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Abstract — Since the development of power electronic 
components, which allowed the manufacturing of reliable and 
efficient inverters, variable speed drives using inductive motors 
have become more and more popular. The PWM technique has 
proven to be a very effective method of rotational speed control. 
However, the fast changing voltage pulses, with very steep slopes 
(in  the  order  of  a  few  kV/ s),  has  brought  new  hazards  for  the  
electrical insulation system of such motors. Very high frequency 
harmonic components of PWM voltage will result in significant 
overvoltage due to an impedance mismatch between the cable and 
the motor. As an effect, the voltage seen by some parts of the 
insulation system may exceed the Partial Discharge Inception 
Voltage (PDIV) stating localized partial discharges activity. The 
aim of this paper is to investigate and analyze the aging process of 
the enameled wire exposed to different factors and to propose a 
method allowing to predict their lifespans in given conditions. This 
study introduces a prediction based on the Design of Experiments 
method and the statistical Weibull distribution. Thanks to the 
model obtained with short multi-stress aging tests, it is possible to 
predict the results of significantly longer ones. Moreover, the 
adapted methodology is proposed that allows to predict the scatter 
of the long tests basing on the short-time results dispersion. The 
same approach is used to compare different products between 
each other and rank them. All model predictions are compared 
with the experimental data in order to prove the model accuracy. 

Keywords — lifespan prediction; comparative method; design of 
experiments; accelerated aging; rotating machines; partial 
discharge; electrical insulation system; inverter-fed motors; PWM; 
Weibull distribution 

I. INTRODUCTION

A. Form- and random-wound machines
The windings of the machines can be divided into two groups: 

form-wound or random-wound. [1] 

Form windings use rectangular magnet wires. The position of 
each individual turn inside the slot is well controlled. As a result 
a turn-to-turn voltage stress as well as temperature distribution 
are more uniform compared to random-wound machines. Due to 
much higher cost, both of materials and labor, this type of 
winding is used almost only for high voltage or high power 

(typically more than hundreds of kW) low voltage machines and 
thus will not be further discussed in this review. 

Low voltage and/or low power machines are almost 
exclusively random-wound. The windings are made with 
insulated round copper conductors, called magnet wire. As their 
arrangement in the coil during skeining or insertion cannot be 
controlled, the winding is called random. As a result, wires from 
one turn can touch any other turn and therefore the maximum 
turn-to-turn voltage can be significantly higher than for form-
wound machines. In the worst-case scenario the beginning and 
the end of the winding can be adjacent. According to some 
studies [2] the probability of such a situation can be higher than 
90%. Moreover, this type of winding is much more vulnerable 
to mechanical damages due to vibrations or loose wire. Further 
problems can be caused by uneven resin build-up, non-uniform 
temperature distribution or higher accumulation of moisture and 
contaminates due to unsteady air circulation. 

Fig. 1. Cross-section of a slot: form winding (left) and random winding (right) 
[1] 

B. Electrical insulation system of low voltage motors
Electrical insulation system is an insulating structure

containing one or more insulating materials together with 
associated conducting parts employed in an electrotechnical 
device [3]. The IEC standard [4] divides the electrical insulation 
systems used in electric machines into 2 main categories, called 
type I and type II. The type I system consists in the materials that 
are not expected to experience any partial discharges (PDs) 
activity within specified conditions in their service lives. It is 
generally used in random-wound low voltage machines (rated 



voltage  700 VRMS) and is based almost uniquely on organic 
polymer materials. By contrast, systems expected to withstand 
PDs in any part of the insulation throughout their service lives, 
are classified as type II [5]. These systems are usually used in 
form-wound high voltage machines and use both the organic 
polymer materials and inorganic materials. In this review we 
concentrate only on type I electrical insulation system in 
random-wound machines. 

Insulating components in low voltage machines can be 
divided according to their function into the following groups [6]: 

 Phase-to-ground insulation  
 Phase-to-phase insulation  
 Turn-to-turn insulation  
 Impregnating varnish or potting resin  

The first three components are often called primary or major 
insulation, as opposed to impregnating liquid, which is a 
secondary insulation. The overview of the components of a low-
voltage insulation system is shown in Fig. 2. 

Fig. 2. Overview of materials in a low-voltage insulation system: 1 turn 
insulation, 2 slot liner, 3 slot separator, 4 wedge, 5 phase separator, 6 lead 
sleeving, 7 coil-nose tape, 8 connection tape, 9 cable, 10 tie cord and 11 

bracing. [7] 

The phase-to-ground insulation prevents the winding coils 
from touching the stator core. Each slot of the stator is lined with 
a slot liner made most commonly of so-called insulating 
“paper”, such as aramid paper (well-known under its Dupont 
trade name NomexTM), polyester film (known as MylarTM) or 
polyester fleece (known as DacronTM). Generally, they present 
high breakdown strength, good mechanical properties, such as 
tear resistance and they resist well to chemical attack. The 
choice of the insulating material is often defined by the thermal 
class of the machine. The slot liners are available in wide range 
of thicknesses, depending of their voltage class [6] [7]. 

The phase-to-phase insulation prevents the any two coils of 
different phases from touching one-another. At the end winding 
the coils are separated by the phase separators. For those 
winding configurations with two different phases in the slots, 
their coil are separated by the slot separators. For phase-to-phase 
insulation, the same materials are used as for the phase-to-
ground insulation. The insulators are typically slightly thicker 
due to higher voltage that they need to support.  

