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Abstract—An adaptive robust position control for real time
high-performance applications of induction motors is developed
in this work. The proposed sliding mode controller providesa
global asymptotic position tracking in the presence of model
uncertainties and load torque variations. The proposed control
scheme incorporates an adaptation law for the switching gain,
so that the controller can calculate the switching gain value that
is necessary to overcome the existing system uncertainties. The
design also incorporates a sliding mode based load torque and
rotor flux observers in order to improve the control performance
without using sensors that increases the cost and reduces the
reliability. The proposed design does not present a high compu-
tational cost and therefore can be implemented easily in thereal
time applications. Simulated and experimental results show that
this scheme provides a high-performance dynamic characteristics
and that is robust with respect to plant parameter variations and
external load disturbances.

Index Terms—Induction Motor, Field-oriented control, Position
Control, Sliding Mode Observer and Control.

I. I NTRODUCTION

Induction motors (IM) have been widely used in industrial
applications such as machine tools, steel mills and paper
machines, owing to their good performance provided by their
solid architecture, low moment of inertia, low ripple of torque
and high initiated torque. In order to regulate the IM in high-
performance applications several control techniques havebeen
developed being the field oriented control method [1] one of
the most popular techniques.

The field oriented technique decouples torque and flux
control commands for the IM, but the control performance of
the resulting system is still influenced by uncertainties, which
usually are composed of unpredictable parameter variations,
external load disturbances, and unmodelled and nonlinear
dynamics. Therefore, many studies have been made on the
motor drives in order to preserve the performance under these
parameter variations and external load disturbances, suchas,
predictive control [2], [3], adaptive control [4], robust control
[5], fuzzy control [6] and direct torque control [7]. The Sliding
Mode Control is a nonlinear robust control that can overcome

Manuscript received September 25, 2013; revised December 23, 2013 and
February 10, 2014; accepted March 20,2014.

Copyright (c) 2014 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org.

This work was supported in part by the Basque Government through the
project S-PE12UN015 and by the University of the Basque Country through
the projects GIU13/41 and UFI11/07.

O. Barambones is with the Vitoria Engineering School, University of the
Basque Country. e-mail: oscar.barambones@ehu.es

P. Alkorta is with the Eibar Engineering School, Universityof the Basque
Country. e-mail: patxi.alkorta@ehu.es

the model uncertainties and external disturbances, and thereby
it is very attractive for IM control [10].

Position control is often used in some applications of
electrical drives like robotic systems, conveyor belts, etc. In
these applications, traditionally DC motors are used due to
their linear behavior. However, the squirrel cage induction
motor presents some excellent constructional features such
as reliability, high efficiency, ruggedness, low cost, and low
maintenance, which make the use of an IM very attractive
for some applications. However, due to their highly coupled
nonlinear structure, the IM position control presents some
drawbacks that should be solved using more sophisticated
controllers [11]. In these applications uncertainty and external
disturbances are also present and therefore a robust control
system that maintain the desired control performance under
these situations are frequently required. In this sense, during
the last years, the sliding mode control has been focussed
on many studies and research for the position control of the
induction motors [12]-[14]. In the work presented in [12] the
induction motor position control problem has been studied
using a discrete time sliding mode control. However in this
work the authors, should select the switching gain, taking
into account the system uncertainties, in order to obtain the
convergence to the sliding surface. Moreover, in this work
the authors also calculate the angular position of the rotor
flux vector in an open loop using the slip estimate which is
very sensitive to the parameter uncertainties. In this sense this
control scheme can be improved using a rotor flux observer in
order to calculate the angular position of the rotor flux vector,
and employing an adaptive switching gain in the controller as
it is proposed in this work. In the paper [14] the authors present
a robust position control for IM but in this work a Luenberger
observer is used which is sensitive to the model uncertainties
and in this work experimental results using a commercial IM
are not presented.

On the other hand, the sensors increase the cost and also
reduce the reliability of the control system because these
elements are generally expensive, delicate and difficult to
install. Therefore, considerable efforts should be made to
reduce the number of sensors in the control systems [15],[16].
Recently a novel estimators for induction motor has been
proposed in [17] and [18]. In [17] the measured stator current
of the IM, used as a reference signal, is compared with the
stator current estimated using the stator voltage-currentmodel.
However in this paper the rotor flux is calculated using the
current model of the rotor flux without including any corrector
terms in order to compensate the model uncertainties. In
[18], an state estimation of induction motor drives using the
unscented Kalman filter is proposed, however the proposed
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Kalman filter presents a high computational cost, which can be
undesirable in order to implement this observer in commercial
applications.

In order to overcome these problems a Sliding Mode
Observer (SMO) is proposed in this paper. The proposed SMO
unlike the observer proposed in [19]-[20] also incorporates a
proportional current error term, in order to reduce the observer
sliding gain value and thus to improve the observer behavior.
Moreover, the proposed observer presents a low computational
cost and therefore this observer is adequate to be implemented
in the induction motor control real time applications for
industrial purposes.

