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Rotor Parameter Identification of Saturated

Induction Machines

Mikaela Ranta, Marko Hinkkanen, and Jorma Luomi

Helsinki University of Technology, Department of Electrical Engineering

P.O. BOX 3000, FI-02015 TKK, Finland

Abstract—An induction machine model is proposed for the
identification of rotor parameters using high-frequency signal
injection. The model includes both the magnetic saturation
caused by the fundamental-wave components and the frequency
dependence encountered in the signal injection method. Both the
skin effect in the rotor winding and the eddy current losses in
the rotor core are taken into account. Sinusoidal signal injection
is used at several frequencies, and the model parameters are
fitted to the results. The rotor leakage inductance and the rotor
resistance valid at low slip frequencies are also obtained from
the model directly. Experimental results for a 45-kW machine
are presented. It is shown that the model fits well to the
measured data in various operating points, and the accuracy
of the identified parameters is good.

I. INTRODUCTION

The control of induction machine drives is based on a

machine model. The parameters of the model can be iden-

tified either during the commissioning of the drive or in an

adaptive manner as the drive is running. The traditional way

of identifying the parameters is to use no-load and locked-rotor

tests. In practice, locking the rotor is usually not possible, but

a similar test can be performed by means of high-frequency

signal injection both at standstill [1] and in any operating point

[2]. Many other types of identification methods, for instance

various observer-based techniques, have also been developed

[3].

There are a few major difficulties when using an identifi-

cation method based on high-frequency signal injection. Due

to magnetic saturation, the impedance seen by the injected

signal depends on the direction of the signal, giving rise to a

saturation-induced saliency [4], [5]. Another difficulty arises

due to the skin effect in the squirrel cage winding [1], [2].

The rotor resistance increases as a function of the injection

frequency whereas the rotor leakage inductance decreases.

Moreover, the effect of iron losses in the rotor core may

become significant at high frequencies and cause inaccuracies

in the identified parameters. The skin effect in the rotor

conductors has been modeled by analytical functions based

on a simple rotor slot shape [6]. Lumped-parameter networks

could offer a more general approach for the modeling of the

skin effect in the rotor conductors and the eddy currents in the

iron core [7], [8], [9].

This paper proposes a time-domain model for the identi-

fication of the magnetically saturated rotor parameters. The

goal is to compensate for the phenomena caused by the

frequency of the signal injection method. The identification

is based on an induction machine model, where the effects of

magnetic saturation, skin effect, and eddy currents in the rotor

core are taken into account. The total leakage inductance and

the total resistance are identified using high-frequency signal

injection [10], and the parameters of the model are fitted to the

impedances obtained at several injection frequencies. Experi-

mental results of a 45-kW induction machine are presented.

II. INDUCTION MACHINE MODEL

Vectors will be denoted by boldface lowercase letters and

matrices by boldface uppercase letters. The matrix transpose

will be marked with the superscript T. The identity matrix,

the orthogonal rotation matrix, and the zero matrix are

I =

[

1 0
0 1

]

, J =

[

0 −1
1 0

]

, O =

[

0 0
0 0

]

(1)

respectively. Real-valued space vectors will be used; for exam-

ple, the stator-current vector is is = [isd, isq]
T. The magnitude

of the stator-current vector is is = ||is|| and the magnitudes

of other vectors are denoted similarly.

A. Saturable Dynamic Model

The dynamic model of an induction machine shown in Fig. 1

is considered. The model is depicted in general coordinates

rotating at arbitrary angular speed ωs. The electrical angular

speed of the rotor is ωm. The angular speed of coordinates with

respect to the rotor is ωr = ωs−ωm, corresponding to the slip

angular frequency in the case of synchronous coordinates.

The stator-voltage vector is us, the rotor-voltage vector ur

(equals zero in cage-induction machines), the rotor-current

vector ir, the stator-flux vector ψs, and the rotor-flux vector

ψr. The stator resistance is Rs and the rotor resistance Rr.