In order to further improve the properties of the insulating 
papers they can be piled together into flexible laminates. These 
laminates are best known under their trade names, e.g. NMN 
(Nomex/Mylar/Nomex) or DMD (Dacron/Mylar/Dacron). The 
role of turn-to-turn insulation is to electrically separate the turns 
of the same coil from each other. In low voltage machines this 
insulation consists in the thin enamel layer on the copper wire. 
For each diameter of a magnet wire there are several enamel 
thicknesses available, called grades. Typically grades 1 or 2 are 
used (higher grade= thicker enamel), but higher grades (up to 9 
[8]) are commercially available. All the wire dimensions are 
standardized in [9] or [10].  

Polymer materials are easily eroded by a partial discharges 
activity. The enamel of conventional wires is also highly 
vulnerable to PDs. On the other hand, inorganic materials can 
withstand a partial discharges activity for a long time, but are 
hard to process and thus expensive. Magnet wire manufacturer 
desired to combine the advantages of those two groups of 
materials. As a result, composite materials were developed, 
where the micro- or nano- inorganic particles, such as TiO2, SiO2 
or Al2O3, are dispersed in the polymer matrix. The wires 
enameled with such composites are often referred to as “corona 
resistant”. Although they are not completely resistant to a PD 
activity, they have significantly higher breakdown strength and 
lifespan in a partial discharges regime than the conventional 
wires [11]. The impregnation serves in the machines as a 
secondary insulation. Naturally it strengthens the primary 
insulation, but also improves heat transfer (better thermal 
conductor than the air) as well as mechanically blocks the 
winding and protects it toward vibrations and environmental 
conditions. Usually the low-voltage machines are dip or trickle 
impregnated. Due to high slot fill factor the varnish cannot easily 
penetrate in-between the wires and often multiple air voids can 
be found inside the slots or at the coil outhangs. There are 
techniques allowing better covering of the winding, such as VPI 
(vacuum-pressure impregnation) of potting, but are still rarely 
used for low-voltage machines. 

C. Partial discharges in low voltage motors
A partial discharge (PD) is an electric discharge that only

partially bridges the insulation between two conductors [3]. In 
low-voltage machines powered directly from the grid, the 
voltage seen by any part of the insulation system is lower than 
the minimum required in order to start a partial discharges 
activity, called partial discharge inception voltage (PDIV). Thus 
the problem of partial discharges was associated only with high 
voltage machines. Since the introduction of power electronic 
inverters the stress seen by the insulation system has raised 
significantly. Very short surges produced by such sources 
creates voltage transients having very short rise times (as short 
as a fraction of s), which can result in a partial discharges 
activity. High dV/dt of the slope is a source of very high 
frequency harmonics in the FFT spectrum of a PWM signal. The 
input impedance of the machine is usually significantly larger 
than the characteristic impedance of the cable connecting the 
inverter and the motor, especially for smaller machines. This 
impedance mismatch, completely negligible for low frequency 
harmonics (associated with fundamental frequency and its 



harmonics), is the reason for a significant increase of the peak 
voltage at the motor terminals.  

Fig. 3 shows how the overvoltage at the machine terminals is 
influenced by the impulse rise time and the length of the cable 
between the inverter and the motor. Generally speaking the 
longer the cable and the smaller the rise time, the higher the 
overvoltage factor (defined as the ratio between the peak voltage 
at motor terminals and at the inverter output). The introduction 
of new wide-bandgap semiconductors based on silicon carbide 
(SiC), gallium nitride (GaN) or diamond, which will further 
reduce the rise time, will result in even higher stress applied to 
machine insulation system. More recent studies [12]  show that 
the overvoltage factor can exceed 2 in case of unfavorable 
superposition of overvoltages at the inverter output or of the 
resonance for certain harmonics of the PWM signal.  

Fig. 3. Overvoltage at the motor terminals as a function of cable length for 
different risetimes [13] 

If this voltage exceeds the PD inception voltage, the activity 
of partial discharges will start causing very accelerated aging As 
a result of these pre-mature breakdowns the lifespan of inverter-
fed machines is still unsatisfactory. [14][16]. When a very steep 
impulse voltage is applied to a stator winding, the voltage 
distribution is nonlinear, contrary to equal distribution at power 
frequency (i.e. 50 or 60 Hz). As a result, a much greater 
percentage of the voltage appear across the first turns. This non-
uniformity occurs because the pulse voltage goes through the 
winding not instantaneously but at the speed given by = , 
where L is the lineic inductance and C the lineic capacitance. 
Consequently, first turns are energized before the others and a 
very high voltage appears across the turn insulation in the first 
few turns of the winding. [6] 

Fig. 4 shows the voltage waveform for 6 different parts of the 
coil of the same phase. E is a voltage at the phase terminal, V1 
after the first  of the turns in this coil, V2 after the following , 
etc. The resulting turn-to-turn voltages confirms that the electric 
stress across the first few turns is significantly higher than for 
the rest of the coil. As a result, the thin enamel layer is 
particularly endangered by inverter powering and is often the 
weakest link leading to machines’ breakdown. [5] 

