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Electrical Aging of the Insulation of Low Voltage
Machines: Model definition and test with the Design
of Experiments

Nadine Lahoud, Jérdbme Faucher, David Malec, Pascal Maussion, Member IEEE

Abstract— The aim of this paper is to present a method for modeling
the lifespan of insulation materials in a partial discharge regime.
Based on the design of experiments, it has many advantages: it
reduces the number of time-consuming experiments, increases the
accuracy of the results and allows lifespan modeling under various
stress conditions including coupling effects between the factors.
Accelerated aging tests are carried out to determine the lifespan of
these materials. The resulting model presents an original relationship
between the logarithm of the insulation lifespan and that of
electrically applied stress and an exponential form of the
temperature. Results show that the most influential factors can be
identified according to their effects on the insulation lifespan.
Moreover, the lifespan model validity is tested either with additional
points which have not been used for modeling or through statistical
tests. Finally, it is shown that fractional plans are not suitable to
reduce the number of experiments. This application of the
experimental design is best used during the initial phase, before the
final drive has been built and any on-line diagnostic.

Index terms—Diagnosis, dielectrics, insulation, insulation

testing, accelerated aging, lifespan estimation, condition
monitoring, modeling, aging.
NOMENCLATURE
E; Effect of factor no. i
Ejj Effect of interaction between factor no. i and factor
no. j
Vi Experimental value, measured at experiment no. i
F;i Level of factor no. i, could be +1, -1 or any value

between -1 and +1
M Average experimental value
L Lifespan in minutes
T Temperature in °C
\ Voltage in V
F Frequency in Hz
W Shapiro-Wilk statistic parameter

q Shapiro-Wilk coefficient

n Number of experiments

N Number of samples = number of repetitions
p Probability risk
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I.  INTRODUCTION

With the increasing use of electrics in aircraft, the
reliability of the low voltage insulation systems in rotating
machines has become a very important issue. Many papers, in
particular [1], have reported that stator-winding insulation is
one of the weakest components in a drive (around 40% of
failures). In this domain, condition monitoring and early
detection of incipient faults can reduce maintenance and
increase reliability.

According to the diagnosis method classification
presented in [2], diagnosis of the insulation systems or
materials can be model-based, signal-based or data-based.
Various testing and monitoring model-based or signal-based
methods have been developed to check the stator insulation
system conditions in electric motors. A comprehensive review
of the testing and monitoring methods is presented in [3] with
online and offline methods capable of diagnosing the
condition of the turn-to-turn insulation in low-voltage
machines. Furthermore, a wide range of diagnosis technigques
is reviewed in [4] for online stator inter-turn fault detection
and diagnosis in PMSM. Motor current signature analysis,
harmonic analysis in the « g reference frame, high frequency
current injection, artificial intelligence-based methods and
models for inter-turn fault simulation are presented.

An alternative way to manage the insulation system
condition in electrical machines consists in studying the
numerous factors which could affect their lifespan. Operating
conditions and material design are involved in this aging
process and interact with each other. Full aging tests for all
the factors around the nominal conditions could be time
consuming. Consequently, accelerated aging tests are usually
performed in order to study and predict the lifespan. This kind
of test can be used for different objects in electrical
engineering such as IGBT modules [5] in high temperature
power cycling or nano-structured enamels on twisted pairs
[6]. These tests are used to obtain failure statistics. This data
may determine a functional relationship between one or more
applied stresses (electrical, thermal, mechanical, etc.) and
either a potential damage incurred or the characteristic
insulation lifespan. Combining the different stresses quoted
earlier could have a dramatic effect on both bearings and
stator winding insulation [7]. As an example, [6] points out
the behavior under severe waveforms of three different
insulating organic enamels on twisted pairs, subjected to
electrical degradation due to breakdown voltage tests. The
conclusion is that the PEI enamel with nano-sized silica is



better with respect to the other tested materials but does not
give any lifespan model.

