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Abstract

This paper presents a nonlinear Integral backstepping control approach applied to an induction motor fed by a power
voltage source without speed sensor. We present the implementation of the integral backstepping control for induction
motor drives based on the field oriented control technique. We also present the mechanism of adaptive super twisting
speed and rotor flux observers with the only assumption that from stator voltages and currents are measurable. The
objective is to improve the speed control, the rotor flux control under load torque disturbances and parameter
variations. The overall stability is demonstrated using Lyapunov theory. Simulation results prove clearly high
robustness against disturbances; the estimated flux and rotor speed converge to their actual values.
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1. Introduction

The induction motor (IM) plays an important
role in industrial applications, due to simplicity
of design and maintenance, robustness and low
cost [1]. The model of IM is nonlinear,
multivariable and greatly coupled have a fairly
complex control. The progress in nonlinear
control and the considerable technological
advances, both in the field of power electronics
and in microelectronics, made possible the
implementation of high performance control of
induction motor, making it a must in the areas
of variable speed and fast torque control. This
motor is a serious candidate for nonlinear
control [2].

In this paper, we use a backstepping
technique to synthesize a sensorless vector
control of induction motor. The backstepping
technique is a systematic and recursive method
of synthesis of nonlinear control law based on
Lyapunov  functions that ensure the
stabilization of each synthesis step [3]. At each
step of the process, a virtual control is
generated for ensuring the convergence of the
system to its steady state [4]. This technique
allows the synthesis of control laws taking into
account disturbances or parameters mismatch
[5]. The modification of Backstepping control
by adding Integral action is an interesting

solution to improve the robustness of
backstepping control and to eliminate residual
errors [6].

The state variables used in the development
of induction motor control (flux, speed ...) are
often difficult to obtain for technical or
economic reasons (difficulty or impossibility of
measuring,  fragility, size, cost and
maintenance). Dedicated sensors represent the
weak link in the chain, so we try to fulfil their
role by estimation using electrical variables.
Therefore, the mechanical speed sensor is
completely replaced by software which are
based on calculation algorithms [7].

During last years, various sensorless control
schemes have been presented and are now used
in many fields of electric drive. Estimators and
observers can be classified into the following
categories: Estimators in open loop, estimators
based on harmonic analysis, MRAS techniques,
nonlinear and adaptive observers. Estimators
are sensitive to parameters variations. Using
observers improves the robustness of the
estimation in regard of parametric variations
and measurement noises [8].

The proposed technique is based on the
approach developed by H. Kubota and al [9]
which uses an adaptive observer to estimate
the motor speed. The contribution of this work
is based on the replacement of the adaptive
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mechanism from a conventional Pl controller,
to a super-twisting adaptive control algorithm.
The aim is to boost the accuracy of the
estimated speed and decrease the influence of
the parameter uncertainties.

2. Mathematical Model of Induction Motor
and Vector control

2.1. Model of IM in (d-q) Reference Frame

The mathematical model of the three-phase
induction motor can be expressed in the (d-q)
synchronous rotating frame by the following
nonlinear equations [10] [11]:

di,
L=qi, o, +a,9,
dt
- a3(‘0r ‘(I)rq + b‘Vvd
di
sq . .
e ad, -0 i, +a.9,.0,
1
+a, 4, +bV, M
d(l)rd .
= a4'lsd - aS ‘(I)rd + (O‘)S - (DF )'(I)”]
dt
dd
rq _ . _ _ _
dt - a4'lsq as '(I)rq ((‘os @, )'(I)rd
do, . .
-, = a6 '(lxq ‘¢rd Ly ‘(I)rq )_ a7 ‘0‘))‘ - a8 T}
dt
with:
2
LmR
ar=-bfR +[mJ R 9 =—DM"L
[ L) (oL 12)
2
Lm ay = Lm-Rr a _Re ag p"Lm
(oLsLy)’ L L’ JL
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a7=f—c ag—p c=1- Lm b—L
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2.2. Direct field Oriented Control for
Induction Motor

The field oriented control strategy is very
efficient to get high-performances for
induction motor drive in terms of torque and
speed. The principle of this technique is to
make the behaviour of the induction motor
similar to that of a DC motor, for which a
natural decoupling exists between the control
of the torque and the magnetic flux. This is
done by correctly computing the dq reference
frame to cancel the quadrature component of
the flux. We must find the right Park’s angle so
that the rotor flux vector is entirely on the d-
axis, the decoupling is obtained by imposing

the following condition [12] [13]:
¢r =¢rg =Lm -isq and ¢rq =0 (2)

3. Integral Backstepping control
3.1. Application principle

The basic idea of backstepping control is to
make closed loop systems equivalent to first-
order subsystems in cascade that are Lyapunov
stable. This gives ensures robustness and
asymptotic global stability.

