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Abstract: In this paper a reduced-order sliding mode observer-based speed sensorless
vector control of a double stator induction motor (DSIM) is presented. The conventional
reduced-order observer has large chattering on the speed and the torque. In order to solve
this problem, the sliding mode technique with smooth function is used. The simulation tests
show the effectiveness of the proposed method especially in the load disturbances and/or
the change of the reference speed.
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1 Introduction

Sensorless speed vector control is a currently a fundamental part of industrial
reseach because it features in the strategic business plans of most manufacturers of
electric actuators [1-2]. Indeed, the operation with mechanical speed sensorless
vector control has become one of the main interests of researchers currently trying
to fulfill its function implicitly by electrical sensors and algorithms to reconstruct
the motor speed.

The field oriented control (FOC), developed for double stator induction machine
(DSIM), requires the measurement of the speed to perform the coordinate
transformations. Physically, this measurement is performed using a mechanical
speed sensor mounted on the rotor shaft, which unfortunately increases the
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complexity and cost of installation (additional wiring and maintenance) [3-5].
Moreover, the mechanical speed sensors are usually expensive, fragile and affect
the reliability of the control. In this context, our study focuses mainly the speed
estimation using the Luenberger reduced-order observer for a sensorless vector
control of a double stator induction motor.

The observers are very attractive and give good performance in a wide range of
speeds. The observation algorithms are using an analytical model of the machine
to produce the speed and the rotor flux estimations from the stators’ currents and
voltages.

Among the observational methods we have deterministic observers (Luenberger,
reduced order or full order observer), the Kalman filter, and the Model Reference
Adaptive System (MRAS). These observers are used to observe the flux and speed
estimation in a closed loop [4] [6-7]. Although such approaches lead to different
performance in relation to the degree of algorithmic and computational
complexity, they generally offer good performance in a wide range of speed but
cannot estimate very low speeds in a stable manner [8-9].

The sliding mode observer represents one of the most attractive and popular
solutions for sensorless control of electrical motor drives. Currently, applications
of this strategy to double stator induction motors (DSIM) are largely unexplored
and involve only a few research laboratories. For example reduced-order observer
has been applied to IMs for speed sensorless control [10-11], for speed and flux
sensorless control [12] and, later, for speed and/or flux sensorless control of DSIM
[13-14]. However, some limitations on operation of conventional observers were
large chattering on the speed, which very low speeds quickly highlighted.[8-9].

The chattering phenomenon is harmful to the proper functioning of the system,
because it adds high frequency components to the control signal spectrum. These
components can damage the system by exciting the dynamics neglected in the
modelling or by damaging the actuators from frequent solicitations.

The main contribution of this paper is to overcome this inconvenience in DSIM
observation. Many studies have been performed [15-16]. One of them involved
replacing the "sign™ function by a continuous approximation near the sliding
surface. Among the methods which reduce the effect of the "sign" function, we
find the "smooth" function of dead zone suitable for filtering high frequencies and
eliminating the chattering phenomenon and generated transient electromagnetic
torque in dynamic and low speed profiles.

The paper is organized as follows: the reduced-order observer structure is
discussed in Section 2. In Section 3, the double stator induction motor (DSIM)
model and the control strategy are presented. In Section 4 the reduced-order
observer of DSIM is developed. Sections 5 and 6 provides the application of the
resulting sliding mode speed observer of DSIM. Finally, a numerical simulation
and its discussion are presented regarding the sensorless indirect vector control
scheme of DSIM with reduced-order sliding mode speed observer shown in Fig. 1.
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Figure 1

Sensorless indirect vector control of DSIM

2 DSIM Model and Rotor Flux Orientation

Technique

2.1 DSIM Model

The double stator induction motor (DSIM) has two systems of three-phase
winding (al, b1, c1) and (a2, b2, c2) connected in a star configuration which are
phase-shifted by 30° (Figure 2). The equations of this machine can be expressed in
different reference field (rotating field, stator field or rotor field) according to the

attributed reference (d, ).
a

Six dimensional and orthogonal subspaces d-q model of DSIM

Figure 2 Vslq@ q
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Voltages Equations

By choosing a referential related to the rotating field, we obtain the following
system of equations[3]-[13]:

(Dsdl

. d
Vsd1 = Retlsar + —wsDgy1

gy

Vsqr = Rstisqr +

. dd gy,
Vsd2 = Rsolsgo + — 05Dy

. dq’sqz
Vsg2 = Rs2isg2 +T_“)sq)st

)

(Drd

. d
OZRI’II'd + —(a)s—a)r)(qu

. dd g
0=Ryirg +T_(ws — o )P

Where:
Vs1dq Vsadg :First and second stator voltages in stationary frame
Is1dq Is2dq :First and second stator currents in Stationary frame
Dg4q Psaaq  -First and second stator flux in stationary frame
Dygq :Rotor flux in stationary frame
r, W5 Og :Rotor and stator angular frequency
Rso Ry :First and second stator and rotor resistance

Flux Equations

The relations between flux and currents are given by:

D1 = Larisgr + Lm (isg1 +isd2 +irg)

Dq1 = Lsiisqr + Lim (isqr +isq2 +irq)

Dsyp = Lspisgn +Lm(isg1 +isa2 +irg) )
Dgyp = LsZiqu +Lm (isql "‘isqz +irq)

Drg = Lrirg +Lm(isgr +isd2 +irg)

Drq = Lyirg +Lm(isq1 +isq2 +irq)

Where:
L1 :First and second stator inductance
L, :Rotor inductance
L :Mutual inductance

Replacing the system of equations (2) in (1) we obtain the mathematical DSIM
model (3).
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disd1+ Ler disd2+ I-m dcDrd
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s{( sl m) sql Lm+|-r sq2 Lm+|-r rq

Vsd1 = Retisg1 +(Lsy + L))o

i5q1+ Lmlr disqz + Lm d(qu

d
Vea1 = Reqleqr + (Leg + Ly )o
sq = Ratlsqn + (bsa + Lm)o— L,+L, dt  L,+L, dt

L.L L
+wq| (L + Liy)oiggq +—m"— iy, + m__ o
s{( sl m) sd1 Lm n Lr sd2 Lm " Lr rd
disdz i Ler disdl 4 I-m dq)rd
dt Ly+L, dt Ly+L, dt

Vsd2 = Rgiiggo +(Ls2 + L)oo

_ LoL, N
_a’s{(l-sz +Lpy)oigga + L+ L Isg1 + Lo +L, Dq

r

isq2+ LmLy O"sql+ Ly AP

d
Vego = Reqiggo +(Lgo + L)oo
sq2 = Ralsq2 +(Ls2 + L) dt Lp+L, dt  L,+L, dt

Ly, L L
+ @] (Lso + Ly )Olego + —m—Tjyq + m_ ¢
s{( s2 m) sd2 Lm+|-r sd1l Lm+|-r rd

Ly . . 1 do
0=——"(igqq +isqp) + — g +—0
Tr (sdl sd2) Tr rd dt

— (@5 — o )Prq

3
0 L . 1 do )
—_f(|sq1+|sq2)+f®rq+T_(ws_wr)®rd

L2 Ly +L
o Lg =Ls2 = Ls, Tr:—m !

With: o=1- ,
(L +Lp)(Ly +Ls) Ry

Where:

o :Total leakage factor;

T, :Rotor time constant.
Mechanical Equations
The equation of the electromagnetic torque is:

Lm

m[(isql”m)q)fd _(isdl"'isdz)‘brq] (4)

Tem=1p
Where:
Tem :Electromagnetique torque;
p :Number of pole pairs
The mechanical equation is:

do
d_trzTem _TL_kf-Qr )

J
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Where:
J ‘Inirtia;
Q,  :Mechanical rotor speed

T, :Load torque
ks :Viscous friction coefficient

3.2 Rotor Flux Orientation Technique of DSIM

The rotor flux orientation principle aligns the rotor flux on the direct axis [14]-
[16]:

D =Dy

By imposing the condition of the rotor flux (6) to the system of equations (3) and
after rearranging the mechanical equations (4) and (5), we obtain the system (7) as
follows:

~234-



Acta Polytechnica Hungarica Vol. 11, No. 6, 2014

disd1+ Lmlr disdz+ Lm dq)r
dt Ly + L, dt Ly + L, dt

I . Lnl, .
—wg| (Lsp + Lm)msql‘kﬁ'sqz}
m r

Vsd1 = Rstlsdr + (Lsg + L))o

diggy L. L, digo
Veg1 = Reqicqr + (Leg + L )or—a 4 _—m—r 9
sgql sl'sql ( sl m) dt Lm N Lr dt

