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Adaptive Interconnected Observer for Induction Machine in
Presence of Nonlinear Magnetic Characteristic

A. El Fadili, F. Giri, A. El Magri, L. Dugard, M. Haloua.

Abstract- The problem of state estimation in induction
motors is considered. Generally, the motor observer design is
dealt with, based on standard models ignoring the saturation
effect of the magnetic characteristic. As a matter of fact,
magnetic saturation cannot be ignored especially when
considering (speed, torque) control strategies that involve large
flux variations. Such large variations are necessary to meet
optimal operation conditions in presence of wide range load
torque changes. On the other hand, it is well known that the
use of mechanical (speed, torque) sensors leads to reliability
issues. In this paper, a new adaptive observer design is
developed for induction machine, based on a model that
accounts for the nonlinear feature of the magnetic circuit. The
observer provides estimates of the mechanical and magnetic
variables using only stator currents and voltages
measurements. The observer convergence is formally analyzed
and illustrated by simulation.

1. INTRODUCTION

HEN controlling induction machines, measurements of

electromagnetic and mechanical variables (voltages,

currents, flux, speed, position, etc) are required. For
some variables (e.g. stator voltages and currents), there exist
reliable and not too expensive sensors providing sufficiently
accurate measures. This is not the case for other variables
such as the rotor flux. Then, observers should be designed,
based on the machine model, to get on-line estimates of the
variables which are not accessible to measurement. The first
observers (see e.g. [8]) were developed based on simplified
assumptions e.g., linear magnetic characteristics, constant
(or slowly varying) rotor speed. Under these assumptions,
the model of the induction motor becomes linear and,
therefore, observability analysis and observer design may be
dealt with, using standard linear theory tools (pole
placement design, Luenberger and Kalman observers).
Interesting contributions came out later when nonlinear
observers not supposing a constant rotor speed were
proposed (see e.g. [2], [4], [11]). These have been designed
using different approaches such as high gain, sliding mode
and dynamic state feedback. However, even in these
contributions, the characteristics of the machine magnetic
circuit were still supposed to be linear. As a matter of fact,
this assumption is only valid when the machine operates
with a flux value close to the nominal flux. But, a constant-
flux operation-mode cannot be optimal when large speed
variations are needed, [3]. To achieve high observation
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performances, regardless the machine operation mode, the
observer design should be based on a model that accounts
for the nonlinear feature of the machine magnetic circuit.
This was done in few previous works, see e.g. [6] and [10],
where the proposed observers were designed under the
assumption that the mechanical speed and the load torque
were measured. Due to cost reduction, mechanical speed
sensor fragility, and sensor installation difficulty, sensorless
induction machine drives are becoming wide spread solution
for the next generation of commercial drives.

In this paper, one seeks accurate estimation of the
induction machine magnetic and mechanical variables,
supposing the stator current and voltage to be the only
available measurements. To this end, an adaptive
interconnected observer will be designed using the
‘interconnected extended-Kalman filter’ approach and a
model that accounts for the nonlinear feature of the machine
magnetic characteristic [9]. The adaptive observer thus
obtained will prove to be exponentially convergent in
presence of wide range flux variations, despite machine
parameters uncertainty. The paper is organized as follows:
induction motor modeling is dealt with in Section 2; the
observer design and stability analysis are developed in
Section 3; the theoretical observer performances are
confirmed by numerical simulations in Section 4.

II. INDUCTION MOTOR MODELLING

In [9], a model was proposed and experimentally
validated for an induction machine of 7.5 kW. The
originality of the obtained model lies in the fact that it takes
into account the saturation effect of the machine magnetic
characteristics (fig 1). It is defined by the following state
space representation:

JQ2=~f 2+ pPraisy —pisa) ~ 11 (1
lig ==yisq + 5y + a3 pQg,p +azug, 2
l:s/} =—ayip — a3 QP +0 4,5 +asuy (3)
bra = Arisa = LoeyS b = Py )
bup = iisp = LoeyS b5+ Py, (5)

0 is a varying parameter that depends on the machine
magnetic state (see Fig 2). In [9], this dependence was given
a polynomial approximation:

0=T(D,) @)
T(®,)=qy + D, +...+q, D" ®)
where @, is the amplitude of the (instantaneous) rotor flux,
denoted ¢, . Consequently:



®, =4 + 4 ©)

where §,,.4,; are the rotor flux of -components. The

coefficients in (8) have been experimentally identified in [9]
using Fig 1. The other notations in (1)-(5) are defined as
follows:

(iyq »15p ) represent the of-components of the stator current;
Q) denotes the motor speed; R, R, designate the stator and
rotor resistances; 71, represents the load torque, J is the
inertia of the set ‘rotor-load’; p is the number of pole pairs;

L
stator and rotor leakage;
ay=R,.ay=(Ly,,) " a, =as;(R, +R,) (10)

The numerical values of the model parameters are described
by Table 1. They have been experimentally determined in
[9] for an induction motor of 7.5 KW power.

N

o 1s the equivalent inductance seen by the stator of both

1.5

Rotarfiux rom (Wb

Magnetic current (A)
Fig 1. Magnetic characteristic experimentally obtained for a 7.5KW
induction motor [9] ; rotor flux norm @, (Wb) in function of the

magnetic current /,, (A).

III.  INTERCONNECTED OBSERVER DESIGN

Assume that the load torque and stator resistance are
slowly varying. Then, the dynamic of these two variables
may approximately read as:

7,=0, R, =0. (1n
The full induction machine model (1)-(9) may be seen as
the interconnection between two subsystems:

Zl{Xl:Al(Xz,J’)XI+g1(“»an2:X1)+HT/ (12)

n=CX,

Zz{Xz:Az(Xl)Xergz(u»anl»Xz) (13)
Y, =G X,

where X, =[i, @ R and X,=[i; 4. dsF

are respectively the state vectors of (12) and (13), and:

0 a3 pd.p — i,
4Ky )=|~phyld  ~f1J 0 (14a)
0 0 0
—aza; —az;pQ o
AZ(XI) = 0 _5Lesq —pQ (14b)
0 PR 6L,
a3l +5¢ra T asl,
gl(usy’XZ’Xl): 7 raisﬂ (14c)
0
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—a3Rsi5ﬁ +aszugg
g2(uaan2’X1): ali.m

Aiisp

(144d)

C,=C,=[t 0 0]

u=[ug, usﬂ]T and y= lise isﬂ]T
the input and output of the physical induction machine.

(14e)

are respectively
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Fig.2. Characteristic ( 5(QH 72) , @, (Wb)). Directly computed points (++)
and polynomial interpolation (solid).

A. Observer design

The design strategy consists in synthesizing separately an
observer for each one of the subsystems (12) and (13).
When focusing on one subsystem, the state of the other is
supposed to be available (Fig 3). The global observer (that
applies to the whole sensorless induction machine) is simply
obtained by combining the separately obtained observers.
The input persistency property (that is strongly linked to
observability properties of the involved subsystems) is
invoked to show that the interconnection between both
observers works well. It is formally defined by the following
assumptions:

Al. The pair (u, X,) (resp. (u, X,)) is a bounded and
persistently exciting input for ¥, (resp. ¥, ) in the sense of
[1].

A2. The rotor speed never vanishes (to preserve
subsystems observability).

These assumptions are completed by the following
standard signal boundedness assumption which is coherent
with the open-loop control context, presently considered:

A3. The induction machine remains in the physical
operation domain, denoted g, defined as follows:

o= {X €IR® | |py| S @™, |y < @™ iy | < I™,

SImax’|.{2|S[Jmax’|TL|STLmax }

iSﬂ
where X=[i, Q T, iy o ¢, is the whole

state vector and (@™, QMAx

max
1 s

T,™ ) are the

maximal values that the real variables (i.e. fluxes, currents,
speed and load torque) can physically take.

