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Abstract: The problem of state estimation in induction mst@s considered in this paper. In most
previous works, motor observers have been desigsied) standard models, neglecting the saturation an
hysteretic effects in the machine magnetic circlg. a matter of fact, these effects cannot be ighor
especially when considering (speed, torque) constodtegies involving wide range flux variations,
necessary to meet optimal operation conditions waeimg significant load torque changes. In thipgra

a high gain observer is designed for induction motmased on a model that accounts for the nonlinear
hysteretic nature of the magnetic circuit. The obseprovides estimates of the magnetizing cureamt
magnetic variables using available measurementssiaor currents and voltages, rotor speed. The
observer is formally shown to enjoy nice convergepooperties. The theoretical result is confirmgd b

simulation.

1. INTRODUCTION

Controlling induction machines requires measuremeit
electromagnetic and mechanical variables (voltagasents,
flux, speed, position, etc). For some variableg.(stator
voltages and currents), there exist reliable and too
expensive sensors providing sufficiently accuraeasares.
This is not the case with other variables sucthasdtor flux.
Then, observers are resorted to get on-line essnaf all
variables which are not accessible to measureriduet.first
observers (see e.g. Lubineau et al, 1999) were oz
based on simplified assumptions namely, linear reagn
characteristics and constant (or slowly varyingpraspeed.
Under these assumptions, the model of the inducatiotor
becomes linear and, therefore, observability amalynd
observer design may be dealt with, using standamead

2005). Furthermore, the models based upon in thesks
only accounted for the magnetic circuit saturafioeglecting
the hysteretic effect).

In this paper, a new state observer is proposeddtimating
the rotor flux (and stator currents) in inductiontors facing
large speed and load torque variations. It is desigoy the
high gain technique, using a recently developed ehtitht
properly accounts for hysteresis in the magneticudi
(Ouadiet al., 2010). In this model, the hysteresis effect is
captured through the Coleman-Hodgdon model thatgardo
be quite convenient for hysteresis modelling imderagnetic
materials (Coleman & Hodgdon, 1987; Maekial., 1993).

In the a8 - coordinates, the new model turns out to bd"a 7

order, there where the standard models dteorslers. The
two new state variables are the magnetizing current
components. For the purpose of observer desigRark

theory tools (e.g. pole placement and optimal desigmodel transformation is first performed, vyielding naore

Luenberger and Kalman observers). Interesting imritons
came later, proposing nonlinear observers develeptéwut
supposing a constant rotor speed (e.g. De latah, 2001).
The proposed observers have been designed usifegedif

tractable model fitting the required structure thoe high-gain
observer design technique to be applicable. Therefihe
obtained observer is formally proved, under stathdar
assumptions, to be globally asymptotic convergérttis

approaches such as high gain, sliding mode andndgna result is confirmed by a numerical simulation ininb

state feedback. However, even in these contribsitithe
characteristics of the machine magnetic circuit ati

supposed to be linear. The point is that this apsiom is
only valid when the machine remains all time in thanity

of its nominal flux value. But, a constant-flux eagon mode
cannot be optimal when wide range speed variatioms
needed with a machine facing large load torque g&sinTo
achieve high observation performances, regardldss
machine operation mode, the observer design shmmulthsed
on a model that accounts for the nonlinearity @f thachine
magnetic circuit. This nonlinearity is charactedzieoth by
saturation and hysteresis. Few previous works htteenpted
to deal with the machine magnetic circuit nonlirtyain

observers design (Krzeminskt al., 1993), (Ouadiet al.,

significant changes of the speed and load torquking the
machine operate both in linear and nonlinear paftsts
magnetic characteristic. The observer thus deedla@an be
used as an element of a more global control styategking

(in addition to speed regulation) further objectiveg. power
efficiency improvement, flux optimisation, power cfar
correction, etc. These cannot be achieved with rebse
obtained from standard models because these arg onl
representative of the machine within a limited fraxge.