In this paper a new observer-controller scheme that in-
corporates an adaptive robust position control and a robust
rotor flux and load torque estimator for high-performance IM
applications is proposed. The overall control scheme does not
involve a high computational cost and therefore can be imple-
mented in real time applications using a low cost processors.
The main contributions of this paper can be summarized as
follow: The paper introduces an adaptive robust approach for
induction motor position control, that overcomes the system
uncertainties and load disturbances that are usually present in
real systems. The proposed design incorporates an adaptation
law for the sliding gain so that the sliding mode controller can
adapt the sliding gain value that is necessary to overcome the
existing system uncertainties. In this sense, the control signal
of the proposed sliding mode control scheme will be smaller
than the control signals of the traditional sliding mode control
schemes [8],[12], because in the latter, the sliding gain value
should be chosen high enough to overcome all the possible
uncertainties that could appear in the system over the time.
However, in our scheme, the sliding gain value is small when
the system uncertainties are small, and if the system uncertain-
ties increase the sliding gain value is increased (if necessary) to
overcome this increment in the system uncertainties. Besides,
in order to reduce the load torque uncertainties, a sliding mode
load torque observer is proposed. The load torque observer
improves the position control performance because reduces
the system uncertainties and therefore reduces the sliding
gain value that is necessary in order to get the attractivity
condition towards the sliding surface. Furthermore, a sliding
mode flux observer is proposed in order to avoid the flux
sensors for calculating the rotor flux vector angular position,
whose value is essential in order to apply the field oriented
control principle. This observer presents a robust performance
and a low computational cost. Finally, the proposed control
scheme is validated in a real test, using a commercial induction
motor, in order to demonstrate the real performance of this
controller. The experimental validation has been implemented
using a control platform based on a DS1103 PPC Controller
Board that has been designed and constructed for this purpose.

II. SLIDING MODE OBSERVER FOR ROTOR FLUX

ESTIMATOR

From singular perturbation theory [21], and based on the
well-known IM model dynamics, the slow variables of the
system areψdr, ψqr and the fast variables areids, iqs.

Therefore, the corresponding singularly perturbed model of
the IM using the d-q stationary reference frame is:

εi̇ds = −Lmαrids + αrψdr + wrψqr +
Lr
Lm

(Vds −Rsids)

εi̇qs = −Lmαriqs − wrψdr + αrψqr +
Lr
Lm

(Vqs −Rsiqs)

ψ̇dr = Lmαrids − αrψdr − wrψqr (1)

ψ̇qr = Lmαriqs + wrψdr − αrψqr

whereVds, Vqs are stator voltages;ids, iqs are stator currents;
ψdr, ψqr are rotor fluxes;wr is motor speed;Rs, Rr are stator
and rotor resistances;Ls, Lr are stator and rotor inductances;

Lm, is mutual inductance;σ = 1 −
L2

m

LsLr
is leakage coeffi-

cient;Tr =
Lr
Rr

is rotor-time constant;ε =
σLsLr
Lm

; αr =
1

Tr
.

Using the system model (1), the proposed sliding mode
observer can be designed as follows:

ε˙̂ids = −Lmαrids + αrψ̂dr + wrψ̂qr +
Lr
Lm

(Vds −Rsids)

+k1eid − gid sgn(eid)

ε˙̂iqs = −Lmαriqs − wrψ̂dr + αrψ̂qr +
Lr
Lm

(Vqs −Rsiqs)

+k2eiq − giq sgn(eiq) (2)
˙̂
ψdr = Lmαrids − αrψ̂dr − wrψ̂qr − gψd

sgn(eid)

˙̂
ψqr = Lmαriqs + wrψ̂dr − αrψ̂qr − gψq

sgn(eiq)

where î and ψ̂ are the estimations ofi and ψ; k1, k2, gid ,
giq , gψd

andgψq
are the observer gains;eid = ids − îds and

eiq = iqs − îqs are the current estimation errors;sgn() is the
sign function.

Subtracting (2) from (1), the estimation error dynamics can
be expressed in matrix form as:

εėi = +Aeψ +Kiei +GiΥe

ėψ = −Aeψ +GψΥe (3)

where eψd
= ψdr − ψ̂dr, eψq

= ψqr − ψ̂qr are the flux
estimation errors,A = αrI2 − wrJ2, ei = [eid eiq ]

T ,
eψ = [eψd

eψq
]T , Υe = [sgn(eid) sgn(eiq)]

T ,

Gi =

[

gid 0
0 giq

]

, Gψ =

[

gψd
0

0 gψq

]

I2 =

[

1 0
0 1

]

, J2 =

[

0 −1
1 0

]

, Ki =

[

−k1 0
0 −k2

]

The stability analysis of this system can be considered using
the two-time-scale approach. Then, first the observer gainsGi
andKi of the fast subsystem (ids, iqs) are determined to ensure
the attractiveness of the sliding surfaceei = 0 in the fast time
scale. Thereafter, the observer gainGψ of the slow subsystem
(ψdr, ψqr), are determined, such that the reduced-order system
(obtained whenei ∼= ėi ∼= 0) is locally stable [21].