Data processing of test results can also generate lifespan
models. Reference [8] estimates the effect of electro-thermal
aging in the lifespan estimation of hydroelectric generator
stator windings. It provides lifespan plots but only concerning
one factor: the winding temperature. Over the last few
decades, several models have been proposed for electrical
insulation life-end modeling [9-10] with respect to the
physical, thermal and electro-mechanical aspects of the
electrical aging process. Despite these studies, this
phenomenon remains complex and difficult to understand, to
forecast and finally to model, especially in PWM inverters. It
is well known that the insulation degradation rate in rotating
machines can be greatly affected by many operating factors
such as voltage, frequency, temperature, pressure, etc. and
these stresses can synergize. Nevertheless, there is no
comprehensive model for insulation lifespan prediction. The
proposed models of degradation or of lifespan differ slightly
from one paper to another but they are all based on physics
and include some factors which are specific to the material or
the aging mechanism.

Moreover, the choice of the lifespan forms remains critical
for model accuracy. Various forms can be found in different
works [11-12] but they mainly involve a log-based
relationship for frequency and voltage and an exponential
form for the temperature. In this paper, the “Design of
Experiments” (DoE) is used to define and to validate a
theoretical lifespan model. Taguchi’s method, which was
developed in Japan by G. Taguchi to improve the
implementation of total quality control is the best-known. It is
based on the design of experiments to provide almost optimal
quality characteristics for a specific objective. This method is
applied to accelerated tests on polyesterimide films which are
widely used in insulation systems in order to establish an
insulation lifespan model. It takes into account logarithmic
and exponential forms of the different stress factors; these
forms are chosen with respect to previous theoretical studies
and some experimental results. Thus, DoE is presented
followed by its application to accelerated aging test results to
obtain a mathematical lifespan model focused essentially on
the most influential factors [13]. One advantage of the method
is that this new kind of model includes some non-linear
relationships between the stress variables because of the
interactions between the stress factors. This can be considered
as a new type of model-based method, an original way to a-
priori choose a model and to carry out just the required
number of accelerated tests in order to compute the model
parameters. However, a model without validation tests is not
complete and presents only half of the work. Consequently,
this paper investigates the statistical analysis that should be
carried out to test which parameters are significant or not.
Moreover, the model validity will be tested on additional
experimental points which have not been used for the
identification of its coefficients.

The final objective of this work is to extend the validity
domain of the model, primarily towards low constraint levels,
for prognostic purposes. The prognostication of residual life
has been less intensely explored than diagnosis. Recent
works, [14-16] propose investigations for different

applications. In [14], a mathematical method for the
interrogation of the system state under cyclic thermo-
mechanical stresses has been proposed for different lead-free
solder alloy systems. They are based on the derivation of
damage proxies and prior-damage-based nonlinear
identification algorithms. In [16], adaptive neuro-fuzzy
inference systems and hidden Markov estimators give the
opportunity to develop a new prognostic method. Vibration
signals are used to compute 2 or 4 step-ahead condition
monitoring indexes which are successfully compared to
measurements. It is applied to mechanical faults in helicopters
such as cracks on a planetary gear carrier plate and bearing
faults. Also using hidden Markov models, [15] presents a
prognosis method for the gear faults in dc machines, based on
the time—frequency features extracted from the motor current.
They are considered as machine health indicators which can
predict the severity of a future fault. The paper focuses on
methods for computing the parameters from limited data since
previously compiled data is not available.

Il. THE DESIGN OF EXPERIMENT METHOD

In the lifespan modeling of insulation systems as well as
in many other complex and/or non linear domains, there is no
general method to reach optimal design or to indentify a
model, given specific requirements, except varying the
parameters step by step. This strategy, called One Factor At a
Time (OFAT) method, can be time-consuming if a
comprehensive series of experiments is conducted. Moreover,
it is valid only when no coupling effects exist between the
factors. The design of experiments is a systematic and
efficient method to determine the best combination of factor
levels in an optimization process or to define a model of the
system response and to identify its coefficients. The
advantages are the following:

1) the reduction in the number of experiments to obtain

the optimal solution,

2) an increase in the accuracy of the results, assuming an
isovariance for each of the n experiments, the variance
for each factor will be divided by n'’?,

3) the possibility of considering several factors in the
same experimental plan (instead of OFAT) and to take
into account interactions between factors,

4) astatistical analysis can be carried out at the end of the
method in order to check if the factor effects or the
model coefficients are statistically significant or not. A
statistical hypothesis test is used to make decisions.