The paper is organised as follows: the model oifiridection
motor is presented in Section 2; the high-gain oleseis
designed and analysed in Section 3, the observer



performances are illustrated by simulation in Sectd; a hysteresis parameters,(, c,a ) that can be obtained from

conclusion and reference list end the paper. the machine magnetic characteristics (Fig. 1), (Detal.,
2. INDUCTION MOTOR MODELLING 2010).

A model that accounts for the magnetic circuit byssis has 15

recently been developed and validated in (Oetél., 2010).

The hysteresis phenomenon (Fig. 1) is capturedutfirdhe .
Coleman-Hodgdon (C-H) model (Coleman & Hodgdon,
1987), (Mackiet al., 1993). The complete machine model has
been given the following state-space representation

o
o

Magnetizing FHux (Wb)
o

o RIRG GRG epfei Ly
dt Ls Ls L, L,
-0.5
di R, +R . R . @ 1
B s r r ra
—=- I T—l, —PQ—"—+—u 2
dit s ¢ s P L, L ¥ @ 1
d . ,
S =R R PG ©
Magnetizing Current (A)
dg : .
— =R Ryt p0a, (4)
Q _p _ _ T, f Fig 1: Hysteresis curve given by C-H madel
E_T(ﬂalsﬂ_@ﬂlsa)) _T_FQ )
di 1 3. STATE OBSERVER DESIGN
ﬁ :E(4hl )R e+ R i~ ) 3.1 Motor model reformulation
3 (6) The observer is resorted to estimate online thehinacstate
- — (M -h)ERI,+Rig+ag,) variables that are not accessible to measurementsthie
_ 6 magnetizing current and the flux. It will be obtihfrom the
di; _ _\/5( ~h)(-Ri_ +Ri. - ) transformed model (1-7) using the high gain design
dt 6 My =) (R e + R iy — g, 6 technique, e.g. (Besancgon, 2007). To reduce thebaurof
1 . _ equations, the Park transformation is applied ¢onttodel (1-
+ E(hz +h)(-Ri,+Riytag,) 7). The obtainedig-coordinates model is oriented along the
where: magnetizing current. Doing so, one gets the foliapiorm:
(B Bp): (s isp): (g i) aNdU=[Ugg,ugs]™ are the X =FOOX+GUX) (11)

apcomponents of the rotor flux, stator current,y_:cx

magnetizing current and stator voltage, respegtivel with:
- Q is the motor speed; I
- R, R denote the stator and rotor resistances; X= 2
- T_ is the load torque; where:
- p designates the number of pole pairs; v -[i i Q]T _[X1 X. X ]T (12a)
I« - 2 3
- L is the equivalent inductance (of both stator artdr); ) N , T
“=la, @ Ll =l % %] (12b)

- Theh,’s are functions of the magnetizing currents:
h, = (o sign(i,) [Fo(4) = @]+ 9.G,0) k=1,2,3) (8 U7 b vy @], controlinpur

- f.() and g(.) are two functions: y= [isd i Q]T , output vector

f(i,) =ctanhf,) +ai 9 1 1

(i,) () ,‘, | 9) GU.Y) z[g 2(u,x )} 13)
oli,) = f'(i/,)(l—be ) (10) 92U, %)
The five first equations (1-5) are standard, exdeptthe —%iw + g +,_%Usd
d.epelndence, now malld.e epr|C|t,.on the magnetizimgents gtud) = | - FeSLJrSRr e +%Usq (14)
(i41,5) - The remaining equations (6-7) account for th T ; s

L ——

hysteresis effect in the magnetic circuit. Theyoiwe the EE
s 1) o8 81) W o 8 A o e O [, 181 s

f Py G* 00U =| Rigg ~(c2 ~ P2y (15)

All the parameters can be identified via specifiperimental ) i .
measurements on real-life machine. This also coscére ARy +Rig+pQg) + AR g~ pQg,)



where:

Ay = Hy; €08 (8) + Hy,pSin(6,) + H o, sin?(65)

A, =—-05H;;sin(26,) + H, cos@8,) + 05H ,, sin(26;)
Agz = Hy8in? (8) = Hy, Sin(26,) + H 5 cOS (65)

where {Hﬂ le} = F(‘h-"hz"'m Je?(hs_hz)}
o He] [ S0 ey

1,1
Fog=|% F 0O (16)
03 03
Q R
R e
Fiph)=|-& 0 0 17
2. -2iy 0
c=1 110 0 0 (18)

The notation0O5 stands for the3x3 zero matrix. Note that,

the above required dg-frame orientation can be redsby
making a suitable choice of the input stator fremyec, .

