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ΦAbstract –The demand for AC machines in traction 
applications fed by voltage source inverters is increasing. These 
highly efficient drives working near and even above their rated 
values are expected to operate for many years or even decades. 
Thus, condition monitoring is gaining a more important role. 
With focus in this work on outages due to deteriorated machine 
winding insulation an online monitoring method is presented to 
detect changes in the insulation strength. With the proposed 
method the insulation system state is assessed before an actual 
short circuit occurs, without the need for additional equipment 
or disconnection of the drive. The inverter is used as a source of 
excitation, by applying pulse sequences with different duration 
to enable high frequency excitation and analysis in a range 
suitable for the insulation condition monitoring. The evaluation 
of a change in the electrical strength of the insulation is made by 
analyzing the transient current responses measured with the 
built-in sensors of the inverter.  
 

Index Terms—AC machines; Current measurement; 
Insulation testing; Pulse width modulation inverters; Stators; 
Switching frequency 

I.   INTRODUCTION 
n modern traction applications consisting of ac machines 
fed by voltage source inverters (VSI) a continuous 

operation over decades also under harsh environment is 
expected. Especially, the machine is exposed to high 
temperatures. Heavy and frequent load cycles increase stress 
to the system components. Condition monitoring is required 
to fulfill the key requirements of a safe and reliable drive. 
Thus, the knowledge of the health state of the individual 
components of the drive system is important and monitoring 
systems are required. In this work, the term monitoring is 
used placing special focus to the stator winding of the 
machine.  

According to [1] and [2] the monitoring of the machine 
state is an important issue, as stator related faults are 
described as one of the most common faults. Different 
stresses like thermal, electrical, mechanical and 
environmental strain the insulation system and changes the 
insulating properties of the materials, which results in a loss 
in the dielectric strength. A detailed description of the effects 
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and causes can be found in [3], [4]. 
The deterioration of the insulation usually is a slowly 

developing process in the first (pre-fault) stage and 
accelerates to e.g. inter-turn short circuit, which is an actual 
fault condition. The condition of the insulation winding 
system is typically assessed with different industrially well 
known methods and measurements, e.g. dissipation factor 
tan( ) (tan( ) tip-up), partial discharge (PD), polarization 
index (PI) or surface insulation resistance test (SIR). Most 
methods are either offline measurements or need the 
experience of the examiner [3]. Other methods described in 
[5] and [6] can be applied online with additional signal 
injection equipment.  
The approach in this paper aims to detect imminent 
insulation degradation of the stator winding insulation 
system of the motor in a drive system without any additional 
signal injection source or sensor equipment. By using the 
inverter to generate a pulse sequence with specific 
frequencies and measuring the transient current response, 
which is taken for the insulation health state evaluation, the 
method meets the boundary conditions. With the opportunity 
of the observation of the insulation state during the operation 
or at least at startup or shutdown without disassembling of 
the drive, unexpected down times can be avoided and 
maintenance on demand scheduled. As a consequence, 
system reliability can be kept high. 

II.   TRACTION DRIVE – MAIN COMPONENTS 
With focus on systems with low-voltage ac traction drives 

the complete system consists of the main components, the 
machine, which is typically an induction machine as well as 
the cabling and the voltage source inverters, cf. Fig. 1. The 
inverter delivers the ability to control the angular velocity of 
the rotor shaft by supplying the stator winding with voltage 
of variable frequency/magnitude using the pulse width 
modulation (PWM). 
 

 

 

Fig. 1 Scheme of main components of a drive. 

Currently, the voltage rise times due to switching of the 
power electronics are in the range of a few hundred 
nanoseconds. Due to newer upcoming wide-bandgap semi-
conductors, e.g. silicon carbide (SiC) or gallium nitride 
(GaN) significantly lower voltage rise times (higher dv/dt 
rates) are possible. In addition to the reduced incurred losses 
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in the inverter during a switching transition, the steep voltage 
flanks generate surges within the system inverter-cabling-
stator winding through reflection and oscillations. Through 
the reflection phenomena the occurring overvoltages at 
machine terminal side reach up to 2 p.u. of the inverter 
output voltage according to [7] and up to 4 p.u. according to 
[8], depending on different factors, e.g. cable length, voltage 
rise time, switching transition etc.. These increased voltage 
levels additionally strain the insulation system of the 
machine winding. 

