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L INTRODUCTION

The control of the asynchronous machine proves to
be difficult. In other words, compared to the machine with
D.C., qualities of the asynchronous motor, electric actuator
with high performances, can be exploited only with
definitely complex or evolved/moved strategies of order.
Those are dependent on the one hand, with certain variable
parameters and/or being able to be not accessible and on the
other hand to the nonlinear multivariable dynamic behavior
from these machines [ 1 ].

It during, the traditional and modern theories of order
makes it possible to order with precision of the no disturbed
linear processes and with known parameters. Example, the
proportional-integral controller (PI) is largely answered in
many applications of order because of its simplicity and
effectiveness.

The principal disadvantage of controller pi is the weak
possibility of treating the uncertainty of system, c-a-d, the
variations of parameters and the disturbances external [ 2-3 ].
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[4] is the subject of studies detailed during these thirty last
years. This theory is a robust control with respect to
uncertainties on the model, of the disturbances and the radial
forces handled. The sliding mode was largely used to control
the nonlinear systems [5-6]

The principal characteristic of SMC is the robustness
counters variations of parameter and disturbances external
[7-8].

In order to apply the SMC for the nonlinear system,
one will use the method of linearization input/output. The
system obtained after this transformation, is a linear system
uncoupled with m entered [ 9-10 ].

The disadvantage associated with the order by sliding mode
is the appearance of the phenomenon "chattering".

To avoid chattering different approaches have been
proposed, PID sliding mode control [11-12].

The objective of our work, is to study the behavior of
the asynchronous machine by a setting in equation of the
engine [ 13-14 ].This approach, we will bring to prepare the
machine with the establishment of the law of order by a
regulator PI and the law of order to variable structure by
sliding mode to control flow and the electromagnetic couple.

The results obtained by simulation on Matlab,
represent a comparative study between the SMC and control
it by a regulator PI.
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II.  MODELING OF THE MAS

Before describing the asynchronous machine general
equations, some simplifying assumptions most usually
accepted on the machine, are possible:

- The air-gap between the rotor surfaces and the stator is
constant.

- The magnetic circuits saturation, hysterics, the Foucault
currents and the magnetic field to the ends of the machine
dispersion are neglected.

A. Electric equation

dg s

Vis = Ryl +7_Ws¢qs

d¢
Vi =Rsl s+ dtqs + W@y (1)

d¢dr

O=erdr + _Wsl¢qr

d
O= erqr + ﬁ;r +w5l¢dr
With
Pus =Ll +L,1,
¢qs :LSIqS +L [

m* qr

@)
Gy =L, 1y + L1,

0, =L,I

m” qS

+L1,

The synchronization speed is defined by:

do
wg =274f =—3
dt
The sliding angular speed is defined by:

3)

— _ 4
Wg =Wg =W, @)

L, : Cyclic clean inductance of the stator.
L, : Cyclic clean inductance of the rotor.

L, =M , : Cyclic mutual inductance between stator and

rotor.
The mechanical equation is defined by:

3 M,
ZEpL_S(¢dr'IqS _¢qr'IdS

It is the reference orientation mark (dq) with the axis (d)
related to rotor flow. In this case one can write:

¢dr = ¢r et qr = 0 (6)

Under this orientation action allowing obtaining a significant

starting torque, certain members of the preceding equations
are simplified:

&)
)

3 M, (7
Cem = EPL_S¢r'IqS
B. Synthesis Regulators
The state equations of the induction machine are:
dl
d_;d =—Clg +wlg, +C,P, + CsPQm¢rq ®)
+CVy
dly,
= ClISq +wglg, + C2¢rq -C,pQ @, 9)
+C,Vs,
do, (10)
dtd =Clg, —Cyp,, + (Ws -pQ, )¢rq
dg,
d[q :CSISq_C6 rq_(ws_pgm)¢rd (11)
Q.
dt :C7(¢rdISq _¢rq1sd)_c8gm _C9Cr (12)
M 2
With o =1-—"
L,L,

