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Abstract—This document approaches the observation of the
asynchronous machines state without mechanical sensor. The
approach suggested rests on the nonlinear transformation of the
machine and the estimate of state is carried out using an observer
of the Proportionnel-Integral (PI) known for its properties of
robustness. Conditions sufficient to guarantee the convergence of
the error in estimation are given in a form equation candidate
of LYAPUNOV.

I. INTRODUCTION

Nowadays the engineering largely call upon the estimate
of the state of the asynchronous machines without senseless
speed. Indeed, the complete knowledge of the state of an
asynchronous machine is often necessary for the devel opment
of a law of control or to the installation of a strategy of
monitoring or diagnosis. However the state of this system is
in general only partially available and the input signals and of
out-ut are in practice the only sizes accessible by measurement.
The most widespread solution to mitigate this problem consists
in coupling the machine an auxiliary system, caled state-
observer or state-reconstructor.

The observer provides an estimate of the state of the system
starting from its model and measurements of its inputs and
out-put. The observer classically used, within the framework
of linear systems, is known as with gain Proportionnel (P)
or of [2]. It is however well-known that the estimate of state
provided by this type of observer is degraded considerably if
the model of the system in question is known little about or
so of the unknown disturbances act on the output or the state
of the system.

In order to improve the estimate of state with respect to
parametric uncertainties and/or the disturbances, an observer
with gain Proportionnel-Integral (P1) can be used. Indeed, the
observer Pl, proposed in [3] and since largely studied in the
literature, makes it possible to integrate a certain degree of
robustness in the estimate of state thanks to the integral action
in[4].

The question of the synthesis of the observers P or Pl, of a
full or reduced nature for the linear systems, is tackled in [4],
[5]. On the other hand, the estimate of state for the nonlinear
systems, athough having been the subject of many research
tasks, remains a subject of topicality.
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The solution suggested in this document to estimate the
state of a nonlinear system rests on the approach of nonlinear
transformations.

The plan of the article is the following. Initially we present
the model of state of the asynchronous machine without
mechanical sensor where we make a non-linear transformation
to obtain the pyramidal form; in continuation the study of
observation of the states of the asynchronous machine with
the speed measured and without sensor speed, after we let us
give the design of observer PI. To the end, one givesthe results
of simulations with the conclusion.

Il. NONLINEAR MODEL OF THE ASYNCHRONOUS

MACHINE

The model of the machine that we adopt rests on the
following assumptions [[6], [7]]:

e The perfect symmetry of the machine.

e The absence of saturation and losses in the magnetic

circuit.
The effect of skin negligible.

The machine is supplied by a sinusoidal system and
three-phase tensions.

The thickness of the air-gap is uniform and the effect
of notch is negligible.

e Induction in the air-gap is with sinusoidal distribution.

Its vector of state is composed of the components of the
stator currents and rotor flux. This representation is very much
used. It is made up of an electromagnetic part and another
mechanics, as follows:

i = =i+ KFQ)Y+ v,
b = Fi— F(Q)y )
O = SitTe - 0- 3
T, = 0
wherei = [isq isg]" ) = [Vra Yr]", vs = [Vsa vs]”,

are respectively the currents stator, rotor fluxes and the volt-
ages; ) and T; respectively denote the rotating speed and the
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load torque; F(Q) = 7-T-pQJ, T = [ 01

} is the matrix

of identity and J = 1 0

0 -1 ]; J is moment of inertia of
the rotor; p is the pair number of the pole.

Parameters T, o, K and «y are defined as follows:

A L, A M?
T,22X s 21- ;
"T R, 7 L.L, ’
A M A Ry R, M?
K= ;o=
oLgL, oLs  oLsL?

Only the stator currents and stator tensions are measurable.
For lighting more, one to introduce the following notations:
I .
s avec r; = Z_sa Ty = ¢ra ,
T3 153 wrﬁ

o<[4]

The system (1) can be written under the following con-
densed form:

Tr=

& = f(z,vy)
where
—vz1 + KF(Q)zs + %sts
M
L1 — F(Q):UQ
T,Vs) = T
. Bl g0 - b0 - 5
0
with L N
_ 1, _| & P
rey-gz-mr=[ T W] @
Now, will concede the change of the variables according to:
®:R* — RS
zZ1 (I)l({L')
x P z2=®@)=| 2z | = | P2Ax)
zZ3 @3(:6)

Where z1, 25 €t z3 are defined as follows:

Z1 = I
2 = KF(Qzs=K (T%I - pﬂj) -
. 4
zZ3 = —ijQa?Q = —ij ("}—%w{ng ( )
—f7vﬂ — %) T

One can prove that the above state transformation puts the
system (1) under the following form:

21 = zmt@r EUS,Zlg

Zo = 23+ pa(z1,29

. 5
z3 = ¢3(2) ®)
y = Cz=2z
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or €ER?, k=1,2,3 are :

v1(vs,21) = —vyz:+ %sts
p2(z1,22) = F(Q) (—22 + %zl)
pa(z) B el 4 0%sle)y, | 20ale) g
= pKJ (BLo%y)i
~pKJT (B2 + 2L — Lo
~3)
( +[ pKfo T BRIV Jds
with b = iT 7

who will transform the non-linear system (2) into a local
system of pyramidal coordinates:

(i

The matrices A and C' are given by:
0 7 0
0 0 7
0 0 0

Az + ¢ (vs, 2)
Cz=2z

(6)

A= , C=[T 0 0 ]

I1l. STUuDY OF OBSERVABILITY

The system (5) is observable for any input v,. As a result,
the system (1) will be observable in the rank sense on IR® as
soon as the transformation ¢ exists and is regular for al z [8].
Indeed, one will show a condition sufficient under which the
JacoBIAN of this transformation is of full rank.

That isto say Jg the JACOBIAN de ®. Correspondent with
(4), one has

T 0 0
0P (z) 0P (z)
J = 0 B B (M
o®3(z) OPz(x) 0P3(z)
Oz, Oz Oxs3

It is clear that the matrix J,(z) is of full rank if and only
if the following square matrix is also of full rank:

Ps(z)  9Pa(z)
_ T T3 A Gl(w) GQ(w)
Go(z) = l angﬁ"z) aqsg(z) ] = { Ga(z) Galz) (8)
Tro T3

In the following, one will concentrate on the matrix G ¢ (z)
in order to exhibit a sufficient condition under which this
matrix, or in an equivalent way Jg, is of full rank. For
this purpose, one will calculate each input of G¢(z). Still,
according to (4), one has:

Gi(z) = KF(Q)

Gor) = | -KpTw 0]

Gs(z) = -pKJ (QI + %%w{ng) ©)
Gu(r) = pKJ[ for2 %]

It is clear of (3) that G1(z) is a square invertible matrix
for all = € IR®. By consequence, the matrix G's(z) can be
factorized as follows:
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Go(z) = L[(w)U(fv) ]
7z 0

0 = oo (G954 |

v - (o0 4]

According the structures of L(z) and U (z), one can deduce
that the matrix Gg(x) is of full rank if and only if the
triangular lower matrix L(z) is aso of full rank. According
to its triangular structure, the full rank condition of L(z) is
obtained as soon as the matrix:

Ly(z) £ Ga(x) - Gs(2)Gy L (@)Galx)  (10)

isof full rank. In order to check the full rank condition with
the matrix Lo(x), we will check the linear dependence of its
two columns. Indeed, set Ly(z) = [ L2i(x) Lys(x) ]
and we derive firstly the expression of Lo (z) and Las(x).
Using (9),0ne gets:

. M
pJ w2
= —pKJM(x)
Lays(z) = Kpjw—j

Now, columns Lo (x) and Lao(x) are linearly dependant
if and only if M(x) and z, are so. It is aso equivalent to
2T 7 M (x) = 0. This condition can be expressed under the
following more explicit form:

T TM(z) = 2 Ty — T£+w§ng
(%) +0o)?

To recapitulate, the transformation considered will have a
full rank (i.e. the system (1) is observable) for all «
p Q

T .
Ty Ty — —
1

(11)

(#) + (pmﬁm .

The condition (12) can be explained by employing the
original variables of motor as follows:
- Q
W)~ 0" £ 0
(%) + 09

The condition (13) can be expressed equivalent forms.
Indeed, such equivalent formswill be shown and will comment
on them. Let us define the angle of rotor flux as follows:

¢ = arctan :/p’i . According to the modd (1) of the machine,

one has ¢ = —“°7% and by excluding the uninteresting case
from ¢ = 0, the condition (13) can be explained as follows:

P 0 -
(# (T%)Z+(p9>2¢ v

(12)

(13)

(14)
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or in an equivalent way by taking the integral on the two
sides:

1/]rﬁ
Yra

To note that conditions (13) and (14) similar to those are
given to [9].

<arctan — arctan (pT,ﬂ)) is not constant.  (15)

IV. STRUCTURE OF OBSERVER PI

One wishes to estimate the state of a nonlinear system
described by (6). The rebuilding of the state is carried out
using an observer of the type Proportionnel Integral (P1). An
integral term &, resulting from the integration of the out put,
is introduced in order to add thereafter the integral action in
the equation of the observer. then:

2 = Az+¢(vs,2)
& = Cz=2 (16)
y = Cz=2zn

where ¢ = [ ¢ y(7)dr. The preceding equations can be put
in the compact form:

Z = AZ+Cipv,2)
i = CCfz 17)
Y, = clz

nz=[¢ = [4 ¢ =[]
e=[2]

The rebuilding of the state (17) is carried out using an
observer Pl of the following form:

Z = AZ+Cip(v.2) +Kp (i - 1)

+K1 (Y2 - 12) (18)
Y, = CCTrz
Yo = CTZ

Let us notice that in the equation (18) of the observer Pl
appear only the variables accessible by measurement.
V. SYNTHESIS OF THE OBSERVER PI

The synthesis of the observer consists in seeking matrices
Kp and K; such as the error in estimation defined by:

e=72-1 (19)

tends towards zero whatever the initial conditions.