Experimental design started during the 1930s in England
with M. Fisher’s work [17] and has been particularly
developed since the publication of some predefined tables by
Taguchi. The principle of this methodology is to implement a
schedule of experiments designed to obtain the most accurate
information for a specific problem with a minimum number of
experiments. Its performance has been proved in different
areas of application, especially in chemistry and mechanics,
where a high volume of parameters have to be simultaneously
optimized. In recent years, they have been successfully used in
electrical engineering for electrical machine design (induction,
reluctance, synchronous...) or to improve their performance
and optimize their design [18-23]. Applications of the DoE can
also be found in the control of power electronic devices [24-



26], to increase the reliability in inverters for photovoltaic
systems [27] or to find optimal rapid-charging patterns for
Lilon batteries [28].

Full factorial designs involve implementing a set of
experiments in which all relevant parameters, called factors,
are systematically varied. The number of values each
parameter will carry has to be set thereby fixing the levels of
the controlling factors. The main purpose is to obtain
information on the effects of the selected parameters. The
idea is to modify the level of each factor in every experiment
according to a specific procedure. This allows a drastic
reduction in the number of required experiments. A simple
example with only two levels is presented in Table I, where
centered reduced variables are used, i.e. (-1) for the low level
and (+1) for the high level of each factor.

TABLE |
EXAMPLE OF AN EXPERIMENTAL TABLE

Experiment M Factor  Factor Interaction Criterion
number 1 2 12 Y
1 1 =) -1 +1 A
2 1 +1 -1 -1 ¥
3 1 -1 +1 -1 Y
4 1 +1 +1 +1 Ya
M

Each line represents an experiment and each column is
indexed to a factor. For each experiment (i), the selected
criterion value (y;), which is the system response, is measured.
In the design of experiments, the effect of a factor is obtained
according to expression (1). For example, E; = 0.12 means
that Factor 1 at the highest level has an effect of +0.12 on the
criterion with respect to the average value of the criterion,
named M. Moreover, a key feature of the DoE is that the effect
of interactions between factors 1 and 2 for example, can also
be determined. Equation (2) presents the average effect of
interaction E;;between factors 1 and 2 on the desired criterion.

- + - +
e, - yl y2 y3 y4 1)
4

Yy =Y, m Y3 T Y,

4

1

Epp = @)
Consequently, the mathematical model relating response Y
to the different factors is as follows (3):

Y -~ M + El.Fl + Ez.Fz + E12.||:1|:2 (3)

where :

e Y is the system response vector which, in this case,
represents the insulation lifespans,

e M is the mean value for all aging test responses,
F; are the factor levels affecting the aging process,
Irir; are the levels of the interactions between factors
Fi and Fj,

o E; are the effects of the factors and E;; the effects of
the interactions between factors Fi and Fj on the
global response.

Furthermore, it is easy to verify that the effect vector (E)
can be calculated through the following relationship:

E=XY (4)
M

with E = Ez (5)
El.Z

where E is the vector of the different factor effects on the
criterion and the corresponding interactions between them. X is
the matrix obtained from the experimental plan as shown in
the shadowed part of Table | and Y is the vector of the
experimental result values presented in the last column.

In the domain of electrical insulation degradation, the DoE
has already been used for tracking the influential operating
parameters on the insulation lifespan of kapton films [29] and
for degradation analysis in terms of a better understanding of
areliable water-treeing test [30]. In this paper the DoE is used
to analyze the aging process of organic rotating machine
insulation in partial discharge regime. The input variables are,
in this case, the parameters affecting the insulation
degradation and the process output is the insulation lifespan.
These designs include all combinations of every factor level
and the number of experiments depends on the number of
factor levels. These designs are usually noted X i.e. the
corresponding experiment table is composed of k factors with
X levels each.

I1l.  ACCELERATED AGING TESTS

A. Materials

One of the aims of this study is to verify the capacity of the
DoE to establish an electrical lifespan model for the insulation
materials of rotating machines fed by inverters. Consequently,
accelerated aging tests are performed in order to relate the
applied external stresses (factors) to the insulation lifespan
(response). As stated in the introduction, this study concerns
only the secondary part (which consists of the impregnation
varnish) of an inverter-fed rotating machine insulation system
(composed of impregnation varnish and enameled wires). It is
common knowledge that partial discharges occur in rotating
machines fed by inverters [6] [31-33]. The impregnation
varnish is the first element of the insulation system to be in
contact with partial discharges and becomes the most affected
part. Failure often occurs at this level in the insulation system.