Remark 1. Using A3, it is casily checked by simple
inspection of (1)-(9) that:

i) 4,() is globally Lipschitz w.r.t. x,,

ii) 4,() is globally Lipschitz w.r.t. x,

iii) g,() is globally Lipschitz w.r.t. x,and x,.



isa, is,ﬂ'

—_nh
e Observer N°1 T,
—_—
Z = [;m O }%s]r
fsa, Isg Observer N°2
u N - -
L—b Zy = L:;i‘ Dra gﬁi'ﬂ]r

Fig.3. Interconnected observer structure
Based on the above Lipschitzian properties, the following
interconnected observers are obtained applying the extended
Kalman filter approach to both subsystems (11) and (12)

([12]):
Zy=A(Zy, )2+ gy (u, ¥, 25, Z)) + 1T,

+(AAST AT +TSTHC] (3 = 5+ KC3 (v, = )
Ty = S5 ATC (0 = $0) + BI(Z,)(2 = $2) + Bo (Z,)(n = 1)
Sl =-6,5, _A1T(22:J/)Sl -S4, (Zz»J/)"'CITCl
Sy =-0,8; + A'C[ C,A
A =(4(Z,y,y)-TS;'clCcHA+TT

=Gz

15)
Zy = A(Z))Zy + 82,3, 21, Z5) + S5 'CY (v, = )
85 ==6,8, = 45 (Z))S, = 5,4,(Z))+ €5 G, (16)

JA’2 =C,Z,

where Z; :[fm Q 1%5]7 and Z, :[z?sﬂ ¢3m &rﬂ]r are
the estimates of the state vectors X, and X, , respectively;
(6,, 6,,6;) are positive real constants and (S;,S,) are
[1]. $3(0)>0,

Bl(Zz)zkgém, Bz(zz)z—kgé,ﬂ. Note that the

symmetric positive definite matrices

estimate & of & is simply obtained by S:T(é)r) with

b, = (@2 +d%) .

~k, 0 0 100
K=|-k, 0 0[,T=[0 1 0 (17)
0 00 00 a

with k,k. ,k.,,a,and @ as positive constants.
Remark 2. The term B,(Z,)(y, —7,)+ B,(Z,)(y,—y,) in

(15) is explicitly rewritten as follows:
B{(Z,)(y2 = 72)+ By (Z)(y = 3y)

= k|:§ (éraisﬁ _ﬁrﬁisa ) _g(éra;sﬂ _érﬂisa ):|

= kT, -1,)

with 7, and fe are respectively, the measured and

(18)

estimated electromagnetic torques.
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B.  Observer stability analysis

The analysis is performed considering uncertainties of the
induction machine. Specifically, the true model is obtained
by augmenting the nominal model (12)-(13) as follows:

Xl =4 (Xp, V)X + g (u, y, X5, X))+ 11T

Z +A4 (X5, )X, +Ag (u, ¥, X5, X)) (19)
n=CX,
Xz = Ay (X)) X5+ g, (u, ¥, X1, X5)

Z, +A4, (X)X, +Agy(u,, X1, X5) (20)

yy =G X,
with AA4,(.),A4,(.),Ag,(.), and Ag,(.)as uncertain terms

of 4(),4,(),g,(), g,(), respectively.
Using assumption A3, it follows, from (21a-d) and (14a-d)
that there exist positive constants p; >0 (i=1,...,4):

a4, (X5, )] < py (22)
a4, (X))]| < ps (23)
|Ag) (u, v, X1, X)) < ps (24)
||Ag2(u,y,X1,X2)||S,04 (25)

To analyze the observer convergence, introduce the
following estimation errors:

=X, -Zyes=X,~Zy ,e;=T, T, (26)
Then, it follows from (12)-(13) and (15)-(16) that these
errors undergo the following equations:

& =4z - ans; AT CT ¢ TSl e
+11 ey —KCZTCZe2
+[Al(Xz,y)+AA1(X2,J/)—A1(22,J/)]X1
+8(u,y, X, X))+ Ag (1, X1, X)
-g1(u,»,2,,Z;)

& =[z)-55'clCy ks
+[A2(X17J’)+AA2(X15)’)—A2(21»J/)]Xz
+8,(u, 0, X1, X)) +Ag, (1, ¥, X1, X,)
-8, .2,,Z,)