C. Control loop of the rotor flux.

The decoupling carried out by directed flow and the relation
(3) make it possible to give:

d¢r M rRr Rr
T T

L
From where the direct stator current is determined by:

P B O A .
Sd Msr rd Rr dl_

13)

with
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L
-T, =— rotor time-constant.
Rr
L
- Ts =—5 :stator time-constant.
Rs
The relations (7) and (13) make it possible to have:
R d d’
Vy=—+= ¢rd+(TS +7;)ﬂ +olT, ¢2rd 5)
Mg, dt dt
—w,0Ls 1,
= VSdf +Viue

To ensure decoupling between the two axes, the term should
be compensated for V.,

R dg, d’g,
VSdf =—2 P +(Ts +Tr) 4 +olT, zd
Mg, dt dt (16)
Ve =—WsOLgI 5q
The transfer function of the system is:
a(P) _ M, 1
G(p) =Lt _Ms > an
VSdf(P) RS 1+(TS +Tr)p+OLTSTrp
Are p,and p, the roots of denominator, such as
Py >> Py
2071T, 201T,
P = Py =<
T,+T +A T, +T —A

To compensate for the dominant time-constant p,. The

regulator of flow is of type PL
R, 1+T,
F(py=K,—=—1F
MSr p

The transfer function in closed loop is:

HF (p) — ¢rd (p) _ 1

¢r ré] (P)_ 2Z 2
d_ref 1+W7p+72p

n

[k 1 }k
w, = —f; == £
P 2\ p

with

Tf:p2;

To ensure a fast establishment of flow leading to a just

oscillating system, one chooses 7 = ——.

7
=i g — -

The error of flowis€ = e,

The following figure represents the functional diagram of the
loop of regulation of flow.

Dra_rer £ Vi

V.
ASY
<

Regulator Syst.

Fig. 1. Control loop of the rotor flux

D. Control loop of the electromagnetic torque
That is to say the response of flow is faster than the response

= ¢rd0’

from where the couple is given by the following expression:

_3M,p

of the couple then flow reaches its end value g,

n =577 Dok (18)
The equation of the tension Vsq becomes:
dl M
_ q Sr
VSq_RSISq+d‘S o +¢,,Wg I +olgwl, (19)
That is to say
VSq = VSqt + Vch (20)

The component V qcrepresents a term of decoupling which

one must compensate for.

M r
Ve =P Wy LS +olswglg,
, 1)
Isq
dt

V.

Sqt

= Ryl +0Lg

The transfer functions of the system:

G(p) — Cem (p) — 3MSrP¢rd0
Vs (D) 2L R; (1+0Ts p)

(22)

One chooses a regulator PI, his transfer function is given by:
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F(p) = 2LR; K (1+T.p) (23)
3M , P§,,, p
Maybe T,. = 0T , the transfer function in closed loop is:
H.(p)= CC""’  __ 1 (24)
em _réf (p) 1+7p
c
The error of torque is€ = ¢, ,, =C,, . —C,,.

The following figure represents the functional diagram of the
loop of regulation of the torque.

Syst. C

em

v

Regulator

Fig. 2. Control loop of the electromagnetic torque

III. LINEARISATION INPUT/OUTPUT

The technique of input/output linearization is a
transformation into open loop of a nonlinear dynamic system
to a linear system uncoupled to m entered (in our case m=2)
having all its poles in the beginning. The fundamental idea of
this approach makes it possible to express the system
variables according to the entry sizes thanks to a nonlinear
state return.

X =f(X)+D(X)u ; y=h(X)
with:

(25)

- f and h are applications respectively of R" in R" and
R™.
fO=lf® £ £ L] =AX

with

(26)

R
L

R, .
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r r

R, .
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MR ). _
(RS+ zz Jlds+wszqs

e

MSrRr
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¢dr Oi;s

—_ MSr
[i(X)= 1

Sr S
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L q

4

1 MZ:R
PQ, @, +wii +E(RS +L}'

- X is the vector of state of dimension n=4.

