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Sensorless fuzzy sliding-mode control of the double-star
induction motor using a sliding-mode observer
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Abstract. The paper presents a sensorless fuzzy sliding-mode speed control (FSMC) decoupled by a vector
control applied to a double-star induction motor (DSIM) using a sliding mode observer (SMO) fed by two PWM
voltage source inverters. The fuzzy sliding-mode control is a hybrid control technique that links two control
strategies, the sliding mode and fuzzy logic, whose sign function of the discontinuous part is replaced by a fuzzy
inference system to overcome the drawbacks of the chattering phenomenon. For the control, the major problem is
the need for using a mechanical sensor. Which imposes an additional cost and increases the complexity of the
assembly. For this reason, we propose a sliding mode observer of a high robustness to few parametric
uncertainties by providing considerable correction gains. The control + observer set is simulated by the Matlab /
Simulink software and the simulation results show that its performance is robust and the chattering problem is

solved.
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Brezsenzorsko mehko krmiljenje drsnega nacina pri

asinhronskem motorju z dvojnim statorskim navitjem
V prispevku smo predstavili hitro brezsenzorsko mehko
krmiljenje drsnega nacina pri asinhronskem motorju z dvojnim
statorskim navitjem. Mehko krmiljenje drsnega nacina je
hibridna tehnika krmiljenja, ki zdruzuje dva pristopa: drsni
nacin in mehko logiko. Pri krmiljenju je najvecji problem
uporaba mehanskega senzorja, ki povecuje kompleksnost
izvedbe in ceno sistema. Ta problem smo resili z uporabo
observatorja drsnega nacina. Predlagano resitev smo simulirali
s programskim orodjem Matlab/Simulink in rezultati simulacij
potrjujejo njeno zmogljivost in robustnost.

1 INTRODUCTION

In order to provide electric motorization for high-power
applications, such as rail traction or naval propulsion, it
is often necessary to segment the power. The current
solution apply segmentation at the ensembly level of the
converter machines, by using multi-phase machines
(machines with the number of phases greater than
three). Indeed, multiplication of the number of phases
allows splitting the power and thus reducing the
switched voltages with given current. One of the most
common examples of the multi-phase machines is the
double-star induction motor (DSIM) [1].

The difficulty of control has encouraged the
development of several control techniques so that these
machines behave like the DC machines eliminating the
coupling between the flux and torque [2], characterized
by a natural decoupling of the flux and torque. One of
these control techniques is the vector control. However,
a disadvantage of controlling by using conventional
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control algorithms, such as PI controllers, is the
machine sensitivity to parametric uncertainties and their
variations [3]. To avoid this disadvantage, a robust
sliding-mode adjustment technique is proposed. The
sliding mode is a mode of the system operation with a
variable structure. It is considered as one of the simplest
approaches to control nonlinear systems and those
having an imprecise model [4]. One of the notable
advantage of this type of control is robustness to
parameter variations. [5].

Fuzzy logic is one of the classes of artificial
intelligence. Its purpose are the study and detection of
imprecise knowledge and approximate reasoning [6]. It
is complementary and used particularly when there is no
precise mathematical model of the process to be
controlled, or when the latter has strong nonlinearities
or inaccuracies. To obtain a hybrid control, we combine
these two techniques (fuzzy logic control and sliding-
mode control). A chattering-free fuzzy sliding-mode
control strategy for uncertain systems is introduced in
[7]. Moreover, the principle of this technique is to
replace the discontinuous switch gain by a fuzzy logic
control in the traditional sliding-mode control.

Currently, the design simplicity and robustness are
the most important criteria in many applications. This
request particularly mobilizes researchers. Whose main
concern is the mechanical sensor speed. It is the weakest
link in the chain [8]. Indeed, besides the size and
difficulty of adaptation when mounting the controller on
different types of structures, it is also fragile and
expensive.
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Different structures of observers have been proposed
in literature. They are very attractive and perform well
in an extensive speed range. As seen from the approach
based on a model of the machine behaviour applied to
observation techniques. There are several categories:
extended Kalman filters [9] extended Luenberger
observer [10] which guarantees only the local
convergence, adaptive methods, and nonlinear
observers, such as the sliding-mode observers (SMO)
[11], and high-gain observers [12]. In this paper, our
focus is on the SMO application on a fuzzy sliding-
mode controller. This observer is based on the theory of
variable-structure systems. It is well suited for uncertain
nonlinear dynamic systems with the same robust layouts
as the sliding-mode controllers. In the last two decades,
many researchers have proposed different algorithms
based on the sliding modes [13] [14]. However, the
voltage and current induction-machine models are
generally used together to estimate the flux from which
the speed is estimated.

