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Abstract—A sliding mode control strategy associated to the V and its proprieties are validated through simulation results

field-oriented control of dual-stator induction motor drives is jn Section VI. Finally, Section VIl summarizes conclusions.
discussed in this paper. The induction machine has two sets

of stator three-phase windings spatially shifted by 30 electrical
degrees. The sliding mode control is a robust non linear algorithm II. MACHINE MODEL

which uses discontinuous control to force the system states ) o
trajectories to join some specified sliding surface. It has been A schematic of the stator and rotor windings for a dual-

widely used for its robustness to model parameter uncertainties stator induction machine is given in Fig. 1. The six stator
and external disturbances. The simulation results are presented. phases are divided into two wye-connected three-phase sets,
labled (as1,bs1,cs1) and (asz, bsa, cs2), whose magnetic axes
Index Terms— Field-Oriented Control (FOC), Dual-Stator In-  are displaced byx = 30 electrical angle. The windings of
duction Motor Drives (DSIM), Sliding Mode Control (SMC). each three-phase set are uniformly distributed and have axes
that are displaced20 apart. The three-phase rotor windings
(ar, by, c,) are also sinusoidally distributed and have axes that
are displaced byt20 apart [10] — [12].
NVENTED by Nikola Tesla in 1888, the alternating-current The following assumptions have been made in deriving the
(AC) induction motor has had a major role in the develogtual-stator induction machine model:
ment of the electrical industry [1]. The primary advantages , Machine windings are sinusoidally distributed:
of induction machine are less maintenance cost, brushless The two stars have same parameters;
construction (squirrel-cage rotor), better transient, etc. « Flux path is linear;
Since the late 1920s, dual-stator AC machines have been The magnetic saturation and the mutual leakage are
used in many applications (such as: pumps, fans, compressors, neglected.

rolling mills, cement mills, mine hoists [2]), for their advan- The electrical equations of the dual-stator induction motor

tages in power segmentation, reliability, lower torque pulsa-. . )
a9 POWer seg : Y aue PUSHrives in the synchronous reference fraf@e— ¢) are given
tions, less dc-link current harmonics, reduced rotor harmonics

and higher power per ampere ratio for the same machine
volume, etc. [3] — [6]. !

The sliding mode control theory was proposed by Utkin in
1977 [7]. Thereafter, the theoretical works and its applications
of the sliding mode controller were developed. Since the !
robustness is the best advantage of a sliding mode contra ~, a=30°
it has been widely employed to control nonlinear systems, es
pecially the systems that have model uncertainty and externi?,:
disturbance [8], [9]. These advantages justify the necessity c
applying this kind of control for the DSIM.

The paper is organized as follows. Description of the DSIM
and the mathematical model are provides in Section Il. The
field oriented control of an DSIM is developed in Section .
The sliding mode control theory is presented in Section IV.
The sliding mode control of an DSIM is developed in Section i

I. INTRODUCTION
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as [13] — [15] quadrature component of the flux n@ih,,. = 0) and the direct

flux equals to the referend@)q,. = ¥.):
Va1 = T1%d1 + PPd1 — Wetbq

Vgl = T1tq1 + PPq1 + wetar (2 Yar =Yy (15)
Va2 = T2tq2 + PPa2 — WePg2 (3) Ygr =0 (16)
Vg2 = Talg2 + Pg2 + Wetbaz (4) pir =0 17
Var = Trtdr + PPar — (We — wr)Pgr = 0 (5)  Substituting Egs. (15), (16) and (17) into Egs. (5) and (6),
Vgr = Trlgr + PVqr + (We = wr)har =0 (6) yields
. Tridr + pw: =0= Ldr = 0 (18)
with,
Vg1, Va2, tdl, tq2, and g1, Yge are respectively th€ d” w ok o wgr
components of the stator voltages, currents and flux linkage; rrtgr + Wity = 0= tgr = Ty (19)

Ugls Vg2, lq1, lg2, @Nd Vg1, g2 are respectively the'q” wl = w! —wy, (we is the slip speed)