Fig. 4. Transient voltage waveforms at the different parts of the coils (left) 
and the resulting turn-to-turn voltage calculated between these parts [15] 

II. THE DESIGN OF EXPERIMENTS (DOE) METHOD

A. General information
Most commonly used test methods change only one factor,

while other are kept constant (so called One Factor At Time, or 
OFAT). If it is needed to test the influence of several factors, the 
test must be repeated for each factor separately. The Design of 
Experiments (DoE), first introduced by R.A. Fisher in 1935 [17], 
uses a different approach. At the same time, all factors do have 
a significant role and all of them might be changed from one 
experimental point to the other. Interaction may exist between 
factors, consequently the effect of two (or more) combined 
factors may be larger,  or  smaller,  than the sum of the two (or 
more) effects taken separately. The DoE method can take into 
account these interactions between the factors. Thanks to this 
approach, we can significantly reduce the number of the 
experiments and at the same time increase the analysis accuracy 
as well as draw more persistent conclusions from the test 
campaign. The DoE is thus a very efficient method to organize 
the experiments allowing to process optimization or model 
estimation. The method has already proven its potency in many 
different fields of electrical engineering ([18]-[21]) also for 
modeling the insulation lifespan ([22]-[25]). DoE is a very cost-
effective and efficient approach, as it allows to strictly limit the 
number of needed experiments.   

B. DoE model construction
The DoE model (1) describes the relationship between the

system response Y and levels of factors Xi influencing it. The 
effect of each of those factors and the interactions between them 
is denoted by the coefficients in a vector E. 

EXY

 This relation needs to be linear or linearized, like in the case 
of all the factors studied here. It is described in section V. The 
coefficients in the “effect” vector E must be calculated, based on 
the experimental data of system responses Y. If [X] is square 
matrix, by the simple modification of the above equation, one 
gets (2). 

YXE 1

 A design, in which all combinations of factors are 
investigated in each replicate of the experiment, is called a full 
factorial design or full factorial experiment. It is the only means 
to completely and systematically study interactions between 
factors in addition to identifying significant factors [26]. The 
most widely used parametrical model is based on 2 levels of 



each factor. In case of k factors the model requires 2k parameters 
and thus 2k experimental points [27]. In order to be able to 
compare the influence of different factors between each other, 
the “direct” factor are replaced by dimensionless factor levels, 
normalized to the range [-1,1]. Level “+1” is assigned to the 
maximum level of factor, while “-1” to the minimum. For the 
DoE with 2 factors, X becomes a matrix of 22×22 elements, while 
Y the vector of 22 elements, as shown in (3). 
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As it can be seen above, the construction of the model 
depending on 2 factors and their interaction requires 4 
experiments in order to determine the system responses Y1 to Y8. 
The first column of matrix X refers to the mean value of all the 
system responses M. The second and third column refer to the 
levels of factors, respectively EA and EB. The last column is the 
multiplication of second and third column and denotes the level 
of factors interaction IAB. Analogically, in case of the DoE with 
3 factors, X is a matrix of 23×23 elements, as shown in (4). 
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Similarly to 2 factors models, here the first column of X refers 
to the mean value of all the system responses M. Next 3 columns 
describe levels of factors A - C. Columns 5 to 7 describe the 
interaction between 2 of the factors, respectively AB, AC and BC 
and their level X is a simple multiplication of corresponding 
factors levels. Last column is the interaction of all 3 factors.  

C. Model extrapolation
In its standard form, the model obtained by the DoE, as

described in the previous paragraph, is valid only in the range 
defined by the minimum and maximum of each factor. This 
means that the reduced factor levels X should be in the range of 
[-1, 1]. The extrapolation of the model means that the reduced 
factor levels X need to exceed their natural validity range of  
natural [-1, 1]. In our case, the model is contracted for relatively 
high stress levels in order to assure that the needed experiments 
are as short as possible. It is particularly interesting to 
extrapolate the model towards longer lifespan. As a result, the 
chosen factor levels will be smaller than the model’s minimum 
“-1” (true for all factors, that decrease the system response, 
which is the case for all the factors studied in this paper). If we 
were to cover the whole range of operating conditions within 
one factorial design, the tests for very low stress levels would be 
far too time and energy consuming and costly, while those for 
very high stress level might be too short to give reliable results. 

As it is necessary to control the stress parameter levels as 
precisely as possible, otherwise all the model experimental 
points would not be reliable, it might be necessary to use 
different test equipment for different tests thus adding additional 
source of results dispersion.  

III. WEIBULL DISTRIBUTION AND SCATTER ANALYSIS

A. Weibull distribution
Among multiple statistical distribution functions, the normal

(Gaussian) distribution is most commonly used. Due to the fact 
that it has a finite probability for negative values, which is 
physically impossible, normal distribution in not adapted to be 
used with electrical breakdown data. What is more, as a random 
variable (here: breakdown data) follows an extreme value 
distribution (such as Weibull distribution), so does the 
minimum.  [28].  In  this  paper  we  used  the  two-parameter
Weibull distribution. The cumulative density function for this 
distribution is shown in (5): 

ttF exp1),,(

Variable t denotes in the case of this paper a measured 
lifespan. The two parameters:  and  are, respectively, scale 
and shape parameter (both positive). The scale factor  (called 
also a characteristic value represents the time for which the 
failure probability F is equal to 63.2%. It can be considered as 
an analogous to mean value of the normal distribution.  is a 
shape parameter or slope and depends mostly on the dispersion 
of results (the higher  is, the smaller the dispersion). Standard 
[29] gives detailed explanation of how to calculate those
Weibull parameters, depending on the sample size.