SMO reduces the state trajectory of a given system

toward a chosen sliding surface and makes it switch to
the point of equilibrium. Using a sliding-mode requires
mainly two stages, convergence the choice of the
surface and establishment of the conditions [15].
The aim of our paper is to show that the estimated speed
determines the state of the model. Our results are
verified by simulation using the Matlab/Simulink
software.

In Section 2 we present a double-star induction
machine (DSIM) model. In Section 4 we discuss our
control method using the sliding-mode control and
fuzzy-logic control. In Section 5 we present the SMO
theory. In section 6 our simulation results are analysed
and in Section 7 we draw conclusions of our work.

2 DSIM MATHEMATIC MODEL

In the DSIM model there are two three-phase winding
systems shifted by an electrical angle of a = 30°. To
allow for simplification, the rotor electric circuit is
considered to be equivalent to a three-phase winding of
a short-circuit occurrence [16].

2.1 Voltage equations

. d
Vst = Rstlgst +a¢dsl —®5dgst

. d
Vst = Rstlgst +a¢qsl + 05 gs1

. d
Vias2 = Rs2igs2 +a¢d52 —®5dgs2

(1

. d
Vigs2 = Rslgs2 "‘ad)qsz +05bgs2

. d
Var =0=Ryig +a¢dr _(Dgld)qr

. d
Vgr =0=Rylg +a¢qr +ogdgr
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2.2Mechanical equation

L . . . .

Tem = pL—m[¢dr ('qsl +lgs2 )_¢qr ('dsl +1ds2 )] 2)
r+Lm

JZ—?:Tem T,k Q (3)

2.3Flux equations

das1 = Lsaidst + L (igs1 +igs2 +iar )
bgst = leiqsl + L (iqsl + iqs2 + iqr
Pgs2 = Lsolgsa + I-m(idsl +igsp + idr)
dgs2 = Ls2lgs2 + Lmligss +igs2 + igr
dar = Lrigr + Lm(igss + gs2 +iar )
Ogr = Lrigr + Lin\igsy +igs2 +igr

“4)

3 INVERTER VOLTAGE-SOURCE MODELING

In our study, we use two voltage inverters to eliminate
certain voltage harmonics and thus minimize the torque
ripples and increase the machine efficiency. The voltage
inverter is a static converter consisting of switching
cells generally with transistors or GTO thyristors for the
high powers. They enable the amplitude and frequency
of the machine waves to vary from the standard network
voltage at the load neutral point given by the following
expression:

Ve 2 -1 -1,
Vg =?d -1 2 -1|s, )
Ve -1 -1 2|3

Where:

V4 is the direct voltage and S;, Sz and Ss is the
controller signals applied to the switches.

4 SLIDING-MODE CONTROL DESIGN

The sliding mode is a particular system function of a
variable structure. The theory of the variable-structure
systems and sliding modes is a nonlinear control
technique characterized by discontinuous controls.

The basic principle of the sliding-mode control is
moving the state trajectory of the system toward surface
S(x) = 0 and maintaining it around this surface with
switching logic function "U,". The basic sliding-mode
control law is expressed in [17]:

Uc = Ueq + Un (6)

Ueq is obtained with the equivalent-control method. Its
principle is based on determination of the behaviour of
the system when it is on sliding surface 's', s=0. This
control can be either linear or nonlinear.

U, is a discontinuous control allowing the system to
reach and stay on the sliding surface. Generally, the
discrete control in the sliding mode can take the form of
the relay type given by expression U, = K.Sign (S (x)).
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if S(X)<0
if S(X)>0

For the Lyapunov function to decrease, it suffices to
ensure that its derivative is negative:

S(X)S(X)<0 ©)
Using the 'sign’ function means that the control between
two values is = K with a theoretically infinite frequency
if gain K is very small. The response time will be long if
gain K is very large, otherwise, the retry time will be
fast, but undesirable oscillations may appear, commonly
called "chattering", on the steady-state responses.
One solution to reduce chattering is to incorporate a
boundary in the control:

1
sgn(X)) :{_1 ()

S
Up =K. Feyt (;) ©)
Fsat is a saturation function defined as follows:
§ if § <1
S € €
Fsat [zj = S s (10)
sgr(—j if |—>1
€ e

4.1 FSM control

A fuzzy logic control is introduced to replace the sign
function enabling the state trajectory to reach and move
along the change surface. A good steady-state dynamics
can be achieved by a combination of SMC and FLC
[18]. The advantages of the proposed control by using
FSM is verified by simulation.