Rotating machine insulation is often made of
polyesterimide (PEI) which is an organic material. In this
study, a simple structure in the form of steel plates coated
with polyesterimide (PEI - thermal class: 180°C), as shown in
Fig. 1, was subjected to accelerated aging under different
external stress conditions. The plate is 15cm x 9cm with a
90um coating. Coated steel plates with a well-controlled
insulation thickness were preferred to twisted pairs in this
study. Even though the final objective is to test stators, films
are a good starting point to test the design of experiment
capacity for lifespan modeling. Twisted pairs have already



been studied in [29] for sinusoidal stress voltage and they will
be tested in future works before the stators.

Fig. 1. Tested 90um coated steel plate (15cm x 9cm) .

For each test condition, the sample lifespan (i.e. when
insulation properties fail or exceed the design limits) was
measured. When a sample breaks down, the over-current is
immediately detected by the HV-switch and the sample is
switched off while the other samples remain supplied. Eight
samples were simultaneously tested under each experimental
condition. Lifespan data in this paper is presented according
to Weibull’s statistical processing [34], which is commonly
used for breakdown data treatment and sometimes in terms of
average lifespan for comparison.

B. Applied stresses

The failure process is driven by several stresses acting
simultaneously such as electrical, thermal, mechanical and
ambient stresses. These different stresses can affect the
insulation degradation phenomenon in rotating machines even
during normal service conditions, especially when fed by
inverters. Additional stresses could be moisture, aggressive
chemicals, dirt, radiation, etc. In inverter-fed rotating
machines, over-voltages occur at the motor terminals and the
voltage distribution in the winding is not homogeneous just
after voltage application. These over-voltages can lead to
partial discharges occurring between phases, between turns or
between turns and ground. Nevertheless, it is obvious that an
increase in the rate of voltage rise/fall and switching
frequency has a decreasing effect on machine reliability.
Reference [7] presents the development of new techniques for
the quality assessment of stator winding insulation. The
objective is a reliable operation of inverter-fed machines.
They are based on offline tests (capacitance, dissipation
factor, and/or insulation resistance), using the inverter to
apply different voltage tests to the motor. The purpose of our
study is to provide information on the insulation material
during the design phase. The experimental aging conditions
were therefore chosen to ensure that the insulation
degradation is mainly due to the partial discharges. However,
for simplicity and because of their influence, only three major
parameters were studied:

1) the square wave applied HVDC (V),

2) the frequency of the applied voltage (F),

3) temperature (T).

Depending on the results of this work, other factors such
as pressure and humidity could be studied in future work.
C. The experimental setup

The samples were tested in our experimental setup, shown
in Fig.2, which is fully described in [13]. Under electrical

stress, the steel plate acts as one electrode and a spherical
stainless steel electrode (diameter: 1mm) is a second. The
only pressure applied by the spherical electrodes on the
sample was due to their mass (0.8g); no additional springs
were used. Samples were placed in a climatic chamber where
the temperature is fully controlled. The lifespan of each
sample was measured using a timer (one per sample) which
stopped counting as soon as the current increased and crossed
a threshold at which the corresponding sample broke down.
The faulty specimen was disconnected while the survivors
remained under voltage and at the controlled temperature.

77—

. 3
Fig. 2. The experimental setup for accelerated aging tests, climatic
chambers and power electronic.

IV. APPLICATION TO THE INSULATION AGING MODEL

The traditional methodology for an experimental design
consists of 4 steps: study preparation including choice of the
response and factor forms - which is the main scope of this
paper - and the determination of factor levels, choice of the
experimental design, the experiment itself and the result
analysis and discussion

A. Step 1: Study preparation

1) Choice of the response and factor forms

In this approach, the description of the insulation
degradation in a partial discharge regime is taken into
consideration. In this specific case, the effect of the electrical
stress level on the insulation lifespan is most often
represented by the inverse power model [35], such as in (6):