The magnetizing inductance is Lm and the stator leakage

inductance Lsσ. The rotor leakage inductance is divided into

two parts, a constant inductance Lb and a saturable inductance

La.

The part of the rotor leakage flux flowing across the rotor

slots through the rotor conductors is strongly influenced by

the skin effect as the frequency increases. The skin effect

can be modeled using the resistance Rb in parallel to Lb. In

machines with closed rotor slots, the flux part through the thin

iron bridges at the air gap surface is heavily influenced by the

magnetic saturation, which is modeled using the saturable in-

ductance La. The magnetic saturation should also be modeled

in machines with semi-closed rotor slots. The eddy-current
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Fig. 1. Induction machine model in arbitrary reference frame, rotating at ωs. The angular frequency ωr = ωs − ωm, where ωm is the angular speed of
the rotor. The model takes into account the frequency-dependency in rotor parameters: the resistance Ra in parallel to La models the eddy currents in the
saturable rotor core; the resistance Rb in parallel to Lb models the skin effect in the rotor conductors.

losses in the rotor core may have a relatively large influence at

high signal injection frequencies, even though their influence

on the fundamental-wave components is small. The iron losses

are modeled by the resistance Ra in parallel to La. At zero

frequency, the resistance of the rotor circuit corresponds to

Rr, and the rotor leakage inductance corresponds to La +Lb.

The electrical dynamics of the induction machine, corre-

sponding to Fig. 1, can be expressed as a nonlinear state-space

representation,

dψ

dt
= u−Ri− Ωψ (2a)

i = [L(ψ)]−1ψ (2b)

where the state vector, the input vector, and the output vector

are

ψ =









ψs

ψr

ψa

ψb









, u =









us

ur

0

0









, i =









is
ir
ia
ib









(3)

respectively. The resistance matrix and the back-emf matrix

are

R =









RsI O O O

O RrI O O

O O RaI O

O O O RbI









(4)

Ω =









ωsJ O O O

O ωrJ O O

O O ωrJ O

O O O ωrJ









(5)

respectively. The inductance matrix L(ψ) (or the nonlinear

four-port inductor) determines the relationship between the

currents and flux linkages. The inductance matrix can be

expressed as

L =









LsI LmI O O

LmI LrI LaI LbI

O LaI LaI O

O LbI O LbI









(6)

where the inductances may depend on the flux linkages. The

stator inductance and the rotor inductance are defined by

Ls = Lm + Lsσ and Lr = Lm + La + Lb, respectively. In

the following, Lsσ is assumed constant for simplicity, but

the magnetizing inductance is a function of the main flux

Lm = Lm(ψm) and the inductance La is a function of the

flux ψa La = La(ψa). If needed, the saturation due to the

main and leakage flux interaction could be included in the

model [11].

B. Power Balance

For per-unit quantities, the power balance is obtained based

on (2) as

iTs us+i
T
r ur = Rsi

2
s +Rri

2
r +Rai

2
a+Rbi

2
b+

dWf

dt
+Teωm (7)

where the electromagnetic torque is

Te = i
T
s Jψs (8)

and the rate of change of the magnetic energy is

dWf

dt
= iTs

dψs

dt
+ iTr

dψr

dt
+ iTa

dψa

dt
+ iTb

dψb

dt

= is
dψsσ

dt
+ im

dψm

dt
+ ia

dψa

dt
+ ib

dψb

dt

(9)

The last form is obtained by assuming the flux vectors to be

parallel with the corresponding current vectors in accordance

with Fig. 1. If a flux-controlled (or current-controlled) inductor

is lossless, it is reciprocal. The incremental inductance matrix

associated with a reciprocal multi-port inductor is symmetric

[12].

