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Abstract--Today’s variable speed drives are usually operated 

close to their maximum tolerable conditions. The fast switching 

of modern power electronic devices leads to high stress of the 

winding insulation. As a result, an insulation breakdown may 

lead to sudden breakdown and high economic loss. To avoid 

unpredictable downtimes and enable repair on demand, 

monitoring of insulation health state is getting more and more 

important.  

The paper proposes a method to monitor changes in the 

insulation health state by evaluating the machines high 

frequency properties. Deterioration of insulation condition is 

usually linked with a change of insulation capacity and thus also 

influences high frequency properties. Initiating a voltage step 

excitation of the machine by the switching of the inverter, the 

high frequency properties can be identified by measuring the 

resulting current response. This response is usually seen as 

current signal ringing and contains the machines high 

frequency information.  

Applying signal processing tools changes in the high 

frequency information is extracted and an insulation state 

indicator derived. The applicability of the method is verified by 

measurements on two test machines (5.5kW and 1.4MW) having 

different power rating as well as different insulation system.  

 
Index Terms--AC machines, Condition monitoring, Electric 

machines, Fault diagnosis, Induction motors, Insulation testing, 

Motor drives, Pulse width modulated inverters, Rotating 

machines, Squirrel cage motors 

NOMENCLATURE 

C Capacitance. 
f Frequency. 
fS Sampling frequency. 
g Discrete frequency. 

i Current. 

ISI Insulation state indicator. 
k Identifier of consecutive measurement. 
m Number of measurement repetitions. 

N Number of samples. 

nhigh Higher limit of frequency range. 
nlow Lower limit of frequency range. 
R Resistance. 

 
Manuscript received January 30, 2014; revised May 27, 2014 and July 

10, 2014; accepted July 29, 2014. 

Copyright (c) 2014 IEEE. Personal use of this material is permitted. 

However, permission to use this material for any other purposes must be 

obtained from the IEEE by sending a request to pubs-

permissions@ieee.org. 

P. Nussbaumer was with the Institute of Energy Systems and Electrical 

Drives, Vienna University of Technology, 1040 Vienna, Austria. He is now 

with Bombardier Transportation (Switzerland) Ltd., Converter Control 

Department GSC/NE2EP, 8050 Zurich, Switzerland (e-mail: 

peter.nussbaumer@ch.transport.bombardier.com) 

M. A. Vogelsberger is with Bombardier Transportation Austria GmbH, 

GSC/NDEW; PPC-Drives Development Center 1, 1220 Vienna, Austria (e-

mail: markus.vogelsberger@at.transport.bombardier.com) 

T. M. Wolbank is with the Institute of Energy Systems and Electrical 

Drives, Vienna University of Technology, 1040 Vienna, Austria (phone: 

+43 (1) 58801 - 370 226; fax: +43 (1) 58801 - 9370 226; e-mail: 

thomas.wolbank@tuwien.ac.at). 

RMSD Root mean square deviation. 

SISI Spatial insulation state indicator. 

t Time. 
twin Time window length. 

UDC DC-link voltage. 

x1 Signal 1. 

x2 Signal 2. 

y Current with eliminated derivative. 

Ycon Fourier transformed of condition measurement. 

Yref Fourier transformed of reference measurement. 

 

Subscripts 

c Cable. 

c-c Cable-to-cable. 

fault Fault.  
p, ph Phase. 
ph-gnd Phase-to-ground. 
ph-ph Phase-to-phase. 
t-t Turn-to-turn. 
U,V,W Machine phase. 

I.   INTRODUCTION 

N modern traction application adjustable speed drives 

(ASD) consisting of an AC machine (typically induction 

or permanent magnet synchronous (PMSM) machine) 

and inverters (nowadays voltage source inverters (VSI) with 

Insulated Gate Bipolar Transistors (IGBTs) are standard. 

Although electrical machines are generally highly reliable, 

the increased demand of system availability leads to the 

necessity to implement condition monitoring, fault detection 

and/or fault tolerant control.  

The main causes for machine breakdown have been 

analyzed in [1] and [2]. The outcome of this analysis is that 

machine breakdown originates in faults that can be classified 

in three categories – bearing, stator and rotor related faults. 

