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Abstract — In field-oriented controlled induction motor drives, the instantaneous rotor speed is measured using
whether sensors or estimators. Since the basic Kalman filter is a state observer, its use in vector controlled schemes
has received much attention. However, these schemes are based on the assumption that the existence of iron lossin
the induction motor may be neglected. The paper shows the effect of iron loss on the extended Kalman filter
performance that is designed on the basis of the classical dq model. Original simulation results are carried out to
demonstrate this effect as well as the effectiveness of the suggested approach to minimise the speed estimation error

without modifying the EKF s algorithm.
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1. Introduction

The praoblem of speed estimation in induction
motor drives has received over the last two decades a
great attention. Indeed, elimination of speed sensor
results in more robust, lower and more noise immunity
drives. For these features, many sensorless schemes have
been extensively studied and can be broadly classified as:
Open loop estimators; Magnetic — saliency based
methods ; Modd Reference Adaptive Schemes;
Observers based approaches and Extended kaman
filters.

Many examples of open speed estimators are given in
Guanghui W. [1]. They are based on the measure of
current or voltage or both of them which are very
senditive to parameter variations. Many schemes using
saliency have been elaborated to estimate the rotor
velocity and that are divided into two large groups. The
first group is based on the geometrical effect and the
second on the saturation effect. As an example of
geometrical methods, the reader can refersto Peter Vas's
book [2]. In another hand, methods using saliency based
on saturation effects can be found in Janson’s et al. [3]

Modd Reference Adaptive Scheme (MRAYS) is proposed
in [4] where one of the flux estimator acts as a reference
model and the other acts as the adaptive estimator. The
estimation is based on the comparison between the
output of the two estimators and the output errors are
used to drive a suitable adaptation mechanism that
generates the estimated speed. Adaptive observers based
approaches [5] can have preferred performances using
the derived adaptive laws with relatively simple
computation time. However their robustness to parameter
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uncertainties and noises is never guaranteed [6].
Extended Kaman filters have been proposed in [7, 8, 9].
They can be used both under steady state and transient
conditions of the induction motor. However, its
computational burden is relatively heavy, for this raison
if the core loss must be considered, the computational
time will be very large since the number of differentia
equations will increase, and consequently, its
implementation will be very complicated.

In this paper, the effect of the core loss is shown through

simulation framework for indirect control scheme. It will
be shown also that even when the modified indirect filed
oriented controller, introduced by Levi et al. [10] is used
to enhance the decoupling performances, the estimation
speed error till not eliminated. A mechanism to reduce
this estimation error is suggested without modifying the
EKF's agorithm or at least retune the covariance
meatrices.

2. Speed estimation using EKF

In order to estimate the rotor speed of the induction
motor, the state vector must be extended to include Q,,
thus X [%, %, % X, %] = [ios s 0 0 @, ]. This resuits in a

non-linear state space model and therefore the Kalman
filter is said to be an Extended Kalman Filter (EKF).

The continuous model of the induction motor is given by
the following:

x = f(xu,t)+w(t)
y = h(x) +v(t)

@

where:
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It can be naticed from (1) that the time-varying function
f(x, u, t) depends on the added state variable €. Discreet
space model is required for implementation of EKF
agorithm.

If we suppose that the speed velocity Q, is driven by a
noise with the same characteristics as mentioned
previoudly, the estimation process by EKF of € is given
after linearization of (1) in two steps too:

a) Prediction
X(k) = f4 (x(k),u(k))
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is the Jacobean matrix (4) and %

X=X

the measurement one (5).

This agorithm has been simulated with an indirect vector
controlled-squirrel  cage induction motor whose
parameters are given in table.1.

The motor is fed by a current controlled PWM inverter,
therefore an external noise signal, required by the EKF,
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is needless since the output voltage and current contain
high frequency harmonics.

