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Abstract: Inthis paper anew adaptive flux, speed, load torque and rotor resistance observer is proposed for induction machine
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1 Introduction

On line joint estimation of states and parameters in state
space systems is of practical importance for adaptive con-
trol and for fault detection and isolation. The agorithms
designed for this purpose are called adaptive observers.
Some early works on this subject can befoundin[1, 2, 3, 4]
.Theseresults are essentially for linear timeinvariant (LTI)
systems, though some of them have been proposed for
nonlinear systems which can be linearized by coordinate
change and by output injection. Recently, adaptive ob-
servers for multi input multi output (MIMO) linear time
varying (LTV) systems have been developed [5, 6] .Some
results on truly nonlinear systems have also been reported
[7,8, 5]

The adaptive observer for MIMO LTV systems pro-
posed in [6] is conceptually simple and computationally
efficient. Its global exponential convergencefor joint state
parameter estimation has been provedinthe noisefreecase.
When the considered system is noise corrupted, the conver-
gence in the mean has been established, but not the consis-
tency. In other words, under appropriate assumptions, the
means of the estimation errorstend to zero, but not the er-
rors themselves. Up to our knowledge, this was the first
reported result on the convergence of adaptive observer for
noise

In this paper, we propose an adaptive observers for
a class of uniformly observable nonlinear systems. This
observers, based on techniques of High gain and Sliding
mode, is applied to jointly estimate states (rotor flux, rotat-
ing speed and torque load) and unknown constant parame-
ters (rotor resistance).

Firstly, the convergence of the proposed observer is
guaranteed under a well-defined persistent excitation con-

E-ISSN: 2692-5079

dition. Secondly, the structure of the proposed observer
is simple and it is able to give rise to different observers
among which adaptive high gain like observers[9, 10, 11]
and adaptive dliding mode like observers[12, 13, 14].

This paper is organized as follows. The next section
introduces the dynamic model of an induction machine. In
Section 3, the observer design is detailed. The equations of
the proposed adaptive observer are given and afull conver-
gence analysis is made. Besides, different expressions of
the observer design function are specified and it is shown
that they give rise to different observers. A simulation of
IM isgivenin Section 4 in order to illustrate the theory.

2 Description of Induction Machine

Assuming linear magnetic circuits, the dynamics of a bal-
anced non-saturated induction machinein afixed reference
frame attached to the stator are given in the form follows :

is = —vis+ KAQ, a), + %Lsu
1,[{7“ = Maoyis — A(Q,ar)wr (1)
O = BMiTgy, 1T,

T, = 0

The states variabl es accessible to measurement are the
. . . T .
stator currents i; = [ isa i3 | but toin no case

rotor flux ¢, = [ ¥ra Ve ]T and possibly rotat-

ing speed. Thesource of energy u = [ usa s ]T
The model parameters are : rotor moment of inertia J, ro-
tor and stator winding's resistances R, R, mutual induc-
tance M. To simplify notations we use the parameteriza-
M M? R, R;

] :]-_—1 r = T s — T
oL.L,'° L, T L YT,

tion: K =
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s ’I"M2 s

yza——ka :a—+arMK,A(Q,aT):aTZ2—
o oL,L, o _ _ ]

pQTs, Is is the 2- dimensional identity matrix and 7> =

{ (1) _01 ] is a skew - symmetric matrix.

We need to transform system (1) to the triangular form.
One will introduce the change of variable according to:

zZ1 = is
{ 2o = _Maris + (arZ2 _pQJQ) 1/}7‘ (2)
T T
z=[Q T ] =]z 232 |

Using thistransformation and atime derivative of these
states, we can rewrite from model (1), afollowing model :

Z.’l = —%Zl + K22 + ULLSUS
22 = —pdwjgzbr — (MZl + 22) Qp
+pz31 Jozz + 52300, 3
3 = [dw-3Tp 0"
y = 2
Withdw = 2227 7,0,

J L,
One can show that this transformation puts system (1)

under the following form:

z2=F(2)z +G(z,u) + H(2)p,
4
y=0C0z=z.
where
022 KT 02,2
pJ222 r
F(z) = 0 0 )
@)= 00 0 | B2
02’2 02,2 02,2