According to these investigations the second most common 

causes are stator related accounting for about 35% of all 

collected machine breakdowns. Within these stator related 

faults, problems with the insulation finally leading to short 

circuit faults account for 70%. Thus, reliable monitoring of 

the insulation condition allows the shift of maintenance 

strategy from preventive to predictive. In case of predictive 

maintenance, the risk of failure estimated by insulation 

condition monitoring allows to decide if maintenance (e.g. 

replacement of the windings before breakdown of the 

insulation system) is required or not. In the past, different 

fault detection and condition monitoring techniques have 

been presented. In [3] and [4] many condition monitoring 

and fault diagnosis methods have been summarized. Further 

studies presented in [5] and more recent in [6] discuss the 

development of online monitoring methods of the machine’s 

winding insulation. 

Usually breakdown of the insulation is a slowly 

developing process starting with deterioration of the 
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insulation material and then leading to severe turn-to-turn, 

phase-to-phase or phase-to-ground short circuits [8]. The 

exact time of insulation breakdown cannot be determined 

according to [9]. Therefore only a risk of failure rather than a 

time to failure can be defined. 

The deterioration of the insulation condition is accelerated 

by different causes. The main cause according to [10] is 

thermal stress. However, electrical, mechanical and 

environmental strains lead to deterioration of the insulation 

material too. Concerning inverter-fed drives the fast rise 

times of modern switching devices like IGBTs and 

MOSFETs lead to increased electrical stress for the 

insulation system as analyzed in [8]. This aspect of 

accelerated insulation aging due to PWM (Pulse Width 

Modulated) inverter operation has been discussed in many 

publications so far. To further investigate these effects 

modeling of the behavior of electrical machines in case of 

fast voltage switching has been realized. The results in 

[11],[12] show that the electrical stress due to the high rate 

of voltage rise in case of PWM inverter operation influences 

the life time of the insulation material. However, the 

experimental results show that the magnitude of the applied 

voltage and the temperature are influencing the life time 

more than the frequency of the applied voltage (switching 

frequency in case of inverter-fed operation). The dependence 

of electrical stress (high dv/dt) on the cables and the 

relationship between partial discharges and insulation life 

time is discussed in [13]. 

So far, many different insulation fault detection and 

condition monitoring techniques have been proposed in 

literature. All methods can be categorized into offline or 

online approaches. The most industrially accepted methods 

are applied offline. Thus, the machine has to be taken out of 

service to test its insulation. Furthermore, it can be 

differentiated if the tests are able to detect insulation 

deterioration or solid short circuits only. 

Some of the proposed methods use artificial neural 

networks to detect solid short circuits in the stator windings 

with various inputs like presented in [14], [15] and [16]. The 

comparison of the estimated back EMF (electro-motive 

force) to reference measurements is used in [17] and [18]. 

The detection of inter-turn short circuits for claw-pole 

machines is presented in [19]. The method uses a machine 

model to detect the effects of turn short circuits in the DC-

link quantities due to the lack of measurements on the AC 

side. This method could be also applicable for poly-phase 

machines. In [20] and [21] on the other hand the analysis of 

the negative sequence components is used for insulation fault 

detection. The comparison of the second order harmonics in 

the quadrature current component to measurements at 

faultless condition for inter-turn short circuit detection in 

permanent magnet synchronous machines (PMSM) is used in 

[22].  

The offline partial discharge [6],[7] and offline surge [23] 

tests are able to detect insulation deterioration. Further 

offline insulation monitoring methods are the DC 

conductivity test [24], the insulation resistance (IR) test [9], 

DC/AC HiPot test [9] and polarization index (PI) test [9]. 

So far, the only industrially accepted online insulation 

monitoring technique is the online partial discharge (PD) test 

[25] that has been discussed more recently in [26], [27] and 

[28]. However, this test is only applicable for medium to 

high voltage machines and needs additional measurement 

hardware as well as highly sophisticated evaluation software. 

Different other online insulation fault detection methods 

have been presented in literature.  

The on-line capacitance and dissipation factor test is 

discussed in [29] for monitoring of the insulation condition. 

Furthermore, the estimation of the leakage current to ground 

is used to assess the condition of the ground-wall insulation 

by measuring the current in all three phases. The 

investigation of the capacitance and dissipation test and 

analysis of other insulation condition monitoring techniques 

are also presented in [30] and [31]. There the leakage current 

to ground is used for assessment of the ground wall 

insulation condition. However, in this case the current in all 

three phases is measured with only one single current 

transducer resulting in a direct estimation of the leakage 

current. 

The adaptation of the surge test for online applicability is 

proposed in [32] and [33]. So far, this test is designed for 

application in mains-fed machines only. 