B. Scatter of results and how to cope with it
Electrical breakdown, especially due to long aging, is a very

complex phenomenon. It is influenced by many factors, some 
relatively easy to control, while others far more difficult or too 
expensive to precisely control. As a result, the results are often 
strongly dispersed. For very simplified models, where many 
technical details of the sample can be scrupulously verified, the 
scatter of results can be reduced. The disadvantage of those 
sample is that they might not be representative for the real object 
and the aging and breakdown mechanisms can be completely 
different from the final product. Generally speaking the more 
complex the sample is, the better it represent the final product 
but for the price of higher dispersion. For electrical insulation 
system faults in motors one can easily expect as much as ten-to-
one difference between the lifespan of samples tested in the 
identical conditions [6]. 

 Such a high results dispersion can significantly constrict the 
lifespan modeling and may bias the final conclusions. A 
standard DoE model enables only to predict characteristic value 
( ), but cannot give any confidence bounds of such prediction. 
To enable the scatter prediction for the long-term experiments, 
it is only possible to base it on the scatter of the short-term 
results, that were used to obtain the DoE model. Same as in [30], 
the coefficient of variation (CV), called relative standard 
deviation (RSD), was chosen for this purpose. The coefficient of 



variation is defined as the standard deviation  divided by the 
characteristic value , defined in (6) for the Weibull distribution:  

1
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21

2

CV

where 
0

1)( dxxen nx

 The coefficient of variation is calculated for all of the DoE 
model experimental points. The average of all those CVs is then 
assumed to describe the scatter of long-term results. 

IV. SAMPLES PREPARATION AND EXPERIMENT DESCRIPTION

A. Accelerated aging tests
An electric machine is typically designed to reach tens of

years. Due to such a long time, the test are rarely performed 
under normal operating conditions, as they would be far too 
time- and energy-consuming. Taking into consideration all these 
difficulties, yet still the need to lead to product breakdown in 
order to better understand machine failure mode, the aging 
process needs to be somehow accelerated. In order to do so one 
or more aging parameters are modified so that the measured 
lifespan of the sample is shorter. Naturally the best compromise 
needs to be found between the reasonable diminution of tests 
duration and the reliable simulation of the real-life conditions. 
The methodology presented here enables to correctly predict the 
results of time-absorbing experiments yet keeps the necessary 
tests reasonably short. 

B. Comparison of materials
The modeling and the prediction of the lifespan is only one

of the concerns in the field of electrical insulation system. In 
the highly competitive market of electric machines, the primary 
products, such as magnet wires, insulating papers or varnishes 
are constantly modified and improved and their prices are also 
fluctuating. The machine manufacturers usually have a range of 
typically used insulating materials in the existing solutions. For 
different reasons it might be necessary to replace one product 
with the other, for example change the supplier of a magnet 
wire or the thickness of the insulating papers. As there can be 
significant differences between different batches of the same 
product, not to mention the differences between different 
suppliers, this can influence the final reliability of the machine. 
It is thus essential to regularly control the quality control of 
those primary products. As it is not possible to test the complete 
machine in its nominal conditions each and every time any of 
its components changes, a quick and reliable comparative test 
is needed in order to assure that the applied changes are for the 
better, not for worse. 

C. Sample type
As stated in the introduction, the stress that needs to be

withstand by the electrical insulation system of inverter-fed 
machines is significantly higher than with the sinusoidal power 
supply. The interturn insulation is particularly endangered by 

fast changing pulses generated by the inverter. As the winding 
is rarely perfectly impregnated and the varnish layer can be 
missing is same places it is up to the thin enamel layer on the 
magnet wire to ensure the turn-to-turn insulation. Some FEM 
simulations [31] shows that the PDIV of the interturn insulation 
were the varnish has correctly penetrated in-between the wires, 
but with air voids present, can be as low as for the non-
impregnated configuration. The same situation may arrive is 
case of a winding fault if the paper assuring the phase-to-ground 
or phase-to-phase insulation has slipped or is missing. In such a 
situation the last insulating layer is the enamel on the wire. For 
all the reasons mentioned above in this paper we concentrated 
on the evaluation of the enameled wire insulation.  

Twister pair is the most commonly used sample to test the 
magnet wire quality. Its manufacturing is controlled by the 
standard [32], as it was primarily designed for testing the 
breakdown voltage. Thank to well-established manufacturing 
protocol, twisted pairs have quite good reproducibility. 
Moreover, it is advised as one of the sample types for turn-to-
turn insulation tests in standard [4]. 

D. Corona-resistant magnet wire
Tests without partial discharge activity, in low voltage range, 

would be extremely time- and energy-consuming and thus it 
was necessary to perform the accelerated aging above the 
PDIV. In order to be able to obtain both the short- and long-
term results it was not possible to use the conventional magnet 
wires, as their lifespan in the partial discharge regime the does 
not exceed few hours. However, as mentioned in the 
introduction; the wires covered with enamel with inorganic 
nano-fillers (e.g. SO2, ZnO, Al2O3,…), called corona-resistant, 
are far more resistant and can sustain the partial discharges 
activity for about 1000 times longer than the conventional ones. 
Thus, for this campaign of measurements a corona resistant 
wire was chosen. All information concerning the used magnet 
are presented in Table I. 

