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Saturation Characteristics of Induction Machines

Mikaela Ranta and Marko Hinkkanen, Member, IEEE
Aalto University School of Electrical Engineering
P.O. Box 13000, FI-00076 Aalto, Finland

Abstract—The induction machine model parameters need to
be estimated with good accuracy to ensure a good performance
of the drive. Due to the magnetic saturation, the inductances
vary as a function of the flux level. The magnetizing curve can
be identified at standstill, but more accurate results are obtained
if the identification is performed as the machine is running. In
this paper, the magnetic saturation is modelled using a power
function, and adaptation laws for the function parameters are
proposed. The adaptation method is implemented in the control
system of a sensorless drive. Experimental results on a 2.2-kW
machine show that the identification of the stator inductance is
rapid and the accuracy is good.

Index Terms—Induction motor, magnetic saturation, parame-
ter estimation, sensorless control.

I. INTRODUCTION

The control of an electric drive is based on a model of
the machine. In order to achieve a good performance, the
model parameters need to be identified with good accuracy.
Particularly, when the flux-weakening region is entered or
the flux is controlled in order to optimize the drive (e.g., a
loss-minimizing algorithm is applied), the dependency of the
inductances on the magnetic saturation should be known.

The magnetic saturation is commonly taken into account
by modelling the magnetizing inductance as a function of
the magnetizing flux or current. Hence, the saturation can
be modelled with a rather simple function and the result-
ing inductance estimate is accurate enough in most cases.
In machines having closed or skewed rotor slots, the load
might slightly affect the saturation characteristics due to partly
common iron paths of the magnetizing and leakage fluxes [1],
[2]. The phenomenon can be investigated by finite element
analysis and by measurements in a laboratory environment
where the speed and load can be freely varied. However,
in real-life applications, the identification of the magnetizing
curve becomes difficult if the influence of the load is taken
into account.

An extensive review of parameter identification techniques
for induction machines was presented in [3]. Ideally, the mag-
netic characteristics are identified at standstill during the self-
commissioning of the drive without any auxiliary measure-
ments. A great number of different identification methods have
been developed for this purpose [4]-[10]. Methods based on
a flux reversal when single-phase excitation is used have been
proposed by several authors [4]-[6]. In [4], the identification
was based on a recursive least-squares algorithm while the
magnetizing curve was obtained by integration of the stator
voltage data in [5], [6]. In [7], the magnetizing inductance was

identified by applying a number of voltage steps. An iterative
identification method of the magnetizing inductance was pro-
posed in [8] using sinusoidal single-phase voltage excitation.
In [9], sinusoidal excitation at two frequencies was used, and
the magnetizing inductance was obtained from the impedance
seen at the stator terminals. In [10], the magnetizing curve
was modelled by a polynomial function, and the parameters
of the function were obtained based on data from single-
phase excitation at standstill using a recursive least-squares
algorithm. As the identification is performed at standstill in the
proposed methods, the load does not need to be disconnected.
However, the obtained magnetizing inductance is less accurate
than the result obtained when the machine is supplied by a
rotating stator voltage [8]. Identification methods at standstill
are also prone to voltage measurement errors as low voltage
levels have to be used [11].

The magnetizing curve can also be identified as the machine
is running. In [11], a function based on the stator current and
stator voltage integral was used to identify the magnetizing
inductance. An acceleration test was used in [12] to identify
the machine parameters. The maximum likelihood estimation
was used, and the method requires measurement of the speed.
In [13], a method for identifying the magnetizing curve func-
tion was presented, but the method was only able to identify
one parameter. A speed-sensorless method was proposed in
[14], where a Luenberger observer was used for the inductance
identification.

