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Abstract— The investigation presented in this paper aimed
to analyze the temperature dependences of induction machine
parameters. More specifically, the focus was placed on the
temperature behavior of magnetic properties. The machine
under test is a 100kW traction motor used in standard railway
applications. Knowledge of parameters temperature
dependences is necessary to ensure precise operation of the
induction machine over a wide temperature range. Therefore,
measurements for different stator and rotor temperatures of the
machine were conducted, which revealed that the permeability
of the stator and rotor side electrical steel sheet show a clear
temperature dependence. Moreover, a reduction of flux density
due to increasing temperature was determined. The purpose of
these results is to improve the accuracy of stator or rotor
equation-based flux models.
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L INTRODUCTION

Induction machines (IMs) are widely used in traction drive
applications like railway systems and the automotive industry.
Much progress has been made in development of accurate
torque control structures for induction machine drives. The
main problem of electrical drives used in this field is the
requirement of precise operation within a wide temperature
range.

The most commonly-known torque control methods for
IMs are direct torque control (DTC) and field orientated
control (FOC). The performance of both methods depends on
an accurate calculation of flux linkage, which is accomplished
by using flux models based on rotor and/or stator equations of
the IM. Consequently, one key point is the accurate
determination of all machine parameters. In addition,
knowledge of the temperature dependences of all parameters
is necessary to guarantee high performance over a wide
temperature range. Especially with the rotor side parameters,
the identification and adaptation of temperature dependence
can be challenging when the drive operates at a low speed for
long time periods. Therefore, significant research has focused
on rotor temperature and rotor resistance identification
techniques [1]-[3], whereas research has rarely been
conducted concerning the temperature dependence of
magnetic properties, like the permeability and flux density of
IMs. One promising approach for on-line rotor parameter
detection is based on analysis of inherent machine saliencies.
More particularly, the properties of the spatial saturation
saliency are used to estimate the rotor time constant. A
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detailed description of this approach can be found in [4] and
[5]. For this approach, the assumption was made that the
inductance remains constant over temperature. Knowledge of
temperature dependence of the IM’s inductance can thus be
used to improve accuracy of the estimation. Inductance
change is caused by permeability variation of the material over
temperature, whereby this effect is discussed in some
publications. Investigations of magnetic properties behavior
over temperature for different material probes can be found in
[6] and [7]. There are some differences in the change of
permeability with increased temperature. The permeability at
low flux density is increased with temperature (Hopkinson
effect [8]) and that at higher flux density it is reduced with
temperature. A further temperature effect is the variation in
flux density with temperature [9], which adversely influences
the machine torque capability.

The investigation presented in this paper is based on
saliency extraction methods that were initially developed for
usage in speed sensorless control. The ability to identify and
extract machine saliencies is linked with an excitation of the
machine with high frequencies. Accordingly, the influence of
symmetrical fundamental wave properties weakens, and the
influence of asymmetries like slotting and spatial saturation
becomes dominant.

Usually, saliency extraction is accomplished by measuring
the current response caused by additional voltage excitation,
distinct in frequency from the fundamental wave. The method
of excitation can be classified into high frequency carrier
signals and voltage pulses [10]-[17]. A carrier signal (typically
in the range of several hundred Hz) is superimposed to the
fundamental wave excitation. The saliency extraction method
used in this study is based on voltage pulse injection. These
pulse excitations can be either established separated from
PWM or integrated into the fundamental wave PWM
excitation. The resulting current responses due to voltage
excitation are derived in time. The following analysis of
calculated derivatives provides information about magnetic
properties of the electrical steel sheet. More precisely, the
average current derivative reflects the value of fundamental
wave inductance. Furthermore, the level of spatial stator
saturation is determined by the modulation amount of current
derivative. In general, there are two dominant modulation
effects that arise in IMs, caused by saturation and rotor
slotting. Additionally, an intermodulation also appears as a
combination of these two spatial modulations.



In order to identify temperature dependences,
measurements were conducted at different stator and rotor
temperatures. In view of the differences in temperature
behavior of permeability, measurements were also performed
without magnetization and for different magnetization levels
of the IM.