L=c.E" (6)

where L is the insulation lifespan, E is the electrical field, c is a
material constant and n is called the power law constant. Our
experimental results have shown that the lifespan evolution
(for a given temperature and frequency) complies with this
relationship [36]. Moreover, under electro-thermal stress, our
experimental results presented in Fig.3 and in other state —of-
the-art works [35-36], have shown that the variation in the
insulation lifespan with the applied temperature, at a fixed
voltage and frequency, may follow (7):

Log(L) = a.exp(-b.T) )

L is the insulation lifespan, T is the applied temperature
and a and b are material constants. This assumption will be
used in our model henceforth. Constants a and b are
calculated from lifespan experimental results under electro-
thermal stress and obtained by drawing in Fig. 3, the



variation of the insulation lifespan logarithm with respect to
the temperature (for V=2kV and F=10 kHz i.e. at the center of
the experimental domain). Their exact values are calculated
with expression (7) from these experimental results as shown
in [45] and leads to a=0.87 and b=5.64x107.

22 T T T T

iy

Model Log(lifespan) (mn)
EY

1.2 1.4 1.6 1.8 2

b TR
Mesured Log(lifespan) (mn)
Fig 3. Effect of temperature on insulation lifespan, from -55°C to 180°C,
for V=2kV and F =10 kHz

This model presents a logarithmic form of electrical stress
(i.e. voltage and frequency) and an exponential form of the
temperature according to (6) and (7). Consequently, the
corresponding model can be expressed in (8):

As already stated, three factors were chosen, voltage,
frequency and temperature, at levels as follows:

1) The extreme values of the applied voltage (square wave
bipolar with 50% duty cycle) were +1 kV and £3 kV.
The lower value corresponds to a possible overvoltage
in normal service conditions. By considering a 500
VDC bus voltage (or +/-270V) and a complete
impedance mismatch between the motor and its feeding
cable, depending on the distance between the first turn
of different phases and the last, the voltage stress
between them can rise up to 1 kV. The highest value
was chosen to accelerate the aging tests.

The frequency values range from 5 kHz to 15 kHz,
which are considered as normal PWM frequencies in
these aeronautical applications.

The temperature values range from -55°C to 180°C
(thermal class of the insulating material) and were also
chosen so as to accelerate the aging tests.

Table Il presents the chosen factors with their
corresponding forms. Table 111 gives all the 2° (3 factors, 2
levels each) possible combinations between the different factor
levels. This experimental plan was carried out and the
corresponding sample lifespans are listed (in minutes).

2)

3)

TABLE I
LEVELS OF THE THREE STRESS FACTORS

Log(L) ~ M + Eylog(V) + Eglog(F) + Erexp(-bT) + Iog (\fglctg: & '-eL‘g‘;'((l')l) L?_\fég)l) 'L-s;’fl' (7%))
Erv.log(V).log(F) + Eyr.log(V).exp(-bT) + Log((Frequency (kHz)) Log(5) Log(15) Log(8.7)
Exp(-b.Temperature (°C Exp(55b Exp(-180b Exp(26.7b
Err.log(F).exp(-bT) + Ever.log(V).log(F).exp(-bT) (8) p(bTemp (c) p(55b) p(-180b) Exp(26.7b)
2) The determination of factor levels
TABLE I11
EXPERIMENTAL RESULTS WITH THREE FACTORS AT 2 LEVELS EACH : 8 EXPERIMENTS WITH 8 SAMPLES EACH
Log(V) Log(F) e™P Lifespan (minutes)
Test F1 2 F3 Sample Sample Sample Sample Sample Sample Sample Sample
n° no. 1 no. 2 no. 3 no. 4 no. 5 no. 6 no. 7 no. 8
1 -1 -1 -1 378 418 568 587 634 642 786 850
2 -1 -1 1 25 29 23 29 26 30 24 31
3 -1 1 -1 169 187 268 268 343 364 162 322
4 -1 1 1 14,5 14,25 134 13,8 14,8 15 13 15,5
5 1 -1 -1 26 30 28 33 24 29 28 35
6 1 -1 1 6 6,5 6,2 6,8 55 6,5 6 6,3
7 1 1 -1 14 16,21 15,07 15,5 15,28 16 12,5 14,8
8 1 1 1 2,2 2,233 1,133 1,65 2,033 1,516 0,933 14
TABLE IV
FULL FACTORIAL DESIGN MATRIX FOR THREE FACTORS WITH 2 LEVELS EACH
Log(V) Log(F) e LogV).Log(F) Log(V)e™ Log(F). e -09V)500(") Log(L)
Testn® M F1 F2 F3 1(V.F) 1(V.T) I(F.T) I(V.F.T) Weibull Average
1 1 -1 -1 -1 1 1 1 -1 2.822 2.769
2 1 -1 -1 1 1 -1 -1 1 1.452 1.431
3 1 -1 1 -1 -1 1 -1 1 2.457 2.396
4 1 -1 1 1 -1 -1 1 -1 1.165 1.154
5 1 1 -1 -1 -1 -1 1 1 1.485 1.461
6 1 1 -1 1 -1 1 -1 -1 0.805 0.793
7 1 1 1 -1 1 -1 -1 -1 1.187 1.172
8 1 1 1 1 1 1 1 1 0.2 0.196
Tests at the center of the study domain
Model : Log(L)=f[Log(V), Log(F) and exp(-b.T)]
9 1 0 0 0 0 0 0 1.43 1.417