It is worth noticing that the steady-state losses in the

resistors Ra and Rb can be expressed as

Pa =
ω2

rψ
2
a

Ra

, Pb =
ω2

rψ
2
b

Rb

(10)

respectively, for constant magnitude and constant angular

frequency ωr of the fluxes. These loss terms correspond to the

eddy-current losses, i.e. they are proportional to the square of

the flux amplitude and square of the frequency.



III. LINEARIZED SMALL-SIGNAL MODEL

In the following, tildes refer to the deviation about the

operating point and operating-point quantities are marked with

the subscript 0, e.g., ũs = us −us0. Synchronous coordinates

rotating at constant angular speed ωs0 are considered. The

angular slip frequency is denoted by ωr0.

A. Full-Order Small-Signal Model

The steady-state equations are obtained from (2) by substi-

tuting d/dt = 0:

u0 = R[L(ψ0)]
−1ψ0 + Ωψ0 (11a)

i0 = [L(ψ0)]
−1ψ0 (11b)

When solving the steady state, the order of the system can be

reduced by assuming ia0 = 0 and ib0 = 0. This simplification

leads to the conventional nonlinear T-equivalent circuit. An

iterative method may be needed to solve the steady state,

depending on the inductance functions in L(ψ).
The linearized small-signal model is given by

dψ̃

dt
= ũ−Rĩ− Ωψ̃ (12a)

ĩ = L−1
0 ψ̃ (12b)

The inductance matrix of the linearized system is given in

(13) at the bottom of the page. The incremental magnetizing

inductance is denoted by Lmt0 and the incremental rotor

leakage inductance is denoted by Lat0.

In the Laplace domain, the voltage deviation vector can be

expressed as

ũ(s) = Z(s)ĩ(s) (14)

where the impedance matrix is

Z(s) = sL0 + ΩL0 +R

=









Zss(s) Zsr(s) O O

Zrs(s) Zrr(s) Zra(s) Zrb(s)
O Zar(s) Zaa(s) O

O Zbr(s) O Zbb(s)









(15)

The 2×2 submatrices in Z(s) can be evaluated using (4), (5),

and (13).

In the following, ũr = 0 is assumed. The relationship

between the stator voltage deviation and the stator current

deviation is

ũs(s) = Zs(s)ĩs(s) (16)

The 2×2 stator impedance matrix is

Zs(s) = Zss(s) −Zsr(s)Z
−1
x (s)Zrs(s) (17)

where

Zx(s) = Zrr(s) −Zra(s)Z
−1
aa (s)Zar(s)

−Zrb(s)Z−1
bb (s)Zbr(s)

(18)

B. Reduced-Order Small-Signal Model

For the purpose of parameter identification, the full-order

small-signal stator impedance (17) is too complicated. There-

fore, a reduced-order model that can be applied at high fre-

quencies is derived. A sinusoidal deviation having the angular

frequency ω is considered.

At high frequencies, the current flows mostly through the

rotor circuit and the influence of the magnetizing inductance is

small. Thus, it is, reasonable to assume that the magnetizing

inductance seen by the injected signal is not dependent on

the direction of the signal. In other words, the second term

in (13) is omitted. It should be noticed that the operating-

point magnetizing inductance Lm0 varies as a function of the

operating point due to the magnetic saturation. No restrictions

are put on the variation of this inductance in the reduced-order

small-signal model.

The injection frequency ω is much higher than the slip

frequency, and it is assumed that the influence of the slip

frequency on the small-signal model can be omitted. This

assumption corresponds to ωr0 = 0 in (5).