1-T.y O Te.$ pT.K X PpT.KXx,
0 1-Tyy —pT.K X Te.ﬁ - pT.K, X
Al | 1 "
| T 0 1-T,.— - pT.. - pT..
6X X=X eTr e-l-r p eXS p ex4
I 1
0 T..™ T.. 1-T..— T..
T p-Te-Xs T P.Te-Xs
| 0 0 0 0 1|
(4)
ohy(x(k+2)) |1 0000 5
OX w: |01 000
Table 1 induction motor parameters
Parameter | Value Parameter | Value
Rs 4.85Q P 15
R 3.805Q 2xp 2x2
Rie 500 O Vi 220/380 V
Lm 0.258 H I 3.64/6.31 A
Ls 0.274 H Nn 1420 RPM
L 0.274H F S0 Hz
J 0.031Kgm?* | Tu 10N.m
B 0.008 Nm.g/rd

Covariance matrices are adequately adjusted so that
better speed estimation is obtained.

Po=[pl pl p2 p2 p3], wherepl= 103 p2=107?
p3=28;

Q=[ql gl g2 g2 q3], where ql= 10* g2=10
% g3=10";

R=[r r],wherer =1
The desired speed given to Pl speed controller is in
Fig.1(@). The output that's reference torque will
determine the torque producing current component iqs*
whereas the flux reference is maintained at its rated value
and generates the direct current component ig. The
decoupling is guaranteed by maintaining the dip
frequency to that generated by the indirect filed oriented
controller.

Figurel(b) shows the real motor speed and its estimated
response. The rotor speed starts from halt to reach 140
rad/s with ramp change. After 1 second, the motor
changes smoothly the direction to get -140 rad/s. It can
be noticed from results shown in Fig.1(b) and (c) that the
extended Kalman filter is able to perfectly reproduce the
rea speed; therefore it can be considered as powerful
tool for sensorless speed drives.
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Fig. 1 Rotor speed estimation by EKF

3. Coreloss effect on speed estimation

3.1 Modélling of induction motor with coreloss

The core loss consists of eddy current loss Peye and
hysteresis 10ss Peye ", and they are given by Peye
keWo.0r?  and Peye" = knW.@n2, Where ke, ki denote
the coefficient of eddy current loss and hysteresis loss
respectively [11, 12]. Both are proportional to the square
of the magnetizing flux level ¢, Note that in an
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induction motor, the angular frequency of the stator and
rotor currents are different, i.e. the angular frequency of
stator is w, and that of rotor is wy= w- w;,. From that we
can conclude that core loss in rotor part can be ignored.
Thusthe total coreloss can be approximated as follows:
Pcore = (keW2 + khW )q)r?l
Wl
T 1k,
Wl
- Rfe
Where ¢n, is the air gap flux. Since wer, represents the
air gap voltage, 1/k. has the dimension of resistance.

Letting R =1/k., we obtain the equivalent circuit of the
induction motor with coreloss[12], as shown in fig.2.

(6)

lis jwilids
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[

Fig. 2 Equivalent circuit of IM in rotating reference frame with
coreloss

It's easy now, to deduce from the equivalent circuit the
new bi-phase model. We can notice that the behaviour of
the induction motor, when the core loss is considered,
may be described by seven differential equations:

—wil i

' fs*'gs

dig

at + Rye:(igs +ig —igm)

u = Roig +! s

di
. o : S
u = RS.|qS+IfS.F+W.I tsdas T Rieligs Hige —igm)

. di . .
0= Rr dgr +Ifr d_t:r_WI fr 'Iqr + Rfe'(lds g _Idm) + \Nr(pqr
0=R.i, +l d—‘;’ + Wl g + Rig.igs +ig —igm) = W04
dog, L
% = Rfe'(lds +|dr _Idm) +W'(pqm
do S
dsm = Rfe'(lqs+|qr _Iqm) _W'(pdm
Where:
Por = Ifridr +(pdm = Ifridr + Lm?dm (8)
(pqr = Ifrlqr +(pqm = Ifrlqr + I‘mlqm
Changing the state vector
tox' = [imS O T U R P Qr]T and express the
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equations in the stationary reference frame (w=0),
eguations (7) can be written as follows:

i +R R R
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as ar
dt l fs | fs l fs l fs
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3.2 Field oriented control with coreloss

It's known that the vector control scheme has been
derived from the equivalent circuit in the synchronous
frame by applying the field orientation requirements. If
the core loss resistance is introduced in the equivalent
circuit, indeed a current will flow this branch. This
current is not considered by the classica FOC.
Consequently the desired decoupling between the torque
and the rotor flux is not achieved. It's clear that the core
loss can be considered as a source of detuning which
causes degradation in transient as well as in steady state
operation. In fact, rather than the loss of decoupling and
mismatch in electromagnetic torque control will result.