Indeed, by Iettin@m =i, =0, it follows that w, must satisfy
the following condition:

23 =ii(R Ar (i ~ia) + R Apl + A=Ay + Asf)) (19)
2|

In the rest of the study, the condition (19) is maged to be
fulfilled.

The observer synthesis and analysis necessitafeltbeing
assumption:

Al. The state vector and the control vectar are bounded.

Remark 1. The above assumptions are natural in the prese(ﬁl(xl))

open-loop control context. Furthermore, it is réadieen
from (17) that the functionF!(x}) is linear and so is
Lipschitz [J

3.2. Model transformation

Consider the following state transformation:
T:IR® IR®

xt B B xt
M T ‘[Fl(xl)xz}

For convenience, the transformation is given théodiong
compact form:

—

(20)
X =

z=T(X) = A (X)X (22)
with

— |3 03
A(X) _[03 - (xl)} (22)

where |, denotes the8x 3 identity matrix.

b) Also, using Al, it follows thatT(.) is Lipschitz.

Furthermore, it is clear that the transformatidn.) is

invertible

c) As F1(x})is Lipschitz (Remark 1), equation (22) implies

that Ais in turn Lipschitz[

Using (20) and (11), it is readily shown that:

22209 x(t) = 2L 00 (F (9x+ G(u, ) (23)
0X 0X

which, together with (21), yields:

z= A(x)F(x)x+(g—I(x) —A(x)j F(x)x+%—1(x)G(u, X) (24)

Using the notation

0; |
A:[ 3 3} (25)
03 03
it can be easily checked, using (22) and (17); that
AX)F(X) = AA(X) (26)
or, equivalently:
F() = A ()AN(X) (27)
It is easily seen from (22) that:
I 0}
AN =|? ° 28
¥ {03 (Fl(xl»'l} (28)
Furthermore, it can be checked using (17) that:
0o L
pQ
"= o 0 - L) (29)
_ Plgy
-L, ~Lig -L,pQJ
| R Rig PRIy |

Remark 3. It is well known that, in normal operation
conditions, the machine stator current can neveinljghase
or quadrature phase with the magnetizing curreebfard,
2001). Bearing in mind thel(g)-frame orientation (along the
currenti ), it follows that the stator current components ar

necessarily nonzero (i, # 0, g % 0). Then, (Fl(xl))_l

involves no singularity whenever the machine istiag i.e.
for a non zero rotor speed

Let us introduce the following notations:

o(2) = [Z—lmm(z» AN (T (2) - Isj Az (30)

$(1.2) =‘;—T (T, (2)) Gu, %) (31)
X

Introducing (27) in (24) leads to the new stateespa

Remark 2. a) Using Assumption A.1, one gets from (20) thafePresentation of the induction machine:

the new state vector z is also bounded.

z2=Az+0(2)+¢(u,2) (32)



Note that this also accounts, in the z-coordinafes,the
magnetic circuit hysteresis.

Remark 4. a) From (22) one gets:

oT [ 1 0 0 0 <%
—= 8 | with AW=| 0 0 -2x

ox [Al(x) Fl(xl)} L ™
_Tpxs TpXA. 0

(33)

From Remark 1 and the fact that the last matriknisar in
state variables, it follows from (33) th%t-L is Lipschitz.
X

Using (30), (33), (28) and (25), one obtains:

0 03
’ L B4z
o@=|, ==, (34)
A(X)| zs —L—"s@dze
Bl | 5Bzt S Bazs

Referring again to Assumption Al and to the consitiens
described in Remark 3, the functioB(z) turns out to be

Lipschitz whenever the machine is rotating (norozgreed).

c¢) Similarly, using the fact that:
z' = [21 Z 23]T = [Xl Xz X3]T :
it follows from (31), (34) and (15) that:

I3 0 | g'(x",u)
zZu)=
Pz [Mx) Fl(Xl)}{gz(xl,xz,u)
From (34) and (15), it is readily seen tha#;(x) and
g9%(xu)
Furthermore, the functiong(z',u) and F(z') are clearly

Lipschitz due their linearity. Then, equation (3®plies that
that @(z,u) is in turn Lipschitz

(35)

are bounded, becausex and u are so.