To store the magnetizing curve, a look-up table can be used,
or a function can be fitted to the data unless the function
parameters are directly identified as in [10]. However, look-up
tables require a lot of memory, and data fitting easily becomes
time-consuming. An alternative is to use neural networks [12],
[14]. A neural network is a powerful tool to model a nonlinear
behaviour of a process. However, it requires training data for
a sufficient amount of operating points and might become
unnecessarily complicated. It is also possible to update the
inductance during the operation of the drive [15]. In this case,
a magnetizing curve does not necessarily need to be stored
in the memory. On the other hand, continuous adaptation of
the inductance might lead to poor dynamic behaviour of the
drive. Furthermore, in sensorless drives, the adaptation of the
inductance is practically impossible since the speed has to
be estimated and adaptation of the stator resistance might be
necessary in order to ensure stability at low speeds.

In this paper, the stator inductance is modelled as a function
of the stator flux using a simple power function. A method
to identify the power function parameters during the self-



commissioning of a sensorless drive is proposed. By varying
the flux, the parameters of the saturation function can rapidly
be identified, and the stator inductance can be calculated in
every operating point without using any additional data fitting
method. The method requires the machine to be allowed to
rotate during the identification process. As the correct function
parameters are obtained, the adaptation mechanism can be
turned off without losing control accuracy when the flux
varies later on. Hence, good dynamic performance of the drive
can be ensured. The adaptation method is combined with
a leakage inductance identification method based on signal
injection in order to ensure good results also when a no-
load condition cannot be reached during the stator inductance
identification process. Simulations and laboratory experiments
are performed in order to investigate the proposed adaptation
method. The results show that the convergence of the param-
eter estimates is fast and the accuracy is good.

II. INDUCTION MACHINE MODEL

Real-valued space vectors will be used; for example the
stator current is 25 = [zsd zsq] and its magnitude is denoted

by
is = |lis|| = y/iZy + i (1

The identity matrix is I = [} {] and the orthogonal rotation
matrix is J = [ 7']. The induction machine can be described
by the classical T model, the inverse-I" model or the I model.
In the following, the models are shortly presented.

A. T model

The induction machine is traditionally described by the T
model shown in Fig. 1(a). In synchronous coordinates rotating
at the angular frequency ws, the machine can be described by

d;is = ug — Ryis — wsJ, (2a)
dd”if Ry — w,Jo, (2b)

where wuyg is the stator voltage, ¢s the stator current, and ¢, the
rotor current. The stator flux is denoted by ), and the rotor
flux by ),. The stator resistance and rotor resistance are Ry
and R,, respectively. The angular slip frequency w, = ws—wn,,
where wy, is the electrical rotor speed. The stator flux and rotor
flux are given by

d"s = Lgts + Ly, 1/Jr = Lnis + L1, 3)

respectively. The magnetizing inductance is L,,, the stator
inductance Ly = L¢, + Ly, and the rotor inductance L, =
Ly + L.

B. Inverse-I" Model

The T model is over-parametrized, i.e., the induction ma-
chine can be described using less parameters than in the T
model. The leakage inductance can be totally referred to the
stator side, leading to the inverse-I' model shown in Fig. 1(b).
The rotor voltage equation is now

d .
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wmJ Y3

N+

wule;{

N_/+

deps
us ¥ L dyy C
‘ dt dt
O

me’l,bg

Fig. 1. Dynamic induction machine models in stator coordinates: (a) T
model; (b) inverse-I" model; (c) I" model. The superscript s denotes stator
coordinates.

The stator flux and rotor flux are given by

1/’5 = Lais + ¢Ra ’lva = LM(ZS + ZR) (5)

respectively, where L, is the leakage inductance and Ly
the magnetizing inductance. The parameters of the inverse-
I" model can be obtained from the parameters of the T model
by

LM = erma
where k;, = Ly, /L,.

Lo = Lso + erroa RR = krer (6)

C. T Model

The inverse-I' model is convenient in the control of the
drive, but the magnetic saturation can be more easily modelled
in the I" model in Fig. 1(c). In the I" model, the flux equations
are

¥y = Lilis +ig),  Yr=9,+Liig (D)

The leakage inductance and rotor resistance of the I' model
are related to the parameters of the T model according to

Lso’ Lro’ Rr
L = PR R R = 2 (8)

where ks = Ly, /Ls. The rotor voltage equation changes in a
similar manner as in the inverse-I' model.