All of the above presented methods have a certain 

disadvantage. This can be the need of additional sensors or 

high sophisticated evaluation leading to high computational 

effort or the lack of possibility to detect incipient stator 

insulation degradation. Furthermore, many methods only 

work for mains-fed operation or only if the machine under 

test has been taken out of operation. The insulation 

monitoring method that will be presented in the following 

aims to overcome these disadvantages. Thus, the 

requirements for the proposed online insulation monitoring 

method are applicability for inverter-fed drives, usage of the 

already available sensors only, the detection of insulation 

deterioration and that no disassembling of the drive is 

necessary. 

First results on exploitation of switching transients to 

insulation state monitoring have been presented in [34], 

however, most of the results are limited to low power 

machines with random wound stator windings and enamel-

insulated wire. 

This paper briefly presents the developed online 

insulation monitoring method and compares its application to 

two different induction machine drive systems with different 

winding type as well as insulation system and power rating. 

Special focus is laid on the high power, high voltage 

insulation system. Furthermore, the performance of the 

method for different sampling rates for the current 

measurements is analyzed. 

II.   THEORETICAL DESCRIPTION OF PROPOSED 

MONITORING METHOD 

A.   High-Frequency Behavior of Inverter-Fed Drives 

The fast voltage rise time of modern switching devices 

additionally stresses the winding insulation as mentioned in 

the introduction. The reason for this stress is the occurring 

transient overvoltage resulting from reflections of the applied 

voltage pulse at the machine’s terminal connections. 

According to traveling wave theory the mismatch of machine 

and supply cable impedance leads to these reflections [35]. 

The machine impedance is by far bigger than the cable 

impedance. Thus, in theory the voltage pulse is fully 

reflected (reflection coefficient nearly one) [35]. The 

reflected voltage pulse leads to an oscillating transient 
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overvoltage with decaying magnitude. The peak value can 

reach up to twice or even four times (for fast subsequent 

voltage pulses) the DC-link voltage and the oscillation 

frequency is in the range of tens kHz to tens MHz [36].  

An inverter-fed drive system consists of three main 

components defining the complex impedance system leading 

to the voltage pulse reflections: 

- Inverter (e.g. voltage source inverter) 

- Supply cables 

- AC machine (e.g. induction machine) 

The elements defining the characteristic of the drive’s 

behavior like stator resistance rS, stator inductance lS, cable 

inductance and resistance per unit length, etc. on the one 

hand and the parasitic components like phase-to-ground 

(cable), winding-to-ground (machine), winding-to-winding 

(machine) and turn-to-turn (machine) capacitance and the 

inverter’s capacitive coupling to ground on the other hand 

determine the mentioned drive’s complex impedance 

network. Many of the parasitic components are defined and 

strongly influenced by the insulation system. Thus, these 

components also influence the oscillating transient voltage. 

This oscillation is also visible in the current immediately 

after inverter switching. It is characteristic for the machine’s 

high-frequency behavior. 

A change in the machine’s insulation system (e.g. due to 

deterioration) leads to a change in this characteristic 

oscillation (hf-behavior). The proposed condition monitoring 

method evaluates the oscillation in the current reaction on 

voltage switching to detect changes in the machine’s hf-

behavior. It is preferred to analyze the changes in the current 

oscillation as current sensors are already available in modern 

drive systems for machine control. 

There are also other influences that lead to changes in the 

drive system’s high-frequency behavior. On the one hand 

change of cabling could lead to changed hf-behavior. 

However, as investigated in [37] this does not affect the 

proposed method. On the other side environmental 

conditions like temperature or moisture can cause a change 

of the machine’s hf-behavior. Experimental investigations 

showed that this does not significantly influence the methods 

performance. Atmospheric pressure variation is not an issue 

for this monitoring technique. In the relevant standards 

EN60216-1 up to 8, IEEE 429, EN60172 and EN60212 

dealing with insulation testing no hint can be found that 

atmospheric pressure variation has to be taken into account. 

Furthermore, the application is aiming on operation close to 

normal pressure. 

B.   Measurement Procedure and Signal Processing 

For the evaluation of the hf-oscillation the current has to 

be acquired with sufficient resolution in time. The excitation 

of the machine in the hf-range is carried out by changing the 

inverter’s switching state.  

The used switching state transitions always originate in 

the lower short circuit (-SC, 000) and end in one of the three 

positive active switching states (+U, 001; +V, 010; +W, 

100). For the generation of these switching transitions and 

thus applied active voltage states the VSI of the drive system 

is used. Thus, it is not necessary to take the drive out of 

service and no additional hardware is needed. 

The current’s reaction resulting from the switching 

transition in phase U (-SC to +U) is depicted in Fig. 1. 

