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Speed Regulation of Induction Motors:
An Adaptive Sensorless Sliding Mode Control Scheme

Claudio Aurora and Antonella Ferrara

Abstract— A current-based sensorless sliding mode control
for induction motors is presented in this paper. It guarantees
asymptotic tracking of prespecified speed and square of the
rotor flux magnitude references without mechanical sensors.
The problem of chattering, typical of sliding mode controllers,
is overcome since the derivative of the stator currents are
used as discontinuous forcing actions, while the actual control
signals are continuous, thus limiting the mechanical stress. The
proposed adaptive sliding mode speed observer is based on a
different approach with respect to the widely used equivalent
control techniques.

I. INTRODUCTION

In the last years, sensorless control of motor drives has
become particularly attractive. Indeed, advantages presented
by the induction motor with respect to the other kind of
electric machines are unquestionable [1]: thanks to its sim-
ple squirrel cage rotor structure, without permanent magnets
or brushes, it results more reliable and less expensive, and
suitable for applications in hostile environments, because no
sparks are produced during operations. These advantages
become definitely appreciable if sensors for mechanical
variables are not required.

Unfortunately, speed (torque) and flux controlling in
induction motors drives is a difficult task because of the
nonlinearities and the strict coupling between the state
variables. Generally, no flux sensors are provided, and even
when a speed measurement is available, flux observers con-
vergence risks to be compromised by significant parameters
values variations (the most critical, the rotor resistance, may
change up to 200% of the nominal value), while the mea-
surements of stator currents turn out to be affected by noise,
due to electro-magnetic disturbances or to harmonics. High
performances and high robustness properties are required to
the control and the observer algorithms.

A great number of valid alternatives to the classical
and widely used Field Oriented Control strategy have been
proposed: a typical Nonlinear Output Feedback Control
scheme for current-fed induction motors is presented in [2],
while a Sliding Mode control scheme has been described
by Utkin in [3]. A global speed control scheme without
mechanical sensors has been recently proposed in [4]. A
lot of efforts have been also dedicated to the problem
of parameters estimation: in particular, solutions for rotor
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resistance on-line tuning are described in [5], [6], [7]; in
[8] stator resistance tuning is also taken into account.

The Sliding Mode control design techniques, capable
of guaranteeing high levels of robustness against matched
disturbances and parameters variation, seem to be well
applicable to the problems of sensorless speed and torque
control and robust flux estimation of induction motors: in
[9] the speed estimation is obtained by filtering a discontin-
uous signal, relaying on the concept of equivalent control;
a different scheme, based on the same theoretical concept,
is proposed in [10]; robust speed and torque estimation by
high order sliding modes is described in [11].

In this paper, a new Adaptive Sensorless Sliding Mode
Control strategy is presented. A classical current-fed in-
duction motor control scheme, where the stator currents
are assumed as control signals, is adopted, maintaining
the conventional control loops and simply replacing the
control algorithm. To avoid the problem of chattering, the
time derivatives of the currents have been regarded as
auxiliary control signals, while the actual control signals
are continuous.

The key element of the proposed method is a novel
sliding mode speed and flux adaptive observer. Relying
on a double sliding mode current observer, convergence
of flux, speed and rotor time constant estimates to real
values is guaranteed. Simulations show that the observer-
based control algorithm provides high regulation accuracy
and appreciable robustness.

II. MODEL OF THE INDUCTION MOTOR AND PROBLEM
FORMULATION

In a fixed reference frame a — b, the fifth order induction
motor model is defined by the following equations

d;/;ta = —opy — Wiy + Maig

% = —apy +wie + Maiy

B = —p%e 4 L (uy — Riiy) 1)
@ = P e (- Rab)

do = M (Piy — yia) — Y

where the state variables are the rotor speed w, the ro-
tor fluxes (1q,1) and the stator currents (i,,%,). Stator
voltages (u,,up) are the control signals, I'; is the load
torque, J is the moment of inertia, (R, Rs) and (L., Ls)
are rotor and stator windings resistances and inductances,
respectively, and M is the mutual inductance.
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An induction motor with one pole pair is considered.
To simplify notations, the following parameters have been
introduced

M? _ 1
L. L..,;» P=or. 2

For current-fed induction motors with high-gain current
loops the motor control algorithm can be constructed on the
basis of the following reduced order motor model

d;[;,,, = —Oﬂl)a - LU’l/Jb + Mai,
o = —ary + wiby + Maviy €)
do = L (Pain — Pria) —

by considering the stator currents (i4, i) as control inputs,
the rotor fluxes (¢4, 1) as the state variables, I'; as a known
input, and o as an unknown parameter (depending on the
rotor resistance value).