The highest overvoltages occur at the stator winding 
terminals. This is explained by the value of the reflection 
coefficient ‘ ’ of equation (1), which is the parameter that 
describes, how much of an electromagnetic wave is reflected 
by an impedance discontinuity. Due to impedance mismatch 
between the cabling (impedance ZC) and the inverter 
(impedance ZLoad =ZIn), the reflection coefficient is about 

 due to ZIn << ZC. The machine winding on the other 
hand provides for the rapid propagated pulse a very high 
impedance ZC << ZMa where ZMa is the characteristic 
impedance of the machine. The reflection factor is thus 
accordingly . 

 (1) 

In addition to the reflection phenomena of the voltage, a 
transient decaying oscillation is also visible in the current 
trace after the switching transition. Investigations from the 
authors in [9] with accelerated aging of insulation systems in 
a stator slot model by applying thermal exposure, show the 
effects of degraded insulation during the aging process in 
connection with deviation in the current response after 
voltage step excitation. Additionally, in accordance with 
[10], the results show that one of the main parameters that is 
linked with insulation degradation is the measurable 
insulation capacitance, as this would be important in the later 
section. 

In the following two sections the system components 
inverter and machine are described more in detail. For the 
cabling between the inverter and machine, 6m of standard 
industrially assembled power cables are used in all 
investigations in this work. 

A.   Inverter 
The inverter used for the measurements in this work 

consists of four 4,7μF capacitors building the dc link and 
three IGBT half-bridges (cf. Fig. 2) designed for a maximum 
VCE voltage of 1200V and rated current Irms of 50A. Since the 
switching and delay times are important for these 
investigations, a clear definition in alignment with the typical 
denotation is given as follows. The turn on time of one 
IGBT-module is about 140ns and is defined by the sum of 
td(on) (time from 10% of gate-to-emitter voltage VGE to 10% 
of collector current Ic, about 80ns) and tr (rise time from 10% 
of Ic to 90% of Ic, about 60ns). In contrast to the turn-off case 
with 460ns the time is defined by td(off) (duration between 
90% VGE and 90% Ic, about 400ns) and tf (fall time from 90% 
Ic to 10% Ic, about 60ns).  

Another timing issue is the dead-time. If one IGBT is 
turned on, the other IGBT of the half-bridge cannot be 
switched. A digitally adjustable dead-time is generated by 
the gate drive unit, which has to be longer than the turn-off 
delay time of the IGBT. This avoids that one IGBT is turned 
on, before the other one is completely turned off. Due to 
safety reasons and the above mentioned timing values 
(depending on the load), the inter-lock dead time is set to 2μs 
for all measurements of this work.  

B.   Machine  
The machine is a 5.5kW induction machine with a 

random-wound winding system. In the stator system round 
enameled copper wire is used, which is a winding wire 
according to EN13601 Cu-ETP with insulation consisting of 
polyesterimide and polyamide-imide as the over coat. The 
materials ensure a thermal durability and overload stability 
and are classified with thermal class H according to IEC 
60085 (class 180 – IEEE definition). The resin is single 
component, monomer and volatile organic compound (VCO) 
free, based on specially modified unsaturated polyester. The 
thermal classification is also specified with class H (class 
180). The conductors to the terminal block and the tapes are 
classified with class F (class 155). 

As depicted in Fig. 2, the machine winding can be 
modeled by its fundamental wave parameters RS (stator 
resistance) and LS (stator inductance). Besides, these 
components the parasitic winding parameters , i.e., winding-
to-ground capacitance CWdg-Gnd, phase-to-phase capacitance 
CPh-Ph and turn-to-turn capacitance Ct-t exist, which largely 
influence the high frequency behavior and consequently the 
transient overvoltages at the machine terminals. 

Fig. 2 Three half-bridge inverter and equivalent circuit diagram of 5.5kW 
induction machine.

III.   MEASUREMENT PROCEDURE AND INSULATION 
DEGRADATION 

A.   Excitation methods 
Basic idea of the proposed insulation health state 

estimation method is that in a specific high frequency range 
the machine is excited clearly above the machine’s 
fundamental wave that is linked with the mechanical speed 
and typically does not exceed 1kHz. The high frequency 
excitation is realized with the inverter by a series of short 
switching transitions, as depicted in Fig. 3 (a). The figure 
depicts the measurement of the machine terminal L1 voltage 
with respect to lower dc-link voltage level. For this 
representation 50 consecutive measurements are performed 



 

and in the enlarged area the mean signal, standard deviation 
and minimum/maximum values of one part of the signals are 
depicted.  