In the control of the machine, both the I" model and the
inverse-I" model will be used. If the parameters of the I' model
are known, the parameters of the inverse-I" model are obtained
as

Ly =kLs, L,=kL,, Rg=FkRR 9)
h
whnere . Ls (10)
Lo+ L



In the case of constant-valued parameters, the T model,
inverse-I" model, and I' model are mathematically equivalent,
i.e. the expressions (6), (8), and (9) for the conversions are
valid also during transients. If the machine saturates, the
models are no longer equivalent as the incremental inductances
are not included,' but the conversions are still valid in steady
state.

D. Magnetic Saturation

According to [16], the I' model is most suitable for mod-
eling the saturation of the induction machine, since the flux
density in the stator is mainly dependent on the stator flux
linkage. The stator inductance Lg and the leakage inductance
L! depend on the flux linkages (or the currents) due to the
magnetic saturation. However, modeling the stator inductance
Ly as a function of the stator flux typically suffices. In this
paper, the stator inductance is modeled by a simple power
function [17]:

LSH

L= T (Bon®

where Lg, is the unsaturated inductance, and S and 3 are
nonnegative constants. No-load tests were performed on a 2.2-
kW machine, and the stator inductance in (11) was fitted to
the data in order to obtain the parameter values. The fitted
stator inductance is shown in Fig. 2 together with measured
stator inductance values. As can be seen, the model describes
the saturation very well under no load.

However, the load might affect the saturation characteristics
in machines having skewed [2] or closed rotor slots [1], [18].
As a result, both the stator inductance and the rotor leakage
inductance are dependent on the rotor current [19]. The load-

dependency of the inductances can be modeled according to
[20]

Y

LSU
L, = . (12a)
1+ (B4hs)S + g opss
L/
L = u (12b)

L, !
1+ (B'9h)° + Ly 2yd

where the magnitude of the leakage flux is ¢/ = ||1; — ]|
in accordance with Fig. 1(c). Based on (12a), the stator induc-
tance is calculated at different values of the electromagnetic
torque, and the influence of the torque is illustrated in Fig. 2.
As the torque increases, the stator inductance decreases at low
stator flux levels. The parameter values used in the figure are
given in Table I. The parameters necessary for including the
influence of the torque were obtained from [20], where the
same machine as used in this paper was analysed under loaded
conditions.

In this paper, the model in (11) is used since it has only
three parameters. In Section IV-B, a method for identifying
the parameters Lg, and [ is proposed, and S can be selected
based on a priori information.

I'The inverse-T" rotor flux is 1 = krtp,. The derivative of the conversion
factor k, should be included in order to make the rotor voltage equations (2b)
and (4) equivalent in transients.

Stator inductance Lg (p.u.)

0 0.5 1 1.5
Stator flux ¢ (p.u.)

Fig. 2. Stator inductance as function of stator flux in a no-load condition
(solid line) and as the torque equals half of rated value (dashed line) and rated
value (dash-dotted line). Markers show the measured values from no-load tests
on a 2.2-kW machine.

TABLE I
PARAMETER VALUES FOR THE INDUCTANCES OF A 2.2-KW MACHINE

Lsu 5
231 087

S| L, B8 5 b c d
7 ‘ 022 051 320 1.0 00 0.0

III. OBSERVER

The reduced-order observer presented in [21] will be used,
with the addition of adaptation of the stator inductance pa-
rameters Ly, and 3. The observer is based on the inverse-I"
model. Two back EMFs are used in the estimation of the rotor
flux: the back EMF corresponding to the voltage model

