r (12)
Rr2
3
3P
L
r
ψ̂r

= C ψ̇r∗ + ψ̈r∗ + σRs Rr ψ̂r −

[
A=

a1 ψ̂β
a2 ψ̂α

−a1 ψ̂α
−a2 ψ̂β

]
(13)

where P is the number of pole pairs, Rr and Rs
are rotor and stator resistances, Lr and Ls are rotor and stator inductances,
and
(
) Lm is the mutual
inductance, σ = 1/ Ls Lr − L2m , γ = Ls Rr + Rs Lr ,
a1 = (3P/2)σLm and a2 = −(1/ψˆr )σRr Lm ; ω̂ is the
estimated rotor angle velocity.
From Eqs. (11) and (12), it is noted that functions
f1 and f2 do not depend on either uα or uβ . Therefore the transformed sliding surfaces, q = [q1 , q2 ]T
, are introduced to simplify the design process and
to construct the candidate Lyapunov function in the
next subsection. Sliding surfaces q and S are related
by an invariant transformation:
q = AT S

(14)

From Equations (16) and (17), it is observed that
the control command uα is used to force sliding mode
occurring on the manifold q1 = 0, while uβ is used to
force sliding mode occurring on the manifold q2 = 0.
The sliding mode occurring on the manifold q = 0 is
equivalent to its occurrence on the manifold S = 0
[7]. After the sliding mode arises on the intersection
of both surfaces S1 = T ∗ − T̂ = 0 and S2 = C(ψr∗ −
˙
ψ̂r ) + (ψ̇r∗ − ψ̂r ) = 0 , then T̂ = T ∗ and ψ̂r = ψr∗ .
Therefore a complete decoupled control of torque and
ﬂux is achieved.
The next step is designing the control inputs so
that the state trajectories are driven and attracted
toward the sliding surfaces S1 and S2 , and then remain sliding on it for all subsequent time. Let us
consider the positive deﬁnite Lyapunov function L
deﬁned as follows:
Li =

for i = 1, 2

L̇i = Si · Ṡi < 0

The direct method of Lyapunov is used for the
stability analysis. Considering the Lyapunov function
candidate v = 0.5S T S ≥ 0, its time derivative is

(19)

The time derivative L̇ of L must be negative definite L̇ < 0 to ensure system stability and make the
surface S attractive. Such condition leads to the following inequality:

3. 3 Selection of the control law

v̇ = S T (F + Au)

1 2
S
2 i

(20)

The torque control block diagrams of the IM for
electric vehicles propulsion system are shown in Fig.
4 (SMC with SVM), Fig. 5 (PI with SVM).

(15)

Select the control law as
= −k1 sign(q1 ) − k2 q1
(16)
= −k1 sign(q2 ) − k2 q1
(17)
{
+1, q > 0
where sign(q) =
; and k1 , k2 are posi−1, q < 0
tive constants.
From the time derivative of Lyapunov function
(15), the following equation can be derived:
uα
uβ

v̇

= S T (F + Au) = (q1 f1∗ − k1 |q1 | − k2 q12 )
+(q2 f2∗ − k1 |q2 | − k2 q22 )
(18)

where [f1∗ , f2∗ ] = (A−1 F )T .
From Equation (18), it is noted that if one chooses
k1 + k2 |qi | > max(fi∗ ), where i=1,2, the time derivative of Lyapunov function v̇ < 0 . Thus the origin
in the space q (and in the space S as well) is asymptotically stable, and the reaching condition of sliding
surface is guaranteed. The torque T̂ and rotor ﬂux
ψ̂r will approach to the reference torque and reference
rotor ﬂux, respectively.

Fig.4:
tem.

The SMC with SVM of IM propulsion sys-

It is well known that sliding-mode techniques generate undesirable chattering and cause the torque,
ﬂux, and current ripple in the system. However, in
the new control system, due to the SVM technique
giving a large linear control range and the regular
logic control signals for inverter [19], which means less
harmonic distortion, the chattering can be eﬀectively
reduced.
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the proposed controller. The outputs signals are the
(k)

(k)

control increment ∆Uα and ∆Uβ , which are used
to update the control law. The control signals are
deﬁned as follows:
(k)

(k)

(k+1)

∆Uα = ∆Uα + Uα

(k)

(k)

(k+1)

∆Uβ = ∆Uβ + Uβ

Fig.5: The PI with SVM of IM propulsion system.
4. SLIDING MODE FUZZY CONTROLLER
DESIGN
The combination of SMC with the fuzzy logic control aims to improve the robustness and the performance of controlled nonlinear systems [9, 11, 12, 23].
The proposed sliding mode fuzzy control (SMFC)
scheme for induction motors wheel drives torque control of the electric vehicle propulsion system is given
in Fig. 6.