. . Ir
X = [¢dr ¢qr ldS qu]
- u is the vector of entry of dimension m=2.
r
u= [VdS VqS]
- D(x) is a matrix of dimension nxm whose columns are
fields of vectors d, (x).

27

(28)

D(x)=[d,(x) d,(x)] (29)
dl{o 0 L 0}
OL;
dz{o 0 0 L}
OL;

-y = h(x) is the vector of exit of the system of dimension

m
The elements of the vector of exit

h(x) = [h1 (x) h, (x)]T are respectively the
electromagnetic torque /1, (xx) and rotor flow /1, (x) .

hx) =[x | =[c, o]

To obtain the linearization input/output of the system, it is
necessary to as many derive time by the derivative of Dregs
and the relative degree [ 15-16 ]:

v = Lih(x)+ ) L, Ly b (x)u,

(30)
=1
- The system input/output.
T
Ya = [ydl Yar  Yaz  Yaa de]
= lCem P ¢1I1'r J‘(ydhrejf - ydl)dt GD

j (ydz,réf - ydz)dfl
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Fig. 3. System obtained after application of the linearization input/output

The control by sliding mode used consists in bringing the
system state trajectory towards a slip surface where logic of
adapted commutation will make it oscillate on both sides of
this one until convergence towards the balance point located
on this surface [17].

The generation of the vector control V, is carried out by

using the following law of rallying.

S ' =—Qsgn(S)—LAS)=0 (32)
With
Q=diaglg,, 4,» - .q,} @ >0
L =diagll,, 1,, A1 1.>0

AS)=[4(S), A,(S,), A, SO

S.A(5)>0, A(0)=0

The discontinuous component Q.sgn(S) is a term of high
frequency commutation. The coefficients of the matrix Q are
null when the trajectory of state evolves/moves in the
vicinity of the sliding surface.

When one moves away too much from there, then the term in
Q.sgn(S) becomes active and brings back with a great
dynamics the trajectory of state towards the sliding surface.
Once the operation point reaches the surface, it oscillates
around it. In theory, the commutation control must be at an
infinite frequency and null amplitude.

A. Definition of the hyper surface of commutation

The general form suggested in [18-19-20] to determine
the sliding surface is:

n
S(x)= (i + 0{) (Ie)
dt
n : order of system;
e : error enters the exit and the desired exit;
o : coefficient, & >~ 0.

The two components of the hyper surface of commutation
are defined as follows:

(33)

(34)

S, =[d+otjn1 (Ie)= e, +0{Ie1

dt
=e¢ +a_[e1= K, (ydl_réf - ydl)+ K, Y4

n2
S, = (i ; a] ([e)=¢, +20e, +a[e, 69
dt
=-K;y,; + K, (ydz,rejf - yd2)+ Ksy,s
with: n, =1 and n, =1.
- ¢, and e, are respectively the errors of torque and flow:
e, =C C (36)

em _réf ““em
€, = ¢dr,réf -9, (37)

B. Condition of existence of a sliding mode

Indeed, to bring and maintain the operation point on the
sliding surface or its vicinity, the S(t) function must check
the sliding mode existence condition [21-22-23]:

$.8 <0 (38)

C. Equivalent control calculation
By defining the function A(S) = S , the relation (14) makes
it possible to deduce the equivalent control from itV .

The components V| and V/, of the vector control V, linear

system, definite by:

v, =K, K,[-K,e +q,.sgn(S)+1.5] 39
v, :KI.K3[—K5.62+q2.sgn(Sz)+lz.Sz] (40)
y

E/S —>

Fig. 4. General principle diagram of the control by sliding mode
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—>

Fig. 5. General diagram of the control by sliding mode of torque and flow.

IV. SIMULATION RESULTS

To show the theoretical results, we will use the
Matlab/Simulink software to simulate in real time the applied
control. represent the sliding mode adjustment performance
defined by:

- Stability in steady operation.

- Speed of the answer.

- A relatively small static error.

The engine is started initially in neutral with t=60s is reverse
the direction of rotation and t=100s is coupled with a load
Cr=20Nm. the existence of the oscillations (phenomenon of
"chattering") will be represented by the Fig. 6.