N 7 d ‘i -~ T .
e =ty — Ryiy — Ly o2 — &0 L, T (13)
dt
and the back EMF corresponding to the current model
é = Rpis — (&1 — )Py (14)

where & = Ry / Ly is the estimate of the inverse rotor time
constant. The estimated stator frequency is denoted by ws. The
rotor flux is estimated by
dpg . - ;
¥ +oJYp=e+ K(é—e)

T (15)

where K is the gain matrix. In order to achieve an inherently
sensorless observer, the gain is selected as

K _ Gndy
I

where G = ¢g11 + g2J. The classical approach of mimicking
the current model at low speeds and the voltage model at high
speeds is used: the details on the selection of the gains ¢g; and
g2 can be found in [21]. The speed estimate is obtained from

(16)

.. RgilJyy

1Yrl?

Wm = Ws



IV. INDUCTANCE ADAPTATION
A. Adaptation of Inverse-I' Inductances

The inductances Ly and L, vary due to the magnetic
saturation and are, thus, dependent on the operating point.
A straightforward way to take into account the magnetic
saturation would be to apply adaptation laws based on the
back EMF according to

dL dL
dtM =ky(e—e). —7=kj(@—e)

(18)

where the gain vectors are denoted by ky; and k.. However,
a continuous adaptation of the inductances might lead to
poor dynamics as fast variations in the currents or fluxes
lead to fast variations in the inductances. Furthermore, when
no speed sensor is used, there is not enough information
to simultaneously estimate the value of both the leakage
inductance and the magnetizing inductance. As a change in
the flux level leads to variations in both inductances, one
of the estimates would be inaccurate if the adaptation laws
(18) would be applied. Moreover, the estimate of L, is very
sensitive to parameters errors when the identification is based
on fundamental-wave operating-point data as in (18), cf. [15].

B. Adaptation of Magnetic Saturation Function

Instead of adapting the inductances of the inverse-I" model,
the parameters of the stator inductance function (11) related
to the I' model are estimated. The function includes three
parameters Ly, 3, and S. For Lg, and f, the adaptation laws

dstS“ =ki(é—e), ifths<tha (19a)
B _kle—e), ifvy>ia (19b)

dt

are proposed, where k1, and kg are the gain vectors for the
parameters Lg, and [, respectively. At low flux levels, the
stator inductance is approximately equal to Lg, while the
parameter 5 has basically no influence on the inductance. As
both parameters cannot be estimated simultaneously, a natural
choice is to estimate Lg, at flux levels below a flux limit
1A and S above the flux limit ¢)a. The parameter adaptation
should not be coupled with the speed estimation. Therefore,
the vectors are chosen as

ki, = kLgr /|| ¥k
kﬁ = kﬂ¢R/||1/’R||

where k1, and kg are the adaptation gains. The stability anal-
ysis of the adaptation algorithm is presented in the Appendix.
The resulting stability conditions for the adaptation gains are

(20a)
(20b)

kL <0, kg>0 2n

at stator frequencies above wa, cf. [21], which is the transition
frequency between the current model and the voltage model
in the observer. At lower speeds, it is advisable to turn the
adaptation mechanism off.

The exponent S could also be adapted in a similar manner.
However, there is often a priori information about the value

of S [17]. Furthermore, the implementation is simpler if the
exponent is an integer. The parameter S is, therefore, kept
constant. The derivative of the stator inductance with respect

to S is
dLs _  Leu(Bts)" In(B)
ds [1+ (BYs)5)?

which equals zero when 13 = 1/8. The parameter 3 should,
thus, be estimated at this flux level to minimize the influence
of a possibly erroneous value of S. After finding the values
of Lg, and f, the exponent S could be tuned based on the
estimate of 3. If the estimate of 3 varies as a function of the
flux level, the value of S is probably inaccurate.

(22)

C. Leakage Inductance Identification

An estimate L, of the chord-slope leakage inductance
is necessary in the implementation of the proposed stator
inductance identification method. As previously mentioned,
the leakage inductance estimate becomes very sensitive to
parameter errors if the identification is based on fundamental-
wave data. Therefore, signal injection at a frequency higher
than the fundamental frequency is used in order to identify
the leakage inductance of the inverse-I" model.