TABLE I 
PROPERTIES OF TESTED MAGNET WIRES 

Parameter 
Magnet wire 

A B C 
Conductor 
material Copper 

Conductor 
diameter 1.12 mm 0.8 mm 0.5 mm 

Conductor 
diameter 
tolerance 

0.011 mm 0.008 mm 0.005 mm 

Enamel grade 2 
Outer diameter 

of enameled 
wire 

Min. 1.185 mm 
Max. 1.217 mm 

Min. 0.856 mm 
Max. 0.884 mm 

Min. 0.545 mm 
Max. 0.566 mm 

Enamel 
thickness 

Min. 32 µm 
Max. 54 µm 

Min. 28µm 
Max. 46µm 

Min. 22 µm 
Max. 35µm 

Enamel material PEI (THEIC) (basecoat) 
PAI (overcoat) 

Thermal class 200 C 



E. Description of the accelerated aging testbench
A special test bench was constructed in order to recreate the

real-life stress submitted to the insulation of an inverter-fed 
machine. It allows to recreate inverter-type stress by delivering 
square waves of the desired amplitude, frequency and duty 
cycle. Depending on the chosen high voltage pulse generator it 
can deliver up to 1.75 kV (3.5 kV peak-to-peak) with the 
maximum switching frequency of 30 kHz, or even up to 3 kV 
with slightly lover frequency, max. 10 kHz. It allows to cover 
the whole range of switching frequencies typically used in the 
frequency inverters.  

Accelerated aging tests usually demand a special test bench 
adapted to their special requirements. The most critical 
parameter is a long duration of test: in case of insulating 
materials for electrical machines those tests can last weeks, 
months or even years. We need to assure that all devices can 
function for such a long time without any stops or failures. The 
other, but equally important challenge, is to assure that the 
applied stress parameters will not change during the aging 
process. Assuring these two key factors may be particularly 
difficult as the aging processes, naturally far less rapid, will 
apply to all the components of a test bench: power supplies, 
cables, connectors, probes, detectors, heaters, fans, etc.  

In order to recreate the real-life stress submitted to the 
insulation of an inverter-fed machine, a special test bench was 
constructed. It allows to deliver square waves of the desired 
amplitude, frequency and duty cycle, thus simulating the PWM 
waveform withstood by the insulation. Depending on the chosen 
high voltage pulse generator it can deliver up to 1.75 kV (3.5 kV 
peak-to-peak) with the maximum switching frequency of 30 
kHz, or even up to 3 kV with slightly lover frequency, max. 10 
kHz. This allows to cover the whole range of switching 
frequencies typically used in the frequency inverters.  

 Temperature is also an important factor influencing the 
aging process. To better control the experimental conditions, all 
the test were conducted inside a climate chamber to assure 
controlled ambient temperature during all tests. This is 
particularly important for the tests at very high stress level, 
where the partial discharge activity can significantly increase the 
temperature of the samples. This would result to shorter lifespan 
due to local overheating of the enamel. As ozone generated 
during PD activity can also influence the lifespan [35] the 
climate chamber needs to be strongly ventilated. 

The automatic system of failure detection allowed to assure 
stable conditions thanks to the possibility of performing 
experiments on multiple samples without stopping the test. The 
lifespan was measured automatically for each sample with the 
accuracy of 1 s. The end of life was stated when the mean DC 
current flowing through the sample exceeded 100 mA. Such 
sample was considered as short-circuited and automatically 
disconnected from the powering source. 

Fig. 5. The automatized test bench for the accelerated aging tests: climate 
chamber (left) and high voltage pulse generator with the lifespan counters 

(right) 

F. Description of the experimental conditions
As mentioned before the tests need to be performed in the

partial discharge regime. For the purpose of model creation, the 
parameters were chosen so that the lifespan of samples was in 
the order of few hours, which is sufficiently short to reasonably 
shorten the tests duration. The points used to verify the 
predictions made thanks to model extrapolation had 
significantly longer lifespan, in the order of hundreds of hours. 
In each series up to 8 samples were tested in order to be able to 
perform a statistical analysis of the experimental data. 

Table II presents the experimental conditions for the tests for 
the DoE model. The chosen parameters allowed to keep the 
experiments short, yet still providing the necessary interval 
between the results achieved for the different tests of the DoE 
matrix. All 3 magnet wires A-C were tested in exactly the same 
conditions. 

TABLE II 
TEST CONDITIONS FOR DOE MODEL CONSTRUCTION 

Parameter Minimum level 
(-1) 

Maximum level 
(+1) 

Voltage amplitude [kV] 2 00 (±0 01) 2 25 (±0 01) 

Frequency [kHz] 5 0000  
(±0 0001) 10 0000 (±0 0001) 

Temperature [ºC] 30 0 (±0 1) 100 0 (±0 1) 

*The duty cycle was set to 50% (±0 5%) 

G. Flowchart of the methodology
Fig. 6 shows the flowchart explaining how the methodology

presented in this article can applied. 