By using the expressions of Z and Z data respectively
by the equations (17) and (18), the dynamics of the error in
estimation is then given by:

e =

Ae + O, ((p(vs, Z) — p(vs, Z)) — KPCC';‘Fe

—K;CFe (20)
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Hypothesis: (v, Z) — ¢(vs,Z) is global LIPSCHITZ

comparedto Z i.e :

e, 2) = olvs, 2)| < el

k>0 :Constant of LIPSCHITZ.
Then
¢ = (A KpCCT — K07 ) e
+Ch ((p(vs, US,Z )
= Aue+C1 (00 2) = o0, 2)) (D)
with
Aps = A— KpCCT — K;CT (22)

A condition to guarantee the convergence of the error in
estimation (28) is stated in the following lemma :

lemma : If the hypothesis 1 east checks then the observer
(18) is asymptotically convergent. The gains of the observer
are given by Kp and K.

Proof: The demonstration of this theorem is carried out by
considering a function candidate of LyapuNov of the form:

V=ePe, P>0 P=PT (23)

The asymptotic convergence of the error of observation is
guaranteed if:
IP=PT>0 = V>0¢e V<0 (24)

The first constraint is satisfied by the choice with the function
candidate of LyAPuNoV (32). Conditions ensuring the second
constraint must then be established.

The derivative compared to the time of the function (32)
is given by:

V =¢é'Pe+ el Pe (25)

that is to say still by introducing the dynamic equation of the
error given by (30) :

V= (et Cr (o0 2) - 900 2))) " Pe
+e''P (Aobse +C (w(vs, Z) = p(vs, Z)))
= Al Pet (p(vnZ) - plv0,2)) CiPe
el PAyse + e PC, ((p(vs, Z) — o(vs, Z))
= el (AL,P+ PAys)e
+2€TPC'1 (w(vs, Z) — ¢(vs, 2))
= —2TQe+2¢TPC, ((p(vs, Z) — p(vs, Z)) (26)

One raises V as follows :

Vo= =2l Muia(Q) + 2k [le]l” Ol Amax (P)
=2/l Aunin (Q) + 2k [le]l* Amax (P)

(27)
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By using the property :
v

minP 2< < maxP 2 2>
Amin (P) [lel” <V < Amax (P) [le]|” = |le]] Z 3D

What gives us: V < Q(ﬁ%—k)V:V<—TV

The stability exponential of the observer is to guarantee if

. Amin(Q)
@) >k

The synthesis of the observer consists in seeking matrices
Kp and K; such as the error in estimation defined by:

e=2-27 (28)

tends towards zero whatever the initial conditions.

By using the expressions of Z and Z data respectively
by the equations (17) and (18), the dynamics of the error in
estimation is then given by:

e =

Ae + O, ((p(vs, Z) — p(vs, Z)) — KPCC';‘Fe

—K;CFe (29)

Hypothesis: ¢(vs, Z) — ¢(vs,Z) is global LIPSCHITZ

comparedto Z i.e :

e, 2) = o(vs, 2)|| < Kl

k >0 :Constant of LIPSCHITZ.
Then
e = (A — KpCCT - KICQT) e
+C1 (05, 2) = $(vs, 2))
= Apee+C1 (905, 2) 905, 2))  (30)
with
Agps = A— KpCCY — K,CF (31

A condition to guarantee the convergence of the error in
estimation (28) is stated in the following lemma :

lemma : If the hypothesis 1 east checks then the observer
(18) is asymptotically convergent. The gains of the observer
are given by Kp and K.

Proof: The demonstration of this theorem is carried out by
considering a function candidate of LyApuNov of the form:

V=ePe, P>0 P=PT (32)

The asymptotic convergence of the error of observation is
guaranteed if:

IP=PT>0 = V>0e V<0 (33)

The first constraint is satisfied by the choice with the function
candidate of LyApuNoV (32). Conditions ensuring the second
constraint must then be established.