The identification is based on a simplified small-signal
model presented in [22], and the principle of the identification
method is the same as in [23], but here, a current signal is
injected instead of a voltage signal. At higher frequencies,
the relation between the stator voltage deviations and the
stator current deviations can be modelled using a small-signal
impedance matrix according to

fes R Pl

Due to magnetic saturation, the machine appears to be salient
in transients, and the inequalities Zgqq(s) # Zqyq(s) and
Zaq(s) # —Zga(s) hold. When identifying the leakage
inductance, the saliency needs to be taken into account as
the inductance estimate obtained depends on the direction
of the injected signal. The direction that should be used to
obtain the operating-point value of the inductance is not known
in advance, and, therefore, the entire small-signal impedance
matrix is measured.

In the estimated rotor-flux oriented reference frame, a high-
frequency component is first superimposed on the d-direction
current reference according to

(23)

isd,ref = Z’Sd,f + Z'c Sin(wct) (24)

where i4q¢ is the fundamental component reference, i. the
amplitude of the high-frequency current, and w. the angular
frequency of the injected signal. The high-frequency compo-
nent is extracted from the measured current by means of a
discrete Fourier transform (DFT), and the obtained current
phasor is denoted by I,;. The corresponding voltage signal
in the d direction is denoted by U,; and in the q direction
by U, As the current in the d direction oscillates, the rotor
flux also starts to oscillate. The speed controller tries to keep
the speed constant, and a small deviation in the g-direction
current can, therefore, be observed. This deviation is denoted



by 1. The relation between the currents and voltages can be
described by

{defd1 + ZagLy = Uiy 03)

Zgalar + Zgglgy = U

Next, the high-frequency component is superimposed on the
g-direction current

lsq,ref = bsq,f + fcSin(wet) (26)

In the frequency domain, the g-direction current is now
denoted by I 5. The corresponding voltage signals are denoted
by U4y and U5 in the d and q direction, respectively, and the
d-direction current is denoted by I ;5. The following equations

now hold
Zgalgs + Zaglyz = Uago
Zqalas + ZyqlL Uqp

aq2q2 — Yq

27
The impedance matrix can be obtained by solving the two
systems of equations in (25) and (27). For simplicity, the
voltages and current are extracted by using DFT in this
paper. A faster identification could be achieved by applying a
dual-reference-frame current controller for the injected signal
[24]. The impedance matrix could also be obtained by using
rotating current signal injection and analysing the clockwise
and counter-clockwise components [25], [26].

Under the assumption that only the rotor leakage induc-
tance saturation affects the small-signal characteristics at high
frequencies, the leakage inductance seen in the rotor flux
reference frame is [23]

However, the saturation in the magnetizing inductance, and
the mutual saturation between the magnetizing branch and
the rotor branch also affect the high-frequency characteristics,
and the inductance in (28) does not necessarily correspond
to the desired operating-point inductance. In order to find
the estimate for the chord-slope inductance, a coordinate
transformation is applied. The inductance seen in a reference
frame having the angle 1y with respect to the original rotor-
flux oriented reference frame can be written as

L, (99) = Im { Z 44 cos®(9o) + Zyq sin? ()
+ (qu + qu) cos(y) sin(ﬁ‘o)} JWe

The angle ¥ is illustrated in Fig. 3, and the value of this angle
is varied in the range of 0° to 180° when evaluating (29).
As an example, the impedance matrix was measured at two
different load levels, and the leakage inductance (29) is shown
as a function of the angle in Fig. 4. As explained in [23], the
maximum value of (29) corresponds to the best estimate of the
leakage inductance. As the load torque increases, the leakage
inductance decreases, and the leakage inductance identification
has to be performed separately for every load level.