Fig. 6. Flowchart showing the methodology of short-time modeling and long-
time prediction 

V. EXPERIMENTAL RESULTS

A. Model linearization
The DoE method requires that the relation between system

response Y (a function of the lifespan) and the factor level (a 
function of the stress amplitude) is linear. The most commonly 
used model describing the effect of the electric stress on the 
lifespan of the insulation in the presence of partial discharge is 
an inverse power model [6][33][34] where lifespan L is 
proportional to field strength E to the power of –n. Thus the 
relation between the lifespan and voltage amplitude is linear in 
log-log plot [22][25]. In order to confirm this fact, the linearity 
of the model was tested in much larger range and for several 
measurement points. The results are shown in Fig. 7. 

Fig. 7. The experimental verification of the linearity of the function between 
the lifespan and the voltage in log-log plot  

(other parameters are constant: f = 10 kHz, T = 30 C) 

The relation between the lifespan and the switching 
frequency is not linear. The studies [22][25] have shown that 
this function has the same nature as the one for the voltage 
amplitude, so the inverse power law. Results are in Fig. 7Fig. 8. 

Fig. 8. The experimental verification of the linearity of the function between 
the lifespan and the frequency in log-log plot  

(other parameters are constant: V = 1.75 kV, T = 30 C) 

It is intuitive to say that the relation between the lifespan 
and the switching frequency is inversely proportional. If one 
assumed that each pulse generates the same number of PD of 
the same energy and that the lifespan in inversely proportional 
to the number of PDs (i.e.  a  number of PDs to breakdown is  
constant), this would indeed mean that L ~ 1/f. In logL – logf 
plot this relation is still a straight line, with the slope (exponent 
in the inverse power law) equal to -1. In other words doubling 
the switching frequency would mean cutting lifespan in half. 
As it can be seen in Fig. 8 the slope of the lifespan line is much 
more steep: doubling the frequency results in the lifespan more 
than 5 times shorter. This can mean that PD become more 
detrimental as the frequency increases. If we assumed that the 
energy  of  PD  at  every  pulse  is  the  same  (independent  of
frequency), it would mean that the same quantity of energy 
needs to be dissipated in shorter time, as the frequency (this the 
repetition rate of PDs) is increased. As a result, the effects of 
PDs would accumulate the lifespan decrease faster than 1/f.  

As the influence of frequency on the partial discharge 
activity and the aging process is still the object of multiple 
research, the chosen here inverse power law seems to be the 
best compromise between the simplicity of the model and its 
accuracy. The most commonly used model describing the effect 
of temperature on the lifespan of the insulation is based on the 
Arrhenius law, as presented in equation (7), [6][33][34]: 

= A
where A and B are constants and T denotes absolute 

temperature [K]. This equation becomes linear in log(L)-
reciprocal(T) plot. (see Fig. 9). The obtained results show that 
the relationship between the lifespan and the stress level can be 
linearized for the large range of lifespan (2-3 orders of 
magnitude). This means that short tests may enable to predict 
the results of long ones. 
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In order to verify whether the predictions of lifespan made 
using the short-time DoE model are correct and if the scatter 
prediction is effective, several long-time experiments were 
achieved. In those experiments, the level of at least one aging 
factor, typically voltage amplitude, was significantly lower the 
natural validity range of DoE model, i.e. [-1, +1]. The other 
factor in some cases was higher than the +1 maximum in order 
to accelerate the test. Finally, factor levels were calculated 
using (9) and (10).  

 
TABLE VI 

EXPERIMENTAL POINTS USED TO VERIFY THE PREDICTIONS 

Test 

Voltage  
amplitude 

Voltage 
 level Frequency Frequency 

level 
V XV f Xf 

[kV] [-] [kHz] [-] 

A 1 50 -5 88 10 000 1 00 

B 1 50 -5 88 5 000 -1 00 

C 1 36 -7 55 14 569 2 09 

D 1 32 -8 06 12 487 1 64 

E 1 09 -11 31 10 752 1 21 

F 1 08 -11 46 12 691 1 69 

G* 1 10 -11 15 8 914 0 67 

*test G was not performed in the climate chamber but in a laboratory oven 
without the possibility of cooling; due to lack of ventilation, the temperature 
was not as stable as for the other tests. 

 
All those tests, except the last one (G*), were performed in 

the climate chamber where the temperature was kept constant 
at 30°C (±2ºC). Thanks to high ventilation, the influence of the 
local overheating of insulation due to partial discharge activity 
as well as ozone concentration on the test results was 
minimized. The last measurement, noted as G* was on purpose 
not performed inside the climate chamber but in a laboratory 
oven without the possibility of cooling by ventilation. It was 
done so in order to verify whether at this relatively low stress 
level the temperature will be stable only thanks to heat 
dissipation losses. No significant increase of average 
temperature inside the oven was noted due to this test, however 
the fluctuations of temperature were higher than for climate 
chamber (±2ºC in the oven in comparison to ±0.1 ºC in the 
climate chamber). It is however highly possible that locally, on 
the sample surface, the temperature was slightly higher. The 
additional heat generated locally was not high enough to change 
the temperature inside the oven, but were enough to bias the 
lifespan results. At the same time lack of ventilation caused the 
increase in ozone concentration which could also influence the 
experimental data [35].  For each of the experimental points A 
to G, the predicted lifespan was based only on the short-time 2-
factor model extrapolation, where system response (Y=logL) 
was calculated according to (8). Following the hypothesis about 
the constant coefficient of variation (paragraph III), the 
standard divination was calculated as (14). 