The remainder of this paper is organized as follows. The
method used for the extraction of magnetic properties is
presented in section II, while an overview of thermo magnetic
effects can be found in section III. Section IV includes
measurement results without magnetization of the machine
and different stator and rotor temperatures. In addition,
measurement results for various levels of magnetization and
temperatures are presented. Moreover, a detailed discussion of
the results is provided within this section.

II. METHODOLOGY

All measurements presented in this study were generated
using voltage pulse excitation of the IM. The excitation and
evaluation techniques were realized in LabView and
implemented on a laboratory test rig. In addition, the machine
control and data acquisition were also performed in LabView.
The control method is based on standard FOC. Voltage pulse
excitation was realized within one PWM period. Therefore,
every tenth PWM period was used to apply the voltage pulse
pattern instead of the standard PWM sequence. According to
the classical INFORM calculation [18], the injection of six
different voltage pulses is required to compound one current-
derivative-phasor. Consequently, one PWM period was
sequentially used to inject the voltage pulse pattern (+U/-U,
+V/-V or +W/-W respectively). All measurements in this
paper were taken by this cyclic pulse excitation. Current
responses due to the injected voltage pulse pattern were stored
for further analysis, aiming to detect changes in the magnetic
properties of the rotor and stator side electrical steel sheet.

The following description is separated into sections
regarding the extraction of magnetic properties and test rig.

A. Extraction of Magnetic Properties

The purpose of the following section is to provide a brief
overview of saliency extraction based on INFORM method.
For a detailed description, reference is made to [18].

Transient machine current reaction as a result of pulse
excitation is determined by the stator equation.
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In this equation, vy, depicts the injected voltage phasor,
which initiates the resulting stator current reaction i;. The rotor
flux linkage is given by Az. In this equation, quantity /;, differs
from the fundamental wave leakage inductance. It additionally
carries information about inherent machine saliencies.
Therefore, [;;can be separated into a constant and a modulated
part (2).

Ly = laverage + Z lnoa el 2)

The quantity /aerage in equation (2) represents symmetrical
machine parameters (constant part resulting from fundamental

wave), while the second term describes all spatial modulations
caused by different saliency effects of the machine. In view of
the fact that only the quantity Il contains inductance
information, the influence of the stator resistance and back
EMF need to be eliminated from equation (1), which is
accomplished by subtracting two measurement results from
the antiparallel voltage phasors (e.g. +U/-U). The next step is
to calculate the time derivative of all current responses due to
each active voltage phasor. An inverter comprising three half
bridges is capable of applying six active voltage phasors to the
machine. In this manner, a current-derivative-phasor can be
composed. Therefore, every injected active voltage phasor
corresponds to one component of the current-derivative-
phasor, pointing dominantly in injection direction. If this
method is used for speed sensorless control, a further step is
needed to remove the offset from equation (2). This can be
achieved by combination of the results obtained from the
injection of the three phase directions (U,V,W) to one phasor.
Consequently, the resulting phasor only contains asymmetry
information related to machines saliencies as well as their
modulations. This saliency information can further be used
e.g. for rotor position tracking.
o
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Fig. 1. Schematic depiction of spatial saturation.

A simplified example of the current-derivative-phasor
comprising only one single saliency effect (caused by spatial
saturation) appears as given in Fig. 1. The spatial saturation
level is depicted in this figure as an elliptic trace in the stator
fixed reference frame of the machine with its main axis
pointing in the direction of maximum saturation. Therefore,
the phase values of the saturation level can be represented as
black dots on the intersection of the ellipse and the
corresponding phase axes (for simplicity, dots are only
depicted on positive phase axes). The saturation level can be
approximated proportional to the magnitude of the resulting
phase current time derivative. Accordingly, the resulting
current-derivative-phasor (red arrow) is obtained. Its angular
orientation is defined by the main axis of the ellipse and its
magnitude by the ratio of axes of the ellipse.