Under the assumptions Lmt0 = Lm0 and ωr0 = 0, the small-

signal stator impedance (17) in the frequency domain becomes

Zs(jω) =

[

Zsdd Zsdq

Zsqd Zsqq

]

= eϑa0J

[

Zdd Zdq

Zqd Zqq

]

e−ϑa0J (19)

where ϑa0 is the angle of the operating-point rotor leakage

flux ψa0. The matrix elements are given by

Zdd = Rs + jωLsσ + Zmdd (20a)

Zdq = −ωs0Lsσ + j
ωs0

ω
Zmqq (20b)

Zqq = Rs + jωLsσ + Zmqq (20c)

Zqd = ωs0Lsσ − j
ωs0

ω
Zmdd (20d)

L0 =









Ls0I Lm0I O O

Lm0I Lr0I La0I LbI

O La0I La0I O

O LbI O LbI









+
Lmt0−Lm0

ψ2
m0









ψm0ψ
T
m0 ψm0ψ

T
m0 O O

ψm0ψ
T
m0 ψm0ψ

T
m0 O O

O O O O

O O O O









+
Lat0−La0

ψ2
a0









O O O O

O ψa0ψ
T
a0 ψa0ψ

T
a0 O

O ψa0ψ
T
a0 ψa0ψ

T
a0 O

O O O O









(13)



where

Zmdd =
ω2L2

m0Rrdd

ω2(Lm0 + Lrdd)2 +R2
rdd

+ jω
Lm0[R

2
rdd + ωLrdd(ωLm0 + ωLrdd)]

ω2(Lm0 + Lrdd)2 +R2
rdd

(21a)

Zmqq =
ω2L2

m0Rrqq

ω2(Lm0 + Lrqq)2 +R2
rqq

+ jω
Lm0[R

2
rqq + ωLrqq(ωLm0 + ωLrqq)]

ω2(Lm0 + Lrqq)2 +R2
rqq

(21b)

The resistances are given by

Rrdd =
ω2L2

at0Ra

ω2L2
at0 +R2

a

+
ω2L2

bRb

ω2L2
b +R2

b

+Rr (22a)

Rrqq =
ω2L2

a0Ra

ω2L2
a0 +R2

a

+
ω2L2

bRb

ω2L2
b +R2

b

+Rr (22b)

and the inductances are

Lrdd =
Lat0R

2
a

ω2L2
at0 +R2

a

+
LbR

2
b

ω2L2
b +R2

b

(23a)

Lrqq =
La0R

2
a

ω2L2
a0 +R2

a

+
LbR

2
b

ω2L2
b +R2

b

(23b)

It can be seen that as the frequency ω increases, the induc-

tances Lrdd and Lrqq decrease while the resistances Rrdd and

Rrqq increase. The incremental inductance Lat0 affects Rrdd

and Lrdd while the operating-point inductance La0 can be seen

in Rrqq and Lrqq.

At high frequencies, the value of R2
rdd is much smaller than

the values of ω2L2
m0 and ω2Lm0Lrdd. The impedances Zdd

and Zqq can, therefore, be approximated as

Zdd = Rs+jωLsσ+
L2

m0Rrdd

(Lm0+Lrdd)2
+ jω

Lm0Lrdd

Lm0+Lrdd

(24a)

Zqq = Rs+jωLsσ+
L2

m0Rrqq

(Lm0+Lrqq)2
+ jω

Lm0Lrqq

Lm0+Lrqq

(24b)

The operating-point total resistance Rσ0 and the total leak-

age inductance Lσ0 can be evaluated at ω = 0 from Re{Zqq}
and Im{Zqq}/ω, respectively, resulting in

Rσ0 = Rs +
L2

m0

(Lm0 + La0 + Lb)2
Rr (25)

Lσ0 = Lsσ +
Lm0

Lm0 + La0 + Lb

(La0 + Lb) (26)

IV. PARAMETER IDENTIFICATION

Due to the magnetic saturation, the machine appears to be

salient, and the parameters obtained depend on the direction of

the signal. This saliency can be seen in the stator impedance

Zs as the element Zdd differs from Zqq. The operating-

point inductance La0 affects Zqq, while Zdd is affected by

the incremental inductance Lat0. As the goal is to identify

the operating-point parameters, Zqq is the desired impedance

element in the identification process. The influence of the skin

effect on the measured impedance should be taken into account

to obtain the operating-point parameters Rσ0 and Lσ0.