The derivative compared to the time of the function (32)
is given by:

V =¢TPe+eTPé (34)
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that is to say still by introducing the dynamic equation of the
error given by (30) :

Vo= (et (000, 2) - 900, 2))) Pe
+eTP (Agpse + C1 (9(v, 2) = 9(vs, 7))
= AL Pet (p(0n,2) ~ (00, 2)) CiPe

el PAgyse + T PC, ((p(vs, Z) — (v, 2))
= e (AL,P+ PAgys)e

—|—26 PC, ((p(?}s, Z) - @(’UﬁZA))
= —26TQ6 + 2€TP01 (‘P(USa Z) - @(’Usv Z)) (35)

One raises V as follows :

v =2 [lel|” Amin (@) + 2k [le]|” |C1]] Amax (P)
= —2lel" Mnin(Q) + 2k [le]|* Amax(P) (36)

By using the property :
v

Anin(P) llel* <V < Amax(P) llel” = llel” > 5—5

What gives us; V < 2(% )V:>V<—7-V

The stability exponential of the observer is to guarantee if
Jonl@) '

V1. RESULTS OF SIMULATION

In order to check the effectiveness of the observer
proposed, a simulation was carried out under MAT-
LAB/SIMULINK. The results of simulation are divided into two
parts: on the one hand, the observer is tested under nominal
conditions, and on the other hand with variations parameters
(tests of robustness).

The state vector of the observer is |n|t|aI|zedT|n a
functional state [ iyn iss Pra g Q Ti ] =

[1 1 02 02 10 0.05 ]"; whereas that of the motor
to the stopped state

[isa isﬁ wra wrﬁ Q ZZ—‘l ]T =
[0 OO 0O OO ]T, and the results are given for
the engine of which a direct starting. These characteristics and
these parameters are given in the tables (Tab.l) and (Tab.Il).

Simulations of the flux, the speed and torque load in
open loop are given by the figures (Fig.1, Fig.2 and Fig.3)in
respectively; where their errors are presented by traced (Fig.4
and Fig.5).

The second simulation for the observer in the action P
watch which the flux error cancels at 0.5s (Fig.9), rotate speed
at 0.8s (Fig.10) and torque load at 1s (Fig.11).

Following simulations for tested the observer P1 with its
robustness where R, = +20% and R, = +10%. We notice
that the states estimated reach the values simulated that after
the transitional stage (Fig.12, Fig.13 and Fig.14).
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VIlI. CONCLUSION

The observation of state of an asynchronous machine with-
out sensorless speed was approached in this document. The
state observer is built starting from a nonlinear transformation
of the system. The estimates of state obtained with the observer
Pl and an observer P were compared on a simulation example.

Among the points being able to be the subject of later
work, one can mention the reduction of the conservatism of
the solution suggested by using other approach such as Linear
Matrix Inequalities (LMI). It can be considered, in a context
of diagnosis, to extend the step exposed to the estimate of
unknown entries using an observer PI.
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VIIl. APPENDIX

A. Characteristics and parameters of the machine

The characteristics and the parameters of the asynchronous
machine used to test the observer is a cage machine are the
following: ([11])
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TABLE I. CHARACTERISTICSOF THE MACHINE
Parameter Value Unit
Nomina power 15 kW
Nominal speed 1430 | tmp/mn
Poles pairs 2
Simple tension 220 \%
Nominal intensity 6.1 A
Nominal torque load 10 Nm

TABLE II. THE PARAMETERS OF THE MACHINE
Parameter Notation Value Unit

Stator resistance R 1.47 Q
Rotor resistance R, 0.79 Q
Stator inductance Ls 0.105 H
Rotor inductance L, 0.094 H

Mutua Inductance Msr 0.094 H

Frictions coefficient fo 0.0029 | Nm/rad/s

Rotor inertia J 0.0077 Kg.m?

Time(s)

Fig. 1. Flux observed and simulated in open loop.

Y
Time(s)

Fig. 2. Speed observed and simulated in open loop.

o o5 T 15 2.5 E) 3.5

B
Time(s)

Fig. 3. Couples observed and simulated in open loop.
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Time(s)

g

6.

7.

Time(s)

Flux ssimulated and observed in C.L for the action P

Speed simulated and observed in C.L for the action P.

o5 12 1.a e
Time(s)

Torque load simulated and observed in C.L for the action P.

1is
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Flux error (Wh)

—o0.asf

o2l

—0.25

—osk B

9. Flux error in C.L for the action P.

3o -
20 -
10} -
ol
_10} 4
20} 4

10.

Speed eror (radis)

Speed error in C.L for the action P.

1 f\/‘k
5 e

‘Torque load error{N.m)
@ S o
T T T

N
T

11. Torque load error in C.L. for the action P.

Time(s)

Flux simulated and observed in C.L for action PI.

Time(s)

13. Speed simulated and observed in C.L. for action Pl.
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14. Torque load simulated and observed in C.L. for action PlI.
L AAAAR
= ——— —= & ==
15. Flux error in C.L. for action PI.

16. Speed error in C.L. for action PI.
ol e

B
Timed

17. Torque load error in C.L. for action PI.