The quantities w,. (t) and W2 (t) are the reference signals
for the rotor speed and the square modulus of the rotor flux
W2 = )2 + 42, respectively!. Then, the tracking errors @
and ¥ can be defined as

Lo -

such that their time derivatives are

w— Wy

U2 — W7 =7+ ¢p — U7

T

4)

K

LM (haiy, — Ppia) — B — &y
—2a (Y2 + ¥F) ©)
+2Ma ("/’aia + ’(/}bib) - Q\I/r\i/r

=N
I

The problems addressed in the paper are the following:

e to design a control algorithm that guarantees that
speed and flux tracking errors are driven to zero with
exponential law;

o to design a speed and flux observer, to be included
in the control scheme, adaptive with respect to the
unknown rotor time constant (Sensorless Control).

III. SLIDING MODE SPEED AND FLUX CONTROL

Hereafter, the induction motor basic sliding mode con-
trol methodology is first briefly recalled for the reader’s
convenience, the new current-based sliding mode control
algorithm is designed and, finally, the proposed speed and
flux observer is discussed.

ITo allow for correct operation of the control algorithm, the first and
second time derivatives of the speed and flux references are assumed to
be bounded.

A. Preliminary Issues: Voltage-based Sliding Mode Control

Among the various sliding mode control solutions for
induction motors proposed in the literature, the one pre-
sented in [3] can be regarded as the reference one. Its
purpose is to directly control the inverter switching by use
of three switching reference signals for the stator voltages
(u1,ug,us): to consider them in place of the transformed
ones (uq,up), it is necessary to transform them according
to the simple law

Uu U
|: (L:|:T U (6)
Up
u3
with
1
N —%] 0
Vs V3 _ 3
Slo v g

The control design is based on the definition of three
sliding functions which identify the manifold in the system
state space such that, when the system trajectory lies on it,
the system exhibits the desired dynamics. More precisely, to
drive speed and flux tracking errors to zero with exponential
law, and to guarantee the symmetry condition to the stator
voltages system, the following sliding functions

S1 = I{/’U_,LIJ +L:}
So = k/’\p\iJ + \i] (8)
s3 = fot (u1 + ug + ug) dr

are selected. To determine the control law that is expected to
steer the sliding functions (8) to zero in finite time, one has
to consider the dynamics of s = (s1, s2, 33)T , described by

ds

i F + Du ©)
where ul = (uy,us,us), while vector FT = (f1, f2,0)
and matrix D can be explicitly found by differentiating
s1 and s2. The components of vector F' may be regarded
as bounded disturbances, which are in turn continuous
functions of motor parameters, speed, rotor fluxes, reference
signals and of their first and second time derivatives. Matrix
D can be written as

kk 0 0 D
D=|0 k 0 [ d1 } (10)
0 0 ks
with Dy defined as
1M1 _
b 0 flpb wa
D, = JL’“OULS 2aM ]l T 1y
oL, wa wb

andd=[1 1 1 ];ki ke, and ks are positive constant
design parameters, introduced to virtually increase the con-
trol amplitude.

Defining the transformed sliding functions s* = (s,
where matrix Q = D~! exists everywhere in the system
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state space, except for ||¥| = 0, where det D # 0, their
time derivative, describing the state motion on the subspace
s* = 0, results in

ds* a .
7 —QF-I—EDS +u (12)
Then, the following switching control law
u = —ugsign (s*) (13)

where ug is a sufficient high control amplitude, can be
chosen to ensure the finite time reaching of s* = 0, [3].

B. The proposed State Feedback Sliding Mode Control

To design a sliding mode control algorithm by assuming
the stator currents time derivatives as control inputs, it is
first necessary to derive the sliding functions to impose the
desired behaviour of speed and flux errors. To this end, let

k@ + @
o P (14)
S9 koW + W
with the dynamics of sT = (s1 s2) described by
ds .
— =F+Di 15
7 + Di (15)

where 7 = (ia, ib) is the two dimensional control. Vector
FT = (f1, f2) can be found in the same way as indicated
in the previous section, while

_ kl 0 iM 0 —1/}17 ¢a
D_[O kz}{J(])—Jr QQM][wa ¢b](16)

with k; and ky positive constants. By transforming the
sliding functions through the use of the matrix Q = D1,
and remembering that, in this case too, matrix €2 exists when
[[¥|| # 0, the state motion on the subspace s* = 0 turns
out to be characterized by the equation

ds* 7k9] * .
o = OF + —-Ds" +1 17)

By choosing the switching control law

i = —igsign (s*) (18)
for sufficiently high values of the design parameter 7 the
objective of reaching the manifold s* = 0 in finite time is
attained.