Although this reaction contains frequency components above 

the bandwidth of industrial current sensors (bandwidth 

between several ten to a few hundred kHz) no special sensors 

are necessary. Standard industrial current sensors do not 

have a sharp cut-off characteristic but only lead to 

attenuation of the frequency components above their 

specified frequency. The current sensors used in these 

investigations have a cut-off frequency of 300kHz 

(Vaccuumschmelze ZKB 464/201).  

 

Fig. 1.  Current signal with illustrated mean derivative (dotted line) and 

switching instant (arrow). 

The visible current derivative after the switching 

transition (denoted “mean derivative” – dotted line) is mainly 

determined by the machine’s transient leakage inductance. 

This transient leakage inductance depends on inherent 

machine saliencies like rotor slotting and saturation level. 

Thus, this influence has to be eliminated as only the high-

frequency oscillation is of interest. The elimination can be 

done by simply subtracting the mean derivative after exact 

detection of the actual switching instant. For the calculation 

of the mean derivative two current samples i(t1) and i(t2) at 

steady state current derivative are needed. For the trace 

depicted in Fig. 1 t1 and t2 could be chosen to 13µs and 18µs. 

The elimination of the current derivative is then done as 

follows. 

t
tt

titi
tity ⋅

−

−
−=

12

12 )()(
)()(  (1) 

The resulting signal is shown in Fig. 2. 

 

Fig. 2.  Current (mean derivative subtracted) after switching transition from 

lower short circuit (-SC, 000) to +U (001). 

The time instant of the switching command is used as a 

pre-trigger for the detection of the exact switching instant. 

Thus, the data collection starts before the actual switching 

instant. After data acquisition the trigger detection can be 
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performed by taking the difference between two subsequent 

samples for several combinations of samples. If the 

differences of these samples exceed a certain threshold the 

actual position of the switching transition is found. If not 

another set of differences is calculated for later samples. This 

procedure is repeated until the actual switching transition has 

been identified. The whole algorithm consists of subtractions 

and comparisons only. Hence, it can be easily implemented 

in a FPGA or DSP (Digital Signal Processor). 

The circles only highlight exemplary sampling instants for 

better illustration and do not reflect the actual used maximum 

sampling rate of 40MS/s. The transient current oscillation 

depicted above is further analyzed in the frequency domain. 

Therefore the depicted signal is transformed by Fast Fourier 

Transform (FFT). The investigated time window is chosen 

from the actual switching instant until the oscillation has 

decayed. For the shown signal (Fig. 2) this time window is 

chosen to 6.4µs. The used sampling frequency is 40MS/s. 

Thus, the number of sample values equals to N=256. The 

resulting amplitude spectrum after Fourier transform is 

depicted in Fig. 3 for evaluation in phase U. 

 

Fig. 3.  Amplitude spectrum of measured current in phase U after switching 

transition from lower short circuit (-SC, 000) to +U (001). 

The amplitude spectrum is characteristic for the 

machine’s hf-behavior in phase U. If recorded for healthy 

machine condition it serves as a reference trace and is 

compared to later measurements to assess the machine’s 

insulation condition in the proposed monitoring method. It is 

important to compare traces at same operating condition. 

Currently the method is based on evaluation of 

measurements for unexcited machine. 

To detect changes in the machine’s hf-behavior the above 

described measurement procedure and signal processing is 

repeated for all three phases. For each of the three phases a 

reference amplitude spectrum (recorded for healthy machine 

condition) is stored for later comparison to condition 

measurements and assessment of the insulation condition. 

C.   Insulation State Indicator (ISI/SISI) 

The measurement and signal processing has been 

described in the previous section. The next step is to 

introduce an insulation state indicator for the assessment of 

the insulation condition in one phase. It is based on 

quantifying the change in the machine’s high-frequency 

behavior by comparison of amplitude spectra recorded for 

healthy machine condition (reference) and that recorded 

during later condition assessment. The Root Mean Square 

Deviation (RMSD) is chosen as a comparative value and 

serves as Insulation State Indicator (ISI) for the respective 

phase. 
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The Fourier transformed signals Yref and Ycon have been 

obtained by the procedure described in section B.  for 

healthy machine condition (reference) and a later condition 

assessment, respectively. The index p defines the 

investigated phase (U,V,W). The variables nhigh and nlow 

define the compared frequency range and depend on 

sampling rate and investigated window length. The definition 

of the evaluated frequency range allows separating other 

influences like cabling or grounding that is also leading to a 

change in the drive’s high-frequency behavior. Due to the 

fact that a single measurement’s duration is in the range of 

hundred microseconds the procedure can be repeated m-

times to increase the accuracy of the method. Thus, the index 

k (1,2,3,…) denotes the number of the consecutive 

measurements. Investigations showed that 30 repetitions of 

the measurements are more than sufficient for a robust 

detection. This outcome also correlates with the fact that a 

statistically representative sample is greater or equal to 30 if 

the measurand is normally distributed as can be assumed 

here. 

