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Abstract— This paper, deals with a second order sliding ma class of SMC algorithm, called the second-order SMC
control of induction motor using a new analysis Lypunov (SOSMC) algorithm, has been proposed [13,14]. This
stability. This approach guarantees the robustnesand dynamic  approach allows for finite-time convergence to zero of not
performance than traditional first-order SMC algori thms, and  only the sliding manifold but its derivative too.

simultaneously reducing the chattering phenomenonwhich is . .
the main drawback in the implementation of this tetnique. The The sliding mode observers are widely used due to the

rotor flux value is deduced from rotor flux observe using finite-time —convergence, robustness with respect to
twisting algorithm. Simulation results are presente in order to ~ Uncertainties. A new generation of observers based on the
validate the effectiveness of the proposed techniguand to show Second-order sliding-mode twisting and super twisting
the performance of second order sliding mode conttofor an  algorithms has been recently developed [15-19]. The twisting
induction motor drive system. algorithm provides the finite time convergence and
robustness in spite of the presence of external disturbances
and parameter variations and attenuates the chattering

phenomenon.
I. INTRODUCTION

. o ) ) o In this paper, we present a novel sliding mode approach
Induction motor (IM) is widely used in the industrial fieldfgr the stability analysis [7]. We use this approach torebnt
for the reason that it is less expensive and more reliblfe the speed and flux of an induction motor. The paper, also

permanent magnet and dc motor. However, this machinepgposes a second-order sliding mode observer for rator fl
nonlinear process, highly coupled and time varyingnd current estimation using twisting algorithm. Simulation
parameters. Therefore, to improve performance, manmgsults are presented to validate the effectiveness of the
approaches of robust control have been used. proposed control scheme.

In the last few years, the variable structure control Il. - MODEL DESCRIPTION OF INDUCTION MOTOR

strategy using the sliding mode has received much attention The two phase’s equivalent model for an induction motor
in electrical drives control area. The main objectivetas in the stationary reference frame of Park is given by:

close dynamic system with a sliding surface. The most .

significant property of a SMC concerns its robustness, fast x=1(x)+9(x)us @)
dynamic response and insensitivity to parameter variations
[1-6]. Usually SMC has some intrinsic problems such as

discontin_uous control that often _yields chaf[terir?g which may ‘fl(x)‘ —dsa +aﬁ% + pﬁa)%
be considered a problem for implementing in some real
applications. Recently, different methods have been f,(x) | | —9iy — pBawg, +aBy,
suggested to reduce the chattering using the continuous _ _ . _
approximation technigues such as boundary layer [7-11]. F0) =] (9 | =| aMiy, —aq, PaXg,

The However, the standard sliding mode control suffers LOY| | aMiy + pwg, -ag,
from the chattering phenomenon. In order to overcome this fs(X) F T
drawback, many methods have been proposed to reduce this - h H(Waisﬂ+¢gpisa) -——w—+
phenomenon such as the saturation function, low pass filter, J J

boundary layer and observer based solutions [12]. A research T T
activity has been carried out in recent years, aiméidding g(x) = {b 00 O} :{ 9i(x) 0 0 O}
a continuous control action and guaranteeing the attainmen(t 0 b 0O 0 g2(x) 0 0

of the same control objective of the standard SMC. A novgJ _ [i iy B. B W]
sa S ra T
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For simplicity, we define the following variables:

5:7M ZRT +&
a.l




Whereg,, ¢z are the rotor flux dynamics grhg, is/i are  Ny(x) = dres + PLO(Ggisy + Bpisp)
the stator currents. The control vector is defined b .
Us=[ug,Ug] T and T is the load torqueyp is the mechanical + WO+ aNGalsp — Gpisa) + PHOWS I
frequency of the electrical rotor speesl,is total leakage J
factor. R, andR, denote stator and rotor resistanceandl, (X = et +2M(3+30°) @ gisy +¢%ﬁisp)-2U2 (2+M)g
are stator and rotor self inductanbjs mutual inductancey, _ C N o2 242 2
is the number of pole pairs adds the moment of inertia. X 2PNathGalss =~ fpisa) ~2M 0 (i +igs)

