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Abstract: Siding-mode control has such advantages as
robustness, simple algorithm and good dynamic
performance, in this paper we introduce the integral
dliding mode control for induction motor based to
proposed an integral term in switching surface to have a
robust control to parametric and perturbation errors. An
accurate knowledge of the rotor speed, rotor flux and
adaptatin of resistive parameters are the keys factors in
obtaining a high-performance and high-efficiency
induction-motor drive, for that,a sliding mode observer
design is presented. Smulation results are included to
illustrate the performance of sensorless induction motors
with flux observer and good results are obtained.

Keywords: Induction motors, integral diding mode,
Siding mode observer, Sensorless control, Adaptation,
Estimation.

1. INTRODUCTION

along this manifold. Second, by proper design of a
discontinuous controller, the effect of the matched
nonlinearities and plant parameter uncertainties an
disturbances can be suppressed, and total invarianc
is obtained when the motion of the system is in
sliding mode [5].

The basic principle of sliding mode control corsist
in moving the state trajectory of the system toward
predetermined surface called sliding or switching
surface and in maintaining it around this lattethwi
an appropriate switching logic. This is similar &o
feed-forward controller that provides the contiatt
should be applied to track a desired trajectoryictwvh

is in this case, the user-defined sliding surfaselfi

So, the design of a sliding mode controller has two
steps, namely, the definition of the adequate
switching surface S(.) and the development of the
control law or the switching logic U. Concerningeth
development of the switching logic, it is divideda

The new industrial applications necessitate pasitio,q parts, the equivalent control Ueq and the

and speed variators having high dynamiGyactivity or reach ability control Un. The
performances, good precision in permanent reglm‘?équivalent control is determined off-line with a

and a high capacity of overload over the whole ean
of positi%n ar?d s;))/eed and robustness to di]‘feregr[11i100|(.aI that represents the pl_ant as accurately as
perturbations. Thus, the recourse to robust contr ssible. If the plant is exactly identical to thedel

’ used for determining Ueq and there are no

algorithms is desirable in stabilization and in-:
tracking trajectories. The variable structure contr disturbances, there would be no need to apply an
(VSC) possesses can offer many good properti@é?'d't'or‘?" control Un. However, in practice there
such as good performance against unmode“éﬂ”l be d|Screpancy between the model and the &ctua
dynamics, insensitivity to parameter variationsystem control. Therefore, the control component Un
external disturbance rejection and fast dynamies [1is necessary and it will always guarantee that the
4]. state is attracted to the switching surface by
satisfying the condition
Two main approaches, Lyapunov control ands (.). S(.) <0, [6-10].
Variable Structure Control (VSC), particularly with
sliding mode, have been implemented to providan observer will be used to construct an estiméte o
certain robust stability margin against boundedhe unmeasured flux states. Several techniquéin t
uncertainty. The advantages of the VSC techniqu@erature have been used for flux, speed and (or)
are well known. First, this method enablesyarameter estimation for the induction motor. The
decomposition of the design problem into WO, thors proposed an extended Kalman filter to

Isnucff?af)fensd\?v?:h tﬁf%%ssziregeslﬁg}'nonmootfiond';ﬁgngggi't\éstimate the rotor flux (or rotor currents) togethe
9 y 9with the rotor speed and the rotor speed time

of discontinuous control to force the sliding mOdeconstant (or rotor resistance),this technique hewev



is not robust against external disturbances( for
example load torque).In other reference the authors [_ R
used the induction motor equations to estimate the
flux. Using two independent subsystems for therroto o - ALY oLt
flux calculation, an estimation of the rotor speedA: M ’
(considered constant) was given using the model | T
reference adaptive system (MRAS) technique; under | ©
load at low frequency this method gives poor rasult
A linear observer was proposed to estimate the roto
flux when the speed is constant; this techniqueots 1 4)(
robust against motor parameter variations and 7| ° oLy

requires an adaptation mechanism for parameter 0 0

identification. In this section we propose a sligin 0 0

mode rotor flux observer to minimise the resistive

parameters effects [11]. 3. INTEGRAL SLIDING MODE CONTROL

In other research, some simple open loop methods

can be used to determine the estimated speed bn f&sr a rotor-flux orientation, the regulator impogies
way; however they might be sensitive to impropeorientation of the rotor flux with respect to the-d
parameters. On the other hand, some closed lo@is, giving$,= ¢,4 and ¢,,= 0. Model motor is
methods using speed observer are robust @ven by the fo||0W|ng equation system:
mismatched parameters [12].Adaptation of resistive
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parameters gives object of many works for hidsa = d =+ Ryigq — 0LsWslsq _T_“’r¢r
important effect; to obtain good performance we use Mr