. A 1 S e 1 -
components of the stator vqltages, Clirrents and flux linkage; The rotor currents in terms of the stator currents are divided
Var, tgr aNd 1)y, are respectively théd” components of the from Egs. (11) and (12) as
rotor voltage, current and flux linkage; '
Vgry tqr aNd 1), are respectively théq” components of the oy — 1 * L (g +1 20
rotor voltage, current and flux linkage; S R [r = Lm (21 + a2)] (20)
ry, ro andr, are respectively the per phase stator resistance
and the per phase rotor resistance;
w, is the speed of the synchronous reference frame;

ool @

w, is the rotor electrical angular speed,; Substituting Eq. (21) into (19), obtain
p denotes differentiatiom.r.t time. I (11 + 242)
The expressions for stator and rotor flux linkages are wh = = LI (22)

sl (Lm + Lr) Wf

@) The final expression of the electromagnetic torque is
wa = leql + Lm 191 + 142 + lqr (8) PL
a2 = Lotaz + Lim(ta1 + ta2 + tar 9) Towm = (Lm + L)

Ya1 = L11gr + L (a1 + ta2 + ar)
( )
( )
Vg2 = Latg2 + Lin(2q1 + 292 + 2r) (10)
( )
( )

(2q1 + 22)¥r (23)

With taking into the rotor field orientation, the stator voltage
Yar = Lrtar + L (1a1 + a2 + tar (11) equations (1)—(4) can be rewritten as
War = Lrtgr + Ly (1q1 4 292 + 2gr (12)
”U;l = T1%d1 —+ Llpldl — We Ll’qu —+ Tr :w:l) (24)
where,

o (
L., L, and L, are respectively the per phase stator self Vg1 = Tatg1 + Lapign +wi(led1 +¢7-)* . (25)
inductance and the per phase rotor self inductance; (Latgz + rbrwg)  (26)
L,, is the mutual inductance between stator and rotor. Vgo = 12192 + Laptgs + Wl (Lataz + ¥y) (27)
The electromagnetic torque is evaluated as

*k
Vo = 1212 + Loptgs — w;

where, 7, = f— is time rotor constant.

Consequeﬁtly, the electrical and mechanical equations for
the system after these transformations in the space control
may be written as follows

Ly,
Term = Pm [(qu + Zq2)'l/]dr - (Zdl + Zd2)wqr] (13)
with, P is the number of pole pairs.

The mechanical equation of machine is described as 1 « " -
q par = 7 {vg — rar +w; (Ligy + 7eppwg) - (28)

L
.]pQ =+ fQ =Tem — 11 (14) '
1 * * *

where, Plgn = 7~ {vg1 — 121 — W (Lo +97) ) (29)
Q) is the mechanical spedf = “%);
Ty is the load torque; praz = 7 {vge — r2taz + wg (Latgz + mbywy)} - (30)
J is the moment of inertia; Lo
f is the viscous bearing friction coefficient. 1

Plgz = - {vig —ratg2 — wi(Lotaz + 7))}  (31)

IIl. FIELD ORIENTED CONTROL OF ANDSIM
_ Tr w+ 7L,

L.+L, " L.+L,

P = (ta1 +242)  (32)

The main objective of the vector control of induction motors
is, as in DC machines, to independently control the torque and
the flux [16]. In this order, we propose to study the FOC of ;) — L {me(Z L F g — T — fQ} (33)
the DSIM. The control strategy used consist to maintain the JU Lo+ Ly 0T



IV. SLIDING MoODE CONTROL

We consider a system described by the following state space

equation:
(34)

with,

[X] € R™ is the state vector;

[U] € R™ is the control input vector;

[A] and[B] are system parameter matrices.

The first phase of the control design consist to choose the

sgn(S(x)) is a sign function, which is defined as

—1 if S(x)<0
sgn(S(x)) = { 1 if S(x)>0

k. is a constant.