—%2’1 + %Lsus
G(z,u) = [ —pdw Tty ] ,
[do—31, 0]
02,1
— (M2 + 2) 1= ] and p = R,.
02,1

3 ObserversDesign

3.1 Observerssynthesis

Asintheworksrelated to the high gain observers synthesis
[10, 11] and adaptive observers[15], one pose the hypoth-
esis:

‘H1: The functions F'(z) is globally LIPSCHITZ with re-
spect to z

H2: The functions G(z,u) is globaly LipscHITZ with
respect to z uniformly in u.
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‘H3: The functions H(z) is globally LIPSCHITZ with re-
spect to z

Before giving our candidate observers, one introduces
the following notations.

1) A block diagonal matrix and A ~! is hisleft inverse:

pFrze |7
. 242
A= dzag (Zz, KZ2, K |: %jQ’lbr :| >

2) Let Ay isablock diagonal matrix defined by:
. 1 1
Ap = diag <Z2, 522, 7

isareal number.

Z2>; 9>0

Easy computations allow us to check the following

identities:

o OA = AgAA, T = AgAF(2)A1A,?
e CAy' =C

o S;CT =0A;'S~ICT

o Z=ApAz

where A is matrix:

A= 022 022 1I»

022 022 022

022 I 02,2]

3) Let S = Sy_ isadefinite positive solution of the AL-
GEBRAIC LYAPUNOV EQUATION:

S+ATS+54A-CTC =0. (5)

Note that (5) is independent of the system and the so-
[ution can be expressed analytically. For a straightfor-
ward computation, its stationary solution is given by:
Snp) = (=1)"PCp, , where CF = St for
n > 1 and p < 3; and then we can explicitly determi-
nate the correction gain of (3) asfollows:

OATTASISTIOT =
367,
o - ®)
Pl pRz |" .
K %jﬂ/}r

4) V¢ = [&}setfz AgA¢ and let T(6) =

be a vector of smooth functions satisfy-

VEeR?: E(0) > 367CTCe ()

Ik >0; VEER?: [T <xliEl.  (®

Volume 5, 2023



Engineering World
DOI:10.37394/232025.2023.5.1

The system

F(2):2+G(2,u) + H(2)p+A'TpH
—9ATASISTIOT Y (),

N>+
I

p = —6PTTCTY(2), 9)
I' = 0AT —6S7'CTCT + AgH(2),
P = —9PTTCTCTP +6P.

With '(0) = 0 and P(0) = PT(0) > 0 meansthat the ini-
tial condition of the Ordinary Differential Equation (ODE)
governing P is chosen Symmetric Positive Definite (SPD).

isan adaptive observer for system (4) with an exponen-
tial error convergencefor relatively high values of 6.

The proof of the stability is given in the next subsec-
tion. However, before detailing this proof, one shall give
some comments and facts which will be used throughout
the proof.

Please notice that the time derivative of 2 given in (9)
can be written as follows:

Z = F(3):+GGEu)+HE)p+ AT
—OATIASISTEOT Y (2). (10)

The equation of % consistsin a copy of the model (4)
with a correcting term. The correcting term is composed
by two terms. Thefirst one, —9A ;' S~1CTY(2) israther
classical and is met in classical high gain state observers
[16]. The second term, A, 'T' is similar to the expression
used for updating the unknown parameters, i.e. the term
used in the expression of /.

3.2 Convergence analysis

SetZ=2—zandp = p— pFrom(9) and (10), one has

i = FR):i+ (F(3)—-F(2)z+G(3u)
—G(z,u) + H(2)p + (H(2) — H(z)) p
—9ATTATSTIOTY(2) + ATIA, 'Th.