The fast subsystem of (3) can be obtained by introducing
the new time variableτ = (t − t0)/ε and thereafter setting
ε→ 0 [21]. In the new time scaleτ , taking into account that
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dτ = dt/ε, from (3) it is obtained:

d

dτ
ei = Aeψ +Kiei +GiΥe

d

dτ
eψ = 0 (4)

Therefore, if the observer gainsGi andKi are adequately
chosen, the sliding mode occurs in (4) along the manifold
ei = [eid eiq ]

T = 0.

Proof: Let us define the following Lyapunov function
candidate,

V =
1

2
eTi ei

whose time derivative is,

dV

dτ
= eTi

dei
dτ

= eTi [Aeψ +Kiei +GiΥe] (5)

=

[

eid
{

gid sgn(eid) + αreψd
+ wreψq

− k1eid
}

eiq
{

giq sgn(eiq)− wreψd
+ αreψq

− k2eiq
}

]

Then, the attractivity condition is fulfilled selecting a suffi-
ciently large negative numbersgid , giq , and positive numbers
k1 andk2 in order to satisfy the following inequalities:

gid < −
∣

∣αreψd
+ wreψq

∣

∣ + k1 |eid|

giq < −
∣

∣−wreψd
+ αreψq

∣

∣+ k2 |eiq| (6)

When the currents trajectory reaches the sliding surfaceei =
0, the observer error dynamics given by (3) behaves, in the
sliding mode, as a reduced order system governed only by the
rotor flux erroreψ, becauseei = ėi = 0:

0 = +Aeψ +GiΥe

ėψ = −Aeψ +GψΥe (7)

In order to demonstrate the stability of the previous system,
the following Lyapunov function candidate is proposed:

V =
1

2
eTψeψ (8)

The time derivative of the Lyapunov function candidate is:

dV

dt
= ėTψeψ = −ΥTe (Gi +Gψ)

T A−1GiΥe

= −ΥTe
[

(I2 +GψG
−1

i )Gi
]T
A−1GiΥe

= −ΥTe G
T
i (I2 +GψG

−1

i )TA−1GiΥe

= −ΥTe G
T
i (A

−1)TAT (I2 +GψG
−1

i )TA−1GiΥe

= −(A−1GiΥe)
TAT (I2 +GψG

−1

i )TA−1GiΥe

= −eTψA
T (I2 +GψG

−1

i )T eψ

= −eψ(I2 +GψG
−1

i )AeTψ (9)

To ensure thaṫV is negative definite the following sufficient
condition can be requested:

(I2 +GψG
−1

i )A ≥ ̺I2 , ̺ > 0 (10)

Solving the gain matrixGψ in (10) yields:

Gψ ≤ (̺A−1 − I2)Gi (11)

Therefore, the time derivative of the Lyapunov function will
be negative definite if the observer gainGψ is chosen taking

into account (11). As a result from (9) it is concluded that the
equilibrium point (eψ = 0) of the flux observer error dynamic
given by (7) is exponentially stable; that is, the flux observer
error converges to zero with exponential rate of convergence.

III. SLIDING MODE LOAD TORQUE OBSERVER

When the load torque is unknown or it is very variable
over time, the load toque should be considered as a system
uncertainty and then the control system should be robust under
this uncertainty. In this paper a sliding mode load torque
estimator is proposed in order to reduce this system uncertainty
and improve the control performance.

The well known induction motor mechanical equation is:

Jθ̈m +Bθ̇m + TL = Te (12)

where J is the inertia constant;B is the viscous friction
coefficient;TL is the external load;θm is the rotor mechanical
position, which is related to the rotor electrical position, θr,
by θm = 2 θr/p wherep is the pole numbers.

Using the field-orientation control principleψeqr = 0 and
ψedr = |ψ̄r|, so the induction motor torqueTe is simplified to:

Te =
3p

4

Lm
Lr

ψedri
e
qs = KT i

e
qs (13)

whereψedr andψeqr are the rotor-flux linkages,ieds, i
e
qs are the

stator current components, and the subscript ‘e’ indicatesthat
are referred to the synchronously rotating reference frame.

The dynamic equation of the IM is obtained using the
mechanical equation (12) and the torque equation (13) :

ẇm = −
B

J
wm +

KT

J
ieqs −

1

J
TL (14)

The load torque can be considered as a quasi-constant signal
assuming that it only changes at certain instants. Accordingly,
the system state space equations are:

ẇm = −
B

J
wm +

KT

J
ieqs −

1

J
TL

ṪL = 0 (15)

Taking into account that the load torqueTL is taken as
a quasi-constant signal, the load torque can be considered
the slow component of this system. Therefore, from singular
perturbation theory [21], the stability can be demonstrated
assuring the asymptotic stability of the fast component of this
system (the rotor speed), and thereafter the convergence of
the slow component (the load torque) for the reduced system,
when the rotor speed estimation error is zero.