Our aim to control the flux and speed
variables. To let them follow particular
trajectories, we chose as intermediate
variables, the stator currents. They must follow
their reference values defined by the “virtual
control”. Finally, we compute the voltage
controls (stator voltages) required to let the
“virtual controls” converge to the desired
values with regards to the stability of the
associated Lyapunov function [14] [15] [16].

3.2. Application of conventional backstepping
control to induction motor

In our work, we provide Integral
backstepping control by using the model of the
leakage oriented induction machine equation

(1) [17].

Our objective is to synthesize the expression
of the control variables Vsq and Vsq to let the
state variables of the induction motor follow
the desired references. By making a variables
change, the new ones are the errors between
the set points and the state variables. This
control is presented in four steps [6], as we will
show in this section.

The motor has to reach the desired speed
under a rated magnetic flux ¢,q. We must first
compute speed and rotor flux errors.

a) First step “speed loop”
For the electrical speedw,, we define the
tracking error as:

*

€1 =0 —or 3)
And their dynamics are given by:

&1 =ar — oy )
Then the error dynamical equations are:

e = (oi — aéiqs(prd +a,0, +a.T,

The first Lyapunov function is chosen such
that:
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_1.2
V1(e1)—7e1 (5)

Its derivative is:

vi(er) = eq.e (6)

vileq) = e1((br —ag.isq-Prd +a7.0r +a8.T[)

The objectives of tracking are performed
(v1(e1) < 0) choosing the quadrature current

as virtual control which represents the
stabilizing function as follows:

i;q = 1 (k1e1 +0): +a7.0r +a8.T[)
drd-ap (7)

with k1 is a positive constant.

The derivative of the Lyapunov function
becomes:

vileq)= —k1e12 <0

Since the current igq is not a control input

and is only one variable of the system with its
own dynamics. We will use it to introduce the
integral action, so we choose the desired

dynamic behaviour of the virtual control i;q as
following:

isqg = kie1 + o +a7.or +ag.T

sq ord-26 11 r 7-Or 8-l
+ M1 (8)
With  Aq is positive constant and

11 = j(t)e1(r)dr is the integral action brought in

accordance with the following error”e”. By
introducing this integral in the virtual control,
we ensure the convergence of the tracking
error to zero in steady state.

b) Second step “i, current loop”

For this step, our goal is the replacement of
the virtual current control by computing
control voltages.

We define the error of the g-axis component
of the stator current and its reference.

€2 = isq +A1 —isq 9)
The derivative is written as:

€ =isq +r1.e1—isq

. i ¥ 1
€2 =igs — 91 ‘GTVsq
s

with
81 =-a1isq — 0sisd —a3drqor

va(eg)=1es

N|—=

Its derivative is:
valez)=ez.&;

. 2 ¥ 1
valez)= —ez-(‘qs — 54 _?Vsqj
s

For a negative error derivative e, , we must
choosevgq = cLs(kzez +i;q —81) as the first
control voltage.

Vz(ez ) = —kze% <0
with k, is a positive constant.

¢) Third step “flux loop”
We define the tracking error as:

€3 =drd — drd (13)
And its derivative with respect to time leads

to:

€3 = d)rd - d’rd

(14)

€3 =¢rq +as5.0rd —a4.igg

The third Lyapunov function is chosen such
that:

_1(a2
vi(es)=7(e3) 15)

Its derivative is:

\'/3(e3):e3.é3 (16)

vi(es)= e3(d)rd +a5.0rg —a4-isd)

The tracking objectives are achieved
(v3(e3)<0) by choosing the reference of the
current component as follows:

.* 1 . %*
Isd = —(k3e3 +dre + a5<|)rd)
ag

with k3 is constant positive.
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The derivative of the Lyapunov function
becomes:

vi(es)= —k3e§ <0

The desired dynamic behaviour of the virtual
control with integral action i;d is given by:

*

. 1 -
Ly :a_(k3e3 +¢,, +as0,, )"' Aoxs (18)

4
with A, is positive constant,
and 7 = [e3(t)dr

d) Fourth step “isd current loop”
€4 =isq +12.%2 —isd
e4 =lisd +12.€3 ~isq
The derivative of the error variable is:

€4 =1isd —isd

(20)
. u® 1
€4 =isd =82 ———Vsd
ols
with
82 =-aqisq + wgisq +a20rd
. W 1
Va(ez)= _e4-[‘ds -82 _Vsd) (21)

ols

Va(eg)=eyq.e4

For the error derivative e4 to be negative
we must choose vy :cLS(k4e4 +i;d —62) as
the second control voltage.
va(eq)= —k4e‘21 <0

with k4 is a positive constant.