(11)

Set z = AyAZz. Using the notations 2 from subsection

§.3.1, one obtains:

5 = AgAZ+ ApAz,
= 0AZ+AgA(F(2) — F(2))z+ ApgAH(2)p
+AgA (G(Z,u) — G(z,u))
+AgA (H(2) — H(2)) p
—0S71OTY(2) + Th+ ApAz. (12)
Now, asin [17], set: Z = n + ['p. For writing conve-
nience and as long as there is o ambiguity, the time vari-

able ¢ shall be omitted in the sequel. Using the fact that T’
is governed by the ODE given in (9), one can show that:

i o= 0Ap—0S1CTY(3) +6S1CTCT)
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+AgA (F(2) — F(2)) 2z
+ApA (G(2,u) — G(z,u))
+AgA (H(2) — H(2)) p+ AgAA T A 2(13)

SetVy =TSy, Vo = pTP~'pT where P is given
in(9 andletV = V; + V5 beaLYAPUNOV CANDIDATE
FUNCTION. Using (5), one gets.

Vi = —0TSp+omTcTCn+0S"tcTerp
+2nTSAGA (F(3) — F(2)) 2
+2nTSAGA (G(2,u) — G(z,u))
+2nTSAGA (H(2) — H(2)) p
+2nTSAGAATIA S, (14)
It is obvious that

1211 < {lnll -+ 71 A1 - (15)

By the Mean Value Theorem, one gets:

ANz (16)
Asaresult, for # > 1 and from (16), one obtains

IAlH1A (G (A u) = G(z,u))||
f, U A

<l ISIED

,u) . Z1y 1=
< sup {A} HAH G a7 sup (A= 11,
< 2]l 17)

where ¢; isaconstant which does not depend on 6 for
# > 1. Using (17) and (15) , one obtains:

IA[]Ag (G(2,u) = G(z,u))l| < e [Inl] + ez [|pl] - (18)

where co = ¢; sup {T'}. Therefore, one has:
2" SAGA (G(2) - G(2))
<2 ||| IS IAIIIA (G(2) = G,

<cp Il + ¢ lInll 117l
1 2

ci -l /<)

< Vi+ VivVa,
- Amin(s) ' >\min(5)>\min(P) ' ’
<enVi + eV Vi Va. (19)

where ¢} = 21 [|S]], & = 262 |ISI|, e = x-Sirgy and
C2

not depend on 6 > 1, Ain(S) and Apin (P) denoting the

smallest eigenvalue of the matrix S and P.

cla = are positive constants which do
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In ways similar, we will have:
IAIH[A (F(2) = F(2)) 2|l < es|Inll + callpl] - (20)
where ¢4 = ¢ sup {T'}. Therefore, one has:

2T SAGA (F(2) — F(2)) 2
<2[n" | ISIHIANl 1A (F(2) = F(2)) 2|,
< e |nll” + ¢ Il 1141

1 2
Cs © /
< Vi+ VASRVALT
- Amin(s) ! )\min(S)Amin(P) ' ’
<enVi + v/ Vi Vo (21)
where c; = 2¢3[|S]], &3 = 2e4[|S]], e21 = 52y and

Am;n(S2)>\m;n(P)
dependon 8 > 1.
Since each column of the matrix H assumes a tri-
angular structure and since p is bounded, the argu-
ments developed above are still be valid for bounding
2nTSAgA (H(2) — H(z)) p and indeed by proceeding in
asimilar way as above, one obtains:

20T SAGA (H(2) — H(2)) p < 31 Vi + e300/ Vi/ Va.
(22)
where c3; and c32 are positive constants (depending on
the bounds of p which do not dependon 6 > 1.
And

MmTSAGANTIAT'Z < Vi + cany/ ViV Ta. (9)

Using (19), (21), (22) and (23), inequality (14) can be
written as follows:

Cop = are positive constants which do not

Vi = —6vi+entcten+20mtctcrp
—200TCTY(2) + k1 Vi + ko /Vi/Va. (24)
Withky = c11 4+ ca1+c31+ca and ks = cio+ a2 +c30 +

C4q2.
Let us now derive the time derivative of V5. One has:

Vo = 257P '5—pTP PP,
= —0V, —20p"TTCTY(A,2) + 6, TTCTCT,
= 0V, =205 TTCTY(2) + 65 TTCTCTp. (25)