B. Steps 2 and 3: Choice of the experimental design and
experimentation

Table IV gives the 2° possible combinations between the
different factor levels and their interactions. The shadowed
columns give the Weibull treatment and the average values of
the eight samples simultaneously tested under each
experimental condition. The Weibull statistical process is
commonly used for breakdown analysis. One can note that test
N°9 represents the experiments at the center of the study
domain (level 0), as shown in Table Il. This test is run for
model validation to compare the predicted lifespan and the
experimental value at the center of the experimental domain.

C. Step 4: Result Analysis

This method demonstrates the effects of the different
factors and interactions on the sample lifespan.

1) The factors and interaction effect values

The different effects are calculated by applying equation
(4) to the experimental domain and the response matrices
presented in Table V. The different effect values are presented
in Table V and in diagram form in Fig. 4.

TABLE V
EFFECT VALUES FOR THE LIFESPAN MODEL
Model Effect
M 145
Log(V) -0.53
Log(F) -0.19
Exp(-bT) -0.54
ILogv).Log(P) -0.03
ILogv) exp(-bT) 012
ILog(P). exp-om) -0.03
ILog(P).Log(F). exp(-6T) -0.05

This diagram clearly shows the effect of each factor with
respect to the average (M) and the following conclusions:

1) the three factors (i.e. voltage, frequency and
temperature) have a decreasing effect on the insulation
lifespan,

2) the voltage and the temperature effects are more
significant than the frequency effect,

3) the most influential factors (i.e.
temperature) have the highest interaction.

voltage and

2) The mathematical model analysis

In order to obtain a mathematical form for the model, the
different effects of (8) must be replaced by their corresponding
values given in Table V. This model presents the variation of
the lifespan logarithm with respect to a logarithmic form of the
electrical stress and an exponential form of the temperature, as
expressed in (9).

Log(L) ~ 1.45 - 0.53.log(V) - 0.19.log(F) - 0.54.exp(-bT)
- 0.03.log(V).log(F) + 0.12.log(V).exp(-bT)
- 0.03.log(F).exp(bT) - 0.05.log(V).log(F).exp(-bT) (9)

mM
1.0 BLog(V)
mLog(F)
0.5 WExp(-bT)

BLog(ViLog(F)
ILog(V)exp(-bT)

ILog(F). exp(-bT)

0.0 . —
0.5 I I
[Log(F).Log(F) exp(-bT)

-1.0 |

Fig. 4. The diagram effects for the model (from left to right), M is the
average lifespan while the other terms are the stress effects; results are in
the same order as in Table V i.e. first M, then log(V), etc.

From this model, statistical analyses should be carried out
in order to test which factors are significant. Most of the
statistical tests are based on the assumption that the samples
come from a normally distributed population. This was
verified in this paper through the Shapiro-Wilk test [37-38]
for each line of the experimental plan in Table Ill. The test
statistic W is given by expression (10), where X; is the lifespan
measured in each sample no. i, x the average value on each
line and a; is the Shapiro-Wilk coefficient which can be read
in a dedicated table. The normality assumption is accepted
with a risk p if W is greater than a critical W which depends
on the number of samples and on the risk probability p. Table
VI shows that the calculated W is always greater than the
critical W, then the 8 different populations can be considered
as normally distributed.

i=n=8
(D> a.x)’
i=1

DICIEE

The normal distribution assumption can also be tested with
a normal probability plot [39] in Fig. 5, with the ordered
response values for experiment no. 8 from Table Il (for
example) on the vertical axis and the normal order statistical
medians on the horizontal axis. The normality assumption is
accepted because the points on this plot form an almost perfect
linear pattern.

