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ABSTRACT

One of the main challenging issues in induction motor drives is the lack of knowledge
about the actual values of some critical parameters, such as rotor and stator resistances
which are subject to large variations during operation. Such problem is difficult to resolve
due to the strong interconnection between states and parameters in the nonlinear motor
model, besides the unavailability of both rotor flux and load torque. In the spirit to accu-
rately follow the on-line machine variables, this paper focuses on the simultaneous estima-
tion of internal states and time varying parameters. Especially, a new identification scheme
States estimation for rotor resistance and/or stator resistance is introduced. In the aim of decoupling the
Adaptive observer unknown electrical parameters, we adopt a mild change of coordinates that allows to easily
Induction motors design a two-stage of high gain observer. The simplicity of presented procedures and the
efficiency for real time computation constitute both main features of the proposed
approach. Moreover, possible exploitation of our algorithm in the fault detection issue is
discussed through a simulation of an abrupt rotor short-circuit.

Keywords:
Parameters estimation

1. Introduction

In high performance control of induction motors (IM), it is often important to follow time evolution of both machine
parameters and internal state variables. Nonetheless, installation of physical sensors for such applications leads to increase
cost, reliability and sensitivity to electromagnetic noise [11,12]. In addition, the lack of knowledge of both rotor and stator
resistances which are subjected to large variations during operations, exhibits a poor control performances and in general
increases the consummation energy. All this gives a strong motivation towards the development of adaptive observer
schemes for simultaneous estimation of parameters and state variables.

For the parameters mismatch, it is essential to know that in addition to the load torque, the temperature and the fre-
quency dependent variation of the stator and rotor resistances. In particular, the variation of the rotor resistance due to tem-
perature can increase by an order of 100%, which involves significant undesirable effects on the vector control algorithm [19].
In other hand, the stator currents strongly affects the stator resistance due to the ohmic losses in the stator winding, which
presents a serious hindrance when a vector controlled drive operates at low speed regions [6]. Therefore, many research ef-
forts have been made to alleviate these performances degradation by designing new algorithms that allow an estimation of
the rotor and/or stator resistances during operation [3,4,6,14,19,21,22,17]. For a conjoint rotor and stator resistances iden-
tification scheme, it is suggested in [13], an intricate stator current observer such that its estimation error is guaranteed to
converge in order to find the stator resistance. The estimator employed in [18] is able to follow the actual values of both
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resistances very efficiently, but only when the load torque is assumed constant. The immersion technique based forgetting
factor observer is investigated in [2]. The authors propose to extend IM model to obtain a representation which is affine w.r.t.
variables to be estimated. Nevertheless, this strategy remains inapplicable in real time implementation because its high
computation burden. A development of switching extended Kalman filter (EKF) for rotor and stator resistances in speed sens-
orless control of IM is introduced in [5]. Such design as common EKF alternatives, suffers from the lack of stability results in
various operating ranges and also the requirement of high computational capacities.

Some other contributions based on the model reference adaptive system (MRAS) methods are proposed in [6,15] and [16].
Besides the persistent excitation requirement, these sensorless algorithms usually failed at zero rotor speed with nominal
load torque as reported in [21]. An independent line of research was focused in the design of adaptive observers in [7]
and [1], for respectively continuous and continuous-discrete cases. A main drawback of these alternatives that only constant
unknown parameters can be evaluated.

In the present work, we shall detail a new estimation algorithms of rotor resistance and/or stator resistance for IM. In-
deed, under a mild change of coordinates, two-stage of high gain observer (HGO) are used to accurately determine on-line
the internal state variables and the time varying parameters. The paper is organized as follows: in Section 2, the mathemat-
ical model of IM is recalled. We describe in Section 3 the procedure of designing a suitable HGO corresponding to the par-
ticular class of nonlinear systems in which the IM model should be transformed. In Section 4, four schemes for the real-time
estimation of IM variables are introduced with relevant simulation results. The first and second schemes are for separate
identification of the rotor and stator resistances, while the third scheme performs simultaneous estimation of these two
parameters and the fourth one deals with the rotor resistance estimation in the sensorless case. Concluding remarks are gi-
ven at the final section.