Fig. 1 presents a FSM control scheme replacing
expression Un=K.Fs(S/g) by a fuzzy controller.

Equivalent Ueq
control

Xref

Ut

Figure 1. Diagram of the SMC-FLC hybrid control.

As seen from the above, the SMC law explains the
control strategy:

"If the error is negative, the output of the system is
pushed to the positive direction™ [19].

For this, the fuzzy controller can replace term K.Fsg.
This controller has input S (x) and output Us and its
rules serve to establish a connection between S (x) and
Us.

This is interpreted by the rules of the "if ... then" form:
Ri:if SisSN  Then Uris N N: Negative
Rx:ifSisZ  ThenUfisZ  Z: Zero

Rs:ifSisP ThenUrisP  P: Positive

Sliding |_| 1‘“Upsmc Y
4 ¥ surface [ System
" M,

4.2 DSIM FSMC

The synthesis of the SMC law is based on a model
obtained after decoupling using the vector control
method.

By applying this principle (¢4=0 and ¢4= ¢:*) to
equations (1), (2) and (3), the frame stator voltage
equations are:

* A d| 1 * . *  *
Vst = Rsalgs1 + Ls1 % — g (le|qsl +Trdrog) )

* . d qs]_ *( . * )
Vst = Retlgss + Lst ar + 05 \Ls1igss + ¢r

Vis2 = Rgolgso +L (LsziqSZ +Trdrog) )

(11)
Vqu =Rgoigs2 +Lso —— I +(°s Lsoigs2 +&r
O + Ty ad’r = Lm(idsl +id52)
Ly (. .
Wg] = 0g — O :ﬁ(lqsl""qu)
L . .
Tem = pm¢r(‘qsl+'q52) (12)
J(:j—gtzzTem -T. —-k;Q (13)

To cancel the coupling terms, we use a compensation
method, The method adds the currents controls igsz, igst,
igss2, lgs2 Dy neglecting the coupling terms, and the
obtained output stator voltages are Vasir, Vgsir, Vasor,
Vsar fOr i*gs1 = i*as2 and i*gs1 = i*gs2.

In our work, the following six sliding surfaces are
used:

S(Q)=Q*—Q

S(or)=0

S('dsl) ids1 — 1

S(Iqsl) |q51—|q31 (19
Sigs2) = ids2 —igs2

5<'q52)= igs2 ~lgs2

By using equation systems (3), (6) and (9), the obtained
control laws are:

4.2.1  The Speed controller:
S(op)S(or)<0 = igs =igeeq +ign (15
With: igs =igs1 +igs2 and oy = pQ
. i Lo+l {*kf p }
| = — ™ + O —® "r—_TL (16)
BT
Kos) it |3
€ €
lgsn = ¢ S ¢ ) (17)
Ko sgn(S(wy)) if Orlls1
SUJ
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4.2.2

S(0r)S(er)<0 =

The Flux controller:

Igs=1dseq+idsn

(18)

at igs =lgs1 +1igs2

Ly +Ln

i =_r_m 19
dseq R Ly, (19)

* R,
+—
{pd)r L +L, ¢r}
€
S(‘I)r ) > 1
€
The Stator current controller:

—s(p,) if

idsn = (20

Ko sgn(S(¢y ) if

4.2.3

('dsl)s('dsl)< 0 :>V(:Tsl =Vsteq +Vdsin
( 1)S< qsl)< 0 :>Vc;sl =Vgsteq +Vgstn
('dsz S( d52)< 0 :>Vd*52 =Vds2eq +Vas2n

)
q =
( sZ)S(q52)<0:>Vqsz Vis2eq +Vas2n
With

.x . * . * *
Visteq = Lstldst + Rs1lgs1 — @ [lelqsl +Trdrog) ]

.* . * . *
Visteq = le'qsl +Rg1lgs1 + 0 [le'dsl +0r ]

€2y

(22)
Vis2eq = Lsoi d52 +Rg2lgso — s [Lsz'qsz +T ¢rmgl]

Vgs2eq = Lsz'qsz +Rgalgs2 + g [Lszldsz +¢r]