CV

The calculated standard deviations were used to estimate the 
scatted of the results for the predicted lifespan values. Upper 
and lower limits of dispersions, here defined as  +   and  -  
respectively, were also calculated. The calculated standard 
deviations were used to estimate the scatted of the results for 
the predicted lifespan values. The results are presented in Table 
VII. For each experimental point A to G, the extrapolation 
factor was presented in order to show how much longer the 
predicted lifespan is in comparison to the average lifespan of 
short-time model. 

 
TABLE VII 

PREDICTION OF THE SCATTER OF RESULTS 

Test 

Predicted 
lifespan 

Extrapolation 
factor 

Standard 
deviation 

Lower 
limit of 

dispersion 

Upper 
limit of 

dispersion 
    –   +  

[h] [-] [h] [h] [h] 

A 44 66 11 6 10 89 33 77 55 56 

B 62 48 16 2 15 24 47 24 77 72 

C 78 98 20 5 19 26 59 71 98 24 

D 106 6 27 6 26 01 80 63 132 7 

E 492 5 127 6 120 2 372 3 612 7 

F 492 5 127 6 120 2 372 3 612 7 

G* 497 7 128 9 121 5 376 3 619 2 

 

Finally, the results predicted by the model were compared 
with the experimental ones.  

 
Fig. 12 The comparison between the model predictions and the real 

experimental data. 
 

For all the seven experimental points A-G, the long-time 
aging tests were performed. In each test, up to eight samples 
were tested at the same time. All those results were then 
presented in Fig. 12.  Axis of abscissa represents the modeled 
lifespan (from the learning set), thus the one calculated in Table 
VII, while axis of ordinates shows the measured lifespan, thus 



the experimental data from the long-time measurements (test 
set). The diagonal, marked in red shows the DoE model line. 
The dash line below and above it, are the lower and upper limits 
of the predicted dispersion of results, based on the hypothesis 
of a constant CV. The experimental points used for the DoE 
model construction are marked in blue in the left bottom corner 
of the graph. These points show how far are the long-time 
measurements from the short-time experiments which have 
been used to create the DoE model.  The obtained results show 
that the proposed method is a very efficient tool for predicting 
much longer lifespan. The maximum relative error is 33% 
(excluding series G), which is similar the results obtained is 
some much more short-term studies [22][25]. Taking into 
consideration that the analyzed stress levels are far from the 
range used to construct the model, with the extrapolation factor 
even higher than 100 for the longest tests, the accuracy of the 
outcome is even more impressive. The suggested methodology 
of including the scatter of the results has proven to be effective. 
The spans of the dispersion intervals of the test sets are close to 
the ones predicted by the model. Naturally not all the 
experimental points are included in the predicted triangle of 
dispersion, but always some experimental points are within this 
zone (excluding series G). 

In case of the G series, the error of prediction is visibly more 
important. All the experimental points had the lifespans shorter 
than model predictions, and none of them were in the zone 
predicted by the scatter analysis. As for this series the 
experiment was not conducted inside the climate chamber but 
in a laboratory oven, the temperature of enamel might have 
been locally slightly higher due to absence of ventilation. This 
temperature rise, undetectable at the scale of the oven 
(temperature sensor measures the average temperature inside 
the oven), might have been the cause of the lifespan shortening. 
Also the higher ozone concentration, due to no ventilation, has 
probably contributed to shorter lifespans [35]. These results 
show that even in the case of such a long test (predicted lifespan 
>400h) the temperature must be rigorously kept constant as 
well as assuring a sufficient ventilation in order to assure the 
reliable results of accelerated aging tests. 

In conclusion, the Design of Experiments (DoE) method 
proved to be effective even for the extrapolation of the model 
far from its initial range of validity. This shows that, based only 
on short-time results, it is possible to effectively predict both 
the lifespan value and scatter of results for the lifespans, tens of 
times longer than the duration of the needed experiments. This 
obviously means that the method is not only time- but also 
money-saving. The extrapolation permits also to approach 
much closer the nominal conditions of the machines 
exploitation. 

E. Extrapolation limits 
Naturally the model presented in the paper cannot be 

extrapolated without any limits. The aging mechanism must be 
at least similar for both short- and long-time results in order for 
the prediction to be corrects. Thus the extrapolation must be 
limited to the reasonable range of stress levels. We can apply 
simple mathematical consideration. In case of all the factors 

studied here we can assume that an increase in stress level 
should always decrease (or at least never increase) the lifespan 
of the samples. For all the factors, the response of the system Y 
should decrease when the factor level Xi is increasing 
(otherwise it would mean that an increased voltage or a higher 
frequency can prolong the insulation lifespan, which is not the 
case). Thus the partial derivatives of the model equation 
( Y/ Xi) should be negative. As a result of such approach the 
obtained stress limits are very low, thus cannot be taken into 
consideration due to aging mechanism changes, as explained 
before. On the other hand, they show that the method is 
mathematically stable for a very wide range of stress levels. 