This introduces some undesirable chattering. Hence, we will
substitute it by the function plotted in Fig. 2.
ConsequentlylJ,, is defined as

(44)

S(x)

Un=bs@v e

(45)

number of the switching surface¥ ). Generally this number ¢ i small positive scalar.

is equal the dimension of the control vector In order to

ensure to convergence of the state variabl® its reference

V. SLIDING MODE CONTROL OF ANDSIM

valuez*, [8], [16] and [17] propose a general function of the The proposed control scheme is a cascade structure at it

switching surface:

S(a) = (44 X ela)

(35)
where,

A is a strictly positive constant; .

r is the smallest positive integer such thg} # 0: ensure
controllability;

e(z) = «* — x is the error variable.

is shown in Fig. 3, in which six surfaces are required. The
internal loops allow the control stator current components
(241, 241, 242 @nde42), whereas the external loops provide the
regulation of the speef and the fluxy,. The bloc of the
FOC(SMC) is presented in Fig. 4.

A. Design of the Switching Surfaces
In this work, six sliding surfaces are used and taken as

The second phase consists to find the control law whié@/lows since a first order is used:

meets the sufficiency conditions for the existence and reachi- S(Q)=0"-Q (46)
bility of a sliding mode such as [7], [17], [18] .

. S(r) =7 — e (47)

S(x)S(x) <0 (36) S(iar) = 0%y — 101 (48)

Intuiti\{ely, .the exigtgnce of a sliding mode on the slidi'ng S(q1) = 15 — 11 (49)
surface implies stability of the system. One of the possible .

solutions is given by S(raz) = 1go — a2 (50)

U.= Ueq + U, (37) 5(2‘12) - 122 g2 (51)

Ueq is the so called equivalent control. It plays the feedback

linearisation role is the solution of

S

0S8

S(z) =0« X [A][X] + [B]Ueq} + 87[B]Un =0 (38)
During the sliding mode, th#,, is equal zero, thel/., is
s . "' [8s
va=-{oge} {Gzamxy} e ’
with Py j;“' -k,
67X[B} #0 (40)

During the convergence mode, tii&, # 0. We substituting F'9- 2~ Shape of thegn function.

Eq. (39) into Eq. (38) yields
0S8

Substituting Eq. (41) into Eq. (36), obtain
08
S(m)a—X[B]Un <0 (42)
So that the state trajectory be attracted to the switching

surfaceS(x) = 0. A commonly used from ot/,, is a constant
relay control [17].

Indirect FOC scheme for DSIM.

Fig. 3.

U, = k.sgn(S(x)) (43)
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Fig. 4. Bloc diagram of the FOC(SMC).

B. Development of the Control Laws

3) For the Stator currents:

S(141)S(ta1) < 0= v} = Vdieq + Vdin (54)
S(qu)S(qu) <0= U:;1 = VUgleq T Vgin (55)
S(zdg)S 142) < 0 = Vg = Vdoeq + Vazn (56)
S(Zqz)S(zqg) <0 = vy = Vg2eq + Vg2n (57)

with
Vgteq = L1ty +r12a1 — wg [L1tgr + Ty wi]
Vgteq = L1ty +710g1 + Wy [Litar + 7]
Vdzeq = Loty + T2ta2 — w) [Lotgs + Trbrwiy];
Vg2eq = LQ'I:ZQ + T22¢2 + u}: [L2Zd2 + 77[}:] 5

and

S(Zdl)
Vain = kgt —— 2
W RS (1) + €

S(’L 1)
n = k K )
‘i TS| + En
S(ng)
n = k )
o = TS () +
S(1q2)
n=kgp
TR 1S 002 | + a2
To satisfy the stability condition of the system, the gains

kw,» ky,, ka1, kq1, ka2 and kg should be taken positive by
selecting the appropriate values [19].