Given that the investigations conducted in this study are
related to the temperature dependence of magnetic properties,
symmetrical (fundamental wave) and asymmetrical effects
(saliency effects) are analyzed. Accordingly, the removal of
the offset was omitted. Hence, all analyzed current-derivative-
phasors in this paper contain the offset and the modulated part
of equation (2).
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B. Experimental Test Rig

The entire measurement and control system is depicted in
the block diagram 0 schematically. The test rig comprises a
load machine and the machine under test (denoted ‘Induction
machine’ in the figure). Each machine is fed by a standard
industrial IGBT-inverter. For FOC in combination with a
current model (based on rotor equation), a rotor position
sensor (shaft encoder) is mounted on the rotor shaft. Rotor
temperature can be measured using an infrared measuring
device, which is placed in a hole, drilled in the bearing housing
close to the rotor ring. In addition, there are temperature
sensors integrated in the stator iron. Moreover, there is one
sensor for current measurement in each phase. The machine
control is implemented on a real-time control system as
mentioned above. A traction motor for standard railway
applications is used as machine under test. The stator of the
IM features a water cooling system, connected to a
temperature control unit. Thus, it is possible to keep the stator
temperature constant to different levels. Due to the long
thermal time constants of rotor iron and copper, warming up
of'the rotor is accomplished by running the machine with rated
torque for several hours.

For this investigation, voltage pulse injections for extraction
of magnetic properties are applied separated from the
fundamental wave PWM excitation. Therefore, periodically a
single PWM cycle is selected for voltage pulse injection. The
PWM frequency is set to 2,5kHz, resulting in a duration of
400us for a single excitation cycle. During the cycle, a pulse
sequence with zero average voltage is applied and the current
controller is modified accordingly.
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Fig. 2. Schematic illustration of the experimental test rig.

III. TEMPERATURE EFFECTS ON MAGNETIC
PROPERTIES

Within this section, a brief overview of temperature effects
on magnetic properties will be given. A more detailed
description can be found in [8] and [9]. The focus should be
on temperature dependence of initial permeability and
magnetization of ferromagnetic materials.

As already mentioned in the introduction, there are some
differences in the change of permeability with increased
temperature. The permeability of unmagnetized materials (in
literature denoted as initial permeability) is increased with
temperature. This behavior is also known as Hopkinson effect.
However, permeability of magnetized materials is reduced
with increasing temperature. Both effects are discussed
following:

A. Temperature Dependence of Initial Permeability

It is commonly known that the initial permeability reduces
drastically close to the Curie temperature (CT) and reaches the
value one above this temperature. Furthermore, initial
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permeability increases with temperature below the CT. Fig.
3Fig. 3Fig. 3 shows a typical characteristic of the initial
permeability over temperature for ferromagnetic materials.
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Fig.3.  Schematic diagram of initial

permeability over temperature [19].

B. Temperature Dependence of Magnetization

Together with magnetic flux level, temperature is one
main factor in causing change in magnetization. Fig. 4 depicts
the characteristic of the intrinsic induction over temperature
for different field strengths H. An iron specimen which is
exposed to a high magnetic field, shows a continuously
decrease in  induction/permeability =~ with  increasing
temperature. Moreover, the induction declines rapidly at the
CT. When the field strength is lowered, the curve is becoming
increasingly similar to the characteristic of the initial
permeability. The intrinsic induction will first increase with
rising temperature. After passing through a maximum, the
intrinsic induction will decline rapidly again [9].
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Fig. 4. Characteristic of intrinsic induction for difterent tield
strengths H. The figure is taken from [9].

IV. RESULTS AND DISCUSSION

Within this chapter, a detailed presentation of all
conducted measurements will be provided. Furthermore, a
discussion of the correlations between temperature and
permeability found in the analysis will be included. The
chapter is divided into sections regarding results without
magnetization and with different levels of magnetization. The
purpose of measurements without magnetization is, to find
correlations between temperature and initial permeability.
However, measurements with magnetization were conducted



to investigate, how temperature behavior of permeability is
influenced by the level of magnetization.