Some lifespan models (e.g. [36][37][38]) postulate the 
existence of a threshold level, below which no aging takes 
place. This effect can be neglected if we are far enough from 
this threshold, but if we operate close to it the DoE method 
might not be well adapted in such a case. In the particular case 
of the voltage amplitude, the PDIV level for example can be 
considered as a threshold. On the other hand, there are very few 
studies describing the influence of voltage without partial 
discharges activity on the lifespan of insulation systems. 
However, it is well known that the aging mechanism with and 
without partial discharges is not the same, thus the PDIV level 
creates the natural barrier for model extrapolation. 

F. Long-term comparisons based on short-term DoE models 
By applying the same technique of extrapolation as for the 

wire  A  we  can  compare  the  performance  of  wires  A-C.  Two 
points of different voltage amplitude and frequency were 
chosen to compare the DoE models predictions for all 3 wires 
with experimental values.  

TABLE VII 

EXPERIMENTAL POINTS USED TO COMPARE THE WIRES 

Test 

Voltage  

amplitude 

Voltage 

 level 
Frequency 

Frequency 

level 

V XV f Xf 

[kV] [-] [kHz] [-] 

I 1 32 -8 06 12 487 1 64 

II 1 23 -9 25 7 153 0 03 

 

Test voltage for each test (I-II) was significantly lower than 
those used for the construction of the DoE model, with 
corresponding voltage level XV largely exceeding the natural 
validity range of DoE of [-1, 1]. Similarly to model for wire A 
we used the assumption of constant CV in order to predict the 
dispersion of the extrapolated results. Table VIII shows the 
average coefficients of variation for each of the 3 wires (A-C). 
Fig. 13 shows the comparison between the model predictions 
(in blue) and the experimental results (in red) for 3 magnet 
wires A-C tested at the above-mentioned test conditions (see 
Table VII). Confidence intervals are presented as a line where 
bottom bar denotes  – , upper  +  and middle one 



characteristic lifespan . The values for test parameters I are 
shown in solid lines, for test II in dotted lines. 

TABLE VIII 
COEFFICIENTS OF VARIATION FOR WIRES A-C 

No. Voltage 
level 

Frequenc
y 

level 

Magnet wire 

A B C 
 

[-] 
CV 
[%] 

 
[-] 

CV 
[%] 

 
[-] 

CV 
[%] 

1 -1 -1 8 5
0 

16
4 4 26 26

5 2 24 47
2 

2 -1 1 3 8
2 

29
4 

20 2
3 6 1 4 99 22

9 

3 1 -1 5 3
4 

21
7 3 65 30

5 
10 1

4 
11
9 

4 1 1 3 7
1 

30
1 

11 1
8 

10
8 7 17 16

4 

Average coefficient of variation 24.
4  18.

5  24.
6 

 

 
Fig. 13 Comparison between the model predictions and the real experimental 
data for wires A-C at given stress level (see Table VII); test I – solid line; test II 
– dotted line 

 
As presented in Fig. 13, the predicted model intervals 

always intersect with the experimental data. Relative errors of 
the prediction of the mean values are similar to those obtained 
with short-time tests within the DoE domain of validity. Both 
for points in test I and test II the difference between the wire A 
and B is not statistically significant as the model predictions 
overlap, i.e. the bottom confidence bound of the prediction for 
wire A is below the upper confidence bound for wire B. This 
statement is true also for the experimental values obtained for 
those 2 wires: we are not able to conclude than the wire A is 
‘stronger’ than the wire B. However, for both test I and test II 
the wire C stands out as the ‘weakest’  of  3 tested wires.  It  is  
statistically significant for both model predictions and 
experimental values.  

VI. CONCLUSIONS AND PERSPECTIVES 
As already shown in several publications on this topic, the 

DoE proved its usefulness in the field of modeling accelerated 
aging of different insulating materials. However, up to now, 
almost only short-time models were presented for which the 
stress levels have been significantly higher than those that 
might be seen by the insulation system during normal operating 
conditions in order to accelerate the test. 

The results presented in this paper show that DoE models 
can be successfully extrapolated towards much lower stress 
levels and that they give satisfyingly accurate predictions of 
much longer test results. Thanks to the original methodology 
proposed for the scatter of short-time results, the DoE model 
extrapolation was enriched with the prediction of the dispersion 
of long-time results. The predicted lifespans correspond well 
with the experimental data, especially if we take into 
consideration that the short DoE tests were even more than 100 
times shorter than the predictions.  

Finally, the DoE short-time models can be used as a 
comparative tool for different products available on the market. 
Thanks to the proposed methodology it was possible to rank the 
products regarding their lifespan, from the best to the worst, 
using only a quick test campaign. This classification was 
confirmed by long-time predictions and correlated well with the 
experimentally obtain results for those points. 

The study presented here was based entirely on the enameled 
wires and their insulation. Future work will be directed towards 
wider range of insulating materials in order to be able to study 
the aging of the insulating systems of low voltage machines as a 
whole. It will enable to analyze the behavior of each element of 
insulating system but also the interactions between them. As 
presented in this paper the use of the Design of Experiments 
(DoE) method can be an effective tool in lifespan modeling as 
well  as  its  prediction.  Further  work  will  verify  if  the  same  
methodology as presented here can be applied to other than 
insulating material domains, such as LEDs, OLEDs or fuel cells.  
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