The used reference signal (frequency spectrum for healthy 

machine condition) is the mean trace calculated from m 

measurements. 
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The variable g identifies the discrete frequency. The 

frequency is calculated using the sampling rate fS, the number 

of samples N and the window length twin according to the 

following equation 

N
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The quantity defining the insulation condition in one 

phase is the insulation state indicator ISIp calculated from m 

RMSD values according to equation (2). 
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In a last step of signal processing a Spatial Insulation 

State Indicator (SISI) is calculated by linear combination of 

the ISI values of all three phases. 
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Symmetrical changes of the high-frequency behavior (e.g. 

due to temperature variation, change of cabling,…) are 

eliminated by this linear combination as these lead to a zero-

sequence component. 

It has to be stressed here that the method is aiming on 

insulation condition monitoring and not on fault detection of 

already occurred short circuits in the machine winding. 

Accelerated insulation aging due to increased stress is still a 

slow process. The focus of this method is not on detecting 

suddenly occurring insulation faults but observing a trend of 

the insulation state indicator over time. This trend can then 

be used for an assessment of the insulation condition and as 
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an indicator for incipient insulation deterioration. Hence 

outliers can be eliminated easily leading to a low risk of false 

alarms. 

III.   EXPERIMENTAL SETUP 

The main focus in this paper is to show the applicability 

of the above proposed condition monitoring method to 

machines with high power rating and detect the necessary 

sampling rates for the current measurements. Furthermore, 

results are compared for induction machines that clearly 

differ in their power rating as well as the used insulation 

systems. Two different machines have been chosen for this 

purpose. Induction machine IM#1 is an industrial 2-pole 

machine with 5.5kW (low power; see Appendix) and 

enamel-insulated wire and random wound coils. Induction 

machine IM#2 on the other hand is a 4-pole 1.4MW machine 

(high power for traction applications; see Appendix) with 

fiber-insulation wires and pre-formed coils. Both machines 

have a squirrel cage rotor and several tapped windings 

accessible at the machine’s terminal connection block. Thus, 

it is possible to change the machine’s hf-behavior by 

inserting capacitors between the different taps of the 

winding. The exemplary scheme of the parasitic capacitances 

(phase Cph, turn-to-turn Ct-t, phase-to-phase Cph-ph, phase-to-

ground Cph-gnd) in the machine and this additional capacitor 

Cfault are depicted in Fig. 4. 

 
Fig. 4.  Additional capacitor Cfault inserted in parallel to the full phase 

winding U, schematically. 

The phase-to-ground capacitances of IM#1 and IM#2 are 

1.5nF and 21nF respectively. The additional capacitor in 

parallel to the turn-to-turn capacitances, thus, result in an 

increase of the insulation capacitance. Due to the fact that 

aged insulation material would lead to a similar increase of 

capacitance this approach is chosen to emulate insulation 

deterioration. The severity of insulation degradation can be 

varied by the capacitance of the inserted capacitor. This is in 

accordance to the results of increasing capacitance due to 

insulation deterioration presented in [38] and [39]. In these 

investigations the turn-to-turn insulation is thermally aged at 

250°C. The thermal aging leads to an increase of capacitance 

of up to twice the initial value. It is thus expected that the 

accuracy reached is sufficient to detect incipient insulation 

fault. Furthermore, the severity of insulation deterioration 

can be varied by location of the insertion of the capacitor. In 

these investigations the capacitor is inserted in parallel to the 

winding of one whole phase (denoted as ‘full’; winding 

consists of 12 coils), one coil (consisting of 5 turns) and one 

turn. IM#1 and IM#2 have the same winding configuration. 

The used test-stand is schematically depicted in Fig. 5. 

Fig. 6 shows a picture of the used laboratory test-stand. The 

machines under test IM#1 (low power) and IM#2 (high 

power) are connected to an IGBT-voltage source inverter fed 

by a relatively constant DC-link voltage of 440V. 

 
Fig. 5.  Schematic overview of used test-stand. 