W (10)

TABLE VI
W SHAPIRO-WILK PARAMETER COMPARED TO THE CRITICAL W WITH N=8
SAMPLES AND DIFFERENT RISK PROBABILITIES

Test no. W W clr)iiig.zé;Swith W c’r)iiioc.e(\)llwith
1 0.9524 0.8180 0.851
2 0.9199 0.8180 0.851
3 0.8985 0.8180 0.851
4 0.9806 0.8180 0.851
5 0.9682 0.8180 0.851
6 0.9682 0.8180 0.851
7 0.9038 0.8180 0.851
8 0.9354 0.8180 0.851
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Fig. 5. Normal probability plot, with the ordered response values on the
vertical axis and the normal order statistical medians on the horizontal axis
for experiment no. 8 in TABLE IlI.

A major difficulty is the determination of experimental
error. The estimation accuracy s of the experimental standard
deviation on the criterion oy, depends on the number of
experiments. By repeating N times each experiment of the
design table, the estimation s; for each experiment is
improved. y;; is the j™ repetition of the i" experiment (among

n) and y is the average of the N repetitions of the i
experiment. The variance is given by equation (11).

s= 13 (y —)7)2
i N—lj:1 i i

Based on the classical isovariance assumption, equation
(11) can be written and, as a consequence, the estimation of
the experimental standard deviation on the effect sg, can be
expressed in (12). This expression shows that the precision is
increased since the standard variation is divided by the square
root of the number of experiments n.

(11)

(12)

(13)

The confidence interval is thus balanced by the Student’s
variable tS'(N’l) at n.(N-1) degrees of freedom with the

probability a to be exceeded in absolute value. Then, the
confidence  interval for a  probability «a s

T tg'(N’l) x S¢ around the average effect value. By repeating

the 8 experiments of the Hadamard experimental design 8
times and defining a 99% probability, the confidence interval
is 0.083. According to effect values given by Table V, the
final expression of Log(L) (14), using only the most
significant factors, can be re-written:

Log(L) ~ 1.45 - 0.53.log(V) - 0.19.log(F) - 0.54.exp(-bT)

+0.12.1og(V).exp(-bT) (14)

3) Model verification

Experimental tests at the center of the level domain and for
other constraint levels must be implemented in order to verify
the exactitude of the mathematical model. This first test is run
for V.= 173 kV, F = 8.7 kHz, T = 26.7°C (cf. Table II).
Results show that Log(L)=1.43 at the center of the domain is
very close to the value given by the model, i.e. 1.45 (only 1.4%
error). Additionally, other points inside the experimental
domain are checked, such as the 7 points in Table VII. To
conclude, it can be seen that the maximum error is only around
10%. Additionally, the model validity can also be checked on a
plot in Fig. 6, where the model results are plotted versus the
experimental results. This quasi-linear pattern denotes a
satisfactory correlation between model and experiments.

TABLE VII
EXPERIMENTAL POINTS FOR MODEL VERIFICATION I.E. POINTS INSIDE THE
EXPERIMENTAL DOMAIN BUT NOT INCLUDED IN TABLE Il1

\ F T Exp. Model Diffe-
level level level  result rence
2kV, 10 kHz,
117.5°C 0.26 0.26 0.64 1.02 0.92 -9.1%
1.7kV, 15
KHz, 26.7°C -0.03 1.00 0.01 1.31 1.27 -3.5%
1.7kV, 8.6
KHz, 180°C -0.03 -0.01 1.00 1.00 0.92 -7.5%
3kV, 8.6
KHz, 26.7°C 1.00 -0.01 0.01 0.88 0.92 4.4%
V=1kV,
F=8.6kHz, -1.00 -0.01 0.01 1.77 1.97 11.5%
T=26.7°C
V=173 kV,
F=5 kHz, -0.03 -1.00 0.01 1.70 1.66 -2.9%
T=26.7°C
V=173,
F=8.6kHz, -0.03 -0.01 -1.00 1.99 2.01 -1.3%
T=-55°C
1.2e
\_‘
‘\.\
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[ N
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Fig. 6. The diagram effects for the model (from left to right), M is the
average lifespan while the other terms are the stress effects.