. LnL, . L
+ wg| (Lgg + Liy)Oigg + — " —iggo + m_ o
S ( sl m) sdl Lm "‘Lr sd2 Lm +|—r r

disd2+ Ler disdl+ I—m d(Dr
dt  Lp+L dt  Lp+L, dt

. L.L, .
_a’s[(LSZ + Lm)oisq2 +ﬁ'sql}
m + Lr

Vsd2 = Rsiisg2 + (Ls2 + L))o

dig L.L, di
. C|2 mLr Sql
Vsq2 = Rsisq2 +(Ls2 + L))o +
g g dt Ly, +L, dt
. L.L, . L
+ | (Les + Ly)Oleqgy + —0T j g1 +—10 D
s|:( s2 m) sd 2 Lm N Lr sdl Lm N Lr r}

Ly . . 1 do
0=—"(igyq +i +—®d, +—7F
Tr (sdl sdz) Tr r dt

Ly . .
0= —T—m(lsql +igq2) — (w5 — o )Py
' L (7)
_ m : ;
Tem="p L+L, D (isq1 +isq2)
dQ,

dt

J

=Tem—TL _kar

To ensure the torque control and to provide at all times the maximum torque, the
flux is maintained at its nominal value. In contrast, the voltages equations
Vsa1,Vsq1,Vssz @nd Vg show undesired coupling, which requires the use of a
decoupling circuit during the implementation of the field oriented control [11]-
[16].

Taking into account that @, is kept constant at its nominal value, in the

established regime we have doy

=0, and system (7) becomes (8):
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. diggq L .
Vsa1 = Rgglsgr — Lgg ﬁ_ ws.Lgy. R_rq)r-a’gl + Lylsgr
r

. diggs L .
Vsg2 =+Rsolsg2 — Ls2 ﬁ_ms-Lsz-[R_rq)r-mgl + Lsz'sqz]
r

dig
. al .
Vsg1 = Rstlsgr — Lat “at + s le-(q)r + le'sdl)
. diqu .
Vsq2 = RsZ'qu -Lso T + g L52~(®r + LsZ'st) (8)
g, 90 Ln

— @, +—= iggqq +1i
Tr r dt Tr sd1 st)

Ly . .
WOyl =05 —Op =——(lgg1 +1
gl S r T.® (sql sq2)

r®r
. L, o
em=P L +L, Dy (isq1 +isg2)
dQ

J dtr :Tem_TL_kar

3 Reduced-Order Observer

An observer is an estimator operating in closed loop with an independent dynamic
system [7]-[10]. It provides an estimate of the internal physical quantity of a
system, based only on information about the input and output of the system with
the feedback input of the measured outputs and the estimated error, using the gain
matrix G to make the error dynamics converge to zero dynamics (Figure 3).
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(Input) y
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> X
Estimated
(Outputs)

Y
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1
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1
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1

3 Observer

Figure 3
Overall structure of an observer
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The system shown in Figure 4 is defined by the state form as follows:

dX
S = AQX+BU @

Y =CX

Where B is the input matrix of the system, C is the output matrix and 4(Q) is the
non-stationary transition matrix of our system, since it depends on the rotational
speed. However, it can be considered as quasi-stationary for the dynamic speed
with respect to that of the electrical quantities.

By integrating equation (9), we can reconstruct the estimate state.
X = [(A@X +BU )t (10)

To evaluate the accuracy of the estimate, we consider the difference between the
measured and estimated states:

e=X—X (11)
Then the dynamic error is deduced from relations (9) and (10):

de 5

i A(Q)e + AAX + ABU 12)
Where:

AA=AQ)-AQ) and AB=B-B

1
I System model ax |
! dt X |
1
U ——>| B [ c Y
(Inputy D : Measured
! M (Outputs)
! A !
ol === _____.
N L EErY
! G.(Y-Y) :
! G !
! dX !
! 'voar . '
: - X Vo
, > B f > >y
! + ,  Estimated
! A ! Outputs
: A : (Outputs)
! Observer !
Figure 4

State space form of an observer

-237-



H. Khouidmi et al. Reduced-Order Sliding Mode Speed Observer-based Sensorless Vector Control of DSIM

The principle construction of an observer is therefore to correct the dynamic of the
estimate in (10) taking into account the difference between the measured output
and the estimated output. This leads to the following observer [10]:

dX

e AQ)X +BU +GCe (13)

Where: G is the gain of the observer.
We can construct a Luenberger observer by substituting equation (11) into (13) as
follows:

%:A(é).)imu +6(y —cxX) (14)

The problem with this type of observer is that the selection of G depends generally
on the estimated speed 0 and involves a dynamic decay of the estimation errors.