The measurements, control and signal processing are 

carried out with a combined PXI-system consisting of real-

time processor, Field Programmable Gate Array (FPGA) and 

fast sampling ADCs from National Instruments, 

programmable in LabVIEW. The inputs and outputs of the 

real time system and FPGA are connected to a printed circuit 

board (PCB). The interfaces and signal adaption of sensors 

and gate drive unit control signals are realized on this PCB. 

Control and gate drive unit are connected via fiber optical 

cables. The user interface for the control system is realized 

on a conventional PC connected via Ethernet. 

 
Fig. 6.  Overview of used laboratory test-stand. 

IV.   MEASUREMENT RESULTS 

The purpose of the following experimental investigations 

is to identify differences in the application of the above 

presented monitoring method between induction machines 

with different power ratings and insulation systems and show 
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the applicability of the condition monitoring method to high 

power machines. 

In a first step the differences in the high-frequency 

behavior of the two investigated machines is analyzed 

regarding the amplitude spectrum for healthy insulation 

condition. Fig. 7 shows this comparison of the amplitude 

spectrum normalized on the respective maximum magnitude 

of each machine. 

 

Fig. 7.  Normalized Amplitude spectrum of measured current in phase U 

after switching transition from lower short circuit (000) to +U (001) for 

induction machine IM#1 (black) and IM#2 (gray). 

It is clearly visible that the dominant frequencies for the 

machine with higher power rating (IM#2 – gray trace) are in 

a lower frequency range than that of IM#1 (black). The 

highest magnitude can be identified at 313kHz and 44kHz 

for induction machine IM#1 and IM#2, respectively. 

The sampling rate in both investigations is chosen to 

40MS/s. The investigated time window length twin is defined 

to 6.4µs and 137.5µs for IM#1 and IM#2, respectively. The 

time window depends on the duration of the decaying 

transient oscillation visible in the current signal. The DC link 

voltage (voltage pulse magnitude) is in both cases 440V. 

In a next investigation an additional capacitor is inserted 

in parallel to the full phase winding U. The value of the 

inserted capacitor is chosen with respect to the phase-to-

ground capacitance of the two machines IM#1 (1,5nF) and 

IM#2 (21nF) to 0.5nF and 15nF, respectively. These values 

have been determined from measurements with a RLC-meter 

directly from the machines under test. For induction machine 

IM#2 further fault scenarios are evaluated too. Capacitors 

with a capacitance of 3nF and 6.8nF are also inserted 

between different taps of the stator winding (phase U). The 

position of the inserted capacitors has been changed. The 

capacitors have been inserted in parallel to the full phase 

winding U (‘full’), first coil in phase U (‘first coil’) and the 

first turn (‘first turn’). 

The amplitude spectra for the reference signal in phase U, 

Yref,U (according to (3)) is compared to the amplitude during 

a condition measurement |Ycon,U,1|. It has to be stressed here 

that the condition measurement is carried out the same way 

as the reference measurement leading to Yref,U (see detailed 

description section II.  and [34]), however, at later time. The 

reference measurement is thus a characteristic finger print of 

the machine used to compare all later (condition) 

measurements. This comparison and the resulting square 

deviation is depicted in Fig. 8 and Fig. 9 for induction 

machine IM#1 and IM#2, respectively. 

For both investigated machines a dominant change in 

specific frequency components can be detected. For IM#1 

the most significant change is at 469kHz. Whereas the most 

dominant changes for IM#2 can be detected at 44kHz, 

73kHz and 151kHz. A small deviation is detectable at 

1.2MHz. This shows that the evaluation for high power 

machines leads to much lower frequencies. This originates in 

the fact of different high-frequency behavior for high-power 

machines (decrease of resonance frequency; see also [40]). 

 

Fig. 8.  Reference amplitude spectrum Yref,U(f) (black, solid trace), 

amplitude spectrum of one condition assessment Ycon,U,1(f) (black, dashed 

trace) for 0.5nF capacitor inserted in parallel to the full winding of phase U 

and calculated square deviation of both traces (gray, solid trace); IM#1. 

 

Fig. 9.  Reference amplitude spectrum Yref,U(f) (black, solid trace), 

amplitude spectrum of one condition assessment Ycon,U,1(f) (black, dashed 

trace) for 15nF capacitor inserted in parallel to the full winding of phase U 

and calculated square deviation of both traces (gray, solid trace); IM#2. 

The three most dominant changes for induction machine 

IM#2 are visible more clearly in Fig. 10 (zoomed plot of Fig. 

9). 