1=[Hborg  —Hb o,

D
The objective of the proposed control scheme is 1.~

control independently the rotor speed and the square of P2 =[-2aMb g —2aMbgs]

rotor flux and in the same time we attenuate of the etiatf Ah, = —lu(¢,,Af, +i ;A0 —i,Af, — ¢, zAF) - Afg

phenomenon. AD, =[-@,00, @;00,]

[ll.  SECOND ORDER SLIDING MODE SPEED AND FLUX

CONTROL Ahz = (40'(40 _Misa)ms + (4a¢?ﬁ _zmvlisﬂ)Af4
_M(WaNl +¢?13’Af2)

A. Problem formulation AD, = -2aM [@,89; ¢,,00,]

Consider the uncertain nonlinear system
B. Proposed sliding mode control

x=T(X) +A4f(x) + (9(x) +Ag(x))us Consider the sliding surface defined by:
fo(x) + Af, J.
R S du|e&te
f,(x)+ Af, SZ{w}:qJ‘e+e: v (5)
| Sp %_[ez +e
F(x) =] fo(x)+af,
t4(x)+Af4 Withq:|:qg) 0}
fo(x)+ Af, Yo
SR, 0., 0, positive constant
§,(x)+Ag, O Note that the choice of the sliding surface S =a8 been
X~ made to ensure an exponential convergence ahd ¢ to
g9(x) = 0 d,(x) +Ag, their references where the system evolves on thngl
0 0 surface.
0 0 The second derivative of the sliding surface S is:
The functions of the matrix f(x)= f(x) +Af and S=qe+é (6)

g(x) = §(x) + Ag are not exactly known, but estimated by ) o
To determine the control law that leads the slidimgctions

the nominal partf (x) and g(x) . 4f and 4g represent the (5) to zero in finite time, one has to considerdyaamics of

uncertain function. 4 is the input control bounded as .. - -
Us| < Unnae Sy + 8, = Hy(X) + AH, +(Dy(x) + AD;)u,

Let @ and g the speed and flux tracking error betweenS, + S, = H,(x) + AH, + (D, (x) + AD,)u
the reference and the actual induction motor muitél

b d o With
i H100 = af et + & + 68 + Ay (Grer = fs) +hy(x)
e:{el}: Wret — W ) AH. = Ab — ;
e |frt — 9 1= Ay - quAfs

where wr and @ are the desired reference signals of therd >(X) = qJ. edt+e; + 0y +hy(X)
speed and rotor flux respectively.

The error dynamics are given by AH = Ahy
. ) . . T it
&) = ref _U(ﬂalsﬂ_ﬂ'ﬂsa)*’TL_Afs 3) We can write:
& = fy(x) + Ahy + (D (x) + ADy)ug S+S=H(x)+D(x)u, ™
& = fret +209=20M (B gise + pisp) (@) WhEre H (x) = H () + 8H (x) D0 = 609 + 809
& =h() + Ay + (D (x) +AD)us
where:
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C. Lyapunov stability analysis for the proposed control

Proposition 1

We consider in this first proposition that the uncertain

functions4aH(x) andAD(x) are negligible
The control law for the SOSMC of the system (1) is
defined by [15]:

U, = =D (X)(H () + Asng(S))

Ao O A A >0
0 A, Tt

D is invertible.

(8)

A

With the developed nonlinear sliding-mode controf{i&)
and a stable sliding surface (5), the reaching Lpap

Proposition 2
The control law defined by equation:

u=-D(X)[H(x)+ Asng(s)] (16)
With A > x + p u, . (17)
|AH (x)| < x, |AD(X)| < p
Proof

Using equation (16) the derivative of the surfacis shen
written:

s+§=-Asng($) + AH (x) + AD(X)ug (18)
If $>0, we must havei + AH (x) + AD(x)ug(0
then 4) AH (x) + AD (x)ug (19)
If $<0, we must havel + AH (x) + AD(x)u,)0
then ) - (AH (x) + AD (x)us) (20)

function condition V <0 is satisfied, and the controlled The conditions (19) and (20) are satisfied)if + 0 Unax

system will be stabilized.