ψa0
us0

d

q

d′

q′

ϑ0
ϑa0

Fig. 2. The reference frames used in the identification.

In the following, a method for identifying the rotor param-

eters by means of high-frequency signal injection is proposed.

In this approach, both the saturation-induced saliency and the

skin effect are compensated. The stator impedance is measured

in different directions to compensate the influence of the

saturation and at several injection frequencies to compensate

the influence of the skin effect and the eddy current losses.

A. Compensation of Saturation-Induced Saliency

In order to take into account the saturation-induced saliency,

all elements in the impedance matrix Zs are measured. The

impedance matrix can be obtained by injecting a voltage

signal in two directions and measuring the components of the

current response at the injection frequency. The signal is first

injected parallel to the operating-point stator voltage and then

perpendicular to the stator voltage. In this manner, all four

elements Zsdd, Zsdq, Zsqd and Zsqq in the impedance matrix

are obtained in a reference frame aligned with the operating-

point stator voltage.

The impedance matrix can be evaluated in any reference

frame by applying the coordinate transformation

Zs = e−ϑ0JZ ′

se
ϑ0J (27)

where Z ′

s is the impedance matrix in the reference frame

aligned with the operating-point stator voltage and ϑ0 is the

angle of the new reference frame in respect to the stator

voltage. The reference frames and the angle ϑ0 are illustrated

in Fig. 2.

If the angle of the rotor leakage flux ψa0 would be known,

the impedance could simply be evaluated in a reference frame

aligned with ψa0. In (19), the angle ϑa0 would be zero and

the desired impedance Zqq = Zsqq.

As the rotor leakage flux angle is not known in practice, the

impedance is evaluated as a function of the reference frame

angle ϑ0. As this angle varies, the angle ϑa0 of the flux vector

ψa0 in the reference frame considered also varies. According

to (19)

Im{Zsqq} = Im{Zqq} cos2(ϑa0) + Im{Zdd} sin2(ϑa0)

+ Im{Zdq + Zqd} cos(ϑa0) sin(ϑa0)
(28)

The sum Im{Zdq + Zqd} is small compared to Im{Zqq}
and Im{Zdd}, and Im{Zsqq} varies sinusoidally between

Im{Zqq} and Im{Zdd} as the direction of the d-axis of the

reference frame varies. As the operating-point inductance La0

is larger than the incremental inductance Lat0, the condition



Zqq > Zdd holds. Hence, the maximum value of Im{Zsqq}
should be chosen. The inductive part of the impedance can,

thus, be obtained from

Im{Zqq}/ω = max
ϑ0

(Im{Zsqq(ϑ0)/ω}) (29)

and in the same reference frame, the resistive part is obtained

from

Re{Zqq} = Re{Zsqq} (30)

B. Compensation of Skin Effect

The signal injection is repeated at several frequencies, and

the impedance is obtained as a function of the frequency. To

obtain the operating-point parameters, the cost function

J(La0, Lb, Ra, Rb) =
n

∑

k=1

(

Re{Ẑqq,k − Zqq,k}
)2

+
(

Im{Ẑqq,k − Zqq,k}
)2 (31)

is minimized. Ẑqq is the estimated impedance calculated from

(22b), (23b) and (24b), and Zqq is the measured impedance.

The inductance La0 is saturable and depends on the operating

point while the inductance Lb is constant. Therefore, the data

fitting is based on data obtained from several operating points

and several injection frequencies.