A. Measurement Initial Permeability Dependence on
Temperature

This section aims to investigate the temperature
dependence of initial permeability. Therefore, voltage pulses
were injected into the machine without a magnetization of the
machine. In addition, the speed of the machine under test was
kept constant by the load machine to 10rpm. Measurements
were conducted for different stator and rotor temperatures.
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Fig. 5. Traces of the three current-derivative-phasor components
for unmagnetized machine. Stator temperature kept constant at
22°C. To improve clarity, constant part is reduced by factor 20.

Fig. 5 shows the traces of the three current-derivative-
phasor components obtained for excitation in the three main
phase directions during one mechanical revolution of the
rotor. As the machine is operated with zero flux level, the only
modulation effect visible is due to rotor slotting. In order to
make the temperature influence clearly visible, a least-squares
circle fit function was used. Stator temperature was kept
constant at 22°C and the rotor temperature was changed to
three different values. The radius of the circles correlates with
quantity of modulation due to rotor slotting. However, the
positions of circle centers are related to the reciprocal value of
the average inductance. This value matches the quantity,
denoted /luverage In equation (2). It can clearly be seen that the
circle centers move towards the origin of the diagram with
increasing rotor temperature. This behavior corresponds to
increasing inductance values with rising rotor temperature.
While the quantity of rotor slotting modulations (radius of
circles) remains unaffected by rotor temperature as this effect
is dominantly caused by geometrical properties. All of this
suggests that the permeability of the rotor side electrical steel
sheet increases with temperature.

It has to be stressed, that the ratio between the constant part
and the modulated part of inductance is about 100:1. Hence,
in order to better illustrate these considerations, the constant
part was rescaled by a factor of 20 in Fig. 5.
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Fig. 6. Spectra of one current-derivative-phasor component

depicted in Fig. 5. Measurements conducted with constant stator
temperature 22°C and different rotor temperature (28° blue, 48°
green, 64° red, unmagnetized machine. To improve clarity,
constant part (offset) is rescaled by a factor of 20.
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Fig. 7. Spectra of one current-derivative-phasor component for
constant rotor temperature of 45°C and varied stator temperature.
(28° blue, 82° red); unmagnetized machine. To improve clarity,
constant part (offset) is rescaled by a factor of 20.
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Fig. 8. Spectra of one current-derivative-phasor component for
stator and rotor at room temperature (stator 22°/rotor 28° blue),
and warmed-up machine (stator 82°rotor 61° red)
unmagnetized machine. To improve clarity, constant part
(offset) is rescaled by a factor of 20.



For the purpose of deeper investigation, a spectral analysis
was used. The spectra of one component of the current-
derivative-phasor (from the direction of excitation +U/-U)
from Fig. 5 is depicted in Fig. 6. The rotor slotting number of
the machine under test is 40. Consequently, the modulation
due to rotor slotting becomes the harmonic number of 40
within the spectra. Furthermore, the reciprocal value of the
average inductance /aerge 1S represented by the harmonic
number zero. The graph can thus be used to calculate the rate
of permeability change. The change of permeability due to a
rotor temperature increase of 20°C amounts to 6.31%o, while
a rotor temperature increase of 36°C results in a permeability
increase of 9.4%o. Hence, the average rate of permeability
change at the rotor side within the considered temperature
range is calculated to 0.26%o/°C.

Similar behavior was found if the stator was changed
while keeping rotor temperature constant. Again, increasing
temperature leads to rising permeability at the stator side
electrical steel sheet. The measurement results depicted in Fig.
7 were achieved by a constant rotor temperature of 45°C and
different stator temperatures. The change of permeability due
to a stator temperature increase of 54°C amounts to 6.2%o.
This results in an average rate of change for the stator side of
0.12%0/°C within the considered temperature range.

A comparison of the warmed-up machine with the
machine under room temperature is presented in Fig. 8§,
whereby the resulting change of permeability due to warming
up the whole machine (stator A ~ +60°; rotor A ~ +30°)
amounts to 13.3%o. This value is significant higher compared
to the other two measurements. The reason for this is, that in
this case the permeability of the stator side as well as the rotor
side electrical steel sheet is increased.

