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Abstract—In this paper, a sensorless speed control

for induction machines (IM) is proposed. In order to
improve the robust properties of the controller, the control
approach is synthesised based on the Lyapunov theory.
Moreover, an interconnected observer is presented to
estimate the rotor speed.
Stability analysis of the closed loop system is developed
and proved. Finally, simulation results have been presented
in order to exhibit the performances of the suggested
control under parametric uncertainties.

Keywords: control, Lyapunov theory, global stability, closed
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I. INTRODUCTION

The interest in ac-motor drives has seen an important
growth in several applications such as aerospace, military
and automotive industries.

Improving the performances of IM has known a progres-
sively increasing attention as a topic research. In fact,
several control schemes have been proposed such as the
linearization technique [1]-[2] where the control design
in this category is based on a linear model around an
equilibrium point [3]-[4].

Other methods using adaptive control approaches has
been proposed in [5]-[7]. Indeed, authors in [5] have
suggested that the flux the rotor resistance and the load
torque are estimated while the speed is assumed to be
known.

Moreover, sliding mode control has been proposed in [8]-
[10]. An Integral sliding surface for vector control has
been described in [9].

Another kind of control is called, the Backstepping
control [11]-[12]. The control design is divided into two
steps. The first one is to synthesize a virtual control
variable. Then, the second step is to determine the actual
command using appropriate Lyapunov functions.

The knowledge of the rotor speed is very important for
the induction machine control. Speed sensors, tradition-
ally used, increases the complexity of the arrangements
and imposes additional costs.

Sensorless control has been considered as an important
solution. Several approaches for speed/position estima-
tion have been investigated such as : Model reference

Adaptive System (MRAS)[13]-[14], Extended Kalman
filter (EKF) [15]-[16], Lunberger observer (ELO) [17]-
[19], newly fuzzy logic and neuronal network observers
[20]-[21]
The proof of the global stability of the closed loop system
(Control + Observer) is the major difficulty for the sen-
sorless speed control . Indeed, few works have proposed
a comprehensive demonstration of this approach, except
[22]-[23].
In this paper, we propose a robust control for induction
machine based on the Lyapunov theory. In fact, this
approach is made up of a PI Flux and speed regulators,
whose provides the IM park current reference.
The control laws can be determined systematically using
an appropriate Lyapunov function. Then, an intercon-
nected observer is presented. This observer was synthe-
sised under parametric uncertainties.
The global stability study of the closed loop system
(Control + Observer) has been analyzed and proved based
on Lyapunov theory.

The rest of the paper is arranged as following: Section
IT presents the Control technic for the IM based on
the Lyapunov approach. The third section is reserved to
present the interconnected observer. In section IV, the
stability study of Observer-Controller has been analyzed.
Simulations results are reported in Section V to illustrate
the effectiveness of the proposed control topology.

II. CONTROL TECHNIC FOR INDUCTION MACHINE
BASED ON THE LYAPUNOV APPROACH

In this section, we present a robust control approach
for IM based on the Lyapunov stability theory.
The main objective of this control technic is to ensure
the global stability of the closed loop system based on
an appropriate choice of the voltage control values.
Two PI controllers for the Flux and the speed are applied
allowing a better tracking characteristics of The IM.
The associate PI gains are calculated by pole placement
method. Robustness study against parametric variations
is developed.
The state model of the induction machine with rotor
flux orientation in the d-q reference is represented by :
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where:

2: Rotational speed.

®rd, Orq: d-q components of the magnetic rotor flux.
isd,> 1sq: d-q components of the stator current.

Usd, Usq: d-q components of the stator voltage.

T;: Load torque.

Parameters o, 7,, ¢, 71 and 7» are defined by:
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with (R, R,): rotor and stator resistances, o: leakage
coefficient, 7,.: rotor time constant, L: stator inductance,
L, rotor inductance, L,,: mutual inductance, p: number
of pole pairs, J: rotor moment of inertia.

U=[usa, usq)? presents the control voltage. Outputs of
the flux and the speed controllers are isq and 7.
I*=[i%,,i%,]" is the current reference.

The control law is defined based on the global stability
study using Lyapunov functions.

A. Flux regulator Synthesis:

We define the reference current i} ;:

t
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Where KI4.q and K Py,.; present respectively the in-
tegral and the proportional constant of the first (PI)
regulator.

The dynamics of the flux errorA, is defined by:
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Let define the following coordinates:
t
Lo = [[ Do(r)dr, Ag]" )

Equation (1) becames:
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The gaing K14rq and K Py,q are obtained in such away
that the matrix Ay is stable.