In addition to the fitting parameters La0, Lb, Ra and Rb, the

impedance Ẑqq is dependent on the stator resistance, the stator

leakage inductance, the magnetizing inductance and the rotor

resistance Rr. The stator resistance is measured in advance by

means of a DC test, and the stator flux is calculated as

ψ̂s0 = −J(us0 −Rsis0)/ωs0 (32)

The stator inductance can be obtained from [13]

L̂s0 =
ψ̂2

s0 − L̂σ0i
T
s0ψ̂s0

iTs0ψ̂s0 − L̂σ0i2s0
(33)

The total leakage inductance (26) can be substituted in (33),

resulting in a second-order equation having the solutions

L̂s0 =
−b±

√
b2 − 4ac

2a
(34)

where

a = iTs0ψ̂s0 − (Lsσ + La0 + Lb)i
T
s0is0

b = 2(La0 + Lb)i
T
s0ψ̂s0 − ψ̂

T

s0ψ̂s0 + L2
sσi

T
s0is0

c = (Lsσ − La0 − Lb)ψ̂
T

s0ψ̂s0 − L2
sσi

T
s0ψ̂s0

(35)

In the data fitting, the stator leakage inductance is assumed to

be zero for simplicity. Thus, the parameters obtained in the

identification correspond to the Γ-equivalent circuit [14], and

the magnetizing inductance is obtained as Lm0 = Ls0−Lsσ =
Ls0. To avoid inconsistency with the operating-point data, the

expressions

îr0 = ψ̂s0/L̂m0 − is0 (36)

R̂r = −ωr0L̂m0î
T

r0Jis0

î
T

r0îr0

(37)

are utilized to obtain the rotor resistance R̂r.

TABLE I
ACTUAL PARAMETER VALUES IN SIMULATIONS

Rated slip 10% of rated slip No load
(p.u.) (p.u.) (p.u.)

La0 0.157 0.222 0.242
Lb 0.107 0.107 0.107
Rr 0.009 0.009 0.009
Ra 7.46 7.46 7.46
Rb 0.099 0.099 0.099

TABLE II
FITTED PARAMETER VALUES FROM SIMULATIONS

Rated slip 10% of rated slip No load
(p.u.) (p.u.) (p.u.)

La0 0.160 0.224 0.239
Lb 0.107 0.107 0.107
Rr 0.009 0.009 0.009
Ra 6.59 6.59 6.59
Rb 0.090 0.090 0.090

V. SIMULATION RESULTS

Simulations were carried out in the Matlab/Simulink envi-

ronment using the data of a 45-kW four-pole induction motor

with skewed and closed rotor slots. The rated voltage of the

machine is 400 V, the rated current is 81 A, the rated speed

is 1477 r/min, and the rated torque 291 Nm. The simulation

model was implemented according to (2). The magnetizing

inductance and the rotor leakage inductance were modeled

as functions of the main flux and the rotor leakage flux, i.e.

Lm(ψm, ψa) and La(ψm, ψa). The stator leakage inductance

was set to zero.

The parameters were identified at the stator frequency 0.5

p.u. in three operating points; the slip frequency was equal to

its rated value, 10% of the rated value and zero. The actual

rotor parameter values in these operating points are shown

in Table I. The inductance La is dependent on the operating

point while the other parameters are not. A voltage signal was

injected in two directions at four different frequencies between

60 Hz and 110 Hz. A data fitting algorithm based on differen-

tial evolution was applied to minimize the cost function (31).

The impedance obtained from the signal injection as well as

the fitted impedance are shown in Fig. 3 as a function of

the frequency, and the fitted parameter values are shown in

Table II.

It can be seen that the accuracy of the operating-point

parameters La0, Lb and Rr is very good in all operating

points. For comparison, the parameters were also identified

using rotating signal injection [2]. In this case, the saturation-

induced saliency cannot be taken into account, but the skin

effect can be compensated for in the same manner as described

in Section IV-B. However, even if the skin effect is taken

into account, the error in the identified operating-point rotor

leakage inductance La0 + Lb is about 20% in all operating

points.
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Fig. 3. Resistive part and inductive part of the impedance obtained from
simulations of the 45-kW motor and fitted model as a function of the injection
frequency f . The stator frequency is 0.5 p.u. The impedance obtained by
signal injection is shown by circles at the rated slip frequency, by crosses at
10% of the rated slip frequency and by asterisks at no load. The corresponding
fitted impedance is shown by solid lines, dashed lines and dash-dotted lines,
respectively.