Proof

We can verify the stability of the sliding surfame using
the new positive Lyapunov function as fellow:
v=%(sTs+s‘Ts‘)=%(sz+s‘2) (9)

The derivative of V is:

V=(5S+S$8)=5"(s+9) (10)
The expression (7) becomes
S+ 8 =H(x)+ D(x)u, = -Asng (S) (11)
The derivative of V becomes:
V = -AST sng(S) (12)
then
V= —)I‘S" <0 (13)

With this condition the sliding surfacesand § and their
derivative tends to zero involving. the existendesecond
order sliding mode.

IV. ROBUSTNESS TO THE UNCERTAINTIES AND EXTERNAL
DISTURBANCES

In this case the uncertain functiofsl(x) andAD(x) are
taken into account. The expression of the derieati¥ the

sliding function takes the following form:
S+S=H(X) +AH(x) +(D(X) + AD(X))us (14)

The expression of the derivative of the slidingface
takes the following form:

S+8=H(x) +D(X)us +AH(X) +AD(X)us  (15)

whereAH(x) andAD(x) are assumed to be bounded by some

known matrixeg andp vector respectively.

WeAA.2

SoV < 0, is verified and the trajectory of state reaches t
surfacesS = $=0 in the finite time.

* Remark

From the above control law of (8), it can be ses the
implementation of these algorithms requires thel laaque
and rotor flux estimations since stator currergfstvoltages
and speed rotor are available by measures. In theé n
section, we are interested by a robust estimatioator flux.
The estimated load torque can be easily obtainagsing the
mechanical equation of the motor model with estadabtor
fluxes and measured.

V. SECOND ORDER SLIDINGTWISTING FLUX OBSERVER

A system (1) can be written as follows [15]:

dig .
— =-Jdi¢+ fAg + bl
dt is+ BAG Ug 21)
9% _ omii, - Ag
is :[isa isﬁ]T’ wr :[wra ¢r,8]T’
[ a pw} [1 O}
A= , 1=
- pw «a 0 1

The corresponding sliding mode observer for theesys
of (21) can be written as a replica of the systeith \&n
additional non-linear auxiliary input term)(as follows

dig . -

—=-0dlig+ SAg +blu

th st BAg s 22)
dﬂ« o ~

—L=aMlig-Ag +T

dt aMlig %

iy =[iy, rs,g]T'(Br :[(Bm (Z;rﬂ]T are the estimated stator-

current and the rotor flux components respectivalythe
stationary reference frame.

r(z)=[r, r,]” is the observer matrix gains to be
designed. The estimate errors are:
7 =g~ (23)
L=4-¢
11



Where the observation error dynamics is obtained from (23)ding surfaces gsand g of SOSMC and Sof the flux

and (22)

observer converge towards zero and the chattering is
negligible. This control gives good quality results.

To test the effectiveness of technique control with rotor
flux observer at low speed, the reference trajectonyois
accelerated from the standstill to 20 rad/s, afterwatrds
stopped, then accelerated again to 10 rad/s.

Due to the accuracy and robustness of the twisting
sliding-mode flux observer, all low-speed results, shown in

21 = lBAZZ (24)
z,=aMlz, - Az, +T
The sliding surface is defined as follows
1,5
s==Alz (25)
B
The derivative of the sliding surface is:
-1
S:iA_121+ d(A7) z =1z
B dt

The dynamics ofy is supposed to be constant compare
to the dynamics of the currents and flux, we can the

40

Fig.6, Fig.7 and Fig.8 prove the good performance and
Hegligible chattering effect.

B R
s e oot 5 PO DA

(27)
Ausng(s) s50

The sufficient conditions for finite time convergence are:
AmlaMiz, = Az,| 28)

Au)An + 2aMiz, - Az,

The system evolve featuring a second order sliding mode,
after a finite time, i.e. the trajectories of stagached the

surfaces=$=0.
VI.

- {Amsng(s)

max

DISCUSSION AND RESULTS

The parameters of the IM used are listed in Table.1. The
rated load (T=10 N.m) is applied at time t=2s during the
whole simulation. In closed loop simulation, it is assumed
that all the parameters are known and constant excefiidor
rotor resistance which will change at t=4s during the
simulation period. The parameter change will be introduced
only in the plant.