The proposed SM observer is:

˙̂wm =
−B

J
wm +

KT

J
ieqs −

1

J
T̂L + kw1

ew + h1 sgn(ew)

˙̂
TL = −kw2

ew − h2 sgn(ew) (16)

where ew = wm − ŵm, and kw1
, kw2

, h1 and h2 are a
positive constants.

From (16) and (15) the estimation error is obtained:

ėw = −
1

J
eT − kw1

ew − h1 sgn(ew)

ėT = kw2
ew + h2 sgn(ew) (17)
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whereeT = TL − T̂L

In order to demonstrate the stability of the fast component
the following Lyapunov function candidate is proposed:

V =
1

2
e2w (18)

The time derivative of this Lyapunov function candidate is:

V̇ = ew ėw (19)

= ew

(

−
1

J
eT − kw1

ew − h1 sgn(ew)

)

(20)

= −h1|ew| − kw1
e2w −

1

J
eweT (21)

To ensure thaṫV is negative definite the following sufficient
condition can be requested:

h1 ≥

∣

∣

∣

∣

1

J
eT

∣

∣

∣

∣

− kw1
|ew|+ ηw , ηw > 0 (22)

Therefore,
V̇ ≤ −ηw|ew| (23)

From (23) it is deduced that the equilibrium pointew =
0 is asymptotically stable, and from this equation it can be
also deduced that the maximum time in order to reach the
equilibrium pointew = 0 is:

treach ≤
ew(t = 0)

ηw
(24)

When the speed observation error reaches the equilibrium
point, ew = 0 and ėw = 0, and then from (17) it is obtained
that the observer error dynamics behaves as the reduced-order
subsystem presented below:

0 = −
1

J
eT − h1 sgn(ew) (25)

ėT = h2 sgn(ew) (26)

From the previous equations it is obtained:

ėT = −
1

J

h2
h1
eT (27)

and thereforeeT converges to zero.

Therefore, the estimation error converges to zero if the
observer gainsh1, h2 kw1

and kw2
are selected taking

into account the conditions given after eqn.(16) and eqn.(22).
Accordingly the estimated stateŝwm, T̂L converges to the
real stateswm, TL as t tends to infinity, and the load torque
may be obtained from the sliding mode observer given by (16).

IV. A DAPTIVE SLIDING MODE POSITION CONTROL

Taking into account the system uncertainties, from (14), the
dynamic equation of an induction motor can be written as [14]:

θ̈m = −(a+△a)θ̇m − (f +△f) + (b+△b)ieqs (28)

where the termsa, b andf are:

a =
B

J
, b =

KT

J
, f =

T̂L
J

; (29)

and the uncertainties in the values ofa, b andf are represented
by the terms△a, △b and△f respectively.

The position tracking error is defined as follows:

e(t) = θm(t)− θ∗m(t) (30)

whereθ∗m is the rotor position command.

The second derivative of (30) is:

ë(t) = θ̈m − θ̈∗m = −a ė(t) + u(t) + d(t) (31)

where the signalu(t) collects the terms:

u(t) = b ieqs(t)− a θ̇∗m(t)− f(t)− θ̈∗m(t) (32)

and the signald(t) collects the uncertainty terms:

d(t) = −△awm(t)−△f(t) +△b ieqs(t) (33)

The sliding variableS(t) is defined as:

S(t) = ė(t) + k e(t) (34)

wherek is a positive constant gain.

The proposed adaptive sliding mode position control law is:

u(t) = −(k − a) ė(t)− β̂γ sgn(S) (35)

whereβ̂ is the adaptive switching gain andsgn(·) is the sign
function.

The switching gainβ̂ is updated by means of the next
adaptation law:

˙̂
β(t) = γ |S(t)| β̂(0) = 0 (36)

where the positive constantγ can be used to select the
adaptation speed.

The control law (35) with the adaptation law (36) leads the
rotor mechanical positionθm(t) so that the position tracking
error e(t) = θm(t) − θ∗m(t) tends to zero as the time tends
to infinity, and the proof is carried out using the Lyapunov
stability theory.