& =285 N C{ Cie] = Bi(Z,)Cae, = By (Z,)Cref

Introducing the transformation

e =] —Aey

@7

(28)

29

(30a)
one readily gets:
é =& —Aey — Aéy (30b)
Using (12a-c) and (7), it follows from (13) that:
é :TA1(Zzay) ~TS7'Cl C + By |ey +(Bi, —K e,
+81(u, ., X1, X5) + Agy (u, y, X, X5 ) — g1 (w0, ¥, 2y, Z,)
[41(X3. ) + A4, (05, 9) = 4 (Z3. )] X, + Byoey
(3
éy = [AZ(ZI)— s;'cy ¢, ]ez +[4, (X)) + Ady (X)) = 4, (Z))] X,
+ &, 0, X, X))+ Ag, (1, ¥, X1, X)) — g, (u, 3,2, Z,)
(32)
6 =-asyIATCTCA+ By ks
- [z sy'ATcl ¢, + By ]el ~Ble,
with By, = AB,(Z,)Cy , By = AB((Z,)C,,

(33)



By, =AB,(Z,)C,A, Bj=B,(Z,)C,, B]=B,(Z,)C, and
K'=KC]C,.

def def
Letting  [ol2 = Siei: ool = efSoer.  and

5 dof r
||e3||S3 = e3 S;e; one has:

Ain SOt <llerlls, < A (SO]ler] (34)
AwinSDlleal” <Jleally, < A (Sl (35)
Auin Sesl” < s[5, < Amax (S (36)

where ﬂmin (Sl ) > ﬂmax (Sl ) > ﬂ’min (SZ) > /Imax (SZ ) and
Amin(83) 5 Anax (S3)  are  the minimal, and maximal

respectively eigenvalues of S;, S,and S;respectively.

Theorem 1. Consider the system (19)-(20) subject to
assumptions Al-A3 and the state observer (15)-(16). Let the
observer gains 0,, 6, and 6; be chosen so that the

following three inequalities hold:

def
71 =60 -2ky =2k kjg— o — g v, (37
def o~
72 = 0y =2ks kyg === Jiyvs (38)
155)
def ~ o~
73 :'93+2k12—&—& (39)
Uy U
with
m =kikoks; oy =kkys o gy =kskeky oy =kskg
us =k (kyy —kyy) ; He =2kikspy +kyps)
Hy =2ksk7p5 +kspy), Hg = lkkyy — (Ao + g ) s
Ho =—kyskg + kskyoks) ;
~ 5o~ Hj .
H= .7/”‘ Hi= and J:L-"’Sa
2171 ! ’ \/ﬂmin (Sl ) \/ﬂ’min (SZ)
~ Hg ~ Hy
Hg = > Ho = >
Vin (1) 3 Ayin (S3) Vi (52) 4/ 2igin (S3)
~ He ~ Hy

He = ) M =
V ﬂmin (Sl ) /Imin (SZ)

where, v;(i=1,23) € ]O, 1[ are arbitrary, and k, to k,, are

positive real constants defined in the proof. Then, one has

the following properties:
1) The observation error vector (e,,e,,e;) is globally

asymptotically convergent to a neighbourhood of the
origin that can be made arbitrarily small by letting the
0, ’s be sufficiently large.

2) When the machine parameters are perfectly known
(which means that the p;’s are all null), the error

vector (e, e,,es3) is globally exponentially vanishing [J
Proof. Consider the Lyapunov function candidate:

V=V+V,+V;, (40)
with:

T T T
Vi=e Sie, Vy=e8,e,, V3=¢5 S3¢63 41)