Based on the pole placement technique,A; and A\ where
(p+A1)(p+ A2) =0 it yields:

A A2Ty
Ly,
B. Speed regulator Synthesis:
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By ensured that the speed is equal to zero, we can
establish the rotor flux in the machine.
Thus, ( ¢rq = ¢y, = constant), the equation of the
electromechanical torque become C.,, = KTizq with

L
K is a positive constant defined by pL—mgo,,d.

. . T
The quadrature reference current iy, is defined as :

1 t
iy = ——[Klg[(Q"=Q)dr+ KPqo(Q" - Q)]
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The dynamics of the speed error A is given by:
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Consider the coordinates change as :

Ba = =52 [Aa(r)dr (6)
0
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t
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Equation (6) in the new coordinates becomes:
g = Aqlq (®)
0 1 . Klqg
here Aq = th =—-—,
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The gains }g Iq and K P, are determined using the same
way as the d-axis current controller gains
Thus,

Klg=MMJ;KPy=—(\+ X\)J ®

Remark 1. Since Ay andAq are two stable matrixes, so

V Qs =0and Qo >0,

1P, = P¢T >0and P = Pg > 0 defined as:
PyAg+AgPs = —Q (10)
PoAq + ALPy = —Qq



Theorem 1. [27] Consider the IM model represented by
equation (1 ) with the reference signals 2* and ¢7 ;.

U = [usq,usq)? is a control law for system (1) that
forces the IM states variables to follow their references,
with:

Usqg = 0L, (KisdAisd + sz _51) (11)
Usqg = oL (Ki,quisq + Z:q —52) (12)
Where:
Aisa = Tgq = isd, Disq = 15g — lsq
. Y2 . L,, ’qu
0 = —Misd + —@ra + Plisg + =4
Tr Ty d)rd

Lm 1sdlsq
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Kisa, Kisq tow positive constants.

III. INTERCONNECTED OBSERVER
A. Observer design

The induction machine model lcan be seen as the
interconnection between two subsystems as follows:
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where 21 = [igoQY, 29 = [isgquqbrg]T are
respectively the state vectors of systems (13) and
(14).
The interconnected observer is based on the
interconnection between several observers and requires
some properties as the property of the input persistence.
Remark 2. It is clear that :

o Aj (x2) is globally lipschitz with respect to z5.

e g1(u,x2,x1) is globally lipschitz with respect to the

pair (u,x1).
o Ay (x1) is globally lipschitz with respect to .

Then, a high gain observers for the system (13)-(14) are
given respectively by:

(i

Ciiy
. (15)
{ Ty = Az (21) 2+ ¢ (u,y) + Ma(b2,31)(y2 — §2)
Go = Calso
(16)
where
&1 = [isaQ)Tis the estimated vector of
129 = [ispdradrs)T is the estimated vector of
xTo R
Aq (&) = [ 8 ’72p0¢rﬂ ],
-7 —ep 2
0 pQ ;—1
And g1 (u,Z2,21) is the "estimation term  of
91 (u, x9, 7).
The observer gain M (Z5,0;) is given by:
M, (61,29) =T (29) Sy OT (17)
Where :
r (:22) = [ (1) ap (2)7’/5 ] is the solution of the following
equation:

S1(61) = —6:51(01) — ALS1(81) — S1(61) A0 + CTCy

with 6, is a positive constant and Ay = [ 8 (1) } .

The second observer gain is:

My (03,31) = Syt CT (18)
is obtained by solving the differential equation:
So(fa,31) = —025(02, 1) — A3 S2(62,21)
—S5(02,31) Az + C3 Cs (19)

with 65 is a positive constant
An estimator of the load torque 7; is given by the
following equation:

o d 4 A 2 204
Tl = JaQ + fQ + Jm ((bralsﬁ - ¢rﬂzsa)

+T 7Y (#2)S71CTC (s — 50 (20)

B. Stability analysis of the interconnected observer un-
der parametric variations

The estimation errors are defined by:
€1 =1 — T15e2 =Ty — I (21)

The dynamics error e is given by:

[A; (2) = T (22) ST CT Chler + g1 (u, x2, 1)

—g1 (u, &2, 21) + [A1 (22) — A1 (22)] 11

e =

A1 (Z2) Z1 + g1 (u, &2, &1) + M1 (Z2,61)(y1 — 1)

(22)



The dynamics error e is defined as:

ég = A2 (.131) To — A2 (JA}1) .i‘g — S;l(eg,fl)CgCQGQ
(23)
Considering the uncertainties on the IM parameters,

equations (22) and (23) become:

él = [Al (i‘g) — Fil (i?g) SflClTC’l]el + g1 (u, LEQ,ZEl)
—g1 (u, &2, &1) + 091 (u, x2,21) (24)
+[A1 (z2) — A1 (22) + 641 (22)] 21

[Az (21) + 0 A2 (21)] 22
7A2 (ii'l) 5%2 — 52_1(92,2'1)0,2110262 (25)

where 0g; (u,z2,21) , 0A; (x2) and §As (z1) are re-
spectively the uncertain terms of gy (u, z2,x1) , A1 (x2)
and Az (x1).

The machine states and parameters are known accurately
and they are bounded.

ey =

691 (u, 22, 21)|| < a1
[0A1 (z2)] < a (26)
[0 A2 (21)]] < az

Lemma 1. Assume that the input w is regularly persistent
for a given state affine system and consider the Lyapunov
differential equation defined as:

S(t) = —0S(t) — AT (w(t))S(t) — St A(w(t)) + CTC

with S(0) > 0, then 36y,V0 > 0y, Ja > 0,5 > 0,tg >
0: Vto, al < S(t) < BI where 1 is the identity matrix.
Remark 3.

It is clear that w = &9 and S(t) = S for subsystem (15),
and w = #; and S(t) = Sy for the second subsystem
(16).

Theorem 3. [28] Consider the Induction Motor model
presented by (13) and (14), system (15)-(16), is a high
gain interconnected observer for system (13)-(14) respec-
tively.

IV. OBSERVER-CONTROLLER SCHEME STABILITY
ANALYSIS:

The main goal is to achieve a control without a
mechanical sensor for the IM. Speed and flux are not
measured, so the outputs of the speed and flux regulator
will be presented as follows :

i, = KT Kl | (Q ~Q)dr+ KPy (27 - Q)]
. T
+ [ + e+ 2L 27)
m¢rd J
. t n
iy = Kl (quid - (brd) (1) dr (28)
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where ) and érd are the estimated values of the speed
and flux given by the adaptive observer.

The reduced closed loop model of the controlled
machine become:
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The dynamic errors equations (3) and (8) become,
respectively:

{ Ly = ATy + Byxo(es) (29)
I'o = Ael'a+ Baxal(ea)
where Ep = (brd - (lgrd
t
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For the closed loop system, The dynamic error is given
by:
1:% = Apl'y + Byxo(eg)
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Theorem 4. Consider the reduced model of the induction
machine. If the speed and the flux regulators use the




estimated variables given by the interconnected observer This gives:
(15)-(16), then the errors of the flux and the speed

. l
asymptotically converge to zero. Voo < —(0— ?1 - *) lell* = (s — 11¢1) T 12 (37
Proof of Theorem 4 ! 1 1
The control voltage usq and ug, are chosen as: —(na — l2¢2) ||FQ|| Z5,1(2 e2.4) — 2Kisq(§€7,2sq)

Usq = 0L (Kisdgisd +i%, (qgrd) - 51) (30) We define

Usg = 0L (Kisqgisq + i:q (Qa érd) - 62) (3D v= min(al’ 02,03, 2K isq; 2Ki5d)
. . - . . A a . where
with g;59 = Z:d (¢rd> — lsd; €isq = 'L:q (Q, d)rd) — lsq
Consider the Lyapunov function defined as: l l
yap 01—50—?1 57022%—11(1,03:7]9—12@
Voe=Vo+ Vo = Vi+Va+T§P,T4+THPolg o2
1,, 5 The derivative of V,. becomes:
+§(Eisd + Eisq) (32) .
.. . . Voe < =0V (38)
Admitting the equation (39) in [28], we have

By choosing 74, o and dg such that o1, 09 and o3 are
vV, < — (1—e) MV < 6V;V el > )‘21/) (33) greater than zero. Then, flux and speed errors converge
asymptotically to zero.
with 50 = (]. 75) )\1 .