a sliding mode observer. Vsqg = 0Ls—— d 14 R slsqg T OLswgigq — T —w,,

We can organize this paper as follows; modeling oj¢ M. T

the induction motor is reviewed in section 2. The;"‘ rd)r =1, lsd )(5
different steps for conception of integral sliding . Mig”

mode control are presented in section 3; the gidinWs; = T ¢,

mode observer is discussed in section 4. Followingy, _3PM
by speed and flux observer, adaptive sliding mode: =~ ~ zjir i (Prisg” = Cr = /)
observer for resistive parameters deals with the
simulation results. Finally some concluding remark§Vith:  wg = wg — w,
end the paper.
The proposed control scheme is a cascade structure
2. INDUCTION MOTOR MODEL as it is shown in figure 1, in which four surfaces
required. The internal loops allow the control loé t
The motor model, under the assumption of lineagtator current components, whereas the external
magnetic circuits, in order fourth is given by: loops provide the regulation of the spe@dnd the

[X] =[A][x]+[B]u] ) rotor flux ¢,

The state vector is X, the control vector (state @ M [N

voltage) is U, wheré,, eti_; are the stator currents, || C‘& b e
W '{ : '9?” SMC,

3,

; Induction
Mator
»

¢, et g are the rotor flux.

cstimation

of D, .0,

[X]:[isa g Aa (%]T

Ul=p Vol ?

For the referential expressed in ) stationary
reference frame, A and B matrixes are given by:

Fig. 1. Block diagram of theintegral siding control



3.1 Design of the switching surfaces And discontinue component expressed as follow:

In this work, four sliding surfaces are used ar@ta i, = k; signs(2) (11)
as follows since a first order model is used: "

S(-Q) = (-Qref _-Q) +my f(ﬂref _-Q) With:kl >0

s(dr) = (bres — b)) + M2 [(brep — Pr)dt 3.2.2 Rotor flux regulation:

S(isq) = (isq” — isq) + M3 [(isqg” — isq)dt
s(isq) = (isq" — isq) + M4 f(isq* — igq)dt

(6)
. . . s(Pr) $(dy) <0 = igg" = iSdeq + isa,
With 0, and¢,.rbeing respectively the reference (12)

variables of the rotor speed and the fle¢?), s(¢,) $(p,) = (d,ref —é,) +m, (Pref — b7
are related to the outer loops, whergés,;) and

s(isq) are related to the inner loops. The" and  The guter loop of stator current can be expressed a

*

isq references are determined by the outer loops,
and take respectively the values of the controll
variablesi;q andig, sdeq —

Similar to the first case, we give the same steps f
flux regulation as follows:

(d)ref + %d)r +m; (d)ref - ¢r))
(13)

3.2 Development of the control laws san = Kz signs(ey)

We use attractivity condition of switched surface>-2-3 Stator currentsregulation

S(x)S(x) < 0 .The vector of control laws can be

expressed as: For the control variables ids and igs, of the im&kr

loops are given by:

U=Ueq+Un (") Regulation of isd
3.2.1 Speed Regulation LNy
Speed Reg $(isa)$(isa) < 0= Ve = Veayy + Veay (14)
By using the equation systems (6) and (7), the
regulators control laws are obtained as follows: The application ofs(isq) = 0 we find:
SIS <0 =iy =isq, +isg, (8) Viq,, = 0Ls ‘“S‘i + Ryigq” — oLswgisy —
M
T_rwrd)r 156

With i,,"define virtual control input. Decomposed as

. . . . = kysigns(i
equivalent  component i, and  discontinue san = ks signs(isa)

componenty,
A dynamic of switched surface give it as follow: Regulation of isq
5@ = (Brey — Q) + My (Qrey — 2) 9) s(isq)$(isq) < 0= Vog = Vageq + Vsgn (16)
By using invariance conditions (= 0), equivalent With application of invariance conditios'r(isq) =0
component’sqeqcan be expressed as: we find:

dig M
isqeq 3;2)1;; (]Qref +C +m1(‘Qr€f ‘Q)) Vsqeq = GL ld +R lsd + ol sWs — rwrd)r