The motor is required to track the reference speed an
rotor flux magnitude. The reference flux is set to 0.8Vie
parameters of the gain control in simulation age160,
0,=100,,=10,A4=2. The parameters of the gain observer in
simuéation aredm,= 4.10% Ayo= 5.10° Ayg= 4.10°% dyy=
5.10°.

The simulation results of the performance tracking are
demonstrated in the following cases.

To test the speed tracking controller, the reference
trajectory is in a step form varying from 0 to 120 rad/s,
afterwards it is decelerate to the inverse speed -88 eam
accelerate again to 120 rad/s. In Fig.1 we can see the new
control input 4, for the SOSMC system. Fig.2 and Fig.5
show the best speed and flux tracking and well rejectef t
load torque is achieved and excellent robustness with 50%
and 100% rotor resistance variations. It can be notedhéat t
decoupling control is ensured and speed and flux tracking are
very quite maintained. We can see In Fig.3 and Fig.4 the
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Figure 1. New control input y, of the SOSMC for IM
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Figure 6. Dynamic responses of low speed test under

T.=10 Nm at 2s and 100% variation of Rr at 4s

Figure 4. Sliding surfaces of speedo®nd flux $ SOSMC

o
T T T ™
| | | o]
[T 77 o
| | |
| | |
- - -4+ - - - 48
| | |
| | |
R R =
| 1 I N
| | |
| | | &
= ©o
b-—F-E-—4 - -9
@, | | @
N | | £
1 [
ol | | ~
N Y R I |
| | |
| | |
S O T
| | |
| | |
| | |
- r- "~ —1- -~ 7%
| | |
| | |
L | |
a0 0§ N oo
o o o o
(am) xnid 10104
’ T T T 2
. i i ©
& | | |
@ | | |
S | | |
10
R Rk
g I I I
o | | |
S | | | o
b N N A R B I\
=] | | |
(]
S | | |
- | | |
o
[} Lo oL _1__w
=] | | | =
= | | |
S
c —_—
S | | |
8 o
S o F-dA-—--F-+-4
8 | [ -
=
IS | | |
> I I I
9 | 1 |
5 R S [ 0
) i ] T
o | | |
n I I I
s | | |
R L Bt
o 9 o o do
c ° 9 o5 9
o s 7 9

20eyns BuIpls JanIBsIO

Figure 7. Rotor flux response under low speed withlD

Time (s)

Nm at 2s and 100% variation of Rr at 4s

Figure 5. Sliding surface s of flux observer by twisting

o
o™
LL -]
N
| |
| |
| [ -
F+ TN
| |
| |
L L 11o
| N
| |
| '@
L+ +492
| | o
| | E
i
LL Y]
1 [
| |
| |
b+ + oo
| |
| |
| |
- -<
! |
| |
=3 & ©
o wn [Te} o
— ' .I._
(A) esA abejjon Jo1elS
o
N T T T ™
o | | |
= | | |
@ [
o
c L _Jd_____1_1»p
%. | | | N
= | | |
9 [
c | | |
S F-4------+t-%
- | | |
% | | |
£ | | | ~
(3] | | | 5,_0.
S Dt s
< | | | =
. | | |
1S [ R
£ [
= o
5 [1 ' r-T7
o) | | |
© | | |
| | |
| | |
I i e e
| | |
| | |
| | |
L | |
S % g ¥ § o
o o o o
@W) xny 1o

13

WeAA.2



[4] K-K Shyu, H-J Shieh, “A new switching surface sfigi mode speed

control for induction motor drive systems”, IEEEafis. Power Electronics,

Vol. 11, N’ 4, pp. 660—667, 1996.

[5] H. Benderradji, L. Chrifi-Alaoui A. Makouf , “bb control using

sliding mode linearization technique applied to eEmduction motor”,

Systems, Signals and Devices (SSD11), on Power Bietems (PES), 22-

25 March, 2011.

[6] A. Benchaib, C. Edwards, “Nonlinear sliding mode cohof an

induction motor”, 1. J. Adapt. Cont. Signal Proce¥s].14, pp 201-221,

2000.

Figure 8 Control input us for low speed test of SOSM! [7]13.J. Slotine, “Sliding mode controller design fasnAinear systems”
International Journal of Control, Vol. 40, pp. 423441984.