Hence, using (24) and (25), one obtains

V = Vl + ‘/'2,
< —(0 —k)Vi — 0V + ko / Vi V2
+onTCTCy

+20nTcTCrp — 20nTCTCY(2)
—205"TTCTY(2) + 05" TTCTCTp,

< (0 —k)Vi — 0V + ko / Vi V2
+6 (27CcTCz - 2(C2) Y (%)),
< —(9—k1)V1+k‘2\/V1\/V —0V5. (26)
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The last inequality is obtained according to the in-
equality (7). Now, set Vi* = (6 — k1)V4, Vi = 615 and
V =V + Vs.Please noticethat V* = (6 — ky) V.

Inequality (26) yields to

ko v
2/0(0 — k1)

ks
< (6-k) <1 - m) V. (27)

choose 6 such that

Vo< -Vre

)

Now, it suffices to

(1~ i
3.3 Adaptive high gain observers

> > 0. This ends the proof.

Consider the following expression of Y(¢):
YTua(?2) = CTz =0CTC3 (28)
Replacing T (%) by expression (28) in (10) givesriseto
ahigh gain observer :
P o= FE)E+GEu)+HE)Hp+A AT
—OATIASISTIOT (3 — &), (29)
= —0PTTC" (3 — ),
= QAT —0SI1CTCT + ApH(2),
= —9PTTCTCTP +0P.

B B N

Referring to (2), the rotor flux is governed by the fol-
lowing equations:

~ —1
n Rr A 5 Rr 5
¢T = <L—IQ — ijg) <2’2 + ML—2’1> . (30)

3.4 Adaptive sliding mode like observers

At first glance, the following vector seems to be a potential
candidate for the expression of Y'(z):

Tggn(2) = CT (31)
sgn(z)) = CTCsign(z). (32)

where sign isthe usual signe function with sign(z,) =

SON(Z11) | ey
sign(z12) |’ ’
2 = F(E)2+GEu)+HEH+AA;'T)
—OATTA LS OTsign(31 — #1), (33)

= —9PTTCTsign(z, — 21),
= QAT —0S1CTCT + AyH(2),

P = —9PrTCTCTP +6P.

Indeed, condition (7) istrivially satisfied by (31). Sim-
ilarly, for bounded input bounded output systems. How-

ever, expression (31) cannot be used due the discontinu-
ity of sign function(see.[18]). Indeed, such discontinuity

=
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makes the stability problem not well posed since the LYA-
PUNOV method used throughout the proof is not valid. In
order to overcome these difficulties, one shall use contin-
uous functions which have similar properties that those of
the signfunction. This approach is widely used when im-
plementing sliding mode observers. Indeed, consider the
following function:

Tanh function:

Teann(#) = CTtanh(3) = CTC tanh(3). (34)

where tanh denotes the hyperbolic tangent function; then:

2 = F(3)2+GGEu)+HE)p+A'A;'TH
—OAT'ALLSTIOT tanh(2), (35)

p = —0PTTCT tanh(%),

I' = AT —0S7'CTCT + AgH(2),

P = —9PrTCTCTP +09P.

Arctan function:
Yarctan (Z) = c’ arctan(z;) = crc arctan(Z)36)
Similarly to the hyperbolic tangent function, one can easily

check that the inverse tangent function:

F(2)2+G(2,u)+ HE)p+AT'A; T

A
I

—0AT A, STIOT arctan(%), (37)
p = —0PTTCT arctan(),
I = AT —0S7'CTCT + AgH(2),
P = —9PrTCTCIP +6P.

4 Simulation of Sensorless Ob-

Servers

To examine practical usefulness, the proposed observer
has been simulated for a three-phase 1.5kw induction ma-
chine(see[19]), whose parameters are depicted in Tablel.

Table 1: Induction machine parametersused in simulations.
Notations | value | unit
2

50
0.464
0.464
0.4417
5.717
3
0.0049

z

| N[~ |T

S

S

w

| 22| | | |

K‘%;Um

g.m?