Using (15-16), (27-30) and assumption A3, one gets from
4919

(40):
V=l f0,5,~28087'CT ¢, ~CTC, +28,B,, Je
+2¢f $i(4(X5,) = 4(Zy, ) + Ay (X5, 0))X,
+2ef Sig .y, X1, X5) — g1 (u, v, 2, Z,) + Agy (u, , X1, X))}
vel 10,5, -28,8, - 2A-D) AT CTC A e,
vel 10,5, -CTC, Je,
+2e1 8, (A4, (X)) = 4y (Z)) + Ady (X)X 5
+2e) Sy {gy (0, v, X1, X2) — &5, 1,21, Z,) + Mg, (1, , X1, X))
+2¢] S,(B; —K')ey +2¢] S,Byye;
~2e] (By+ AN C{ C))e, —2¢; S;Bje, 42)

According to Assumption A3 and initializing the IM
drives and the observer in the physical domain D, one gets

Isill<ki. fIsal< ks il <#s. ]| < &7
"gl (“>)’,X2,X1)—g1(”,y,Zz,Zl)" < k4||‘“2||+k16"51"

"Al (X5, ) -4 (Zz’J’)" < k2||ez||

||A2 (X)) - 4,(2, )" < k6||el||+ k20||€3||
"gz(“’y’XpXJ—gz(”ay,zz,zﬂll < ks"elll"'kw"ez"

1B < & . B2 < k1o » 183 < ks

1Bio| < Ky 1B21] < k12 B2 < ki3

IS E» |arcl e <k, 5] < s
43)

Substituting (43) into (42), from Assumption3, one has
V<0, —2kyy =2k kig)el S, ¢
—(0y —2ksky7 )e3 Sy e, — (05 +2kyg Jes Sy e
+ 204ty + pry + 4t + g + s [lea | + 227l
+2 ptolles] s |+ 2 e s + 6 e (44)
then
V<0~ 2k =2k ki )V,
—(6; =2ks ky7 )V, — (605 + 2k )3
+ 20V Vs + iy 7,
2Ty T 2T T

Using the following inequalities:

1
N S%Vl+EV2 (46a)
1
N2 s%z VI+%V3 (46b)
2
1
NN s”z—3 VataVs (46¢)
3

where v,(i=123) € ]0,1[ are arbitrary, and substituting (46)
into (45), one gets
V< _(91 —2kyy =2k kg — vy — g Uz) "

_('92 —2ks ki _i—ﬂ)%j £
)

ds A ~ ~
_(6’3+2k12_—8_u—9J £ +ﬂ6\/71+ﬂ7\/z
3

(47)



which gives

V<—y(Vi+ Va4V )+ (7 + 7))
<—yV+ /119\/7

with y =min(y,,7,,y3) and ¢ = max(ug, #;) and 9> 0 so

that SV, +V, +V; >\/71+\/V_2.

In the rest of the present analysis, we will prove the

existence of an invariance region for the function V.
Let us introduce the following functions:

Q) =yV and Q,(V)=pudlV (49)
Figure 4 shows that the curves Q,(V) and O, (V) intersect
at point 4 with abscissa:
Vy=(uslyy

A

(4%)

(50)

Qievy

i

Q2(v)

v, v

Fig. 4: Graphical plots of the functions Q;(V) and O, (V)

Then, it follows from (48) that ¥ is negative definite
whenever the initial conditions are such that 0 <V (0)< V.
The error system (26)-(30) for (e}, e,,e3) is asymptotically

stable and the set 0 < ||el ||§ + "62"22 +||e3||; <V, isaregion
1 3

of attraction. This establishes part 1 of the theorem.

To prove part 2, suppose that all machine parameters are
perfectly known. Then, it follows from (22)-(25) that
o0, =0, =03 =04 =0 which (by definition of x; and ;)
implies g =7 =0. In view of (36b), one gets u=0.
Then, (48) becomes:

Vo o<—yV (51)
This implies clearly implies that the (e, e,)-system is
globally exponentially stable and the proof of the theorem is
completed. W