D. Experiment number reduction

One advantage in the DoE is the possible reduction of the
number of experiments and, thereby of the experimental cost.
This could be particularly interesting if additional parameters
such as pressure and moisture were taken into consideration



simultaneously with voltage, frequency and temperature. As
previously explained, the full experimental plan requires 2°=8
experiments in order to test all the combinations and derive
the factor and interaction effects. This is illustrated on the left
hand diagram of Fig. 7 for 3 factors (3 dimensions) and 2
levels each. It shows that all the combinations of the 3 factors
are tested. However a fractional plan could be built, with only
4 experiments instead of 8, testing only 4 combinations of the
stress factors, i.e. 2 points per cube face instead of 4.

Fig. 7. Combination representation in case of 3 factors with 2 levels each:
full plan on the left = 2°=8 possible cases and fractional plan on the right =
half the full plan = 4 experiments out of 8.

With only 4 experiments and 3 factors with 2 levels each,
the model will only give the factor effects and not the
interaction effects. This strategy may be risky because it
involves replacing the study of the interaction between factors
1 and 2 for example, by a third factor in column 5 of Table IV.
Consequently, the result of this calculation will be the effect of
this 3" factor aliased by the interaction effect between factors 1
and 2. It is problematic in our case since factor F and
interaction VT between V and T are very similar: -0.19 and
+0.12 respectively. For example, the effect calculation from
the first part of the experimental plan, i.e. the 4 first
experiments from Table VIII, leads to the results in the second
column of Table IX. Another complementary set of effects
which derive from the second part of Table VIl is listed in the
third column in Table IX. Interaction V.T is +0.12 in
expression (14), consequently, the effect of F appears as -0.07
in Table VIII for the first half plan, i.e. -0.19+0.12 and as -
0.31=-0.19-0.12 for the second half plan of Table VIII. Thus,
the effect of factor F is aliased by the V. T interaction.

TABLE VIII
FULL FACTORIAL PLAN FOR 3 FACTORS WITH 2 LEVELS EACH = 8 TESTS

Test no. M Log(L) Log(F) exp(-bT) Log(L)
Weibull
1 1 -1 -1 -1 2.822
2 1 -1 -1 1 1.452
3 1 -1 1 -1 2.457
4 1 -1 1 1 1.165
5 1 1 -1 -1 1.485
6 1 1 -1 1 0.805
7 1 1 1 -1 1.187
8 1 1 1 1 0.2
TABLE IX

FACTORIAL PLAN FOR 3 FACTORS WITH 2 LEVELS EACH

1° half plan 2° half plan

M 1.4 1.5
Log(V) -0.555 -0.497
Log(F) -0.07 -0.31
exp(-bT) -0.575 -0.507

V. CONCLUSION

Thanks to the application of the DoE methodology in this
study, a new lifespan model has been defined and verified.
This model presents an original relationship between the
insulation lifespan and the stress parameters. It involves a
logarithm form of the electrically applied stress and an
exponential form of the temperature and interactions between
these factors. Results show that, in a partial discharge regime,
the applied voltage and the temperature have a higher
decreasing effect on the insulation lifespan than the frequency.
Moreover, these highly influent factors have the most
significant interaction. It has been shown that due to the
interaction level, the use of fractional plans is not the ideal
choice and could lead to approximated lifespan modeling.

Other constraints such as pressure and humidity will be
added in future work to take more factors into account
Moreover, surface response methodology will help to give
other non-linear forms to the lifespan models in order to
improve accuracy or to extend the validity domain mainly
towards low constraint levels. Our final and long term
objective is to test stator prototypes during the design phase of
the V-model. Consequently, particular attention will be paid
to the reduced number of samples with the help of Bayesian
estimation. Twisted pairs will be studied according to the
same methodology. Subsequently, stator coils portions will
be taken into consideration.
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