V (t) =
1

2
S(t)S(t) +

1

2
β̃(t)β̃(t) (37)

whereβ̃(t) = β̂(t)− β, andβ ≥ dmax + η

The derivative ofV (t) is:

V̇ (t) = S(t)Ṡ(t) + β̃(t) ˙̃β(t) = S · [ë+ k ė] + β̃
˙̂
β

=S · [(−a ė+ u+ d) + k ė] + β̃ γ|S|

=S ·
[

−β̂γ sgn(S) + d
]

+ (β̂ − β)γ|S|

=dS − β̂γ|S|+ β̂γ|S| − βγ|S| (38)

≤|d||S| − (dmax + η)γ|S|

≤−η γ|S| ≤ 0 (39)

Considering thatV̇ (t) is negative semidefinite,V (t) is
positive-definite and that whenS(t) andβ̃(t) tends to infinity
V (t) also tends to infinity, then the origin[S(t), β̃(t)] = [0, 0]
is a globally stable equilibrium point and consequently the
termsS(t) and β̃(t) are bounded. Taking into account that
S(t) is bounded it is concluded thate(t) and ė(t) are also
bounded.
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The derivative of the sliding variable (34) is:

Ṡ(t) = ë(t) + kė(t) (40)

then, using (31) and (35) is obtained

Ṡ(t) = −aė(t) + u(t) + d(t) + kė(t)

= (k − a)ė(t) + d(t)− (k − a)ė(t)− β̂γ sgn(S)

= d(t)− β̂γ sgn(S) (41)

Using equation (41) and considering thatγ and β̂ are
bounded it is deduced thaṫS(t) is bounded.

The second derivative ofV (t) can be obtained from equation
(38):

V̈ (t) = d Ṡ(t)− β γ
d

dt
|S(t)| (42)

Considering thatṠ(t) is bounded then it is deduced thatV̈ (t)
is bounded and thereforėV (t) is an uniformly continuous
function.

Considering thatV (t) is bounded anḋV (t) is an uniformly
continuous function then from Barbalat’s lemma it can be
deduced thaṫV → 0 ast→ ∞. Finally, from equation (41) it
is concluded thatS(t) → 0 as t → ∞.

When the system reach the sliding mode,S(t) = 0, and
then from 34:

Ṡ(t) = 0 ⇒ ė(t) = −k e(t) (43)

Therefore, the tracking errore(t) converges to zero because
k is a positive constant.

Finally, using equations (35) and (32) the current command
expressed in the synchronously rotating reference frame is
obtained:

ie∗qs(t) =
1

b

[

a θ̇∗m + θ̈∗m + f(t)− (k − a) ė− β̂γ sgn(S)
]

(44)

The semi-global asymptotic stability of the closed-loop
system with the proposed sliding mode observers, is provided
by the separation principle, which requires the asymptotic
stability of the observer fast enough, such that it brings the
state estimate close enough to its real value in a short time and
restores the stabilizing powers of the controller as a necessary
and sufficient condition [22].

V. CONTINUOUS APPROXIMATION OF THE SWITCHING

CONTROL LAW

As it is well known the sliding mode control could present
the chattering phenomenon because the control signal given
by (35) is discontinuous when the system crosses the sliding
surface. This involves high control activity and may also excite
high-frequency dynamics so that the chattering is not desirable
in real applications. The mechanical system inertia will reduce
the chattering in the control signal, but undesirable vibrations
could appear for some systems with a low mechanical inertia.
For these systems, the chattering can be prevented smoothing
out the sgn(S) function that appear in the control signal. In

this sense, thesgn(S) function is replaced by a saturation
function in the control law (35):

u(t) = −(k − a) ė(t)− β̂γ sat

(

S

ξ

)

(45)

wheresat(·) is the saturation function that is defined below:

sat

(

S

ξ

)

=











sgn(S) if |S| > ξ

S

ξ
if |S| ≤ ξ

whereξ is a positive constant

Furthermore, the parameter drift phenomenon may arise in
the adaptation of the switching gainβ. To avoid this prob-
lem, the following modification is performed in the previous
adaptive law (36):

˙̂
β = γ |So| β̂(0) = 0 (46)

where So is defined by:

So = S− ξ sat

(

S

ξ

)

=

{

S − ξ if |S| > ξ

0 if |S| ≤ ξ
(47)

The control law (45) with the adaptation law (46) leads the
rotor mechanical positionθm(t) so that the position tracking
error e(t) = θm(t) − θ∗m(t) can be made as small as desired
by choosing an adequately small boundary layer of thickness
ξ and the proof is carried out using the Lyapunov stability
theory.

V (t) =
1

2
So(t)So(t) +

1

2
β̃(t)β̃(t) (48)

whose time derivative is given by:

V̇ (t) = So(t)Ṡo(t) + β̃(t)
˙̃
β(t)

=So · [ë+ k ė] + β̃
˙̂
β

=So · [(k − a) ė+ u+ d] + (β̂ − β)γ|So|

=So ·
[

(k − a) ė − (k − a) ė− β̂γ sat(S/ξ) + d
]

+(β̂ − β)γ|So|

=dSo − β̂γ|So|+ β̂γ|So| − βγ|So| (49)

≤|d||So| − (dmax + η)γ|So|

≤−η γ|So| ≤ 0 (50)

The torque current command,i∗sq(t), can be obtained sub-
stituting (45) in (32):

ie∗qs(t) =
1

b

[

a θ̇∗m + θ̈∗m + f(t)− (k − a) ė− β̂γ sat

(

S

ξ

)]

(51)