Vqsln = quFsat{
S(Lgso
Vids2n :KdZFsat( ( ds )j

Vqun = Kq2 Fsat(

(23)

To verify the system stability condition, gains Ko, Ko,
K¢ and Ky should be positive by selecting the
appropriate values. In order to reduce chattering, three
FSMCs are used following the “If...then” rule, max-min
inference mechanism and center of gravity defuzzyfier.
FSMCs are chosen as follows [20]:
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igs = igseq + igst

igs = lgseq +Idsf
Vst =Vaisteq +Vast (24)
V<;sl :Vqsleq +Vqslf

*
Vds2 =Vdsoeq +Vas2 f

*
Vgs2 =Vgs2eq +Vos2 f

Fig. 2 shows the membership functions of input S(x)
and output Un:
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Figure 2. FSMC input/output membership functions of (a)
speed, (b) flux, (c) current.

5 SMO

SMO to be used in the rotor speed estimation should be
robust (invariance to parametric variations) and simple.

In literature, generally, the voltage and current
models of the induction machine are used together to
estimate the flux from which the speed is estimated
[21], [22].

If the system is observable, the objective of the
observer is to give the best estimate of the state
variables from the measurements on output y and on
input us.

The observer is defined as follows [23]:

R = f(x y,u,t) +ug

Where:
x is of the same dimension as x (n);

(25)
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f is the estimation model;
Us is the vector defined by,

ug= [Gysmooth (S;) Gysmooth () ... Gysmooth (S, )] (26)

The sign function is replaced by a continuous
approximation near the sliding surface. From the
methods reducing the effect of the sign function we use
the smooth function of the dead zone to filter high
frequencies and eliminate the chattering phenomenon
and generated transient electromagnetic torque in the
dynamic and low-speed profiles [24].

The smooth function used to eliminate the chattering
phenomenon is determined with the following relation:

smooth(S) = _S_ (27)

S|+¢&
Smooth(S)
A

+

_J

Figure 3. Smooth function.

[s; s, s ] =s=[y-9y]
Surface vector S = 0 is attractive if:
S;Sj <0 for i=1,r

The objective is to observe the speed () based on
the stator currents and voltages which are easily
measurable.

The system of equations (11), (12) and (13) can be
rewritten as two subsystems:

nV¥

-1

didsl _ i

Ry . L .
Vds1 L lgs1 + ©g R7r¢’r g + Lepigs1
sl r

dt <1
dig, 1 R, - L, - \(298)
— =YV, ——1 +Og| —.bp.wqg + Lo

dt Le, ds2 Le, ds2 s R Or gl s2-'gs2

do, 1 Ly . -
—=——0¢; +—"(igs1 +1
dt Tr dr Tr (dsl dsz)

digs1 1 Rg; . .
C?t :L_l qsl_L_Si"qsl_ws((l)r +le-'dsl)
s s
digs2 1 Res . . (29)
% = L_2Vq52 _L_Sz|q52 — g (¢r + LsZ-'dsZ)
s s
dQ p Lp . . K¢ 1
B2_P_Em 4 (g +igen) - Q- =T
dt J Ly +L, or (qsl qsz) J 3 L

To estimate the speed, only subsystem (29) is used. It is
correct for most applications [25] [26].
To estimate the speed from the model described by
subsystem (29), the rotor flux should be estimated.
The SMO model is given by:
diget 1 Ry

1 8 . 1 - -~
= Vgsp — ——lgg1 — O igs1 + — + Gysmoothli
dt le gsl le gsl s( dsl le ¢r] 1 ( qs)

di, . -
gs2 1 Rs2 » . 1 -
= Vg ——Flgg0 — Og| Igep +—— + Gysmoothl i
dt Lsz gs2 Lsz gs2 s[ ds2 Ls2 ¢r 1 ( qs)
do Lm 2 0 ¢ Kt . ~
i Fpﬁ.d)r.(lqsl +igs2) —TQ—JBTL + +stmooth(|qs)
m r

dT, =
ot G3smooth(|qs)
dby Ly, . 1.
—L = D (igsy +igsn) — —
it T, (igst +1as2) T, Or

- it
smooth (i J= —>—
(qS) ‘iqs‘Jrr;
G1, G2 and Gs are the SMO gains.
The following block diagram illustrates FSMC with
no speed sensor of a double-star induction motor
equipped with SMO, fig. 4:

with s = (igst +igs2) — (qul + quz)

Figure 4. DSIM FSMC block diagram equipped with SMO.
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ﬁ, ) M ap labes
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6 SIMULATION RESULT

To test the static and dynamic SMO performance,
DSIM fed by two voltage inverters is used. In our
simulations, the load disturbance of T, = 14 N.m is
applied between 1s and 2s with the speed reversal at t =
3s.
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Figure 5. Simulation results of a real and estimated speed, real
and estimated stator flux, torque, stator current and stator
voltage of a DSIM sensorless control.