In Fig. 3 (b) the machine’s current reaction, resulting from 
the applied voltage excitation is depicted. The necessary 
excitation frequency of the voltage pulses for the insulation 
monitoring depends on the insulation system and the 
construction of the machine. For machines with rated power 
of up to 100kW and random wound stator winding the range 
is typically from 10kHz to 6MHz. In case of pre-formed 
stator coils and machines with higher rated power of MW 
and above, the frequency range is typically from 10kHz to 
2MHz. 

 

(a) 

 

(b) 
Fig. 3 (a) Machine terminal voltage L1 with respect to lower dc-link 
voltage, (b) current reaction in phase L1. 

Regarding currently available industrial inverters, the 
minimal duration for voltage pulses is limited to few 
microseconds. This leads to excitation frequencies in the 
lower portion of the frequency range suitable for insulation 
degradation monitoring. The measurements in this work are 
limited to a maximum excitation pulse frequency of 166 
kHz. However, with new power semiconductor technology, 
e.g. silicon carbide (SiC) or gallium nitride (GaN), higher 
switching frequencies are reachable, that cover also the upper 
portion of the aforementioned frequency range for the 
different machine types. 

B.   Inverter interlock-dead time influences 

The challenge at modern industrial inverters is that they 
are not designed to continuously apply a pulse sequence in 
the frequency range of several hundred kHz. In order to keep 
the incurred switching losses low, a sequence of only few 6 
very short pulses is used in the presented investigation and 
specific excitation frequencies (12.5kHz, 25kHz, 50kHz, 
83,3KHz and 166,6kHz).  

Due to inverter interlock-deadtime and other non-ideal 
properties of the inverter, the actual voltage excitation signal 
gets distorted leading to additional excitation frequencies. In 
addition, resulting from the impedance mismatch of inverter, 
cable and machine, reflections of the voltage wave occur, 
leading to distinctive higher harmonics.  

In Fig. 4 (a) and (b) a scheme of a switching transition of 
one half bridge in dependence from the current flow 
direction is depicted. In the left subfigure a transition from 
upper to lower as well as lower to upper transistor is depicted 
with positive current direction. In case of the switching 
transition from the upper to the lower transistor (a – dashed 
blue arrow), the machine current commutates immediately 
after turn-off of the upper transistor by the gate drive unit to 
the freewheeling diode. Therefore the output terminal obtains 
the negative dc-link potential immediately and dead time 
does not influence the output voltage trace. In contrast to a 
switching transition from lower to upper transistor, indicated 
by the dashed red arrow. In this case the lower freewheeling 
diode was conducting before the switching transition and 
thus turning off the bottom transistor does not affect the 
output voltage. After expiration of the dead time, the upper 
transistor is turned on and the output terminal assumes 
positive intermediate circuit potential. In this case, the 
change in the voltage trace is delayed.  

In subfigure (b) the effect of the dead time on a switching 
transition during negative current direction is depicted.  

In subfigure (c) the effect on the current trace is depicted 
in case of positive and negative current. The alternating 
decrease or increase of the pulse duration is indicated with 
tpulse- td and tpulse+ td. 

(a)                                                     (b) 

 
(c) 

Fig. 4 (a,b) Scheme of switching transition in dependence of current flow 
direction and acting dead time (c) current trace according to the inverter 
dead time for tpulse=10μs. 

C.   Spectral components of excitation signal 

The special voltage pulse sequence of Fig. 3 (a) with a 
specific dominating frequency of 50kHz is realized by time-
shifted voltage space phasors pointing in opposite direction 
of one phase (in this case the sequence L1+, L1-, L1+, L1-, 
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L1+, L1-) with a duration of 10μs for each single pulse. 
Furthermore, due to the dependency on the type of insulation 
system and divergence from machines of the same type the 
interesting frequency range for the insulation monitoring 
process may span over a wide range. As can be seen in Fig. 3 
(a) the voltage excitation signal is of trapezoidal shape, the 
spectrum and thus the excitation frequencies depending on 
the various rise times and duty cycles, illustrated in Fig. 5 
(a). The Fourier analysis on the time signal x(t) with equation 
(2), results in the coefficients given with expression (3), with 
the approximation that the rise time TR is equal to the fall 
time TF.  