We define as measurement error the difference between the measured and
estimated variables. In the same way as the estimator, the equation describing the
behavior of the estimation error is obtained using equations (9) and (13). So the
equation of the estimation error becomes:

(:Tf =(A(Q) - GC). +(AA-GAC).X +ABU (15)
The main advantage of the observer to the estimator can be easily shown by
equation (15). Indeed, the dynamics of convergence error is controlled by the term
(A(Q)-GC) with the correction gain matrix G.

4 Reduced-Order Speed Observer of DSIM

The use of an estimator does not allow controlling the dynamics of the error that
depends on the physical system. Thus, it is preferable that the dynamics of the
process estimation is much faster than the system itself, hence the interest using
the observers.

The mathematical model of the DSIM shows a variable nonlinear system. To
overcome this nonlinearity we use a linear observer and take €, as an additional
variable. In this case, we have a Luenberger observer obtained from the system of
equations (15) [10]-[12].

We can rewrite the system of equations (15) in the form of two sub-systems as
follows:
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8 = vy — g + o R_rq)r-a’gl + Lglggr

adt  Lg Ly .
dicjftjz :LLSzVSdZ _FL{_zzist + g -[;_:(Dr-a’gl + Lszisqz] (16)
dj)tr :l%—r:](isdﬁisdz)—%@r
% B LislVSql _E_:i'isql — o5(® + Lgiggy)

di(:_?z - L_;Vsqz _%'isﬁ ~o5(®r +Lssisgr) (17)
d(fftr :jp LmL-TLr @r(isqﬁisqz)—%(kfgr +T,)

It is clear that the estimated speed described by subsystem (17) requires the
estimated load torque and the rotor flux.

We can use the following model to estimate the torque load T, [13]:

dT,

——— =~0 18
pm (18)

By adding the equation (18) to the subsystems (17), we obtain:

disl 1 Rep . :
sl sl

disq2 1 R 2 : i

o :L_szqz —L—32Isq2 —a)s((Dr + Lsz'st) (19)
S S

aQ, p Ly ; i 1

= _F D (igqr +1i ——\k:Q, +T

it L, L, or s i) J(f T

ar, _

at

From the system of equations (19) assuming &, constant, we can construct our
reduced-order observer as follows:
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dfcjssl - Lislvsql —i—:ii;ql —ws(%ﬂﬁbr + iSdlj"’Gli;q

di;sz :Lisgvsqz —i—jz.i;qz —a){éér +isd2j+Gli;q

dir :JB LmLTLr é)r(isqﬁisqz)—%(kffzr + p.T‘L)+Gzi;q (20)
%:GSTSq

d;Dtr = I--l-_I:](isdl +isg2) —%é’r

With: i;q = (lsq1 +isg2 )_(fsql + iAsq2 )
G, G, and Gg are the observer gains.

It is sufficient to ensure the system stability, with a specific choice of G, G, and
G; dependint on the mechanical speed.

5 Sliding Mode Speed Observer of DSIM

To achieve good performance, the sliding mode technique is known for its
robustness with respect to the parametric uncertainties through the use of High

Gain [16-18]. This technique reduces the state trajectory % of a given system to

the sliding surface S =Y —Y = i;q and choses to switch the desired operating point
[19].
The vector surface S = 0 is attractive as it satisfies the Lyapunov stability criteria
if S.S<0[20].
The smooth function figure (5), is used to eliminate the chattering phenomenon.

S

Smooth(S )= e (21)
+

Where: e is a small positive parameter.