Vsgn = ks SLgns(LSq)
(10) (17)



To satisfy the stability condition of the systemet 4.1 Matrix gainscorrection Ks
gains K,K,, K3 and K; should be taken positive by

selecting the appropriate values. In a first time, when we don’t consider the moadhg]li
error, we consider that isR =0 andarR =0, then
4. SLIDING MODE OBSERVER the equation of the error of estimation of the tgmi

) ] ) states itself to:
Consider only the first four equations of the
induction motor model given by equation (1). In the M o
following exposition, the speed will be consideessd  [¢£,]_|” oL LT, o, [&] [K.Tsan@®)
a varying parameter. The proposed observer aims |s, |~ 0 M L {KJLgn@J
to estimate firstly the rotor flux. The observer is LT

given by the following system: o

‘. (22)

To assure the asymptotic convergenceSftoward
{] _ R, M@ 1 zero, one search for the necessary conditions of
dli oL ]
s | = s Us

s LT Tl [iS}L EN (18)  stability, bound to the values of thesigain. While

s ZIT, LT e 4 choosing the following Lyapunov function:
[Ks}[sgn(sl)} 1
Kr SQn(SZ) V - _StS
5 (23)
Where:
K In order to assure the convergence S to zero, we
1 0 0O -1 _ s . . . . .
[ =[ } ]=|: } K= {K } must verify that the derivative of V is strictly
o 1 1o r negative because V is a positive function.
s - [:1} _ m{' - Ia} Is the sliding surface which \j = gt§<g =V = S'me, <0 (24)
2 lsp — lsp
represents the error between the measured current 1 a(1( M so)
components and those estimated. V=g %]{O 1 ds[LrTrl_Jw}”_Kngr@)Dm (25)
Thus, we use the iKgain for action to fix the If one outs:
dynamics of convergence of the evaluation error flu P G ' 0
(reduced system is equivalent) [6]. One consider&szm‘l{ ! } (26)
then, the error of estimation of the variablestafes G,
IS given by: o .
y Then the derivative of the Lyapunov function
[ﬂ: 0 ! —ji [&}_[Ks}[sgnﬁ)} becomes negative:
&1 g M4 & | | K ]sang) .
B (19)  V=§(f,+df,-Gsmng))+S(f,~G,sang)) <0 (27)
1] [ls
M"[&J M‘M To assure the convergence of S toward zero one

must verify the following conditions:
Which AR;and AR, represent the modelling error

of the resistive parameters BndR, then: If Sy > 0then G, > f; + af,; else §; <0 alors
-G < fi+af,
RR o If S, > 0thenG . elseS, < 0 then—G
AAg = < (20) If S; > 0thenG, > f, ; elseS, <0 then—G, < f,
0 0
_ _ So G, > +af,|,andG, > .
2Rr_Rr| _MZRr_er ’1 1 |f1 f2| 2 |f2|
2 2
MAg = odsbr, 01:5'? (21) It only remains to choose values @l and

2 2 sufficiently big G2 for to verify the convergence of S



toward zero, that is (supposing that resistances and inductances are

(iy — ig). perfectly known) and also the speed supposed as a
parameter when incertitude exists and is presented

4.2 Matrix gainscorrection Kr by:

In order to calculate the gainrKf correction of the & = ¢ +Aa (34)

equivalent scale model, we consider that we slide o

the surface S(S=0,S=0), this hypothesis is _

verified, when the dynamic of the stator currests i|:éis}: ° [ULerTr]I _Jw[fs}_[&}[sgn@)}_%[g}

rapid; then while considering that the current errolé«] |, |+ jo |[Fo] K LsanG) @
considering as follows: LeTe (35)
Current's error g;3 = 0, ;s =0

Where:
We will have then: 0 J
AA, = (w-®) oL,
é:is:{ M |—jw}s¢,—|<{sgn§)}:o (28) o J
A LT, sgng,)
o _ In this condition we can develop the derivatior\Vof
Then we have sliding surface given by (28). as:
sgn(S) ] 1 L[ ™ . - _ _ —Smlw-a) -2
Lgn(sz)} " oL, KS{LrTr . Jw}g"’ (29) Y =Sl+eh-Gisan)+S{f,~Grsans)-Sleo-al
(36)
With this last expression,we can express the eguati 1, compensate this terﬁ‘m(a)—&)) J @ (we don't
of the error of the rotor flux by: o
know his sign)the Lyapunov equation considerate as:
saz[— M |+ja)—KrK;1i{ M |—ijg¢, (30)
Tor OLS LrTr a)—&))z
V, =V + 1 (37)
We calculate the gain of 1K correction by When:A >03
13

identification to an equivalent system with dynasnic

that assures the desire behaviour The derivation of Yis presented in equation (38):