In contrast to the nonlinear output feedback control
scheme presented in [2], the proposed sliding mode control
algorithm does not require the knowledge of the load torque
(which is instead assumed to be known in this paper), but
only the knowledge of an upperbound of it.

C. The Sliding Mode Adaptive Speed and Flux Observer

An original adaptive speed and flux observer is proposed.
Unlike [9] and [10] it does not rely on the equivalent
control method [3] according to which unknown quantities
are obtained by filtering a discontinuous signal, but on a
double sliding mode current estimation.

First, let us suppose that a flux observer is available

die
G o= fu
i
% = fu
where fy, and fy, are functions that will be defined later.
Now, let us design the first sliding mode current observer

(19)

dig ‘ N
it = —Bfp. + 5 (e — Ria) — Kysign (ia,)

di ‘ N
2L = —fBfy, + ﬁ (ug — Rsiq) — Kysign (i)

(20)
where, according to [3], vanishing of the estimate errors
la; = gy — %q and ip, = ip, — 7p is ensured by sufficiently
high gain K of the discontinuous signal, introduced to en-
force a sliding mode behaviour. By considering the estimate
errors dynamics

fer = gl — Kysign (ia,)

. : 1)
1 . ~

d*;l — —ﬂ—dg’t” — Ky sign (ip,)

analogously to [2], auxiliary quantities are introduced

{ Za = lay + P 2
zy =y, + B
which exhibit the dynamics
(B = e
% = —Kisign (ip,)

and reconstruction of the fluxes estimate errors 1[},1 = &a —
1, and ¥, = b, — 1y related to (19) turns out to be feasible,

i.e.
. -
vy, =

Then, a second sliding mode stator current observer is
designed

(2a = Tay)

(26— ) 9

=

dig, 1

i = oo (U — Ryia) — Kasign (ia,)
diy ! . s (25)
@ = or (ua — Ryia) = Kasign (in,)

The estimate errors 7,, = 2, — %q and %, = i, — %
dynamics is
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diay +8%e _ Kysign (iq,)

dat dt
. ) 26)
dl? = +ﬁ% — Kosign (ip,)

Analogously to the previous case, auxiliary functions are
introduced

Vg = —lg, T+ 51/}0,
- @7
Vp = by + ﬁ¢b
characterized by the following dynamics
{ d;ta, = +Ksysign (ia,) 28)
% = +Kssign (ip,)

So, the second current observer, namely (25), allows as
to compute the true rotor flux values

{1/%1 =
vy =

Now, relying on knowledge of variables @a, ZZJ{,, 1, and
1y, it is possible to define functions fy, and fy, so that
the flux observer (19) can be rewritten as

(Vq +ay) 29)
(vp + %,)

= @I

G = fo. = —Gva— 0y + Méia — Kyt
o~ fu = —ay + Gt + My, — Kyt
(30)
with Ky > 0, where @ and & are estimated by
% = %Lﬂ(waib_zbbia) - F_]l +fw
* ' (31)
dt = fa

with f,, and f, additional terms, to be defined, introduced
to impose the desired behaviour to the estimation errors
O=w—wand & = & — a, that is

(% -0
da
d_?:fa

Note that, as previously mentioned, two key assumptions
have been taken ito account: as in [2], « is regarded as
an unknown but constant quantity, while the load torque is
supposed to be known, as assumed in [4].

Relying on (30), the flux estimate errors dynamics turns
out to be

(32)

W = G — Dy + Maia — Kytha
- 5 (33)
Do = —ary, +wip, + Mai, — Ky

Now, it is possible to select the following Lyapunov
function
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i i
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Fig. 1. The proposed induction motor control scheme.

(34)

[

1+ =+ 1 1
V, =~ {w2+w§+ —&* + —@2}
2 Yoo 7

in which v, > 0 and , > 0. Its time derivative V, is given
by

Vw = @Za’l/;a + Jjb"z)b + ’Y%LD& + 7%6‘6‘

= Ky (1/33 + 1@?)