In order to evaluate the observer behaviour in the re-
alistic situation, the measurements of i, issued from the
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model simulation have been corrupted by noise measure-
ments with a zero mean value. The torque lead takes the
step value.

High gain observer

The adjustment parameter of the observer (29) is to
chosen # = 0.1. The dynamic behaviour of the er-
ror of rotor flux is depicted in Figure 1 graph (&);
when graph (b) shows the gaussian errors density and
empirical errors histogram of rotor flux error. The
means of error flux equal 0.0067 with small variance
9.1199x 10~*. The pace of speed error isgiven by the
figure 2 graph (a) and the gaussian errors density and
empirical errorshistogram of rotor speed error are pre-
sented in graph (b)where means of error rotating speed
equal —0.3873 and variance equal 28.0212; the curve
of load torque is illustrated on figure 3 graph (a).In
graph (b) appear gaussian errors density and empiri-
cal errors histogram of |oad torque error where means
of error load torque equal 1.4429 x 10~ and variance
equal 1.1506 x 10~1°; the curve of stator resistance
isillustrated on figure 4 graph (a).In graph (b) appear
gaussian errors density and empirical errorshistogram
of stator resistance error where means equal —0.0034
and variance equal 1.3214 x 107,

@

Flux error [Wh]

0o 01 02 03 04 05
Time[s]

Figure 1. (a) Flux error. (b) Gaussian and histogram of
error flux.
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@ errors density and empirical errors histogram of ro-

] tor flux error. The means of error flux equal 0.0065
with very small variance 9.9232 x 10~* thisis amost
] | surety. The pace of speed error is given by the figure
| 6 graph (a) and the gaussian errors density and em-
pirical errors histogram of rotor speed error are pre-

100 1 18l

601

Speed errorfadls]

] ] sented in graph (b)where meansof error rotating speed

] equal —0.3850 and variance equal 29.3175; the curve

] ] of load torque is illustrated on figure 7 graph (a).In

ol b\._ ] graph (b) appear gaussian errors density and empiri-

: — : o o L = cal errors histogram of |oad torque error where means

e of error load torque equal 1.1747 x 10 =5 and variance

Figure 2: (a) Speed error. (b) Gaussian and histogram of equal 4.5253 x 10~17; the curve of stator resistance
error speed. is illustrated on figure 8 graph (a).In graph (b) ap-

pear gaussian errors density and empirical errors his-
togram of stator resistance error where means equal
—2.7527 x 10~* and variance equal 1.0119 x 108,

(b)
5000

4500

4000

3500

3000

2500

Load torque [N.m]

2000

1500

Flux error [Wh]

1000

0.4 0.5 1.2 1.4 1.6 1.8

0.3
Time[s] x 10~ -0.6

Figure 3: (a) Load torqueerror. (b) Gaussian and histogram
of error load torque.

Figure 5: (a) Flux error. (b) Gaussian and histogram of
error flux.

18000

16000

14000

12000

10000

Rotor resistance eror [0}

aooof ot . oo
Figure 4: (@) stator resistance error. (b) Gaussian and his- )
togram of error rotor resistance.
0.2 \,
Sliding mode observer with tanh o oz os os T o ©
Estimation results of the proposed algorithm (35) with
6 = 0.1 is reported in figure 5, 6 and 7. The be- Figure 6: (@) Speed error. (b) Gaussian and histogram of
haviour of the error of rotor flux is depicted in fig- error speed.

ure 5 graph (a); when graph (b) shows the gaussian
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Ko - ™ = the curve of stator resistanceisillustrated on figure 12
' - zogeeny graph (a).In graph (b) appear gaussian errors density
i ] | and empirical errors histogram of stator resistance er-

ror where means equal —6.6832 x 10~ and variance
equal 1.6982 x 108,

0.5

Load torque[Nm]
@
S
s

-0.5 400
300
—1b
200
-15 100
[¢] 1 2 3 0.5

Time[s] x107°

Figure7: (a) Load torqueerror. (b) Gaussian and histogram
of error load torque.