2. The IM model and problem statement
Assuming linear magnetic circuits, the dynamics of a balanced non-saturated induction motor in a fixed reference frame
attached to the stator are given in a condensed form as follows:
i = KA(®, 00) P = (0, 05)1 + G- U
V= —A(w, o) ¥ + Mo 1

=80T, — 1T, 1)
TL=8TL
y=1

in which w is the rotor speed, ¥ = [ Wy, P4 ]" is the rotor flux vector, 1 = [14s, 155]" and u = [uys, ugs]" are the stator current and
voltage vectors in a fixed reference attached to the stator. The model parameters are: rotor moment of inertia J, rotor and
stator winding’s resistances (R, R;) and inductances (L, Ls), mutual inductance M and load torque T;. To simplify notations
we use the reparametrization: K = ;4-,0 =1 — % Y0, 05) =%+ Mo, K, A(w, o) = ol — paf,, with o= Ry/L;, ot = Rg/Ls,
I, is the 2-dimensional identity matrix and J, = [0—1;10] is a skew-symmetric matrix.

The load torque is considered an unknown bounded disturbance with constant time derivative. Moreover, due to varia-
tions of both rotor and stator resistances during operations, o, and/or o are assumed to be uncertain within known bounds.

Our objective is to design an adaptive observer that allows to follow time evolution of the critical machine parameters (R,

and/or R;) as well as the rotor flux vector and the load torque.

3. Nonlinear class of study and high gain observer design

Generally, the dynamic behavior of IM leads to arrange it under the class of relatively fast systems. For computational
issue, the high gain observer which admits an explicit correction gain, can be considered as one of the most viable candidate
in the problem of state estimation. Later on, we adopt this method in our design.

Consider the nonlinear uniformly observable class of systems as the following form

{ren 2

where the state z € R" withz¥ ¢ R™ fork=1,2,...,q,and n; > n, > ---ng, >4 = n, the input u ¢ U a compact set of R™,
the output y € R™,

Zl f](uvzlvzz) 0

zz fz(u,zl,zz,z3) .
z=1 _|; f(uz)= : i e=| 0 |5

ZJ foa(u,2) et
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with I, is the n; x n; identity matrlx and 0y, ., is the ny x n; null matrix, je{2,...,q - 1}.

gk e R™, ke {q—1,q}; each ¢ is an unknown bounded real valued function that depend on uncertain parameters.

Note that this class of nonlinear systems is appropriate to the HGO design. In fact, it is sometimes easier to put the system
under study into this form by using an intuitive transformation, rather than to use a more restrictive canonical form as given
in [10] or [8]. Moreover, with its triangular form, the representation (2) allows to determinate step by step all the state vari-
ables (i.e. based on the knowledge of z; = y and its time derivative, z, can be extracted from the first equation of (2); then z3
can be retired from the second equation, etc.).

Now, specifying the disturbance term &(t), we propose a slight modification in relation to the model used in [9], when
authors choose ¢ with only the last component &7 = 0.

The synthesis of the HGO corresponding to the form (2), requires to make some assumptions as follows:

(i) There exist o, g with 0 < < B such that forallk e {1,...,q—1}, Vze R, ueld

1\ T 1:k
0< OCZInk < <afk(uvz )) afk(uvz )< ﬁzInk

Hzk+1 Ozk+1

Moreover, we assume that Rank ("fk}z'jjl ) = Nyy1.