T (BL) v, =5, +af, -G sgng)) +S,(f, -G, sgn6,) -
=7 32 JRN W _
o[ o] B2 snfw-a) ) ¢- % (38)
d‘s /]3
Q: Matrix gain defined positive. )
We can recover the expression of . To assureV, < Ofor the development of adaptation
low of speed we need to propose:
M M

I e

d G,an, Gz[%qz_ﬂ_aquj ( ) w = _A3T¢r 913

rr s

Where:
5 =( l\/lT jz ‘e 4.4 Resistive par ameter s Adaptation

o We use estimation error, and we add modeling errors

_ caused by resistive parameters, for this the dévava

4.3 Speed observer design of Lyapunov function chosen as follow:

We consider the perfect motor model motor



Table 1. Motor Parameters
V=sm -1 [M, -jwle, - K, San(S,)
oL LT, 4 sgn(S2)
© R & ﬁ R, 100 L 0.4642 H
-Stmflis-stmlvl 2r2r|[ 3’] R 6.30 L, 0.4612H
(40) o M 0.4212H | J 0.02 kg
To guarantee Lyapunov condition AND: P=7.5kw, 220V, 50Hz.

V < 0, we take this two equation mentioned in (41

to zero because we don’t know his sign: )I'he speed tracking controller is operated in acadit

situation (rapidly changes as 157,-157, 0, 5rad/s).
Figure 1 show the satisfactory performanc:es of the

_B _B - speed tracking. We can see t 2
tmRSaL Rsis;and,S‘mM2 R K (is—qD‘J (41) o 9. jépéedﬂ]M

2 M follows the speed command and estlm_ate
° = Thus, the simulation results confirm  that the

After compensation of these terms we proposproposed observer give good results justified by

. . . L rotor speed error converges to zero rapidl
another function with his derivative as: P g picly

v :%s‘s+ R-RJ),R-RY (42)

24, 24,

=S(f, +aof, -G, sgn(s))) + S,(f, -G, sgr(s,)) - S

_smmzR-R RI(,S m R-R _R-R

oL’ A A,

Rs_ﬁsl
OL S

S

(43)

In the end we present estimated resistive paras
as follow:

R.= -4 M 4j4 , - , -
s e Fig. 2. Speed variation of integral diding
control with sliding mode observer
- M. @
[ { _
R =4S I('s ﬁ) “5) 1n This time we applied variation of 100% of the
° nominal rotor resistance between time t = 0.3s and
Where:d;,4;, >0 t=0.7s. Figure (3) presents the obtained results. W
can mention good observation for speed and fl, th
effect of rotor resistance variation on the speed i
5 SMULATION RESULTS negligible. And error speed is converged to zero.
The effectiveness of the proposed controller

combined with the rotor flux and rotor speed
estimation has been verified by simulations. The
simulation results have been obtained under a
constant load of 5 N.m at 0.5 s.



it is proved, with simulation results obtained wiitie
different tests of robustness executed. These good
results encourage us to say that the observer is
robust.
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LIST OF SYMBOLS

IM Induction motor
S I Indices for stator and rotor.
R,,R  Stator and rotor resistance.

Total resistance restored to the stator
,L. Self inductance of stator and rotor

Is mutual inductance.
Inertia moment of the moving element
Viscous friction coefficient.

, Ts  Rotor and stator time constant.

Is the coefficient of dispersion

, ¢ Stator and rotor flux.

Electromagnetique torque.

Load torque.

Stator and rotor angular frequency .
Is number of pole pairs

6 Angular ecart of the moving element.
(] Angular of position.

¢ rref Rotor flux reference.

(d,g) Axes for direct and quadrate park
subscripts.

(a,p) Axes for stationary reference frame
subscripts

V(x) Lyapunov Function.

Sx) Siding surface.

J Imaginary matrix

I Identité matrix

A Estimated sign
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