VI. SIMULATION AND EXPERIMENTAL RESULTS

In this section the SMC position regulation performance is
analyzed by means of different simulation examples and real
test using a commercial induction motor. The block diagram
of the proposed control scheme is presented in Figure 1. In
this figure, the block ‘VSC Controller’ represents the proposed
adaptive SMC. The block ‘limiter’ limits the current applied to
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the motor windings so that it remains within a secure value.
The block ‘dqe → abc’ makes the conversion between the
synchronously rotating and stationary reference frames (Park’s
Transformation). The block ‘Current Controller’ consistsof
a SVPWM current control. The block ‘SVPWM Inverter’ is
a six IGBT-diode bridge inverter with 540 V DC voltage
source. The blockPI provides the current referenceie∗ds from
the rotor flux error. The block ’Flux Estimator’ represents
the proposed sliding mode flux estimator. The block ‘θ̂e
Calculation’ provides the angular position of the rotor flux
vector. Finally, the block ‘IM’ represents the induction motor.

θ̂e
Calculation

dqe → abc
Current

Controller

ψ̂qr

✻

✲
VSC

Controller

✲
Limiter

✲

✛

SVPWM

Inverter

IM

✲

❄

❄

✻ iabc

✛

ψ̂dr

θ̂e

vabc

✲
PI

✲
ie∗qs

ie∗ds

ψe∗
dr

✲✲

Flux Estimator

θ∗m

✲

ie∗qs

−

+ e

✻

i∗abc

Pulses

✻

✻
θm

θm

+

−

ψ̂e
dr

below:

Fig. 1. Block diagram of the proposed sliding-mode field oriented control

In order to carry out the real experimental validation of the
proposed control scheme the control platform shown in figure
2 has been designed and constructed.

Fig. 2. Block diagram of the induction motor experimental platform

This control platform has been designed in order to test
the controller performance in real time using a commercial
induction motor. The main elements of this platform are a
PC and the DS1103 Controller Board real time interface of
dSpace, the power block and the commercial squirrel-cage
induction motor, model M2AA 132M4 of7.5 kW manufac-
tured by ABB. In the PC is running the Windows XP and the
software installed is MatLab7/Simulink R14 and ControlDesk
2.7. The power block is formed for a three-phase rectifier
connected to 380 V/50 Hz AC electrical net and the inverter
formed by a three-phase IGBT/Diode bridge of 50A. Finally,
in order to get a DC bus of540V a capacitor bank of 27.200
µF is employed. The parameters of this platform are included
below:

• wN : Nominal Speed, 1440 rpm
• TN : Nominal Torque, 49.3 Nm
• Rs : Resistance of the Stator, 0.81Ω
• Rr : Resistance of the Rotor, 0.57Ω
• Lm : Magnetizing Inductance, 0.118mH
• Ls : Inductance of the Stator, 0.120mH
• Lr : Inductance of the Rotor, 0.121mH
• p : Number of Poles, 4
• J : Moment of Inertia, 0.057kgm2

• B : Coefficient of Viscous Friction , 0.015Nm/(rad/s)

The rotor position of this motor is measured using the
G1BWGLDBI LTN incremental rotary encoder of 4096 square
impulses per revolution. These pulses are quadruplicated in a
decoder, giving a resolution of 16384 ppr which gives an angle
resolution of 0.000385 rad (0.022 deg).

The PLC is used to ensure that some maneuvers or basic
operations, that should be done in the experimental platform,
are realized in a safe way. In this sense, the PLC has been
programmed in order to control several maneuvers like: start
and charge DC bus, discharge DC bus and stop, connection and
control of load torque, alarms, etc. The FPGA is programmed
in order to calculate the mechanical position and speed of the
induction motor using the pulses received from the incremental
encoder. The calculation is realized each100µs and the
position and speed values are provided to the PC through the
real time target (dS1103). The platform also includes a 190U2
Unimotor synchronous AC servo motor of 10.6 kW connected
to the induction motor to generate the load torque (controlled
in torque). This servo motor is controlled by its VSI Unidrive
inverter module.

The position control is implemented in the experimental
platform using a sample time of100µs. The controller is
executed in the real time controller board DS1103 man-
ufactured by dSpace. This controller board includes the
PowerPC floating-point processor running at 1MHz and the
TMS320F240 DSP that works as slave in order to generate the
SVPWM pulses for the inverter. Finally, the algorithms for the
position and currents control, the flux and torque estimators,
the θe angle calculation, the Park’s reference frame transfor-
mations, the calculations of SVPWM, have been programmed
in C language in a Simulink using a S-Builder module which
provides a portable and compact code.

The experimental validation is carried out using an un-
certainty in the parameters of the system. In this sense, the
mechanical parameters used in the controller design are 50%
smaller than the real values. The nominal value of the rotor
flux is 1.01 Wb and it is obtained for a flux current command
value of i∗sd = 8.61A. In order to obtain a closed loop flux
stabilization, this current reference value is supervisedusing a
PI controller. The gains values for this PI controller has been
tuned, and the following values has been obtainedkp = 150
andki = 90.