IV. SIMULATION RESULTS

The interconnected observer (15)-(16) is now evaluated,
through simulation, using a 7.5 kW induction machine
whose characteristics are summarized in Table 1. The
observer performances will be illustrated, designing an
experimental protocol that makes the machine works in
open-loop. The applied load torque, input stator voltage
(V, =120V ) and the stator current frequency are profiled so

that the machine is enforced to operate successively in the
linear and nonlinear zones of its magnetic characteristic.
Specifically, the machine operates in the linear part
(@, <1Wb) over the interval [O, 4.5 s] and operates in the
saturation region (@, > 1.1 Wb ) over [4.5 s, 10 s] (see figs 6

and 8). The parameters of the design observer are given the
following values which proved to be appropriate: 6, =100,
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6,=200, 6,=200, A=1, a=1, k,=1, k,=0.1,
k=0.1, In all experiments, the initial conditions of the
observed variables are different from the true values of the
variables (Figs 5 and 8). Figure 5 shows the estimated stator
resistance and applied load torque. Figure 6 compares the
estimated and the measured rotor flux norm. It is seen
(especially from the lower curve) that the estimation error
rapidly vanishes. Similar results are obtained for stator
current estimation (fig 7) and rotor speed estimation (figs 8).
Figures 9 and 10 show the simulation results with stator
resistance variation (+40%).

In summary, it is observed by figures 6 to 10 that the
interconnected observer (15)-(16) performs well both in the
linear region of the magnetic characteristic (time-interval
[0, 4.5 s]) and in the nonlinear region (time-interval

[4.5 5,10 s] ). The state estimates converge to their true
values after a transient period that lasts less than 0.3s.

V. CONCLUSION

The problem of estimating the magnetic and mechanical
variables of an AC machine is considered within an
operational context characterized by wide range flux
variations and machine parameter uncertainty. It is dealt
with, using an interconnected observer, designed via the
high-gain technique, based on a model involving a nonlinear
magnetic characteristic. The observer is formally shown to
be exponentially convergent. This theoretical result is
confirmed by simulation using the numerical parameter
values of an induction motor of 7.5kW.

1.5

1 4

0.5 ]

o]

o 2 4 6 8 10
time(s)
60

2

time(s)

Fig. 5. Observed stator resistance in Ohm (upper fig.) and applied load
torque (measured and observed) in Nm (lower fig.).

1.5

1

........... measured
) ) observed
: o 4 s 8 10

time (s)
0.2
o
-0.2
-0.4
-6, 2 4 ) 8 10
time (s)

Fig 6: Rotor flux norm (Wb) estimation. Measured and observed flux norm
(upper fig.), estimation error (lower fig.).



TABLEI

MOTOR CHARACTERISTICS
Nominal power Py 7.5 KW
Nominal voltage U 380 A\
Nominal flux (O3 1 Wb
stator resistance R, 0.63 Q
rotor resistance R, 0.4 Q
Inertia moment J 0.22 Kgm®
Friction coefficient f 0.001 N m.s rd”’
Number of pole pairs p 2
Leakage equivalent inductance ' Lieq 7 mH

' Equivalent inductance of stator and rotor leakage seen from the stator

200
measured
150 - observed
100
50 k
n n | .
00 2 4 6 8 10
time (s)
20
(o]
-20 N
-40 . . . .
2 4 6 8 10
time (s)

Fig 7: Stator current norm (A) estimation. Measured and estimated current
norm (upper fig.), estimation error (lower fig.)

80

measured
60

observed

40

20

o . . . .
4 6

time (s)

30

20 B

10 B

-10 . 1 . .
(o] 2 4 6 8 10

time (s)

Fi
Fig 8: Mechanical speed (rd/s) estimation. Estimation error (lower fig.).

1.5 T T T T
| | | |
1#***:***;**: ***** J‘.-:****i‘ ******
| | | |
0.5 - - - -~ mm o mm - AT T
| | | |
0 I I I I
2 4 6 )

| |

2 3 6 8 10
Time(s)

Fig. 9. Observed stator resistance and applied load torque with 40%

variations in the stator resistance. Observed stator resistance in ohm
(upper fig.), measured and observed load torque in Nm (lower fig.).
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Fig.

(1]

[2]

B3]

(4]

[3]
(6]
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(1]

[12]

(rd/s)
o
—

Time (s)

(A
o

-89, 2 4 6 8 10

Time (s)

Time (s)

10. All estimation errors with a +40% stator resistance variation.
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