VI. EXPERIMENTAL RESULTS

In the laboratory experiments, a four-pole 50-Hz 45-kW

induction machine with skewed and closed rotor slots was

fed by a frequency converter controlled by a dSpace DS1104

PPC/DSP board. The rating of the machine is the same as in

the simulations. The load was controlled by a servo motor

coupled to the shaft of the induction machine. The total

moment of inertia of the setup is 0.81 kgm2 (1.66 times the

inertia of the rotor of the induction machine).

A. Compensation of Skin Effect at Standstill

The induction machine was magnetized with a DC-current

vector at standstill. The parameters were measured at three

different current levels; the stator current was 0 p.u., 0.3 p.u.

(corresponding to the rated magnetizing current) and 0.4 p.u.

The amplitude of the current signal was 0.15 p.u. In order

to avoid speed variations, a current signal was injected only

parallel to the DC-current vector. If the current signal were

injected in a different direction, a nonzero torque would be

produced. As the rotor is not locked, the torque would produce

speed variations, which in turn would give cause to variations

in the stator current. As a result, the impedance calculated from

the stator voltage deviation and the stator current deviation

would be incorrect. As the signal was injected in only one

direction, it was possible to measure the impedance as a

function of the frequency and to take the influence of the skin

effect into account. However, the variation of the impedance

as the direction of the excitation signal varies could not be

taken into account.

At zero stator frequency, the stator flux cannot be calculated

according to (32), and the stator (and magnetizing) inductance

cannot be obtained from (33). Therefore, the influence of the

magnetizing inductance on (24b) was omitted, i.e. Zmqq ≈

TABLE III
FITTED PARAMETER VALUES AT STANDSTILL

is0 = 0.4 p.u. is0 = 0.3 p.u. is0 = 0 p.u.
(p.u.) (p.u.) (p.u.)

La0 0.240 0.282 0.367
Lb 0.084 0.084 0.084
Rr 0.012 0.012 0.012
Ra 5.51 5.51 5.51
Rb 0.027 0.027 0.027
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Fig. 4. Resistive and inductive part of the impedance obtained from
measurements of the 45-kW motor and fitted model as a function of the
injection frequency f when the motor is supplied by a DC voltage. The
measured impedance is shown by circles as the stator current is 0.4 p.u.,
by crosses as the stator current is 0.3 p.u., and by asterisks as the current
is zero. The corresponding fitted impedance is shown by solid lines, dashed
lines and dash-dotted lines, respectively.

Rrqq + jωLrqq. The rotor resistance Rr was allowed to vary

freely in the data fitting. The fitted parameters are shown in

Table III. In Fig. 4, the resistive and inductive parts of the

measured impedance as well as the fitted results are shown as

a function of the frequency.

As the signal is injected only in one direction, the identifi-

cation is easy to implement and the rotor does not have to be

locked. Because of saturation due to the main flux and rotor

leakage flux interaction [11], the inductance La decreases as

the DC current increases as can be seen in Table III.

Due to the saturation, the impedance is dependent on the

direction of the injection signal. This effect cannot be taken

into account if the signal is injected in only one direction.

When the signal is injected in the direction of the DC current,

incremental parameters are obtained instead of operating-point

parameters. The identification error is aggravated as the rotor

leakage inductance not only saturates because of the stator

current is0 but also because of the injection current. The

magnetizing inductance is omitted in the data fitting, causing

further errors in the identified parameters.

B. Proposed Method

The parameters were identified in three different operating

points as the stator frequency was 0.5 p.u. The slip frequency



TABLE IV
FITTED PARAMETER VALUES AT HALF OF RATED SPEED

Rated slip 10% of rated slip No load
(p.u.) (p.u.) (p.u.)