(29)

V. IMPLEMENTATION

The observer is implemented in the estimated rotor-flux co-
ordinates. The equations for the rotor flux and stator frequency
become R

din

dt (30)

=eq + g1(éq — €qa)

¢ A4
* d’
N k.4
\\ /,’
N P
\\\ /S 29 Q w R d

Fig. 3. Reference frames used in the identification of the leakage inductance.
The inductance is first measured in the dq reference frame using signal injec-
tion. By means of a coordinate transformation, the inductance is calculated
in the d’q’ reference frame as a function of Jg.

0.3
)
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b

=01
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Fig. 4. Leakage inductance Ly (¥o) at two different load levels. The blue
solid line is obtained at no load and the red dash-dotted line at 10% of the
rated torque. The rotor flux is 0.3 p.u.

o — Ca + g2(éq — eq)

s = = (31)
YR
where
A & disd ~ 7.
€4 = Usd — Rsst - Lo’ dt + wsLazsq (323)
R dis N
eq = Usq — Ryisg — Lo ét‘* ~Oulgia  (32b)
and . o
éq = Rr(isa — ¥r/Ln) (33)
The adaptation laws of Lg, and [ are
dL
d;u = k‘L (éd — ed) (348.)
d
£ = kg(éd - ed) (34b)

In the back-EMF equations (32) and (33), estimates of the
parameters of the inverse-I' model are used. The magnetizing
inductance is calculated as [A/M = ﬁs — ﬁg where ﬁg is the
leakage inductance estimate obtained using signal injection.
The stator inductance estimate ﬁs is obtained from

T Lsu
L

= —————— (35)
1+ (Bes)"
where the stator flux amplitude is
By = (U + Loisa)? + (Boisg)? (36)

The rotor resistance of the I' model is assumed to be known,
and the inverse-I" rotor resistance is calculated using the model
conversion given in (9). However, it is to be noted that the



rotor resistance does not have any influence on the inductance
estimate as the parameters are obtained in steady state.

VI. RESULTS

The performance of the adaptation algorithm was investi-
gated by means of simulations and laboratory experiments on a
2.2-kW induction machine with the rated voltage 400 V, rated
current 5 A, rated speed 1436 r/min, and rated torque 14.6 Nm.
The machine is equipped with skewed and closed rotor slots.
The value of the flux limit 1)A = 0.45 p.u., and the transition
frequency wa = 0.25 p.u. The values of the adaptation gains
were set to kr, = —5 p.u. and kg = 1 p.u. The performance
of the adaptation algorithm is demonstrated at different speeds
and loading conditions. Basically, it is enough to use only a
few different flux levels, but here seven flux levels are used in
order to get a good understanding of the adaptation method.

A. Simulation Results

The simulations were carried out in the MATLAB/Simulink
environment, and the induction machine was implemented
according to the I' model. The following parameter values
were used: Ry = 0.064 p.u.; Ry = 0.04 p.u; L = 0.17 p.u;
Ly, =231 pu; 3=087pu;and S =T7.

Fig. 5(a) shows the simulated result of the adaptation at the
speed 0.75 p.u. as the value of the exponent S is known. No
load is applied. At low flux levels, the value of Ly converges
rapidly to the actual value. When the flux is increased, the
adaptation of Ly, is turned off and the parameter B is adapted
instead. As seen in the figure, the parameter B converges also
very fast to the actual value. The value of the estimated stator
inductance (11) is at all flux levels very close to the actual
value.

In Fig. 6, the influence of an erroneous value of the exponent
S is demonstrated. The situation is similar to that in Fig. 5(a),
but the value of the exponent is set to S = 6 instead of
the actual value 7. At low flux levels, the influence of this
error is very small, and the adaptation of Lgy is as good as
in the previous case. At higher flux levels, however, the error
in S makes the estimate B deviate from its actual value to
compensate for the error in the exponent. Therefore, B varies
as a function of the flux level and is no longer a constant.
The resulting value of the estimated stator inductance is still
very close to the actual inductance at all flux levels. However,
if the value of ,/3’ would be fixed to the value obtained at the
highest flux level in Fig. 6, the error in the stator inductance
would be about 3% at rated flux.