This leads to stabilize the system by the
increased Lyapunov function of energy:

Ve:%e12+e%+e%+e% 22)
Its derivative is:

Ve = —k1e12 —kze% —k3e§ —k‘«,ef1 23)
which leads to:

~kqe? —kgel —kzel —k4el <0 o

For the proposed sensorless vector control,
the rotor flux and position are determined by
the following relationships:

bs = arctg( ‘PFBJ (25)
ro

br = \0f + 00y (26)

The Integral backstepping control for

induction motor with the proposed observer
can be presented by the block diagram shown
in Figure 1.

B! or stepl | 159 d B
5 o@—( 32 | @ e[ 4 /],
¥ O f 'sq 4 i =
E: * - |
o |¢.r_ i Three Phase
g1 @ Step3 |'sd @ S Stepd v Inverter
% I & Isd ab *®
@ ¢,r_ ry = J
N I [ iBg
ab >}
: )]
i i abc
: soL | sp ) )
: L
: SuperTwisting
Adaptive
r cahlculatinf of Oshl::f\:ier V5o,V sB
Bgand QO
Equation{25-26)

Induction Motor

Figure 1. Block diagram of backstepping control scheme based induction motor drive

4, Speed and flux estimation by the
Adaptive Observer

In this section, the conventional adaptive
observer is presented. Its goal is the

reconstruction of the rotor flux and speed
without a mechanical sensor.

The rotational speed of the induction motor
is not measured and is considered as an
unknown parameter in the observer equation
system.
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4.1. Model of observer

The mathematical model of induction
motor, expressed in the (a—pB) stationary
reference frame allows having a good
compromise between stability and simplicity of
observer, can be described by the following
state equation [18]:

{X:A-X+B-U
Y=C-X 27)
where

X = [isoc 15[3 bro, ¢r[3]T

. A
U:Vs:["sa VsB]T ) Y:‘s:[‘sa ]SB]
The state equations can be rewritten as:

ag O az a3.or

Ao 0 a3 -az.or az (28)
ag O as - or
0 ay o ag
ag O
0 ag 1000

= , C= 29

B 0 O {0 10 0} #2)

0 O

The coefficients aq, a;, a3, a4, as and
ag have the same expressions as those defined
in equation (1).

The state observer, which estimates the

stator current and the rotor flux is written as
follows [9]:

X=A-%+B-U+Glis - i)
with

(30)

. [ . ]T 2 [A. 2 ]T
Is =lsa 'sp] gpg's = U'sa Tsp

Are respectively the vectors of the measured
and the estimated stator currents. G is the
observer gain matrix which imposes its
dynamics. It is calculated as follows [9-19]:

G{ g1 %2 93 84}
-2 81 -84 83 (31)

By naming €=X-X  the dynamics of the
estimation error of the adaptive observer is
obtained by:

d_d(, ¢ o o
d—te:d—t(X—X):(A+G-C)-(X—X)+(A—A))<

=(A+G-C)-e—AA-X (32)
with
A =A-A

00 0 C- Aoy

AA R A 0 0 —c-Aor 0

B |0 0 0 — Aoy

0 0 Aoy 0

Awop = &p — oy : Error on speed.

The speed adaptation law is given by:
1 d - ~
X'EA(Dr = @jsq.-Prp — €isp-Pro. / C 1)
N A ~ ~
Or = Iz(eiScx Orp —€isp-Pro )dt 33)
dr =Ky (eisa -‘T’rB —€isp -(T)roc )dt (34)
with

1-o
Kw = A.
W olm

This adaptation law has been established for
almost constant speed, to improve the dynamic
of speed observation, we replaced the pure
integral by a Pl controller as follows [20]:

o = Kp-(eiSa -(T)r[i —€isp -J)ra)‘ dt
+K J(eiS(x -‘T)r[} —€isp -a)ra)‘ dt

with

(35)

€isq = Isq —Isq, And €5p = iSB - 15[3
Kp And K; are the proportional and integral

gains respectively.

The matrix of the adjustable gain G of the
observer will ensure the stability and the
dynamics of desired observation.