The derivative of equation (32) is given by:
‘ 2 T T Simulation results have been carried out using Mat-
< - I (PyAy + Ay Py)T 4 - . .
Voc 6OT”6H + I ( ? o+ AsPs)ly , (34 lab/Simulink. The nominal parameters of the IM used in
+T6 (Pada + A Po) Ta — Kisgeis, simulations are given in Table 1.
+2I') Py Byxy + 2T PaBaxa — Kisatieg

V. SIMULATION RESULTS

TABLE I
IM NOMINAL PARAMETERS

- 1
+eisd <Kisd€isd +igg—01 — aLSuSd>

1 [ Magnitude i Value |
+e; K;oi€ian + it 8, — U P, Nominal power 3kW
o < e 54 2 oL Sq) V,, Nominal voltage 220V
. . . Q 1460 tr/min
Replacing the control voltages by their value, equation B 5
(34) become: Fn 50Hz
. 2 2 2 R, 14110
Voo < —dolle]” =g [[Tell” = na el R, T.0450)
L 1164H
20y [Tolllell + 202 [Tal le]l - Kisacg L O1IoH
—KisqEieg (35) Tom 0.1113H
J 0.0116kg.m?
where
Ixs(ep)ll < U llell and ||xa(ea)ll <2 le]l i > 0,12 >0 Figure 1 illustrates the simulation results of the sen-

sorless control for IM with nominal parameters.

The evolution of the speed and the flux are presented in

el Tl < ||F¢H _|_ ” ” F.igures l.ga) gnd 1.(c) respectively. The.spe.ed error .is
displayed in Figure 1.(b), the Flux error is displayed in

Considering the following inequalitieS'

lell ITall < ||p || + ” || Figure 1.(d). It is obvious that the estimated speed and

Flux track their actual values very well.
V(1,6 €10,1] In order to illustrate the robustness of the sensorless
We obtain : control scheme, the influence of parameter deviations is

investigated. First, Figure 2 shows the responses for a
) 50% increase of the stator and rotor resistances.
Voo < —do HeH2 — Mo ||F¢>||2 —nQ HFQ||2 + llCl HF¢>H2 Secondly, Figure 3 presents the robustness with respect
to the inductances variations. According to Figures 2.(b),
” ” 2.(d), 3.(b) and 2.(d), the observer converges perfectly
and gives desirable results which proves the robustness
of the suggested sensorless control.

+12C2 ||]-—‘QH2 - KiSdE?sd - Klsqgisq

Iy 2
= 36
2 e 36
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VI. CONCLUSION

In this paper we have developed a sensorless control
for IM combining a new control approach with an
interconected observer. The global stability of both con-
troller and observer is guaranteed by Lyapunov stability
analysis. Simulation results confirm the effectiveness of
the proposed method under uncertainties parameter.

REFERENCES

[1] J. Chiasson. A new approach to dynamic feedback linearization
control of an induction motor, IEEE Transaction On Automatic
Control, 43, (3) , pp.391- 397, 1998.

[2] J. Chiasson. Modeling and High-Performance Control of Elec-
tric Machines, Wiley-interscience a john wiley and sons,
inc.publication 2005.

(@) (b)
150
6
@ 4
7 100 =
: €2
B 5}
@ o
& 50 g opi
@
estimated speed -2
measured speed
0 -4
0 2 4 6 0 2 4 6
Time(s) Time(s)
(© (d)
14 12
12 1
A
1 g 0.8
S 08 < 06
< £
]
E 0.6 é( 0.4
0.4 L o02
0.2 estimated Flux 0
measured Flux
0 -0.2
0 2 4 6 0 2 4 6
Time(s) Time(s)

Fig. 3. Speed and Flux Tracking with respect to -20% on L., Lrand
L. Legend: (a): Speed tracking, (b): Speed error, (c): Flux tracking ,
(d): Flux error

[3

=

H.K. Khalil and G.S. Elias. Sensorless Speed Control of Induction
Motors, Proceeding of the 2004 America Control Conference
Boston, pp.1127-1131, 2004.

J.L. Faa, J.W. Rong and C.L. Pao. Robust Speed sensorless Induc-

tion Motor Drive, IEEE Transactions on aerospace and electronic

systems, 35, (2) , pp.566- 578, 1999.

O. Barambones and P. Alkorta. Vector control for induction motor

drives based on adaptive variable structure control algorithm, Asian

Journal of Control, 12, (5) pp 640-649, 2010.

[6] J.Soltani, G.R. Arab Makadeh and S.H. Hosseiny. Adaptive Non-
linear Control of Induction Motors Through AC/DC/AC Convert-
ers, Asian Journal of Control, 14, (6) pp 1470-1483, 2012.

[7] Manuel A. Duarte-Mermoud, Juan C. Travieso-Torres, Ian S.
Pelissier and Humberto A. GonzAjlez. Induction motor control
based on adaptive passivity, Asian Journal of Control, 14, (1) pp
67-84, 2012.