 

Fig. 10.  Reference amplitude spectrum Yref,U(f) (black, solid trace), 

amplitude spectrum of one condition assessment Ycon,U,1(f) (black, dashed 

trace) for 15nF capacitor inserted in parallel to the full winding of phase U 

and calculated square deviation of both traces (gray, solid trace); IM#2 

(zoomed). 

The above presented comparison can be used for the 

calculation of the insulation state indicator for the individual 

phases according to equations (2), (3) and (5). The three 

insulation state indicators are then combined to the spatial 

insulation state indicator SISI according to equation (6). The 

frequency range taken into account for the calculation of the 

SISI for high power machine IM#2 is between 0Hz and 
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200kHz (0Hz – 1MHz for IM#1). The resulting spatial 

representation of the indicator for induction machine IM#2 is 

depicted in Fig. 11. 

 

Fig. 11.  Spatial insulation state indicator (SISI) for induction machine 

IM#2 and changed hf-behavior; sampling rate: 40MS/s. 

It can be seen, that the indicator points in the direction of 

phase U as the change of the machine’s high frequency 

behavior has been carried out in phase U only. The crosses, 

stars, etc. depict the tip of the spatial insulation state 

indicator. The magnitude of the spatial insulation state 

indicator, thus, corresponds to the severity of the alteration in 

the machine’s hf-properties. The investigated scenarios are 

the ones explained above. 

 

Fig. 12.  Spatial insulation state indicator (SISI) for induction machine 

IM#2 and changed hf-behavior; sampling rate: 40MS/s (zoomed). 

In Fig. 11 the spatial insulation state indicators for small 

changes (6.8nF capacitor across one single turn (‘first turn’; 

black X) and 3nF across one single coil (‘first coil’; black 

cross)) are hard to evaluate thus this area has been zoomed 

for better assessment of the indicator’s performance. This 

can be seen in Fig. 12. Furthermore, it is clearly visible that 

the investigated healthy machine condition (black and gray 

star) result in a spatial insulation state indicator very close to 

the origin. 

The results depicted in Fig. 11 and Fig. 12 show that the 

investigated scenarios with different severity of emulated 

insulation deterioration by insertion of an additional 

capacitor can be separated in severity by the length, the 

phase position of the alteration by orientation of the indicator 

(crosses, stars, etc. show the tip of the spatial insulation state 

indicator). All indicators for scenarios with changed 

machine’s hf-properties point in phase direction U as all 

changes have been carried out in the respective phase. 

Alteration of the machine’s hf-behavior introduced in phase 

V or W would result in an indicator with an angle of 120° 

and 240°, respectively. Furthermore, it can be clearly seen 

that unchanged machine condition always results in a spatial 

insulations state indicator in or close to the origin of the 

Gaussian plane. An indicator deviating from this position can 

be interpreted as an asymmetric change in the machine’s hf-

properties. Symmetrical changes in all three phases would 

not be indicated by the SISI. These changes could be 

introduced by change of cabling or similar aging in all three 

phases. However, investigations in [41] showed that 

insulation deterioration is usually more distinct in one of the 

phases. If symmetrical changes have to be considered too, 

the trend over time of the individual insulation state 

indicators (ISI) of all three phases has to be regarded in 

addition to the SISI. 

The presented results are based on current measurements 

with a sampling rate of 40MS/s. In a typical control system 

for traction drives this sampling rate cannot be reached. For 

economic and also technical reasons it is thus advantageous 

to reduce the necessary sampling rate as much as possible. 

The economic reason for a reduction of sampling rate is 

obvious but also integration of the method into existing 

motor converter control systems is simplified with a 

reduction of necessary sampling rate. In addition to that the 

technical realization of high sampling rates on the one hand 

and real time processing of the obtained signals on the other 

hand is a technical challenge in the design of control 

electronics. This is another reason for a reduction of 

sampling rate as much as possible. From previous 

experimental investigations presented in [34] a rule of thumb 

could be defined saying that the necessary sampling rate for 

an accurate detection of a change in the machine’s hf-

behavior should be 20-times higher than the highest 

interesting frequency in the amplitude spectrum. As has been 

shown in Fig. 9 and Fig. 10 this frequency can be detected at 

151kHz for IM#2. This results in a necessary sampling rate 

of around 3MS/s. Therefore the same investigations as 

presented in the previous figures have been performed with a 

sampling rate reduced from 40MS/s down to 2.6MS/s. This 

is even slightly below the recommended sampling rate. The 

results for the spatial insulation state indicator SISI 

investigating the same scenarios as presented in Fig. 12 for 

reduced sampling rate are presented in Fig. 13. 