(ii) The function f(u,z) is globally Lipchitz with respect to z, uniformly in wu.
(iii) The function ¢?~'(t) and &9(t) are uniformly bounded with d,_; = sup;=o||€?7'(t)|| and 5, = sup;=o||e%(t)|-

By assumption (i), each of ‘g’,;n is left invertible. Assumption (ii) can be omitted in the case where the trajectory z(t) of

system (2) lie in the bounded set Q. Whereas assumption (iii) is often physically true.
In our work, when convergence of estimation error dynamic shall be slightly modified compared to the result givenin [9],
we preserve the same form of the observer corresponding to model (2). Hence,

z2=f(u,2)— 04%(2)4,'S7'C"C(z - 2) 3)

where

e A% (2) is the left inverse of block diagonal matrix A4(z) with

e hwz22)  Fpoflu2)
A(z) = blockdiag (I”"T’ .. -71_11 z

OzZk+1

e 4y = blockdiag (I, , 31, , . .. ,Oql —L-1I,,), with 0 > 0 is a real number representing the only design parameter of the observer.

e S is a definite positive solution of the algebraic Lyapunov equation

S+ A'S+SA-C"C=0 (4)
with

C=[y,0n,...,04],

A= (8 “3) A = blockdiag(In, , I, , ..., In,) € R"@-1

Note that (4) is independent of the system and the solution can be expressed analytically. For a straightforward computation,
its stationary solution is given by: S(i,j) = (—=1)™¢>! _I, where C = gy for 1 <, j < g; and then we can explicitly determi-

i+j—-2"M
nate the correction gain of (3) as follows:
0Ct,,
0*C§ [(‘)’fz (u, z)]
04%(2)4,'s7'C" = : (5)

kT

q-1 +
Och{ e (u, z)}

It should be emphasized that the implementation of HGO is quite simple.



Table 1
IM parameters used in simulations.

p f(Hz) Ls (H) Ly (H) M (H) Ro (©) Rin (Q) J (kgm?)
2 50 0.464 0.464 04417 5717 3 0.0049

Indeed, it requires only the tuning of the parameter 0, which should be chosen as a compromise between fast convergence
and satisfactory dealing with noise rejection. In practice, a convenient way to choose 0 is to run a few simulations and de-
crease its value until a satisfactory rate of convergence for the observer is found.

Corresponding to the model class (2), the slight modification of ¢ structure (compared to the one introduced in [9] or [8])
involves a new upper bound of the estimation error! (5 =  — 3) when we use the observer under form (3). The following equal-
ity holds for every t > 0

3O < 20e™*"[3(0)[| + Mg-140g-1 + Mq0 (6)

with 7y = \/% >0, d,.1 and J, (given in assumption iii) are the upper bound of ¢7~! and &7 respectively. lim,_, .1ty =+o0,
lim,_, .. Mg =0 and lim,_, . ,M,_1, < p. A sketch of proof for estimation error convergence is given in the Appendix.

4. Application to induction motors

To examine practical usefulness, the proposed estimator has been simulated for a three-phase 1.5kw induction motor,
whose parameters are depicted in Table 1. Four schemes for the real-time estimation of IM parameters and states shall
be studied in the next. The first and second schemes are for separate identification of the rotor and stator resistances, while
the third scheme performs simultaneous estimation of these two parameters and the fourth one deals with the rotor resis-
tance estimation in sensorless case.

4.1. Estimation of the rotor fluxes, the rotor resistance, and the load torque

Here, we shall give an observer which allows to estimate the rotor resistor as well as the rotor fluxes and the load torque
from angular speed and stator currents measurements (R; is assumed to be known and equal to its rated value in this case).
In order to synthesize a HGO as given in (3), we need to transform system (1) to the triangular form (2). Thus, let us definite
the new coordinate z such as

zZ'=1
2 =A(w,0,)¥ — oM (7)
zZ =0,

Using this transformation, we can derive from model (1), a following submodel
7' =KZ —Llogz' +u
2 = (22 +MZHZ? + pl, 22w + & 8)
2=0
y=[")" o]

where &2 = —@J, V. This term shall be treated as unknown bounded function.? We can easily show that the submodel (8) is
under form (2). Hence, using Eq. (5), the HGO specializes as follows:

7' = K2 - Lo +u 30,2

A ~ ST ~ 2

2 = —(22 +M2")2® + pl, 220, — 337 9
A 3 . 2 ~

2 =32 +M2)'2

in which z! = 2! — Z'. R R
Referring to (7), we can deduce an estimation of ¥ and R, such as

¥ =A,6,) " (% + M&2'), R, =Ld,

! see Appendix.