3.2 Machine observer in z-coordinates

Let A, be the block diagonal matrix defined by:
Dg=diagll; 31s]

where @ is any real positive constant. LStbe the solution
of the algebraic Lyapunov equation;

(36)

S+ATS+SA-C'C=0 (37)

- e[ %(ﬁnv(2>> AT (D) - Iejdals‘lcT (Cz-y) (39)

Proposition 1. The state observer (39), when applied to the

nonlinear system (32) (where all signals, @ y) are
bounded), is globally exponentially convergent. Blor
specifically, there exists &, >0 such that for all@>§,,

there is agy >0 so that:

|2(t) = z(t)]| < k sBexpogt)|2(0) - (0)| (40)

whatever 2(0)0IR® where kg denotes the condition

number of the matrixS . Furthermore, one has:
lim gy =+

0+

Proof. Let e(t) = Z(t) - z(t) . Then,
e=(a-agsic’ce+(02)-0(2)

(41)
+(p(U,2) - p(u,2))-0T(2)agsCTCe
with
N 0T i A a
F(z) _&a—inv(z)) A (Tinv(z)) -1 6 (42)

Substituting (33), (22) and (28) in (42), one dtgafrom
(41):

i
r-= .
A(Tin(2) 03
It is easily checked that:
a;AA, =A and C'CA,=C'C
Hence,
e=0n2(A-s7cTch,e+(0(2)-0(2)
+(p(U,2) -4, 2))- 0T (RALS'CTCe
Introduce the variable change:
e=Aze
It follows using (41) that:
e=0(a-scTcl+a,0(3)-0(2)
+04(U,2) - (U, 2)) -0 AT (D)A5SCTCe
Consider the Lyapunov function candidatée) =&'Se . Its
time derivative along the trajectory of (46) is:
V=226"S%
= -6v-8'C'Ce+28"3,(0(2)-0(2))
+28" N, (p(u, 2) - #(u,2)) - 26" S A, M (2)ALSTCTCe

(43)

(44)

(45)

(46)

whereA andC are respectively given by equations (25) an#hich together with (38) implies:

(18). It is shown in many works (e.g. Besancon, 7J0Dat

the solutionS of (37) is unique, symmetric, positive definite

and satisfies:

sicT = I3
03

With the above notations, a candidate observethisystem
(32) is the following:

(38)

2=AZ+0(2)+¢(u,2) - 84,SCT (Cz-y)

(47)
V<-ov +2|e|[4,(0(2) - 02)
+ 2] |45 (8 (u.2) - (u,2))|
-26[e"||a.r g [s7cTed (48)

Letting =1, it follows using the triangular structure and
Lipschitz nature of®, ¢ anddT/dx (Remark 3) one gets:

[85(0(@-02) < piF| (49)
|2(#u. 2) - ¢(u, 2))| < o2 (50)



for some positive constantg; and p, independent org.
Furthermore, the Lipschitz property ofdT/dx and

A (Remarks 3 and 4) and the boundedness of all signal —

imply that I" is bounded. Moreover, sincd” is lower
triangular with zeros on the main diagonal (43k gets:

loasr@ad|<p;  for 621 (51)
for some constanp; >0 independent ord. In view of (49)-
(51), inequality (48) yields:

V-6V + 2(p1 P, +,03) "é ”2

<-6V +cV (using (42)) (52)
It readily follows from (52) that:
V() <exd-(0-ct]V ) (53)

Now, letting &, = max{l, cl} and 8> 6g,, one obtains from
(53), using the fact that (€) =&'Se:

et < s ex;{-(@‘—;l)t} e

On the other hand, fof > §,, it follows using (45) and (36):