19.975 — —(— — — — f+ — — — — | — — — —|— — — — 4 - - =

|
|
1
134 136 138 140 142 144

Fig. 6. Evolution of the electromagnetic torque by sliding mode and PI
regulator

The Fig. 6. represents the evolution of the electromagnetic
torque considered, real and reference of the asynchronous
motor in the presence of radial force Cr=20N a t=100s.

It is noted that the electromagnetic torque does not admit
oscillations and reaches steady operation with a response time

Trp,, =2.955 et Trg,. =1.96 5. The machine answers
successfully the inversion of its direction of rotation.
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Fig. 7. Reponse of rotor flow

The Fig. 7. shows the influence of controls applied to the
response of flow along the two axes (d, q):

- Along the axis (d): control by sliding mode integrated is
less sensitive to the reversal of direction of rotation or the
introduction of load that the PI controller.

- Along the axis (q): the flow is zero regardless of the order.
changes in the motor flux demonstrates the robustness of the
control slide, it follows exactly the desired set point without
overshoot and without static error even when the impact load
torque or reversal of direction of rotation.

The evolution of direct rotor flux is not a static error with
short response time;

Rotor Fow (W)

time (s)

Fig. 8. Reponse of rotor flow

The Fig. 8. is a representation of the evolution of the speed
of asynchronous techniques for both commands.

The response speed of the MAS shown in figure 9 is similar
to that of a first order system without overshoot, steady and
stable with a response time of the order of 4.19 seconds for
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the speed defined by the PI controller and 3.02 seconds for
the speed determined by the sliding mode.
The evolution of the velocity shows the introduction of
charge (t = 100s) the robustness of the order sliding mode
with respect to the PL.

time ()

Fig.9. Characteristic of the error ( €, ; elfPI ) between the actual torque

and the torque reference

1

ol — — — — — — — — — = — — — — — — — — — — — — — — — — — —

o6l — — — — — — — — |- = - — - — — — — - — — — — — — — —

Eord Fow

|
|
700 50

time (s)

Fig. 10.  Characteristic of the error (€,;€, p;) between the actual

torque and the torque reference.

Fig. 9. and 10. represents the errors of flux and torque. It is
found that:

- The look of the error, or shows the stability of the system in
steady state without overshoot and with a low response time.
- Control by sliding mode and PI are insensitive to load
change (from zero torque to 20Nm).

- The instability of the system at startup.

[
|
|
00 o

Changes in the sliding s»t”r?a(ze S1 as a function of time

Fig. 11.

Sos2
°

tme ()

Fig. 12.  Changes in the sliding surface S2 function of time

Fig. 11. and 12. show the evolution of the sliding surface
over time.

The evolution of the surface S1 is going to zero for each load
change in a quick time 5.25 (s).

The evolution of the surface S2 is going to zero in a very fast
time 0.38 (s). We note that the error e2 is insensitive for the
load variation.

Tersion (V)

time ()

Fig. 13.  Changes in the voltage Vgs -Vds

Fig. 13. represent the voltage Vds and Vqs to be applied to
the machine for controlling the sliding mode and the PI
controller.

There is evidence that air of tension reached the steady state
with a response time:

-trge = 2.13s ; tr,, =3.11s; For voltage Vgs
-trgye = 2.15s ; tr,, = 0.7s; For voltage Vds
Note that the PI is more sensitive to start the command mode
by sliding.
V. CONCLUSION

A comparative study of two commands has been determined
in this paper: PI control and control via sliding mode.
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To facilitate the design of the sliding mode control, it was
determined the technique of linearization input /output which
has the main advantage of completely decoupled system to
control.

The simulation

(trgye <1rp;) and the robustness of the method of setting

results show the speed response

the sliding mode vis-a-vis the disruption of the load. The
main drawback of SMC is the presence of the phenomenon
of "chattering", which is currently the subject of our research
in order to eliminate the phenomenon of "chattering."
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