2 This expression is assumed negligible in [14] when ||&|| < 20| ).



Please note that A(w, &) is invertible because for t > 0 we have det(A) = o2 + (pw)? # 0. R
__ Now, rotor fluxes and rotor resistance provided by (9) are used to determinate the load torque T, and its time derivative
T1p. In fact, we have

@ = =T, +BT], (8,1, — pl, @) '22 - 30,0

T, = Ty + 302 (10)

where @ = @ — w.

In order to evaluate the observer behavior in the realistic situation, the measurements of y issued from the model sim-
ulation have been corrupted by noise measurements with a zero mean value and a variance ¢, = 104, The parameters design
of the two-stage HGO are chosen as 0; = 700 and 0, = 200. We suggest a trapezoidal rising profile of the rotor resistance up to
100% of its rated value (which in practical way can be obtained by using 3-phase variable rheostat for rotor wound IM). The
dynamic behavior of the rotor speed is depicted in Fig. 1 graph (a); when graph (b) and graph (c) shows the estimation of
both load torque and rotor resistance. Despite some fluctuations at the transient, a good agreement between actual and esti-
mated states is achieved in each case. Indeed, when permanent regime is established the annulation of the angular speed
dynamics (& = 0) involves an annulation of the uncertainties (&2 = 0). Thus, by referring to (6) an exponential convergence
of the estimation error is achieved. Note that, a little bounded error can be seen when w(t) is time varying, it is caused by the
fact that &2 # 0. Moreover, the capability of proposed algorithm to estimate parameter fault is investigated by simulation of a
short circuit fault for t > 1.15s. The satisfactory tracking result of the rotor resistance corresponding to this abrupt variation
brings to our design the privilege that can be used in the fault detection issue, and thereafter ensuring safe operation modes.
In other hand and reported to Fig. 2, we remark a quite performance in the estimation of the rotor flux modulus and its both
components in the fixed reference frame (a, f).

4.2. Estimation of the rotor fluxes, the stator resistance, and the load torque
Now, instead of the rotor resistance, we propose a new coordinate transformation that allows an estimation of the stator

resistance which presents also a critical parameter in IMs. We assume that the rotor resistance keep its rated value R,y in this
case. Let us adopt the new state variables as follows:

w(rd/s)

T, (Nm)

Fig. 1. Simulation results for the open loop study. (a) Rotor speed response. (b) Load torque estimation. (c) Rotor resistance update.
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Fig. 2. The rotor fluxes estimation.
Z'=1
22 =KA(w)¥ — Lot (11)
2 = o

a time derivative of these states leads to

7' =722 — KMoynz' + ;-u

22 = - L(A(w)2' + 212 — A(w)Z? + KMoywA(w)z! + &2
=0
y=1z")"

where &2 is given as above. The corresponding HGO admits the following form

(12)

T

7' =22 — KMoyz' + -u — 30,2

2 =~ LA +1)2 - Aw)2 + KMaA()2' — 302" (13)

2= 0PoA)D +2)*7
)

Referring to (11), the rotor fluxes and the stator resistance are governed by the following equations

P = %A(w)’l (22 + %zl oc) Ry = LG

As previously, an estimation of the load torque T, and its time derivative ﬂp can be given by (10) when o,y replace &;. The
frequency is controlled by a predictive control law [20]. Estimation results of the proposed algorithm with 6; = 850 and
0, =100 are reported in Figs. (3) and (4). Both graphs (b) and (c) of Fig. 3 correspond to the estimation of the time varying
load torque and the stator resistance which increases up to 80% of its rated value. Note that, in spite of the large initial esti-
mation error, the obtained estimate of the load torque quickly converge to the actual value. We show also that there are little
fluctuations in the stator resistance estimation even at low frequency operations, they are caused by the term of uncertainty
&% which affects the convergence properties when @ # 0. The rotor fluxes estimation are illustrated in Fig. (4). As it can be
seen, a rallying behavior between the guess and the true values is nearly achieved.



w(rad/s)

time(s)

Fig. 3. High performance tracking reference for the mechanical speed (a), based on load torque estimation (b) and stator resistance update (c).
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Fig. 4. The rotor fluxes estimation.