 (2) 

  (3) 

The envelope of the excitation signal is given by the two 
‘sinc’ functions, which delivers the upper bound in the 
spectrum of the coefficients in a logarithmic frequency plot, 
cf. in Fig. 5 (b).  

 

Fig. 5 (a) Time signal of trapezoidal shape, (b) spectrum of envelope. 

If the duty cycle is short enough that the frequency 
1/( TP) > 2 /T is bigger than the fundamental frequency the 
spectrum starts with a 0dB/decade. The term sinc(v fTP) 
results in a asymptote with a slope of -20dB/decade, until the 
second border frequency 1/( TR) defined by sinc(v fTR) 
depending on the rise time TR. As can be seen the energy of 
the signal is spread over a broad range of frequencies and 
with variation of the pulse width TP (in this work 3μs, 6μs, 
10μs, 20μs and 40μs) the trace can be shifted and different 
frequencies can be considered for the monitoring process.  

D.   Insulation monitoring 
For the insulation monitoring the signals are analyzed in 

the frequency range. Fig. 6 (a) and (b) depicts the amplitude 
spectrum of the voltage excitation signal YU and 
corresponding current reaction of Fig. 3 (a) and (b) 
calculated with equation (4)- the discrete Fourier transform. 
For the sake of clarity, the discrete frequency points are 
represented with a curve. 

 (4) 

As can be seen in the upper subfigure the target frequency 
with a pulse duration of tpulse=10μs is ft=50kHz (red dashed 

line), however the actual main excitation frequency is 
fa=43,96kHz. In Fig. 6 (b) the amplitude spectrum of the 
current reaction due to the inverter excitation is measured in 
phase L1 with a Rogowski-coil, denoted with YI1[k], with a 
specified bandwidth of f3dB~16MHz and in case of the built-
in standard industrial current transducers of the inverter, 
denoted with YI2[k], with f3dB~150kHz and di/dt~50A/μs. It is 
clearly visible that the main excitation frequency is 
accurately detected by the Rogowski-coil. In case of the 
current transducer additional frequency components 
strengthened occur due to the internal structure of the sensor. 
However, despite the response to the excitation procedure 
depending on the sensor characteristic, the response is still 
reproducible and can thus be compared to initial 
measurements taken at a new insulation system. 

 
(a) 

(b) 
Fig. 6 (a) Amplitude spectrum of voltage pulse excitation signal (tpulse=10μs) 
with actual excitation frequency ft=50kHz and target frequency fa=43,96kHz. 
(b) Amplitude spectrum of corresponding current reaction (current 
transducer f3dB~150kHz and rogowski coil f3dB~16MHz) for different 
machine states. (Healthy insulation state – blue; C=100pF//L1 - green; 

C=470pF//L1 - red)  

Further, due to changes in the parasitic capacitances, 
resulting e.g. from degradation of the insulation system, a 
deviation in the machine’s current response on the excitation 
is visible in a specific frequency range. When comparing the 
results obtained from a healthy machine with healthy 
insulation system and repeated measurements taken in 
service during specified intervals, a distinct change is 
detectable. The different degradation levels of the insulation 
system in Fig. 6 (b) are emulated with capacitors with 
different values (100pF and 470pF) placed in parallel to 
phase L1. Each of the traces represent the distribution of 50 
single measurements and deviations between the healthy 
machine (blue trace) and degraded insulation scenarios 

ft=50kHz

fa=43,96kHz

YU[k] 

YI1[k]
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Healthy machine 
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(green and red traces) are clearly observable over the 
depicted frequency range.  

In practical applications, time intervals between the 
insulation state assessments can be in the range of a few 
hours in harsh operating conditions and up to several weeks 
in applications with low additional stress. As it was shown in 
[9], the measurable capacitance value of the insulation 
system decreases during the aging process and a capacitor 
parallel to the winding increases the total capacitance. 
However the used method gives evidence which deviations 
and dimensions of capacitance variations are detectable. 