B. Experimental Results

In the laboratory experiments, the machine was fed by a fre-
quency converter controlled by a dSPACE DS1103 PPC/DSP
board. A servo motor was used as a load. Prior to the
laboratory experiments, no-load tests were performed in order
to obtain reference values for the parameters Lg,, 3, and S.
The stator voltage and stator current were measured at different
stator frequencies and voltage levels. The stator flux was
evaluated at each operating point, and the stator inductance

0 10 20 30 40 50
Time (s)

Fig. 6. Simulation results showing the adaptation of the saturation function
parameters as the value of the exponent S deviates from the actual value. The
rotation frequency is 0.75 p.u. and the load torque is zero.

function (11) was fitted to the data. The measured inductance
values as well as the results of the data fitting are shown
in Fig. 2. Before each measurement sequence, the leakage
inductance was identified using signal injection, and the value
at each flux level was stored in a look-up table. The injection
frequency w, = 27 -60 rad/s and the amplitude of the injected
signal was 0.02 p.u.

The experimental results in a no-load condition are shown
in Fig. 5(b). The accuracy of the estimate of Ly, is good as
the rotor flux is 0.3 p.u. and 0.4 p.u., but at the lowest flux
level of 0.2 p.u., the estimate is slightly lower than at the
higher flux levels. A possible explanation is the presence of
inaccuracies in the leakage inductance estimate. Theoretically,
the leakage inductance has no influence at no load, but, due to
mechanical losses, a true no-load condition cannot be achieved
in practice. At very low flux levels, the g-direction current
becomes relatively large and the sensitivity to inaccuracies
in the leakage inductance estimate is high. Furthermore, the
actual stator inductance decreases as a function of the load at
low flux levels as can be seen in Fig. 2, and some decrease in
f)su is, therefore, expected.

In the experimental results, some ripple can be observed in
the estimated parameters at the lowest and highest flux levels
during the adaptation process. Due to this noise, the parameter
estimates should be recorded for a short time and the mean
value should be chosen as the final estimate. Fig. 7 shows the
influence of the ripple on the speed and stator current. As the
adaptation is activated only during the start-up of the drive,
the ripple does not affect the actual dynamic performance. If
desired, the ripple can be reduced by lowering the adaptation
gains.
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Adaptation of the saturation function parameters without load from (a) simulations and (b) laboratory experiments. The rotation speed is 0.75 p.u.

The uppermost subplot shows the stator flux, the second subplot shows the estimated stator inductance, the third subplot shows the estimated value of Lgy,
and the last subplot the estimated value of 3. Estimated values are shown by red solid lines. Blue dashed lines show (a) the actual values and (b) reference

values from no-load tests.
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Fig. 7. Measured speed and current during the adaptation process in Fig. 5(b).

In the simulations, the results at low loads are practically
identical to the results at no load. However, in the laboratory
experiments, the estimate Lgy is very sensitive to inaccuracies
in the leakage inductance L, at the lowest flux levels. An
example is shown in Fig. 8, where 10% of the rated load
is applied while the rotation speed is 0.5 p.u. The parameter
Esu can be successfully identified as the flux level is raised
to 0.4 p.u. At high flux levels, the influence of a small load
is negligible, and the accuracy of B is good. In order to

further demonstrate the influence of the load, the measurement
sequence of Fig. 5(b) is continued in Fig. 9 by applying torque
steps of 20% of the rated torque as the rotor flux is constant
at 0.8 p.u. As the load increases, the accuracy of B gradually
decreases. As the rotor flux is kept constant, the stator flux
increases with increasing load, cf. (36). The reduction seen
in the stator inductance is mainly due to this increase in the
stator flux amplitude.