Levi et al [10] has developed a new decoupling scheme
which is based on the new equivalent circuit of field
oriented control that compensates for the current through
the core resistance branch.

The modified indirect field oriented controller maintains
the decoupling by introducing two new torque and flux
producing components respectively (igm, iam) and
compensation of core loss resistance’s effect is done by
calculating the required stator components that will be
the inputs for the current controlled PWM inverter after
conversion to the stationary reference frame.

3.3 Speed estimation without cor e loss compensation

Simulation results for indirect vector scheme, using
the model for the induction motor, have shown that an
error due to the core loss resistance is created between
the actual and the estimated rotor speed. The scheme
used for this simulation was the current controlled PWM
inverter with Pl speed controller. Figure 3 (b) and (c)
show that the error is about 1rad/s or 10 RPM which is
considerable for most applications. This has been
obtained even though; the classical indirect field oriented
controller was replaced by the modified one [10], to
overcome the flux orientation detuning.
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This error is simply due to the fact that the induction
motor model, from which the EKF is derived, neglects
the core loss resistance. Nevertheless the flux producing
current component (or igm in modified indirect vector
control scheme [10]) is well controlled; the power
delivered to the rotor yielding the electromagnetic torque
within the motor is different from that in the Extended
Kaman Filter model.
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Fig. 3 Sensorlessindirect vector control, without core loss
compensation
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4. Compensation of Core L oss effect

We can obvioudy notice that modifying the EKF
agorithm to take care of core loss will increase
substantialy the computational time. To address this
problem without increasing the computational time and
avoid consequently the fastidious task, i.e. retuning the
covariance matrices, one can take advantage from the
previous results, by changing the inputs of the EKF in
such a way the core loss current is not fed to the
observer. By using the equivalent circuit of IMsin steady
state (Fig.4.a) and we ignore the voltage drop across the
stator leakage inductance lis when compared to that due
to R, a new equivalent circuit is obtained. This scheme
alows us to eliminate the core loss from input power by
using equations (10) deduced from Fig.4 (b)

Rs Ifs Rr lfr
= W—m—
—>
+ Is
+
u
@ N Fre =3 l I Wr @
Rs lfs Rr Ifr
" —rn—
+ IS Is
' +
b u
©) b lRfe l I W

Fig.4 Steady state equivalent circuit of IM: (&) before and (b)
after modification

(10)

Ugs — F\’S.iﬁS
Rf

lgs = lps —

By using the new input to observer, a new
configuration system for sensorless indirect vector
controlled induction motor is obtained (Fig. 5).

Simulation has been performed for the same motor
parameters and the same speed reference. The obtained
results are shown in fig.6 (a) and (b). As regards, the
extended Kalman matrices, namely A4, By and Cg, there
are no changes neither in their dimension nor their
parameters. Therefore the required computationa time
will not change.

It can be noticed from Eq.(10) that the voltage is
maintained since the core loss component is a pardle
branch, whereas the current inputs to the extended
Kaman filter have been changed so that the power
dissipated by Ry is taken into account. Simulation
results, Fig. 6, show that for the same desired speed
reference, one can realize that the estimation error is
considerably decreased for Fig.6 (b), in others words,
the estimation accuracy has been maintained though the
presence of the core loss resistance.

Modified field
oriented controller

[P]

Fig.5 Configuration system of sensorless indirect vector
control with core loss compensation
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Fig.6 Sensorless field-oriented control, with core loss
compensation

5. Conclusion

In the paper, the effect of core loss on the Extended
Kaman Filter is analysed. The main advantage of such
observer is the ability to deal with noisy systems and its
robustness against parameters uncertainties. This is the
main raison to find it in sensorless speed control of
induction motor drives. However, it has been shown that
the core loss decreases the estimation accuracy and
consequently degrades sensorless induction motor drives
particularly when used in position contral. In this work,
it has been suggested a mechanism based on the dq
modelling of IMs to reduce the core loss effect without
retuning the covariance matrices of the observer (EKF).

This later is the most fastidious and time
consuming task to design Kalman filter algorithm. The
obtained results have witnessed the effectiveness of the
suggested approach.
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