+w ,Y%fw - @awb + J)bwa)
6 (35 fo + P (Mia = ) + G (Mip — ) )

. (35)
To have V,, < 0, one can select
fo = Y Jjawb - J’bd)a)
fo = Ve 'lz]a (1/Ja_Mia)+'L/~Jb (wb_Mib))
(36)
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Equations (31), with additional terms f,, and f, defined
in (36), provide an estimation law for the mechanical speed
w and an adaptive law for the unknown parameter a.
Convergence of the flux observer (30) is so guaranteed.

The Fig. 1 shows the proposed induction motor control
scheme with full details.

D. Some comments on convergence

To guarantee the convergent behaviour of the update law
of a, it is necessary to show that the signal which drives
such a law verifies the persistency of excitation condition
[12]. To this aim, the second equation in (31) can be put in
the form

A I

- o[} .

Persistency of excitation is then guaranteed provided that

t+T
/ L (r)T7 (7)dr (38)
t

is positive definite for 7 > 0 and for any ¢ > 0. This
condition is satisfied, since it results V¢ > 0

t+T
/t ((% — Mia)* + (4 — Mib)Q) dr>0 (39

A similar analysis may be performed about w.

IV. SIMULATION EXAMPLES

A. Simulation setup

To validate the proposed control algorithm (18) and the
speed and flux adaptive observer, simulations have been
carried out by use of Matlab and Simulink, adopting the
same parameters of the experimental setup shown in [2], in
which a 600 W one pole pair induction motor with a rated
speed of 1000 rpm is used.

The main purposes were to inspect both performances
and robustness properties in reference tracking and obser-
vation accuracy. About the control algorithm, another task
is to verify that the limit imposed to the maximum value
of the stator current time derivatives does not compromise
the dynamical performances during transients.

The speed and flux modulus references and the load
torque profile are shown in Fig. 2: both the first and the
second time derivatives of speed and flux reference signals
are bounded. The simulation here shown has been carried
out with a value of the rotor resistance equal to 150% of
the nominal one.

Speed reference Flux modulus reference

(rad/s)
(Wb)

05

) 05 1 15 2 0 05 1 15 2
Time () Time (s)

Applied load torque

) 05 1 15 2
Time ()

Fig. 2. Speed and rotor flux reference signals and load torque profile in
simulations.

Speed tracking error Flux tracking error

(radfs)
(Wb)
°

) 05 1 15 2 0 05 1 15 2
Time (s) Time (s)

Current tracking error (phase a) Current tracking error (phase b)

()
o

(A
o

M

-4 -4
[ 05 1 15 2 0 05 1 15 2
Time (s) Time ()

Fig. 3. Speed and rotor flux modulus tracking errors; tracking error of
the stator current.

B. Simulation results

The control algorithm performances are illustrated in Fig.
3: current tracking error due to the current regulator is also
shown. Fig. 4 reports, in the restricted time interval [0.95,
1.05] s, both the discontinuous waveform (phase a) of the
control signal, and the stator current ¢, of the motor, thus
letting us appreciate the filtering action of the integrators, of
the current loop and of the same motor. Moreover, the limit
imposed on the time derivative of the stator current (2000
A/s) seems not to affect negatively the speed regulation
during load torque transients.

The adaptive sliding mode speed and flux observer proves
to be fast and accurate: the previous analysis demonstrates
that speed and flux regulation seems not to be affected by
the presence of the observer in the control scheme. Fig. 5
shows that speed and flux modulus estimation performances
are satisfactory, even before that the convergence of the
parameter «v estimation is verified, proving good robustness
of the speed and flux observer. Both current and flux
estimate errors are quickly steered to zero, as shown in
Fig. 6 (only performances of the first sliding mode current
observer are here reported).
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Current time derivative discontinuous reference (phase a) Current estim. error (phase a) Current estim. error (phase b)

T T T T T T T T T 0.05 0.05
“Im | | | i I <
"IN | | o o
-2000 |
T ie i ie i 12 sl im 12 im iz 0055 05 1 15 2 0057 05 1 15 2
Time (s) Time (5) Time (s)
Stator current (phase a) Flux estim. error (phase a) Flux estim. error (phase b)
; ; ; ; ; ; ; 002 0
5 7 001 : 0.01
z DW B g . - g A
sr N -0.01 -0.01
s 1.‘\5 I,‘W 1 ‘18 1.‘\9 1‘.2 1‘21 1 ‘22 1.‘23 1‘24 1.25 -0.02 -0.
Time (<) ° Tmew 2 ° e 2
Fig. 4. The switching control input, i.c. the time derivative of the stator Fig. 6. Stator currents and rotor fluxes components estimate errors.
current (phase a) and the measured current ¢, showing the high harmonics
filtering.
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