(54)

el </|ef < éle] (55)
Combining (54) and (55), one gets:
lett)] < Kseex;{-w‘—;ﬂ e (56)

which ends the proof of Theorem
3.4 Machine observer in x -coordinates

The transformation (20) suggests that estimates can be
obtained from z-estimates by solving the following
equationT (X) = Z. (57)
Differentiating both sides of (57) with respectitoe yields:

aTa—gX)i =7 (58)
Using (39) and (30), it follows from (58):

s (TN arron o (0T o o1yon .
X—(T\} |:AT(X)+(&(X)/] (%) IG) AT (X) (59)

+¢(u,2) - 84,S7CT (C2-y)
which, together with (31) and (21), gives:

§= A‘l(i)AA(i)i—(a—T(i)j_ (a—T(i)j G, %)
0Xx 0X
- H(O—T (i)j_ As™CT(C2-y)
0Xx
- H(O—T(foj_ [ O AR -1 Gja;}s-lcT (C2-v)
0x 0Xx

- 9( NCURCE Iejdals‘lcT (C2- y)} (60)
Using (27), equation (60) simplifies to:

x=F(R)X-G(u,X)
-1
aT ~ aT ~ _l ~ _l _l T A~
— (X le+— ()N (X)—1g |[2gSC (Cz-
g(ax()j(ﬁax() (X) eje (Cz-y)
which gives the final form of the — coordinate observer:

X = F(R)X-G(u, %) -\ (N)A4SCT (Ck-y) (61)

Theorem 1. The state observer (61), when applied to the
induction machine model (11) subject to Assumpti¢ig-
A2), is globally exponentially convergent. More sifieally,
there exist real constantd,d, >0 such that for any real

>0, thereis areab, >0 so that:
[%(t) = x(t)] < A@exd- a4t]|%(0) - x(0)| (62)
whateverx(0) ; wherex(t) denotes the unknown trajectory of

(11) associated to the input siguiét). Furthermore:

lim gy =+
G-+

Proof. Introduce the estimation ermg(t) = X(t) — x(t) . From
(20) and (57), one has:

X(®) =T (D =Ty (2) (63)
As T, () is Lipschitz, it follows from (63) that:
X< d2-7 (64)

where o denotes the Lipschitz constant @, (.). Using
Proposition 1, one gets:

X< akseex;{-(e‘—;ﬂ Iz (61)

This establishes Theorem 1, using the fact thaflT (x) is a
Lipschitz function (Remark 2, part

4. SIMULATION

The induction machine characteristics are describb¢@uadi
et al., 2005). The functions, and g., that characterize the

model hysteresis part (8-10), are given the follmwalues
determined in (Ouadi et al., 2010):

a= 001, b= 0601, c= 0995, d=12 anda =04

The simulation protocol is conceived in a way tmatkes the
machine operates around different points of its me&ig
characteristic, different rotor speeds and diffetead torque
values. Doing so, the hysteresis effect on the imach
behavior is meaningful. To this end, the statortage and
load torque are let to be varying as shown by RBigThe
machine is open-loop controlled using a sinusoistator
voltage input. The remaining simulation details ahe
following: the observer gain is9= 100 and the initial
conditions of the observer and the true system made

quite different @r (0) = 0.75(wb), @, (0) = 015whb)). Figs.
3 to 4 show that the state estimates converge din thue
values after a transient period that lasts less tha second.
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Fig 3: Rotor flux norm (Wb) estimation. Upper: reald
observed flux norm; lower: estimation error
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Fig. 4: Stator current norm estimation. Upper: mead and
estimated current norm; lower: estimation error

5. CONCLUSION

The problem of state observation is addressednfdugtion
machines. The originality lies in the fact that fmeblem is
dealt with, based a model that accounts for the neihg
circuit hysteresis. A state observer is thus deedousing
the high-gain design technique and it is formalipwsn to be
exponentially convergent. This result is confirmdxy

simulation using the numerical parameter valuea @f5kwW
induction motor.
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