[8]M-H Park, K-S Kim “Chattering reduction in the pasit control of
induction motor using the sliding modelEEE Trans on Power

|

|

|
At e e Lt By Electronics, Vol.6 NO.3, pp 317-325, july 1991.
[9] H. Benderradji , A. Makouf, L. Chrifi-Alaoui “Fidtoriented control
using sliding mode linearization technigue for intlon motor”, IEEEConf
on Control & Automation Congress (MEDylarrakech, Morocco, June 23-
25, 2010.
22 e e e e B [10] A. Benamor, L. Chrifi-Alaoui, M. Chabaane, P. Buskly Messaoud,
0 s 10 15 20 25 20 “A new second order sliding mode control approachcfupled MIMO

~ nonlinear uncertain systems”, IEEEonf on Control & Automation

Zoom stator voltage

Zoom speed sliding surface

°©
i

Congress (MER Corfu, Greece, June 20-23, 2011.
[11] E. Etien, S. Cauet, L. Rambault and G. Champen@sntrol of an
induction motor using sliding mode linearizationht. J. Appl. Math.

I
|
008 - - - - do o L___ } !
J J Comput. Sci, Vol.12, Ri4, pp. 523-531, 2002.
| |
|

[12] M-H Park, K-S Kim “Chattering reduction in the ptien control of
oA ___L____i____ O induction motor using the sliding mode”, IEEE TramsPower Electronics,
! ! ! Vol.6 N°.3, pp 317-325, july 1991.
-0.35 L 1o is 35 i 2 [13] G. Bartolini, A. Damiano, G. Gatto, |. Marongiu, Risano, and E.
Time (s) Usai “Robust speed and torque estimation in elstrilrives by second
order sliding modes”, IEEE Trans. Control. Systeethinol., vol. 11, pp.
Figure 9. Speed sliding surfaa® and sliding surface of rotor 84-90, Jan. 2003.
flux observer S1 by twisting algorithm for low speest [14] T. Floquet, J.P. Barbot and W. Perruquetti, “Seconder sliding
under T=10 Nm at 2s and 100% variation of Rr at 4s mode control for induction motor’, $&EEE Conf. on Decision and
Control, Sydney, Australia Dec., 2000.
[15] J. Davila, L. Fridman, and A. Levant, “Second ordéding mode
VIl.  CONCLUSION observer for mechanical systems”, IEEE Trans. otoiatic Control, Vol.
50, N’11, Nov. 2005.
- . l‘[£16] G. Bartolini, A. Ferrara, E. Usai and V.I. Utkin, fOmulti-input
The proposed second order sliding mode techniqygatteringfree second order sliding mode contrdEEE Trans. on
demonstrates the very good performance and stabilipditomatic Control, Vol. 45, R 9, pp. 1711-1717, Sept. 2000.
especially; it is robustness under rotor resistance i@tjat [17] G.Bartolini, A.Ferrara and E.Usai, “Chattering Avaitte by Second-
externa' |0ad disturbances and Speed tracking_ A tW|St| der Slldlng Mode Control”, IEEE Trans. On Autonca@ontrol, Vol. 43,
sliding mode observer is derived to estimate the rotoeflux N - 2 PP- 241-246, Feb 1998.

Furth it is sh that b . bust . [18] R. Benayache, S. M. Mhieddine, X. Dovifaaz, L. Ch#faoui, P.
urthermore, 1t IS shown that our observer IS robust agal sy, “Robust second order sliding mode controienbnlinear hydraulic

uncertainties at low speed and in the same time the Chgtteréystem” IEEE International Conference on Control &udomation, 2009.
effect is negligible. Simulations results prove successfully theca 2009

validity of the current approach. [19] R. Benayache, L. Chrifi-Alaoui, A. Benamor, X. Dovifaand P.
Bussy, “ Robust control of nonlinear uncertain systevia sliding mode
with backstepping design”, American Control Confeee(&CC), 2010

Observer sliding surfce S1

TABLE 1 1.5 KW, 220 V, 50 Hz Motor Parameters

Rs 5.72Q Ls 0.462 H
R 4.2Q L, 0.462 F
M 0.4402 H J 0.0049 Kg.m
2 F 0.003 Nms/rac
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