(21)

(22)

The proposed sliding mode fuzzy controller is a
zero-order Sugeno fuzzy logic controller, which is a
special case of the Mamdani fuzzy inference system.
Only the antecedent part of the Sugeno controller
has the “fuzziness" and the consequent part is a crisp
function. In the Sugeno fuzzy controller, the output
is obtained through the weighted average of consequents [13, 14, 24].
Trapezoidal and triangular membership functions
denoted by N (negative), Z (zero), and P (positive)
are used for both the surface and surface changes.
They are presented in Fig. 7 and Fig. 8 in the normalized domain. For the outputs signals, ﬁve normalized
singletons denoted by NB (negative big), NM (negative middle), Z (zero), PM (positive middle), and PB
(positive big) are used for the outputs signals (Fig.
9). The surface plot presentation relationship between the inputs and outputs parameters of the rule
table given in Table 2 is visualized in Fig. 10.

Fig.7: Surfaces S1 and S2 membership functions.

Fig.6: The SMFC with SVM of IM propulsion system.
Let us consider the sliding surfaces deﬁned by
Equations (8) and (9). The proposed sliding mode
fuzzy controller forces the derivative of the Lyapunov
function to be negative deﬁnite. Thus, the rule base
table is established to satisfy Inequality (21).
Intuitively, suppose that Si > 0 and Ṡi > 0, the
duty cycle must increase; if Si > 0 and Ṡi > 0, the
duty cycle must decrease. Thus, the surfaces S1 and
S2 whith its variation Ṡ1 and Ṡ2 are the inputs of

Fig.8: Surfaces change Ṡ1 and Ṡ2 membership functions.

158

ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.10, NO.2 August 2012

Fig.9: Outputs singletons ∆Uα and ∆Uβ membership functions.
Table 2: Proposed SMFC Rule Base.

√
(u∗α )2 + (u∗β )2 , θ = atan(|u∗β |/|u∗α |) . In
|us | =
Fig. 5, the parameters of the PI controller are tuned
by trial and error to achieve the best control performance. In Fig. 4, the inverter logic control signals
are obtained through the SMC method while they are
calculated by using SVM techniques, however in the
proposed method (Fig. 6) the inverter logic control
signals are obtained during the fuzzy logic controller
associated with SMC though they are calculate by using SVM techniques. This turns out to be the major
diﬀerence between the SMC alone with SVM and the
proposed SMFC method with SVM.
To verify the technique proposed in this paper, digital simulations based on Matlab/Simulink have been
implemented. The nominal parameters of the test induction motor of the electric vehicle propulsion system are listed in Table 3.
A Matlab S-function is developed to implement the
SVM block. A 10-kHz ﬁxed switching frequency for
the inverter is used. For SMC with SVM, parameters
k1 and k2 are selected as k1 =0.1 and k2 =0.3.
Table 3: Type of Magnets.
Rr
Rs
Ls
Lm
Lr
PN
P

0.0503Ω
0.08233Ω
0.000724 H
0.02711 H
0.000724 H
35 KW
4

5. 1 Simulation results of stator current, rotor
torque and rotor ﬂux

Fig.10: Surfaces plot showing the relationship between the inputs and outputs parameters.