B. Change of Permeability with Magnetization Current and
Temperature

The following section aims to study the temperature
influence on permeability for different magnetization levels of
the machine. Therefore, magnetization current was increased
from zero in 10% steps. The magnetizing current is expressed
as percentage of the rated current. Again, the speed of the
machine under test was held constant at 10rpm by the load
machine. Furthermore, all measurements were again
conducted with unloaded rotor.

Fig. 9 shows the characteristic of average inductance over
magnetization current for different rotor temperatures and a
constant stator temperature of 22°C. The rotor temperature
difference amounts to 36°C. As can be clearly seen, at the
lower range of magnetization current, behavior of
permeability is determined by the Hopkinson effect. In
accordance with the results presented in section IV.A, the
average inductance increases with temperature. Again, this
suggests that increasing temperature leads to rising
permeability of the rotor side electrical steel sheet. This
dependence is weakened for higher levels of magnetization
and finally undergoes a reverse when the electrical steel sheet
is saturated. The two curves depicted in the diagram intersect
at a magnetization current of approx. 47%. At this specific
point, permeability is decreased with the increase of rotor
temperature. This means that the flux density of the machine
becomes reduced with increased temperature.

In order to verify this behavior, additional measurements
were conducted with a rotor temperature difference of 16°C
and a constant stator temperature of 25°C. These results are
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Fig. 9. Characteristic of average inductance over magnetizing current for
different rotor temperatures (28° blue, 64°red) and constant stator temperature
of 22°C. Magnetizing current is expressed as percentage of rated current.
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Fig. 10. Characteristic of average inductance over magnetizing current for
different rotor temperatures and constant stator temperature of 28°C.
Magnetizing current is expressed as percentage of rated current.
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Fig. 11. Characteristic of average inductance over magnetizing current for
different temperatures of the machine. Magnetizing current is expressed as
percentage of rated current.

presented in Fig. 10. The obtained correlations between the
magnetization current and the average inductance are similar
to the previous results. The intersection of these two curves is
at approx. 40% of the rated current. Due to the lower rotor
temperature difference the influence of the Hopkinson effect
is reduced compared to the results depicted in Fig. 9.

In addition, measurements by warmed-up machine and the
machine at room temperature were conducted. The stator
temperature of the warmed up machine is 82°C, whereby
temperature of the rotor amounts to 61°C. By contrast to
previous results, both, stator and rotor temperature was
significant varied. This means that permeability of the stator
side as well as the rotor side electrical steel sheet is increased
by temperature. Consequently, the characteristics depicted in
Fig. 11 exhibits a high deviation of their average inductances.
This deviation becomes smaller with increasing level of



saturation. Within the investigated range of magnetization
current, no point of intersection is visible.

V. CONCLUSION

Measurements, based on voltage pulse excitation and
resulting current reaction measurement, conducted on a
standard IM for railway applications indicate significant
temperature dependences of magnetic properties. These
dependences are consistent with investigations in different
material probes found in several previous publications. The
measurement procedure, initially developed for speed
sensorless control, enables very accurate estimation of
machines transient inductance. Specific measurements started
with zero magnetization and different rotor and stator
temperatures of the machine. Analyses show that initial
inductance increases with temperature. For various stator
temperatures and constant rotor temperature, this increase is
0.12%o0/°C. With various rotor temperature and constant stator
temperature, the increase amounts to 0.26%o/°C. The rising
inductance is caused by the temperature dependence of the
electrical steel sheet’s permeability. This behavior is denoted
Hopkinson effect in literature.

Further measurements were conducted with different
levels of magnetization current and temperatures. Again, these
measurements have shown that permeability increases with
rising rotor and/or stator temperature at lower range of
magnetization current. This dependence is weakened for
higher levels of magnetization and finally undergoes a
reversal when the electrical steel sheet is magnetically
saturated. This suggests that flux density declines with
temperature in case of saturated machine.

For rotor parameter identification and estimation of flux
linkage commonly the assumption is made that inductance
remains constant over temperature. The results achieved in
this study can thus be used to improve accuracy of these
techniques.
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