The results at the rotation speed 0.15 p.u. are shown in
Fig. 10. The adaptation gains were kr, = —2 p.u. and kg = 0.2
p-u. The accuracy of the adaptation is poorer at low speeds,
and the estimate of L, is about 5% too large. Due to the high
value of ﬁsu, the estimate B also increases as the rotor flux is
about 0.7 p.u. At higher flux levels, the accuracy of B is still
rather good. At this low speed, the influence of the leakage
inductance estimate is negligible at all flux levels.

Based on the laboratory experiments, it is seen that the most
accurate results are obtained when the speed is high and the
load is sufficiently low. Very low flux levels should be avoided
when identifying the parameter Lg, in order to minimise
the influence of leakage inductance errors. The parameter B
can successfully be identified if a flux level high enough
is chosen. The minimum number of flux levels needed in
the identification is two, and the model describing the entire
saturation curve can, thus, be obtained in seconds or a few
tens of seconds (depending on the machine size).
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Fig. 8. Experimental results showing the adaptation of the saturation function

parameters when a small load is applied. The rotation speed is 0.5 p.u. and
the load torque is 10% of the rated load.
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Fig. 9. Experimental results showing the adaptation of /3’ as torque steps are
applied. The rotor flux is kept constant at 0.8 p.u. and the rotation speed is
0.75 p.u.
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Fig. 10.  Experimental results showing the adaptation of the saturation
function parameters at the rotation speed 0.15 p.u.

VII. CONCLUSION

Due to the magnetic saturation, the inductances in the
induction machine model are dependent on the operating
point. In this paper, the magnetic saturation of the stator
inductance was modelled by a power function. Adaptation
laws for the parameters of the function were proposed. The
entire magnetizing curve can be obtained in a short time
by applying two flux levels (one just below the saturation
point and one close to the rated flux). No additional data
fitting method is necessary as the power function parameters
are directly identified. Simulations and laboratory experiments
show that the parameters can be estimated with good accuracy.
The leakage inductance is identified by signal injection prior
to the identification of the stator inductance. In this manner,
good results are obtained even in non-ideal no-load conditions.

APPENDIX
STABILITY ANALYSIS

Assuming constant Ly, L, and Ry, the nonlinear dynamics
of the estimation error of L, is

dLe R
— —kLE—e) (37)
where isu = ﬁsu — Lg,. The closed-loop system can be
linearized as
g IPR _ A _BKOIPRO iZJR (38)
dt Lsu —kE(OéI - meJ) _Bkg'l/)RO Lsu
AI

—g10&

A= 39
[—92004 — Ws0 (39)

—g10Wmo + Wso
—920Wmo



Lsu[1 + (61/)50)5] + 2L0’[1 + (ﬁwSO)S]Q

B =—Rgr 5 (40)
The system matrix is
—g10Q —g10Wmo +Wso  —Ggr0BYRro
A’ = | —g200 — wyo —920Wmo —g20BvYro | (41)
—kpoa —kro0wmo —kroBvYRo
and the stability criteria then are
BkL(ﬂ/)Rowso >0 (42)
kLO < O, if co > WSQO
. 43
kLO > _Wcﬂiwgo)’ if co < WSO ( )

The parameters by and c( are positive in all operating points,
and their definition can be found in [21].
The nonlinear dynamics of the estimation error of /3 is

df _ v,
E:kﬁ(efe) (44)
The closed-loop system can be linearized as
i |:'l~p~R:| _ |: T A _CKFP'Z/JRO] |:12J~R:| (45)
dt | B —kg(al —wmod) —Ckzre| | B
AII
where
Lsu 2LO’ 1 S s
C = RpSp5—1yS, =™ £2+ Bl 46
—g1o —g10wmo +wso —g10CYRo
A" = | —gaa — wyo —920Wmo —920CYRro
—kpocr —kgowmo —kgoCvYro
47)
The stability criteria are
Ckgotprow?y > 0 (48)
kﬂo > 0, if ¢g > wfo
. . 49
k,BO < - CwROb(OC((;Oiwfo) ) ]f Co < wzo ( )
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