Finally, we define the sliding mode observer by adding the smooth function (21)
in the system (20):
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Smooth(S)
A

+17—
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M

Figure 5
The Smooth function

dig 1 Rux - ( 1 . J ~
ql sl ¢ ; :
= Vg ——lgq1 — Ws| — Dy +1igq1 |+ GSmooth(isy)
dt le a le q le q

disq2 1 RSZ o 1 - - i
= ——2 40—y — D, +i + G;Smooth(i
dt Lsz sq2 Lsz sq2 S I—sz r Tlsd2 1 (sq)
df)r P Ly, ~ . . 1 A . ~
== D, (igq +1 ——k;Q, + pT; )+ G,Smooth(i
at IL+L r(sql sqz) 3 ( f22rt P L) 2 (sq)
dT, ~
T G3Smooth(isq) (22)
dd, Ly, . 1.
— = (igg1 +igg2) —=— D

dt T, T,
Isq = (isq1 +isq2) — (fsql + iAqu)
- is
Smooth(ig) = =——
lisg| +e

6 Simulation Results

To test the static and the dynamic performance of the reduced-order sliding mode
speed observer, the double stator induction motor (Appendix) is fed by two three-
level voltage inverters controlled by rotor flux orientation.
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6.1 Discussion

Figures (6-7 and 8-9) illustrate the dynamic performances of the sensorless drive
at acceleration and deceleration for both high speeds (Q, =280 (rad/s), £, = -280
(rad/s)) and low speeds (£, = 20 (rad/s) ,&, = -20 (rad/s)) with step load change
applied at t=1.5 sec to t=2.5 sec for T,.= 14 (N.m) to T, =0 (N.m).

The obtained simulation results (Figures 6 and 8, for both high and low speed )
show that the speed tends to its reference and takes its steady state after lsec
without overshoot. Also the direct component of rotor flux is set to ~ 1 Wb after 1
sec to start, and the quadratic component is cancelled at the same time (Figures 7
and 9). During start-up, the electromagnetic torque is set to 50 Nm and decreased
to zero after 1 sec. At time 1.5 sec, a nominal load torque of 14 Nm is applied,
there was a slight decrease in speed and an increase of the stator currents. This
affects the electromagnetic torque increases (14 Nm), in order to compensate for
(approximately 0.1 seconds) the load torque. We also note that the
electromagnetic torque is proportional to the quadratic component of stator
current; however, the flux remains constant.

It can be seen that the observed speed tracks the real one, the dynamic error is not
important (Figures 8 and 9) and the static error is practically zero for both high
and low speed. Generally, the reduced-order sliding mode speed observer works
very well especially if the observer gains are smoothed out by the smooth
function.

6.2 Robustness Test

In this section, the influences of parameter variations are investigated in order to
test the sensitivity of our SM-observer. The sensitivity of stators resistances, rotor
resistance and inertia variation is studied for a step change of +50%R;, +50%R,
and +100%J simultaneously for t=1.5 s to 2.5 s for both high and low speeds.
Figures (10a) and (10b) shows that the behavior of the observer is not affected at
high speeds but the speed error is highlighted at low speeds, the simulations
clearly show the performance of the proposed sliding mode speed observer.
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Measured,estimated speed and electrpmagnetic torque results for high speed sensorless control
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Error speed ,rotor flux and stator current results for high speed sensorless control
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Figure 8
Measured, estimated speed and electrpmagnetic torque results for low speed sensorless control
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Error speed ,rotor flux and stator current results for low speed sensorless control
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Robustness test; .(a) for high speed (b) for low speed sensorless vector control of DSIM
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Conclusions

In this paper we presented the sensorless vector control of DSIM, were the “sign”
function used by the majority of authors is replaced with the smooth function.
With the use of the “sign” function, undesired oscillations appear in the speed and
torque. These oscillations can excite the neglected errors dynamics, or even
damage the observer.

The sliding mode speed observer is sufficiently fast and robust with respect to
parametric variation, load disturbance and the change of the reference speed. We
also note that this technique is characterized by its simplicity of design and
robustness; most importantly it eliminated the need for the mechanical speed
sensor, which is expensive and fragile.

Appendix

Double stator induction motor parameters

P,=4.5 KW, =50 Hz, Vi A 7)=220/380 V, Iy A v)=6.5 A, 2,=2751 rpm, p=1
Ry= Ryp=3.72 Q, R, =2.12 Q, Ly;= Ly,= 0.022 H, L, = 0.006 H, L, =0.3672 H
J =0.0625 Kgm?, K; =0.001 Nm(rad/s)™*
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