On the other hand, the electromagnetic torque current com-
mand, i∗sq, has been limited to 30 A, in order to provide a
protection against overcurrents in the induction motor’s stator
fed. Finally, the frequency of commutation of VSI module of
the platform is limited to 8 kHz.
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In the examples the values for the controller parameters
are: k = 56, γ = 10 and ξ = 0.05. These values are
experimentally tuned taking into account the influence of this
parameters in the controller performance. In the selectionof
this control parameters the following rules must be taken into
account. An increase in the parameterk gives an increase
in the position error convergence when the system reach the
sliding surfaceS(t) = 0 but this also increases the initial value
of the sliding gainS(t = 0) becauseS(0) = ė(0) + ke(0),
which is undesirable. An increase in the parameterγ gives a
faster adaptation of the switching gain but also can increase
the final value of the switching gain, which is not desirable.
In the selection of the boundary layer of thicknessξ, it should
be noted that the smaller the value ofξ is, the smaller is the
error but larger is the chattering.

The values for the flux observer parameters are:gid =
−44.5, giq = −44.5, gψd

= −50, gψq
= −50, k1 = 100

and k2 = 100, and the values for the load torque observer
parameters are:kw1

= 25, kw2
= 250 h1 = 100 andh2 = 100.

These values are experimentally tuned taking into account the
conditions given in equations (6), (11), (16), (22) and (34).
In the selection of the observer gains it should be taken into
account that a larger values for the observer switching gains
may provoke the chattering phenomenon in the observer which
is undesirable.

In the first example the IM follows a position reference from
0 to 2π rad, and there are several load torque step changes
until TL = 60N.m, which is a 20% above the nominal torque
value (49 Nm). Figure 3 shows the simulation test and figure
4 shows the real test. The first graph shows the reference and
the real rotor position, and the second graph shows the rotor
position error. As it can be observed the rotor position tracks
the desired position in spite of system uncertainties. A little
position error can be observed at timet = 1s and t = 2s
because there is a torque increment at this time that increase
the system uncertainties, and then the controlled system lost
the so called sliding mode because the actual sliding gain istoo
small for this larger uncertainties. However, after a shorttime,
the rotor position error is eliminated because the sliding gain
is adapted so that the new sliding gain value can compensate
for the new system uncertainty. The third graph shows the d-
component of the rotor flux in the stationary reference frame.
In this figure it can be observed that the proposed sliding mode
observer provides an accurate and fast rotor flux estimation.
The fourth graph shows the motor torque, the load torque
and the estimated load torque. As it can be seen in this
graph, the load torque observer estimates the load torque value
accurately. The fifth graph shows the time evolution of the
sliding variable. In this figure it can be seen that the system
reaches the sliding condition(S(t) = 0) at time t = 0.25s,
but then the system lost this condition at timet = 1s and
t = 2s due to the load torque increment which produces an
increment in the system uncertainties. The sixth graph presents
the time evolution of the adaptive sliding gain. The slidinggain
starts from zero and then it is increased until its value is high
enough to compensate for the existing system uncertainties.
Then, aftert = 0.5s, the sliding gain remains constant because

the system uncertainties are remained constant as well. Later at
time t = 1s andt = 2s the system uncertainties increases due
to the increment in the load torque and therefore the sliding
gain should be adapted once again in order to overcome this
increment in the system uncertainties.

The seventh and the eighth graphs of figure 3, shows the
q-component and the d-component of the stator current in the
synchronously rotating reference frame. As it can be observed
the electromagnetic torque is proportional to the q-component
of the stator current because when the field oriented tech-
nique is used the electromagnetic torque is proportional to
the q-component of the stator current and the rotor flux is
proportional to the d-component of the stator current. Finally,
in order to show the advantages of the proposed SMO that
incorporates a proportional error term in order to improve the
observer performance, the last graph of figure 3 shows the
rotor flux observer error obtained using the proposed SMO
and the traditional SMO that does not includes a proportional
error term. As it can be observed the proposed SMO provides
better convergence to the real values of the rotor flux.

In the second example the system performance of the
proposed controller, using various position reference changes
and load torque variations, is presented.

Figure 5 shows the real experiments carried out using the
experimental platform. The first graph shows the reference
and the real rotor position, and the second graph shows the
rotor position error. As it can be observed, after a transitory
time, the rotor position tracks the desired position in spite
of system uncertainties and position reference variations. The
third graph shows the estimated rotor flux. The fourth graph
shows the motor torque, the load torque and the estimated
load torque. As it can be seen in this graph the proposed load
torque observer provides a good estimation of the load torque
value. The fifth graph shows the time evolution of the sliding
variable. In this figure it can be seen that the system reaches
the sliding condition(S(t) = 0) at time t = 1.05 s. Finally,
the seventh graph presents the time evolution of the adaptive
sliding gain, that increases (when is necessary) in order to
overcome the present system uncertainties.