La0 0.148 0.251 0.554
Lb 0.107 0.107 0.107
Rr 0.010 0.010 0.010
Ra 7.46 7.46 7.46
Rb 0.099 0.099 0.099

was zero, 10% of the rated value, and equal to the rated

value. A voltage signal was injected in two directions, and the

influence of the magnetic saturation was taken into account

as described in Section IV-A. Five frequencies between 60

Hz and 110 Hz were used for the signal injection. If lower

frequencies are chosen, errors due to the variation in the

rotor speed are easily encountered. The higher the injection

frequency is, the smaller are the speed variations and their

influence on the stator current. For the 45-kW machine, an

injection frequency of 60 Hz is sufficient to keep the speed

deviations small enough.

The fitted parameter values are given in Table IV. The re-

sistive and inductive parts of the measured impedance and the

fitted results are shown as a function of the signal frequency

in Fig. 5. It can be seen that the model fits very well to the

measured data. The rotor leakage inductance saturates at very

low rotor currents, and the inductance is much larger in a no-

load condition than when load is applied. Due to the high

inductance La0, a larger part of the injection signal flows

through the iron loss resistance Ra at no load than in the other

operating points. Therefore, the resistive part of the impedance

increases rapidly as a function of the frequency at no load. If

the skin effect would not be taken into account, and the values

measured at the frequency 60 Hz would be used, the error in

the total leakage inductance could be as high as 28%, and the

error in the total resistance could be even 460%.

As an example of the influence of the saturation, the

measured parameters are shown as a function of the reference

frame angle in Fig. 6 in the no-load case. The injection

frequency is 60 Hz. If rotating signal injection would be used

[2], approximately the mean value of the parameters would

be obtained. The error caused by the saturation would then be

about 16% in the inductance and 13% in the resistance at this

injection frequency.

The influence of the saturation-induced saliency can also

be seen by comparing the results at standstill to the results

at half of the rated speed. The rated magnetizing current is

0.3 p.u. At the DC-current level 0.3 p.u. and in the no-load

operation at half of the rated speed, the magnetizing current is

approximately the same and the rotor current is zero. However,

as the angle-dependency of the small-signal impedance is not

taken into account at standstill, the value of the identified

operating-point rotor leakage inductance (La0 + Lb) is only

55% of the value obtained at half of the rated speed. The

accuracy at standstill could be improved by measuring the

entire impedance matrix, which would require the rotor to be
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Fig. 5. Resistive part and inductive part of the impedance obtained
from measurements of the 45-kW motor and fitted model as a function of
the injection frequency f . The stator frequency is 0.5 p.u. The measured
impedance is shown by circles at the rated slip frequency, by crosses at 10%
of the rated slip frequency and by asterisks at no load. The corresponding
fitted impedance is shown by solid lines, dashed lines and dash-dotted lines,
respectively.
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Fig. 6. Resistive part and inductive part of the measured impedance of the
45-kW motor as a function of the reference frame angle. The stator frequency
is 25 Hz and the injection frequency is 60 Hz. No load is applied.

locked.

VII. CONCLUSIONS

When using high-frequency signal injection for the identifi-

cation of the total leakage inductance and the total resistance of

the induction machine, the saturation, the skin effect, and the

iron losses should be taken into account. Due to the saturation,

the small-signal impedance is dependent on the direction of

the excitation signal. Because of the skin effect, the parameter

values obtained at high frequencies deviate from the values

at zero frequency. The iron losses might be relatively high at

the injection frequencies, causing further inaccuracies in the

identified parameters.

In this paper, the total leakage inductance and the total

resistance are identified using sinusoidal signal injection. The



saturation-induced saliency is taken into account by evalu-

ating the stator impedance in several reference frames. The

impedance is measured at several frequencies, and a fitting

algorithm is used to compensate for the skin effect and the

eddy current losses. The model fits very well to the measured

data, and the accuracy is significantly improved as compared

to earlier methods.
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