E.   Accelerated aging 
To analyze a change of the winding insulation system 

state the test machine has been aged by accelerated aging 
cycles until the failure of the insulation was determined with 
a voltage withstand test. Thermal aging by heating the 
machine winding with an oven to a defined temperature 
above the maximum approved level plays an important role 
for investigations regarding insulation degradation. High 
temperature in modern insulations leads to chemical 
reactions if exposed to temperatures above a threshold value. 
Through oxidation the insulation materials become brittle 
and tend to delamination in bandaged coil insulation types. 
In first approximation the rate of reaction of the oxidation 
process is given by the Arrhenius respectively by the Van 't 
Hoff equation, stating that the deterioration of an insulation 
increases by the factor 4 for each temperature increase by 
20K. With equation (5) the life span L (in hours) of the 
insulation strength is estimated. The Factor Ea (activation 
energy), kB (Boltzmann constant) and A (pre-exponential 
factor) can be assumed as constant. The equation is only 
valid for high temperatures above a specific threshold 
different for each insulation material. Due to the fact that 
more than one chemical reaction usually occur this 
formulation is not strictly valid.  

 (5) 

The aging test procedure is established in accordance with 
the IEEE standard 1107-1996 [11]. By conducting heat 
exposures in repeated cycles, thermal deterioration effects 
are analyzed on an accelerated basis. Temperature and 
exposure period were chosen with the target to reach up to 
maximum ten cycles until failure of the insulation system is 
validated. The insulation system of the machine is classified 
with class F (class temperature ϑF=155°C) and the over 
temperature was set to ϑaging1=220°C with an exposure period 
of 2 days/cycle. 

In Fig. 7 the test machine stator is shown after different 
aging cycles. The first two figures show the whole stator 
winding with the iron body and the enlarged winding 
overhang for the healthy machine state denoted with ‘Cycle 
0’.  

After three aging cycles are applied the figures in the 
middle row indicates that the machine winding suffers under 
the thermal aging, denoted with ‘Cycle 3’. As can be seen, 
the resin dissolves from the winding. The insulation tapes 
become also very brittle and the color gets dimmed. The 
enamel winding insulation of the coils has hardly changed. 

The withstand voltage test is carried out successfully at this 
state.  

After nine aging cycles the resin has completely 
dissipated. The tapes crumble at contact and enamel 
insulation has small local defects as can be seen in the two 
lower figures of Fig. 7 (‘Cycle 9’). The withstand test 
conducted with a voltage of 1kV failed at that state of the 
investigations. 

Cycle 0 
 

Cycle 3 
 

Cycle 9 

 

 

Fig. 7 ASM 5.5 kW stator after different aging cycles. 

With a frequency response analyzer (FRA), a non-
destructive and sensitive method, the capacitance change due 
to the applied aging cycles is evaluated. By injection of low 
voltage sinusoidal signal constant in amplitude but with 
increasing frequency sweep the impedance of a test specimen 
winding over a wide frequency range is analyzed and 
compared to the result with a reference set. In Fig. 8 the 
capacitive change of phase L1 is depicted in a frequency 
range from 10kHz to 100kHz. At the observed frequency 
range the deviation from the reference (blue trace - ‘Cycle 0’) 
to the last applied aging cycle (gray trace ‘Cycle 9’) is about 

C~25%.  



 

IV.   INSULATION STATE ASSESSMENT 
In this section the implementation of the aforementioned 

facts is shown to obtain an in service monitoring process. 

 
Fig. 8 Tendency of capacitive change of phase L1 measured by frequency 
response analyzer FRA.  

The aim of the insulation monitoring by varied inverter 
pulse excitation is to detect imminent insulation degradation, 
which evolves usually slowly after unspecified time of 
operation. Furthermore, various insulation components (turn-
turn insulation, groundwall insulation etc., cf. Fig. 2) can be 
affected by aging and the effect on the transient current 
response is impacting differently. Thus, the observation of a 
change over a wide frequency range is advantageous. 
Therefore a frequency range up to 1MHz is analyzed and the 
severity of the insulation degradation is assessed by root 
mean square deviation (RMSD) calculated from the 
difference of the healthy machine state spectrum and spectra 
of further measurements after each aging cycle. The resulting 
value is denoted as the Frequency Response Deviation 
(FRD). With equation (6) a value for the actual machine state 
is calculated. 