In the third example the performance of the proposed con-
troller considering variations in the stator and rotor resistances
is presented. Figure 6, shows the real test of the proposed
position control scheme using the experimental platform. In
this experimental validation, a variations of50% in the stator
and rotor resistance values are analyzed in order to show the
robustness of the proposed control scheme. The variations in
the rotor and stator resistance values are implemented in the
controller and in the observer algorithms in order to emulate
similar variations in the real values of the IM resistances.
Therefore, in this experiment the resistance values used inthe
observer and in the controller are reduced, which emulates an
increment of the resistance values in the real system.

The first graph shows the reference and the real rotor
position. As it can be observed, after a transitory time, the
rotor position tracks the desired position in spite of system
uncertainties and stator and rotor resistance variations.The
next graph shows the rotor position error. The third graph
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Fig. 3. Position tracking simulation results using a position reference from
0 to 2π and several load torque step changes
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Fig. 4. Position tracking experimental results using a position reference
from 0 to 2π and several load torque step changes

shows the rotor speed. As it can be observed the rotor
accelerates in order to reach the desired position and then
decelerates in order to stop at the desired position. The fourth
graph shows the variation of50% in the value of the stator
and rotor resistances that are introduced in the observer and
in the controller at timet = 2 s. The fifth graph shows the d-
component, the q-component and the module of the estimated
rotor flux. As it can be observed the proposed rotor flux
estimator presents a good performance under the change of
50% in the stator and rotor resistance value that appears at time
2 s. The sixth and the seventh graphs show the d-component
and the q-component of the stator current respectively. As it
can be observed the stator currentsisd and isq shows a small
changes from timet = 2 s due to the changes in the rotor
and stator resistances. This current variation is greater from



0278-0046 (c) 2013 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE
permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TIE.2014.2316239, IEEE Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 9

0 1 2 3 4 5 6 7 8 9

0,7854

0,4

0

−0,4

−0,7854

Time (s)

R
ot

or
 P

os
iti

on
 (

ra
d)

reference
exp real

0 1 2 3 4 5 6 7 8 9
−0.1

−0.05

0

0.05

0.1

Time (s)

P
os

iti
on

 E
rr

or
 (

ra
d)

exp

0 1 2 3 4 5 6 7 8 9
−1

−0.5

0

0.5

1

Time (s)

R
ot

or
 F

lu
x−

d 
(W

b)

est

0 1 2 3 4 5 6 7 8 9
−20

0

20

40

60

80

Time (s)

T
e 

(N
m

)

Te
Tl est

Tl real

0 1 2 3 4 5 6 7 8 9
−5

0

5

Time (s)

S
lid

in
g 

V
ar

ia
bl

e,
 s

exp

0 1 2 3 4 5 6 7 8 9
0

1

2

3

Time (s)

S
lid

in
g 

G
ai

n,
 ß

real

Fig. 5. Position tracking experimental results using several changes in the
position reference and several load torque ramp changes

t = 3 s because the difference between the real resistance
values and the resistance values used in the observer and in the
controller is also greater. However, as it can be observed inthe
first graphs the proposed control scheme is robust under these
resistance variations and the position tracking is not affected.

The eighth graph shows the real load torque and the
estimated load torque. In this graph a change in the estimated
load torque can be observed at timet = 0.47. This change
appears because at this time the motor torque (and also the
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Fig. 6. Position tracking experimental results using a position reference from
0 to 2π, load torque ramp changes and stator and rotor resistance variations

torque currentisq) decreases in order to reduce the rotor
speed value to zero (decelerate). Due to the uncertainties in
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the system mechanical inertia, initially, this deceleration is
considered by the observer as a load torque variation and then
it introduces an error in the value given by the load torque
observer. Nevertheless, the proposed control scheme is robust
under this observer error and therefore the position tracking
performance is not affected. Finally, the ninth graph presents
the time evolution of the adaptive sliding gain, that is increased
(if is necessary) in order to overcome the system uncertainties.

VII. C ONCLUSION

In this paper an induction motor position regulation using an
adaptive SMC for a real-time applications has been presented.
The proposed design incorporates an adaptation law for the
sliding gain, in order to calculate the appropriate slidinggain
value to overcome the system uncertainties. The control signal
of this adaptive SMC will be smaller than the control signals
of the traditional SMC, because in the last one the sliding
gain value should be chosen high enough to overcome all the
possible uncertainties that could appear in the system over
time. Additionally, in order to avoid the flux sensors a SM
rotor flux estimator and load torque observer are proposed to
improve the controller performance. Moreover, the proposed
observers and the proposed controller do not involve a high
computational cost and therefore can be easily implemented
in a low cost DSP-processor. Finally, the simulation and real
test over a commercial IM, have confirmed that this position
control scheme presents a good performance in practice,
and that the position tracking objective is achieved under
system uncertainties, and also under load torque and resistance
variations.
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