4.3. Estimation of the rotor fluxes, both rotor and stator resistances, and the load torque

In order to simultaneously estimate both rotor and stator resistances, we use another state transformation such as model
(1) can be rewritten again under form (2). When we choose



Z'=1

2 =KA(w,0)¥ — o-M1) — Lo

2 =[ots o)

We obtain the following submodel

So, a ca

Z' =2 +5-u

2 =12+ Aw,a)z" o — (KMzZ") oty

-A(w, a,)z? + &
2=0
y=1"" o

ndidate observer is given by

P =24 tu-30,2
2o (21 + A, &,)21)&5 ~ (KMZ")é,

—A(, 6,)2% — 362!

2 =-01477
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Fig. 5. Open loop estimation of the rotor flux modulus, the load torque and both rotor and stator resistances.
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with
1(51 510 515 \"
75<z —-pw,Z2' + 2 ocr)
. T
— (kM2 + 22 + 125)

Referring to (14), we can deduce an estimation of the rotor flux vector and both rotor and stator resistances such as

¥ = A(w,6) " (b (22 +12165) + Méy2,)
R = L4, (17)
ﬁs = Ls&s

The load torque T, and its time derivative fL,, can arise, as previously, from Eq. (10).

To show the merits of the proposed observation scheme, an arbitrary rising trapezoidal profiles are suggested in our sim-
ulation to the load torque and both rotor and stator resistances.

Fig. (5) presents the performance attained with 0, = 1200 and 0, = 100. In spite of some overshoots in start-up, graphs (a)
and (c) indicate that the convergence of the estimates R, and T, to their trues values is achieved in the operation range.
Graph (b) demonstrates also a quite reconstruction of the rotor flux modulus, when graph (d) illustrates a sensibility of
the stator resistance estimation to the load torque variation, and consequently to the transient operating mode.

4.4, Estimation of the rotor fluxes, rotor resistance and the load torque for speed sensorless IMs
One of the main actual challenges in IM is to consider an estimation of the rotor resistance without using a digital shaft

speed or position sensor. Now, we shall synthesize an observer that allows to estimate the rotor fluxes and the mechanical
speed as well as the load torque and the rotor resistor from only stator currents measurements.

@
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time(s)

Fig. 6. Open loop estimation of the angular speed, the load torque and the rotor resistance.



Let us definite the new coordinates z such as

Z'=1
22 = A(w, o)V — o, Mi (18)
B=lwaw
Consequently. we have
=Kz -7 1+ 1u
2= p]zzzz? — (Mz' +22)Z3 — pJ, P*dw + &2 (19)
=[dw + & 0"
y=12
with dw = 5’["'z1 LP* W =AS) (22 + oMz, €2 = 1J,W*T. and & = —}T;. Last both terms shall be treated as unknown

bounded functions.
Thereafter, we can synthesize the following observer

z' = KZ? f(f—zsil +UiLsu — 30,2
2 = phy?7 — (MZ' + )3 — ply P*do 337 (20)
P =[do o] - 4% (2)7

: R S R | 5 — |02 _ 52 S

in whichz! =z' -z, A(2) {@Lhzo {p]zz (Mz +z )}

Referring to (18), it is easy to seen that we can deduce an estimation of ¥, and R, as follows:

~ L2 21)
¥ = (231, - pl,23) (2 + BM2)

>3> =5

As previously, the rotor fluxes and the mechanical speed estimates provided by (20) and (21) are used to reconstruct the load
torque T, and its time derivative TLp

Fig. (6) shows the estimation results of the proposed observer with 6; = 2000 and 60, = 1250. In graphs (a) and (b) the
angular speed and the rotor flux modulus are well reconstructed. The rotor resistance estimation illustrated in graph (d)
is slightly influenced by the load torque which converges to its true value after the transient regime (graph (c)).