 (6) 

In order to ensure statistical interpretation of the data one 
machine insulation state is represented by a high number of 
consecutive measurements. These measurements are taken in 
a sequence and in this work the number was set to 50 
measurements. For the representation of the healthy machine 
state a reference current amplitude spectrum  is formed 
out of the 50 different spectra. The index p identifies the 
investigated phase. The second variable, denoted with 

 represents the current amplitude spectrum of the 
emulated insulation degradation measurement. The index n 
represents the consecutive number of the repeated 
measurement. The variable frange depends on the length of the 
observed frequency range. 

In Fig. 9 the calculated indicators after each aging cycle 
for the phase L1, L2 and L3 of the test machine in case of a 
pulse excitation with tPulse=6μs are depicted. The value at 
‘Cycle 0’ corresponds to mean of the healthy machine state 
compared with the individual measurements of the healthy 
machine states. Between the value of ‘Cycle 0’ and ‘Cycle 1’ 
there is a larger step merging into a saturation with small 
monotonic increasing tendency until ‘Cycle 7’, illustrated by 
the dashed gray line with the percentage change rates with 
respect to the healthy machine. There is a correlation 

between the insulation degradation detectable with the 
decreasing capacitance value of the winding system and the 
increasing tendency of the indicators observable for all three 
phases. At ‘Cycle 8’ the voltage withstand test (1000V dc) 
failed for phase L3 for the first time. Investigations showed 
that the winding passed a withstand test with lower voltages 
of several hundred volt, thus enabling inverter-fed operation 
at rated dc-link voltage. Phase L1 and L2 passed the 1kV dc 
test successfully. The change in the insulation state of phase 
L3 affects the current response of the two other phases, 
visible with the high indicator values in all three subfigures. 
After ‘Cycle 9’ the winding insulation tests completely 
failed. However, it was still possible to continue at ‘Cycle 8’ 
and ‘Cycle 9’ with inverter operation (test pulses) with 
nominal voltage. It is suggested that the ground leakage 
currents in these two states were still very small and the 
results can be concluded as a scenario of a badly damaged 
insulation in a state just before an actual failure of the 
machine. 

 

 

 

Fig. 9 Insulation state indicators for phase L1- L3 for each aging cycle. 

Fig. 10 depicts the current reaction of phase L3 in case of the 
healthy machine state at ‘Cycle 0’ and after insulation 
degradation occurred in a final state of ‘Cycle 8’.  

C~25% 

L1 

L2 

L3 



 

 

Fig. 10 Current response of phase L3 for healthy machine state (blue trace) 
and in case of insulation degradation (green trace). 

 

 

Fig. 11 Fraction in percentage of the deviations on the indicator at each 
equidistant frequency point.  

Due to economic reasons the usage of a lower ADC 
sampling rate is preferred. Thus, the selected frequency range 
for the indicator calculation was limited to a maximum 
frequency of 1MHz. In Fig. 11 the fraction of the calculated 
deviation of the Fourier coefficients from the healthy state in 
percentage at each equidistant frequency within the 
observation range are depicted. The values represent the 
mean values of the cycles 0-7. As can be seen from Fig. 11 
the frequency range between 200-350kHz is most sensitive to 
changes in the insulation health state for the considered test 
machine. Due to limitation in the power electronics devices, 
maximum frequency of the main pulse excitation was around 
160kHz. Thus, a direct main pulse excitation within the most 
sensitive frequency (200-350kHz) was not possible so far.  

V.   CONCLUSION 
A new method to detect insulation degradation has been 
proposed. It is based on the frequency response of the 
machine current to a voltage excitation with a specific 
dominant frequency. The excitation is established by a 
voltage pulse sequence of the inverter having a dominant 
fundamental wave that equals the target excitation frequency. 
The current response is measured with standard industrial 
sensors as well as Rogowski type sensors. One advantage of 
the method is that the main excitation frequency can be 
changed to cover the frequency range of the machine, most 
sensitive to changes in the winding insulation health state by 
changing the frequency of the pulse sequence. Thus a 
frequency response trace of the machine insulation can be 

estimated. Monitoring the insulation health state, down times 
can be avoided and maintenance on demand scheduled. 

VI.   ACKNOWLEDGMENT 
The work was supported by the Austrian Research 

Promotion Agency (FFG) under project number 838478. 
VII.   REFERENCES 

[1] IEEE Committee Report, “Report of large motor reliability survey of 
industrial and commercial installation, Part I,” IEEE Transactions on 
Industry Applications, vol.21, no.4, pp.853–864, 1985. 