[8] H. Chekireb, M. Tadjine, and M. DjemaA~. Robustness analysis on
sliding mode control of induction motor , Asian Journal of Control,
5, (4) pp 605-613, 2013.

[9] Shir-Kuan Lin and Chih-Hsing Fang. Sliding-Mode Linearization
torque control of an induction motor, Asian Journal of Control, 6,
(3) pp 376-387, 2004.

[10] C. Lascu, I. Boldea and F. Blaabbjerg. On Stability and perfor-
mance of induction motor speed drives with sliding mode current
control . Asian Journal of Control, 2, (2) pp 122-131, 2000.

[11] H. Rasmussen, P. Vadstrup and H.
Borsting.Fulladativebacksteppingdeign of a speed sensorless
field oriented controller for an induction Motor, IEEE Industry
Applications Conference, 2001.

[12] FJ.Lin and C.C. Lee. Adaptive backstepping control for linear in-
duction motor drive to track periodic references, Elect.PowerAppl
, 147, (6) , pp.449-458, 2000.

[13] Paolo Mercorelli, An Adaptive and Optimized Switching Ob-
server for Sensorless Control of an Electromagnetic Valve Actuator
in Camless Internal Combustion Engines, Asian Journal of Control,
DOI: 10.1002/asjc.772, 2013.

[14] Blasco-Gimenez, R., et al. "Dynamic performance limitations for
MRAS based sensorless induction motor drives. Part 1: Stability
analysis for the closed loop drive." IEE Proceedings-Electric Power
Applications 143.2: 113-122, 1996.

[15] Y.R. Kim, S.K. Sul, M.H. Park, Speed sensorless vector control of
induction motor using an extended Kalman filter, IEEE Transaction
on Industry Applications 30 (5), pp. 1225-1233, 1994.

[16] K.L. Shi, Y.K. Wong, S.L. Ho, Speed estimation of an induction

[4

=

[5

—_



motor drive using an optimized extended Kalman filter, IEEE
Transaction on Industrial Electronics 49 (1), pp. 124-133, 2002

[17] L.lJingchuan, L. Xu, Z. Zhang, An adaptive sliding-mode observer
for induction motor sensorless speed control, IEEE Transaction on
Industrial Electronics 46 (1), pp. 100-110,1999

[18] T.O. Kowalska, Application of extended Luenberger observer for
flux and rotor time-constant estimation in inductionmotor drives,
IEE Proceedings on Control Theory and Applications 136 (6), pp.
324-330, 1989

[19] R. Bojoi, G. Griva, F. Profumo, Field oriented control of dual
three-phase induction motor drives using a Luenberger flux ob-
server, Industry Applications Conference 3, pp. 1253-1260, 2006.

[20] H. Rehman, R. Dhaouadi, A fuzzy learning-Sliding mode con-
troller for direct field-oriented induction machines, Neurocomput-
ing. 71, pp. 2693-2701,2008

[21] S. Y. Wang, C. L. Tseng andC. J. Chiu, Online Speed Controller
Scheme Using Adaptive Supervisory TSK-fuzzy CMAC for Vector
Controlled Induction Motor Drive, Asian Journal of Control, DOI:
10.1002/asjc.798, 2013.

[22] R. Marino, P. Tomei and C.M. Verelli. A global tracking control
for speed sensorless induction motrsAutomatica 40, (6), pp.1071-
1077, 2004 .

[23] Traore, Dramane, Jesus De Leon, and Alain Glumineau. Adap-
tive interconnected observer-based backstepping control design for
sensorless induction motor. Automatica 48.4: 682-687, 2012.

[24] Boukettaya, Ghada, Lotfi Krichen, and Abderrazak Ouali. "A
comparative study of three different sensorless vector control
strategies for a Flywheel Energy Storage System." Energy 35.1:
132-139, 2010.

[25] H. K. Khalil,Nonlinearsystems, Nonlinear theories, 1992.

[26] Besancon, G., De Leon, J., Huerta, O., ’On adaptive observers
for state affine systems’, International Journal of Control, 2006,
79, PP. 581-591.

[27] O Naifar, G Boukettaya, A Ouali, A«Global stabilization of
an adaptive observer-based controller design applied to induction
machineA», The International Journal of Advanced Manufacturing
Technology, 2015, Volume 81, Issue 1, pp 423-432.

[28] O Naifar, G Boukettaya, A Oualha, A Ouali, A«A comparative
study between a high-gain interconnected observer and an adaptive
observer applied to IM-based WECSA» The European Physical
Journal Plus. 2015, Volume 130, Issue 5, ppl-13.