Flux error [Wb]

x10° (@)

= Gaussian
al ] E Histogram

18000

251 9 16000

oL 1 14000 -

o 0.2 0.4 0.6 0.8 -0.05 o 0.05
Timels]

12000

10000

Figure 9: (&) Flux error. (b) Gaussian and histogram of
error flux.

8000

Rotor resistance error [0

6000

4000

2000

o 0.1 0.2 0.3 0.4 05 -6
Time(s]

Figure 8: (@) stator resistance error. (b) Gaussian and his-
togram of error rotor resistance.

Sliding mode observer with arctan :
Under the same conditions with the function tanh.
One simulates for the function arctan. The figure 9,
10 and 11 illustrates the pace of error flux, error speed
and error load torque in respectively. The behaviour
of the error of rotor flux is depicted in figure 9 graph
(8); when graph (b) shows the gaussian errors density
and empirical errors histogram of rotor flux error. The
means of error flux equal 0.0065 with small variance
1 x 10~3 thisisalmost surety. The pace of speed error
is given by the figure 10 graph (&) and the gaussian
errors density and empirical errors histogram of ro-
tor speed error are presented in graph (b)where means

x10*

Speed eror [radis]
o
2

of error rotating speed equal —0.3747 and variance or ~_ |

equal 30.5824; the curve of load torque is illustrated o ez i oe T ° 10

on figure 11 graph (a).In graph (b) appear gaussian

errors density and empirical errors histogram of load Figure 10: (a) Speed error. (b) Gaussian and histogram of
torgue error where means of error load torque equal error speed.

2.4285 x 1075 and variance equal 7.2229 x 10~ 1Z;
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= Gaussian
Il Histogram

1200 -

1000 -

Speed errorfrad/s]

0 0.2 Tlme[s]oa 0.6 2 o
Figure 11: (&) Load torque error. (b) Gaussian and his-
togram of error load torque.

= Gaussian
Hl Histogram
18000 1

16000
14000
12000 -
10000 -

8000 -

Rotor resistance error [Q2]

0 | 6000 -
4000 -

-ir 2000

0 0.2 0.4 0.6 0.8
Time[s]

Figure 12: (a) stator resistance error. (b) Gaussian and his-
togram of error rotor resistance.

Table 2, 3, 4 and 5 are collection of the preceding re-
sults, we natice the errors mean of observation with the
high gain observer being very near to 0 with the very small
variance (almost surely), then the dliding mode observer
with the function tanh isthe good in our case.

Table 2: Means and variances of Flux error.
| | Flux error |

H.G Mean | 67 x 10~ 7
Var 9.1199 x 10~ %
tanh Mean | 65 x 10~%
Var 9.9232 x 101

arctan | Mean | 65 x 10~¢%
Var 10 x 10~*
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Table 3: Means and variances of speed error.

| | | Speed error |
H.G Mean | —0.3875
Var 28.0212
tanh Mean | —0.3850
Var 29.3175
arctan | Mean | —0.3747
Var 30.5824

Table 4: Means and variances of load torque error.
| | | Load Torqueerror |
H.G Mean | 1.4429 x 10—*
Var 1.1506 x 1010
tanh Mean | 1.1747 x 10—°
Var 4.5253 x 1012
arctan | Mean | 2.4285 x 10~—°
Var 7.2229 x 1012

Table 5: Means and variances of rotor resistance error.
| Rotor resistance error |

H.G Mean | —34 x 10—¢
Var 1.3214 x 10~7
tanh Mean | —2.7527 x 10~*
Var 1.0119 x 108
arctan | Mean | —6.6832 x 10~*
Var 1.6982 x 108

5 Conclusions

In this paper, adaptive high gain and aternative form for a
adaptive sliding mode observers are presented. they is ob-
server makes possible to observe, rotor flux, rotor speed,
load torque and rotor resistance. An observer with adap-
tive high gain and three others with adaptive sliding mode
which the functions sign, tanh and arctan. Observer
whose sign gives chattering. Adaptive sliding mode ob-
server with function tanh is good for the observation of
rotor flux, rotating speed, load torque and rotor resistance.
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