5. SIMULATION RESULTS
In this section, simulation results are obtainable
to show the performance of the proposed novel sliding mode fuzzy control method (SMFC with SVM).
Meanwhile, the proposed control method has been
compared with the conventional SMC [16] and classical PI control method [22]. The sliding-mode observer is adopted to estimate the rotor ﬂux and the
torque of an induction motor wheel drives of the electric vehicle propulsion system without using speed
sensors [8]. This observer has been proved to have
good convergence and asymptotic stability [16]. The
block diagrams of torque control of the IM propulsion
system are exposed in Fig. 4 (SMC with SVM), Fig.
5 PI with SVM.
In Fig. 4, u∗α and u∗β are control signals, derived
from the control law (16) and (17), and in Fig. 2

Figs. 11-13 show the stator current iα , torque responses T , and rotor ﬂux responses ψr when the reference torque signal is a rectangular wave with frequency 25 Hz. Based on the simulation results shown
in Fig. 13, the output torque comparison of three
control methods is shown in Table 4. From Fig. 11,
it’s noted that the resulting current has the largest
harmonic distortion for PI with SVM, the smallest
harmonic distortion for SMC with SVM, and negligible harmonic distortion for SMFC with SVM.
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Fig.11: Stator current iα , (a) PI with SVM, (b)
SMC with SVM, and (c) SMFC with SVM.

Fig.12: Rotor ﬂux responses ψr , (a) PI with SVM,
(b) SMC with SVM, and (c) SMFC with SVM.

Fig. 12 shows that the estimated rotor ﬂux tracks
the reference input well in all three control methods,
but PI with the SVM control scheme has the most
oscillation and biggest overshoot, while SMC with
SVM has the least oscillations with no overshoot, and
SMFC with SVM has no oscillations with no overshoot. Due to the rapid change of stator current,
four disturbances appear at 2 s, 4 s, 6 s, and 8 s in
Figs. 12(a) and 12(b). However, no disturbances are
found in Fig. 12(c). This demonstrates the fact of
the strong robustness of the sliding mode observer,
and even the SMFC with SVM. Fig. 13 and Table 4
show that, among three control methods, SMFC with
SVM has the best torque tracking performance with
signiﬁcant reduced torque ripple. The simulation re-

Table 4: Type of Magnets.
Controllers
PI with SVM
SMC with SVM
SMFC with SVM

Mean-square error
of output torque
0.947%
0.266%
0.005%

Torque ripple
±18.00%
±6.235%
±0.655%

sults demonstrate that the new control approach can
achieve the exact decoupling of the motor torque and
rotor ﬂux, and shows satisfactory dynamic performance.
5. 2 Torque tracking
In order to test the torque tracking convergence
to various reference torque signals, diﬀerent kinds of
waves are selected as the reference torque signals.
Figs. 14-16 show torque responses of the three control methods when the reference torque signals are
sine wave, sawtooth wave and piecewise wave, respectively.
From Figs. 14-16, it is noted that the proposed
new control method exhibits high accuracy in torque
tracking when the reference torque signal is changed
to diﬀerent signals.
5. 3 Load disturbances
To test the robustness of the developed sliding
mode fuzzy control method, the external load dis-
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Fig.14: Torque responses with a sine wave reference
signal.

Fig.13: Torque responses T , (a) PI with SVM, (b)
SMC with SVM, and (c) SMFC with SVM.

Fig.15: Torque responses with a sawtooth reference
signal.
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Fig.16: Torque responses with a piecewise wave reference signal.
turbance has been introduced to the proposed control system. Fig. 17 illustrates torque and speed responses of three control methods when external load
disturbance is a bandlimited white noise with 6.25e-3
noise power.
From Fig. 17, it is demonstrated that the torque
response of the proposed new control system is insensitive to external load perturbation. Although the
speed has small oscillation because of the disturbance,
the new control system is stable, and strong robust.
6. CONCLUSION
In this paper, a novel SMFC approach integrating with the SVM technique for an induction motor
wheel drives of an electric vehicles propulsion system
has been presented. Complete decoupled control of
torque and ﬂux is obtained and signiﬁcant torque ripple reduction is achieved. Comparing with the classical PI control method, the conventional SMC method
and SMFC with SVM technique, this new scheme
has low torque ripple, low current distortion, and
highperformance dynamic characteristics. Moreover,
this new control scheme can achieve high accuracy

Fig.17:
bance.

Torque and speed responses with distur-
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in torque tracking to various reference torque signals
and shows very strong robustness to external load
disturbances. Therefore the proposed novel control
method is simple, accurate, and robust. This study
demonstrates the robustness and the dynamic performance of a new sliding mode fuzzy control scheme
for torque control of induction motors of the electric
vehicles propulsion system.
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