VI. SIMULATION RESULTS AND DISCUSSION

By using the equations systems (28)-(33), (37) and (45), theTne dual-stator induction motor parameters used in the

regulators control laws are obtained as follows:
1) For the Speed Regulator:

S(wr)S(wr) <0 =15 = 1geq + Ugn (52)
with

g =1q1 +12 and w, =P

J L+ Ly, o P
€= B3 T rswe + =T |
lqeq = P3 Tont: + {wr 7Y + 7 }

o 1S (wr)| + &u,

2) For the Flux Regulator:

lgn =

S(1hy)S () <0 = 15 = tdeq + tn (53)

where

1d = %1 + %d2;

L.+ L,

* rT .
L. Py + (U

LT‘ + LTYL

S(,)
n=ky ———F—.
R IO [

ldeq =

simulation are given in the PPENDIX.

The first test concerns a no-load starting of the motor with
a reference speed* = 2500rpm. Then a torque load;, =
14N.m is applied between = 1.5sec andt = 2.5sec. The
results are shown in Fig. 5.

The second test concerns a no-load starting of the motor
with a reference speed* = 2500rpm. Then att = 1.5sec a
reverse speed is applied. The results are shown in Fig. 6.

It is noticed that the speed regulation is obtained using such
as controller is spite of the presence of stern disturbances such
as step change of the load torque.

The waveforms depicted in Fig. 5 show that the ideal field-
oriented control is established by setting the flux responses
Yar = 1Wb, 1, = OW, despite the load variations. The step
changes in the load torque and the reverse of speed response
cause step change in the torque response without any effects
on the fluxes responses, which are maintained constant, due to
the decoupled control system between the torque and the rotor
flux. Thus, the aim of the field-oriented control is achieved,
and the introduction of perturbations is immediately rejected
by the control system.

The aim of the third test is to solve the problem of
detuning in indirect field-oriented control system in the case of
parameter variations of the motor. The coefficients in equations
systems (28)-(33) are all dependent on the motor parameters.



@ These parameters may vary during on-line operation due
* to temperature or saturation effects. So, it is important to

i E° f\,\ investigate the sensitivity of the complete system to parameters

) e %

= SN\ changes.

1/ ’ . — One of the most significant parameter changes in the motor
is the rotor resistance,.. A simulation taking into account
B ; the variation of 100% rise of r,. relative to the identified

' Tome se© ' ' Time se0 ' model parameter was carried out. The parameters changes
\ are introduced only in the model of the motor. Neither the
" estimator, nor the controller is involved by this variation. The

3 i z, waveforms obtained are illustrated in Fig. 7. The responses

WM‘HHH\H““H“» 7 are approximately similar to chose obtained in Fig. 5 and the

g i H . . . . .

H PN i condition of oriented control is obtained in the steady state
o (gr = OWD). It can be conclude that the proposed sliding
| controllers are robust. They are able to realize and maintain

L e Y T~ 77 the control even the parameters of the motg) change.
g0 g™ VII. CONCLUSION
1tk < ozffh
<, \U[ £, \V
2 e = In this paper, a sliding mode control strategy of the dual-
stator induction motor drives has been presented. This control
{ N S S S w—a—1 41 | methodology has the property of imposing the control signal
e ime 69 necessary to enforce the desired feedback control law inde-
Fig. 5. Simulation results for a cascade structure using SMCs. pendently of model uncertainties.

The effectiveness of the proposed controllers has been
demonstrated by simulation and successfully implemented in
an dual-stator induction motor drives.
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APPENDIX [18] S. Bouabdallah and R. Siegwart, “Backstepping and sliding-mode tech-

The machine parameters used in the simulation are as
follows: (19]

e Stator resistances (winding seiand 1) ry = ro = 3.72;
e Stator self inductances (winding setand 1) L; = Ly =
0.022H,;

e Rotor resistance, = 2.12Q);

e Rotor self inductanced.,. = 0.006H;

e Mutual inductance between stator and rafgy = 0.3672H;
e Moment of inertiaJ = 0.0625kg.m?;

e Viscous bearing friction coefficient = 0.001N.m.s/rd.
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