[2] IEEE Committee Report, “Report of large motor reliability survey of 
industrial and commercial installation, Part II,” IEEE Transactions on 
Industry Applications, vol.21, no.4, pp.865–872, 1985. 

[3] Stone, G. C.; Boulter, E. E.; Culbert, I.; Dhirani, H., “Electrical 
Insuation for Rotating Machines”. IEEE Press, 2004. 

[4] Toliyat, H. A., et al. “Electric Machines: Modeling, Condition 
Monitoring, and Fault Diagnosis”. CRC Press, 2012. 

[5] Neti, P.; Grubic, S., "Online broadband insulation spectroscopy of 
induction machines using signal injection," 2014 IEEE Energy 
Conversion Congress and Exposition (ECCE), pp.630-637, 14-18 Sept. 
2014. 

[6] Perisse, F.; Werynski, P.; Roger, D., “A New Method for AC Machine 
Turn Insulation Diagnostic Based on High Frequency Resonances,” 
IEEE Transactions on Dielectrics and Electrical Insulation, vol.14, 
no.5, October 2007. 

[7] Knockaert, J.; Peuteman, J.; Catrysse, J.; Belmans, R., "Hidden 
reflection phenomena on inverter-fed induction motors," 2005 
European Conference on Power Electronics and Applications, pp.9 
pp.-P.9, 11-14 Sept. 2005. 

[8] Amarir, S.; Al-Haddad, K., "Mathematical analysis and experimental 
validation of transient over-voltage higher than 2 per unit along 
industrial ASDM long cables," IEEE Power Electronics Specialists 
Conference, pp.1846-1851, 15-19 June 2008. 

[9] Zoeller, C.; Vogelsberger, M.A.; Fasching, R.; Grubelnik, W.; 
Wolbank, T.M., "Evaluation and current-response based identification 
of insulation degradation for high utilized electrical machines in 
railway application," 2015 IEEE 10th International Symposium on 
Diagnostics for Electrical Machines, Power Electronics and Drives 
(SDEMPED), pp.266-272, 1-4 Sept. 2015. 

[10] Farahani, M.; Gockenbach, E.; Borsi, H.; Schäfer, K.; Kaufhold, M., 
“Behavior of machine insulation systems subjected to accelerated 
thermal aging test,” IEEE Transactions on Dielectrics and Electrical 
Insulation, vol.17, no.5, 2010. 

[11] IEEE Recommended Practice for Thermal Evaluation of Sealed 
Insulation Systems for AC Electric Machinery Employing Random-
Wound Stator Coils," In IEEE Std 1107, 1996. 

VIII.   BIOGRAPHIES 
Clemens Zoeller received the B.Sc. degree in Electrical Engineering and the 
M.Sc. degree in Power Engineering from Vienna University of Technology, 
Vienna, Austria in 2011 and 2013, respectively. He is currently Project 
Assistant at the Department of Energy Systems and Electrical Drives, Vienna 
University of Technology and working towards his PhD degree. His special 
fields of interest are fault detection, condition monitoring and sensorless 
control of inverter-fed AC machines. 
Markus A. Vogelsberger received the the Dipl.-Ing./M.S. (with honor) and 
Dr.Techn/Ph.D. (with honor) degrees in Electrical Engineering from Vienna 
University of Technology, Vienna, Austria, in 2004 and 2009, respectively. 
He has been a Scientific Research Assistant in the Institute of Electrical 
Drives and Machines, Vienna University of Technology, where he has been 
engaged in several industrial and scientific R&D projects in the field of 
sensorless control, drives systems and power electronics / drive converter. In 
2011, he joined Bombardier Transportation, Vienna, Austria. 
Thomas M. Wolbank received the doctoral degree and the Associate Prof. 
degree from Vienna University of Technology, Vienna, Austria, in 1996 and 
2004, respectively. Currently, he is with the Department of Energy Systems 
and Electrical Drives, Vienna University of Technology, Vienna, Austria. He 
has coauthored more than 100 papers in refereed journals and 
international conferences. His research interests include saliency based 
sensorless control of ac drives, dynamic properties and condition monitoring 
of inverter-fed machines, transient electrical behavior of ac machines, and 
motor drives and their components and controlling them by the use of 
intelligent control algorithms.

L1 L2 

L3 

Healthy machine 

Insulation degradation 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