Again the indicators for small changes in the machine’s 

hf-properties cannot be distinguished from measurements for 

healthy machine condition in the plot presented in Fig. 13. 

Thus, this area has been zoomed by a factor of ten in Fig. 14. 
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Fig. 13.  Spatial insulation state indicator (SISI) for induction machine 

IM#2 and changed hf-behavior; sampling rate: 2.6MS/s. 

 

Fig. 14.  Spatial insulation state indicator (SISI) for induction machine 

IM#2 and changed hf-behavior; sampling rate: 2.6MS/s (zoomed). 

The investigations with reduced sampling rate show that 

similar results can be achieved as for a sampling rate of 

40MS/s. The different scenarios can be identified and 

separated in severity and phase location. Thus, a reduction of 

the sampling rate to 2.6MS/s (IM#2) according to the 

mentioned rule of thumb is possible with hardly any 

deterioration in accuracy. This shows that the method can be 

implemented in modern drive control units with no or only 

minor changes in hardware. 

In a last investigation the Spatial Insulation State 

Indicator for the low power (IM#1) and high power 

induction machine is analyzed. The compared scenarios are 

an insertion of a 0.5nF capacitor for IM#1 and a 15nF 

capacitor for IM#2 – both in parallel to the full phase 

winding. The different choice of capacitor value has to be 

done due to the fact that the parasitic capacitances increase 

for higher power machine due to the difference in insulation 

material and thickness (also determined by the difference in 

voltage rating). The results are depicted in Fig. 15.  

 
Fig. 15.  Spatial insulation state indicator (SISI) for induction machine 

IM#1 and IM#2 and changed hf-behavior for similar scenarios. 

It has to be stated here, that the SISIs have been 

normalized to the length of the indicator in case of additional 

capacitance insertion. The direct comparison of machines 

with different power rating is difficult due to the difference 

in used insulation materials and resulting parasitic 

capacitances. The introduced change in high-frequency 

behavior for IM#1 set in comparison to the machines phase-

to-ground capacitances is half of that for IM#2. This leads 

also to a higher deviation of the healthy machine condition 

from origin in case of machine IM#1. The SISI calculation 

comparing to identical measurements would lead to an 

indicator exactly in the origin. Thus, the length of the 

indicator at healthy machine condition can be a measure for 

the methods performance and comparison of the two 

machines with different power rating. The length of the SISI 

indicator at healthy machine condition for IM#2 is 0.0062 

and for IM#1 0.0355 and thus approximately 5.7-times 

higher. Comparing this value to the introduced change (2-

times higher for IM#2) shows that the performance of 

detecting changes in the machine’s hf-behavior is even better 

for the high power induction machine IM#2 but definitely 

sufficient for machines in different power ranges and with 

different insulation materials. 

V.   CONCLUSIONS 

Insulation deterioration is involved in a change of the 

parasitic insulation capacitance. Thus, also the machine’s 

high-frequency behavior is influenced. In this paper, a 

condition monitoring method has been presented that is 

capable of detecting such changes by evaluation of the 

transient current reaction resulting from a voltage step 

excitation immediately after inverter switching. The method 

has been applied to a small 5.5kW and a bigger 1.4MW 

induction machine having different insulation systems. The 

method’s performance and applicability has been proven for 

different machine ratings and winding systems like random 

wound winding and pre-formed coils.  

Sampling rate used for current acquisition is a crucial 
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parameter in the design of the measurement hardware 

needed. An analysis of the necessary sampling rate has been 

carried out and compared to previous results. The sampling 

rate has to be approximately 20-times higher than the 

maximum frequency component that experiences a 

significant change and is used as the upper limit in the 

calculation of the insulation state indicator. A sampling rate 

of 2.6MS/s was found to be sufficient for the investigated 

induction machine with a power rating of 1.4MW. An 

implementation of the proposed insulation condition 

monitoring method is thus possible with no or only minor 

changes in the existing hardware of modern converter control 

electronics. 

Applying the proposed method during the operation of an 

industrial drive, critical changes in the insulation health state 

can be detected and on time repair be arranged thus reducing 

the risk of unpredicted sudden drive breakdown. 

Due to the fact that laboratory broad-band current sensors 

were used for the presented investigations, an open topic for 

further investigations is the applicability of different types of 

current sensors to the method. 

APPENDIX 

Machine parameters: 

 IM#1 IM#2 
Nominal current: 14.07 A 429 A 
Nominal voltage: 280 V 2183 V 
Nominal frequency: 75 Hz 61.9 Hz 
Rated power: 5.5 kW 1428 kW 
 2-poles 4-poles 
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