The coefficient k is chosen so that the
observer will responds faster than the system.

g1 = (1-k). R—S+1_—G+c.l
olLs o.T, Tr

g2 = (k-1).dr
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2
83 = (k _1)-( " + Ly +C-L_mj U= _}”P|S|r sgn(s) + v
o ol o.T, T, V = —hisan(s) 6)
(1-k)( Ry 1-c 1
T oL ot CT Where u represents the control signal, 2 ;

The structure of the adaptive observer is
shown in Figure 2.

'.':—“.1_1 I-IEE
- <+

~e—UT

1 'y |+ |
Adaptation laws }

Backstepping
Control
+1i

super-twisting

controller —

c

{a |
—J

Figure 2. Block diagram of adaptive observer

5. Adaptive Super-Twisting Observer Design

The enhancement provided in this section
consists in the replacement of the conventional
Pl controller by a super twisting control
algorithm. The super twisting sliding mode
algorithms are excellent controllers to solve
problems of speed estimation and have the
ability to compensate the uncertainties of the
mathematical model [21] [22].

The super twisting algorithms have been
developed in the context of higher order sliding
mode control theory. Now, consider the super
twisting control algorithm, which is given by
[23]:

R 100r == speed reference | g
v o wes ; S
3 80t ; speed estimated | g
© =
= 60 k]
5 g
g 40 3 §
] =%

o ] [S)
= 0 L L L ) L L i §
0 2 4 6 8 10 L

and Ap are the control gains, s is a sliding

variable, r is a positive constant, 0<r<0.5,
The adaptation laws based the super

twisting Control Algorithm are obtained for the

estimation of speed can be designed as (34).

O = kp|s|r sgn(s)+ v

vV =—Xjsgn(s) (37)

where the sliding variable is
S = €jsq, -4A>r[3 —€jsp .J)ra, and gainsijandip are
positive constants.

A block diagram of the speed estimation

control with super twisting sliding mode is
shown in Figure 3.

Eisod By

Em, 5@, + i
2 g -
. T 5ot
CispHhro ] -
Fo |00 — *p

Figure 3. Block diagram of control loop of speed
estimation with STSM regulator

5. Simulation results

The results exposed below were obtained by
numerical simulations, performed for the
nonlinear integral backstepping control without
Speed Sensor associated with the adaptive
observer applied to the induction motor drive
for the values of the following coefficients: K
= K2 =500, K3 = Ks= 1800, A= 10000, A, = 10200,
k=0.96. These coefficients are obtained by try-
error procedure.
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Figure 4. Performance of the proposed observer at high and low speed region with two load variations
These figures describe the high performance
of the closed loop system (observer and Analysis of the results confirms the

controller) in terms of trajectory tracking and
disturbance rejection. The speed of the
machine correctly follows its reference even
under conditions where the machine is
unobservable (between 7 and 9 sec) [24], The
disturbance rejection is very satisfactory as low
speed or high speed. Nevertheless, there is a
small difference at application times of load
torque steps. The results also show a good flux
control.

6. Conclusions

This paper presents the application of
nonlinear integral backstepping technique for
sensorless vector control of induction motor.
The proposed method is to use an adaptive
observer based on a super twisting control
strategy for the estimation of the speed and the
rotor flux by using Lyapunov theory to show the
system stability. The speed and rotor flux are
estimated only with sensing electrical
variables.

superiority of the super twisting approach that
allows a sensorless control with a high level of
performance not only in terms of precision and
robustness of the estimation, but also in terms
of reference tracking and disturbance
rejection.

7. Nomenclature

Tem» TL : Electromagnetic torque, load torque.
isd, isq: Stator currents.

drd> drq: Rotor flux.

om: Electrical angular.

o : Total leakage factor.

RsandR, : Stator and rotor resistances.
LgandL, : Stator and rotor inductances.
Lm ¢ Mutual inductance.

p : Number of pole pairs.

J : Moment of inertia.
fc : Friction coefficient.
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8. Appendix

Table 1. Nominal parameters of the induction motor

used:
Rated power 1.5kW
Rated voltage 220V
Rated speed 1428rpm
Nominal frequency 50Hz

Rated stator current 3.64

Stator resistance 4.850

Rotor resistance 3.805Q
Cyclic stator inductance 0.274H
Cyclic rotor inductance 0.274H
Mutual inductance 0.258H

Number of pole pairs 2
Moment of inertia 0.031kg/m2
Friction coefficient 0.00114Nm.s/rd
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