5. Conclusion

In this paper, an alternative form for a high gain observer is presented. It allows to conjointly estimate state variables and
time varying parameters. This strategy helps not only, to on-line follow time evolution of critical parameters and state vari-
ables; but also, to detect some appropriate fault for a given normal operating range. The satisfactory results given for an
application to the induction motors, confirm the good behavior of the proposed algorithm to track the mismatch of both ro-
tor and stator resistances as well as the time evolution of the rotor flux and the load torque; and therefore the possible
exploitation of our design in the fault detection issue (i.e. short-circuit detection when R, ~ 0). The efficiency in real time
computation can be once more highlight when the proposed observer ensure the convergence properties at zero speed
which remains a challenge. Thus, our futur work will focus on the resolution of this open problem.

Appendix A

Proceeding as in [9], we can show that the transformation
zl
fi(u,z',2%)

N0 (u,2',22,2%)

Gp:R" — Rz 3=0P(2) =

=2 )f()h
(.
< i O;,M)fw (1.2)

i=
puts system (2) under the following form

§=A3+ d(u,3) +50e (A1)
y=GCG=3 '



with ¢(u, 3) has a triangular structure and C is as given above. Let consider a HGO design for the system (A.1) as follows [8]:

3= A3+ op(u,3) — 04;'SC"' — 0r(u,3)4,'S7'C"3! (A.2)
where
o 0Do(u, D55 N Odo(u, PSGN\ 7N .
ru,j) = 270 266) (A*(w a5(5) - (750 )3 G-y

Notice that I'(u, 3) is a lower triangular matrix with zeros in its main diagonal. Moreover, using assumptions (i) and (iii), one
can easily deduce that I'(u, 3) is bounded.
Such as 04,'A4, = A and CA4, = C, when we set 3 = 4,3, we obtain

. - - . 8(1)
3= 0(A=STCTCR + Ao((u,3) — plu,5)) — A= 26 — 040T (1, 3)4;'C'5' (A3)

Consider the quadratic function V;(3) = 3753, then proceeding as in [9], we have

. _ _ - 0D (u, DY (3
Vo <=0V + 20 (4 + 2 171 + 4, 22000 (A4
“min(s) z
where g (S) = ”"“X( with Z,in(s) and Anex(s) being respectively the smallest and the largest eigenvalues of matrix S.{ and p

are respectively the upper bound of [4t0Wl and 04,1 (u,3)4," .

g (u.

According to the ¢ structure and since 74) is triangular, it follows that

a(po(uv (pg(g)) 5 1 q-2 afk(uvz) -1
9z g = F OHizl Ozk+1 &l

D) 0 )

HA()

Oz4-1 Ozk+1

1
< o O e+ e )
< O vt

1
< O (v )

where v = sup( (]‘[ ("fiz“ )fq 1)/824 1) k=1,...,g—1; and 6 = max (697,69, with 9=, 9 and g are given respectively
in assumptions (iii) and (i). Consequently

Vi< —(0-c)V; + 5(}\/V (A.5)

o )and 2 = 26(S)\/Tmax(S).

where 8y = 08725,_1 + (v + 718, ¢; = 262(S (C +5
I < 3O < 07 [[3(t)], we have

On the other hand, for 0 > 1, we have |[3(t)||
- - ( a2(S _ -
Il < 0o (1150 + 2725 08281+ v+ 70) (A6)

Hence, to obtain (6), we can easily define that: 7, = 0 'a(S), p, =5, Mg 19 =27%-0%(S)p"? and Mgy = 22 0*(S)(v+
B971). Finally, in the original coordinates, we can rewrite the equatlon of the observer as follows:

5= <a‘f)f)> () = f(u,2) — 04 (2)4;'S ' CC(2 - 2) (A7)
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