Fig. 5 illustrates the electromagnetic torque, stator-
phase current, real and estimated speed, real and
estimated flux and the corresponding estimation errors
of a FSMC with no speed sensor. By using the sliding
mode technique, the observer is applied to DSIM for
different speed references.

The simulation results show a good FSMC performance
(speed, stability and precision) as well as an
improvement made by FSMC compared to SMC in
terms of reduced chattering effect (variations in the
torque and stator flux) and absence of disturbances.

The speed reversal from the positive to the negative
value (250 rad/s; —250 rad/s) is made in order to show
that FSMC operates at different speed points. During
the reversal stage, the speed controller shows a similar
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behaviour as at the starting-up stage by operating the
system at the physical limit. This can be clearly seen by
the torque response. The speed and the torque response
show a good dynamic and reference tracking during the
transient and steady state. The magnitude and the
trajectory illustrate that the flux takes a few steps before
reaching the reference value (1Wb). The stator current
shows a good sinusoid waveform.

Comparing the simulation results of the measurable and
observable magnetic and mechanical DSIM magnitudes
using SMO controlled by FSMC, we see that the used
observer performs a good speed and flux tracking with
an unimportant dynamic error in the transient state, and
the static error is practically zero in the steady state.
This is due to the chosen parameters of the observer
gains. To avoid variations in the transient state, it is
necessary to choose another combination to ensure the
observer convergence. Note also that SMO does not
affect the control behaviour and dynamics when using
the load torque. It can be conclude thus that the
presence of the observer does not affect the FSMC
behaviour.

6.1 Speed-variation test

This test comprises all the previous tests. Fig. 6 shows
the SMO rotor speed estimation under a variable
reference from zero to a low speed (50 rad/s) and from a
medium (150 rad/s) to a high-speed value (250 rad/s).
The estimation error is given in fig. 6.
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Figure 6. Real and estimated speed trajectory for different
speeds.

This test shows a perfect tracing and an accurate speed.
It can be concluded that SMO provides a considerable
error only at a variable state and eliminates it at a steady
state.

6.2 A Comparison between the SMC and FSMC
chattering effect

Fig. 7 shows a comparison between the SMC and
FSMC chattering effect.

100

Tem (FSMC)
80

60

40 -~

20 Y

Torque [N.m]
4
\

Time [s]

. ‘:M!WM W’ W =

Torque [N.m]

c ¢ c ¢
1 2 3 4 5
Time [s]

Figure 7. Comparison between the SMC and FSMC chattering
effect.

A comparison between the torques obtained with the
two modes shows that using FSM performs a better
control than when using SM in terms of the reduced
chattering effect.

7 CONCLUSION

The paper presents a performance enhancement by
using FSMC decoupled by a control vector. To solve
different drawbacks of the Pl controllers, a hybrid
control techniqgue combining FLC and SMC is
presented. The vector control is applied to create a
decoupled flux and torque and FSMC to limit the
disadvantages of the PI controllers enabling a robust
control and reducing the chattering effect.

To synthesize the software sensor, minimize the cost
of assembly and reduce the number of physical sensors,
SMO is developed. The simulation results prove that it
eliminates the static error and provides a more precise
estimation in the steady state. The chattering effect is
reduced by using a smooth switching function. The
speed-variation test shows that the sensorless control
scheme preserves its performance even in this region. It
can be concluded that when using SMO a considerable
error occurs only in a variable state and these is none in
a steady state.

The proposed method can be readily used in practice.
In our further research, our theory will be experimental
by validated.
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APPENDIX
The machine parameter values used for the simulation
are:
Table 1. DSIM parameters.

Parameters Values Parameters Values
Pn [Kw] 45 Vn [V] 220

Rr [Q] 2.12 Lr [H] 0.006
Rsl [Q] 1.86 Rs2 [Q] 1.86
Lsl [H] 0.011 Ls2 [H] 0.011
P 1 Lm [H] 0.3672
J [Kg.m?] 0.065 kf [N.m.s/rad] 0.001
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