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Abstract—A large amount of parameters related to both
operating conditions and material design affects the electrical
ageing of the low voltage rotating machine insulation.
Accelerated ageing tests are usually undertaken in order to
develop a theory to describe the electrical ageing process and to
determine a lifetime model of these materials. However, to the
best of our knowledge, there is no complete model allowing the
prediction of an insulation lifetime from accelerated ageing tests,
since there are many possible failure mechanisms and various
synergetic effects between them. Another problem with
accelerated ageing tests is that results of the tests tend to have a
great deal of scatter. In the present work, we propose the use of
the design of experiments (DoE) method, which is a useful
statistical approach that would lead to a reliable and significant
interpretation of the different ordering parameters of the
insulation ageing process. Using the DoE method, the analysis of
accelerated ageing test results allows identifying the factors that
most influence the results, and those that do not, as well as details
such as the existence of interactions and synergies between these
factors. In the following, results from accelerated ageing tests on
PEI varnishes, largely used in rotating machines insulation, are
presented and analyzed with the DoE method.

Keywords-rotating machines; insulation; ageing; design of
experiments; accelerated ageing tests

L INTRODUCTION

The ability of product designers to accurately predict
changes in insulation properties is of critical importance to the
electrical device industry. Indeed, the life of an electrical
system is fairly often limited by the electrical insulation
reliability. For this reason, several models have been developed
to account for physical, thermal and electro-mechanical aspects
of the ageing process and the insulation life-end [1-2].
However, modeling the kinetics of organic insulation
deterioration is difficult and complex, the difficulty is
compounded by the fact that many different stresses can affect
the rate of insulation degradation. Broadly speaking, thermal,
electrical, ambient, and mechanical stresses have to be
considered in order to describe the whole process, which is also

affected by the presence of many synergetic effects between
these various parameters.

Accelerated ageing tests are usually undertaken in order to
describe the ageing process and elaborate a lifetime model.
However, a single-rate expression of lifetime developed over
the short term may not be valid over the long-term service life
of the system or material being studied. In order to represent
the time-correlated degradation of organic electrical insulation,
it is necessary to possess an in-depth knowledge of the most
influential parameters affecting the ageing rate and the
probable existence of interactions between them. Indeed, if one
intends to perform a complete ageing test taking into account
the various parameters for different samples, the operation
becomes financially intolerable and extremely time consuming.

Since insulation lifetime test results are so variable,
statistical approaches are used to develop robust empirical
ageing models. In this paper, a statistical analysis, the “design
of experiments (DoE)” method is used to analyze the insulation
electrical ageing process. It is a structured, organized method
that is used to analyze multi-parameter processes [3]. It can be
applied whenever you intend to investigate a phenomenon in
order to gain understanding or improve performance. It allows
to determine the relationship between the different factors (Xs)
affecting a process and the output of that process (Y). In the
following, the process in study is the electrical insulation
lifetime and the factors are parameters affecting this process.

II.  DESIGN OF EXPERIMENTS FOR ELECTRICAL AGEING

The DoE method involves designing a set of experiments,
in which all relevant factors are varied systematically. When
the results of these experiments are analyzed, they help to
identify optimal conditions, the factors that most influence the
results, and those that do not, as well as details such as the
existence of interactions between factors. This technique
requires well-structured data matrices. When applied to a well-
structured matrix, analysis delivers accurate results, even when
the matrix that is analyzed is quite small. In this section, we
present the DoE methodology applied on insulation accelerated
ageing tests. This methodology consists on 4 principle steps.



A. Step 1: The pre-experimental stage

1) Design aims
The aim of our study is to order the factors and interactions
between them according to their influence and to obtain a
mathematical model of the ageing lifetime (L).

2) Choice of the factors

In service conditions, the insulation failure process is
driven by several stresses acting together such as electrical,
thermal, mechanical and ambient (e.g. moisture, aggressive
chemicals, dirt, radiation...). In rotating machines fed by
inverters, over-voltages occur at the motor terminals and the
voltage distribution in the winding is not homogeneous just
after the voltage application. These over-voltages can lead to
partial discharges occurring between phases, between turns or
between turns and ground. In this study we consider the ageing
of the insulation system due to a partial discharge activity and
not an intrinsic ageing. The experimental conditions of ageing
have therefore been chosen in order to be sure that the
degradation of the insulation is mainly due to the partial
discharges. However, in order to confirm the correct use of the
DoE method on accelerated ageing test results, only three
major parameters are chosen to study their corresponding
ageing influence rate, which are:

e The applied voltage (V)
e  The frequency of the applied voltage (F)
e  The temperature (7)

In the following these parameters affecting the ageing process
in study will be called the “Factors”. These factors will be
studied in groups of two; the third being fixed at a given value.

3) Determination of factor levels
In order to establish the DoE data matrix, it is essential to
choose two levels (a low and a high value) for each factor. The
levels are identified with respect to the real service conditions,
as follows:

e The extreme values of the applied voltage (bipolar) are
+1 kV and £3 kV. The lower value corresponds to a
possible overvoltage value in service conditions. By
considering a bus voltage of 500 V and a complete
impedance mismatch between the motor and its
feeding cable, if the first turns of different phases touch
each other, the voltage stress between them can reach 1
kV. The higher one is chosen in a way to accelerate the
ageing tests.

o The frequency extreme values are 5 kHz and 15 kHz
for the lower and higher ones respectively.

e The temperature extreme values are -55 °C for the
lower one (aeronautic service conditions) and 180 °C
for the higher (= thermal class of the insulation)

4) Choice of the response and factors form

a) Electrical stress form

Our ageing tests are performed in a partial discharges (PD)
regime. In this case, the effect of the electrical stress level on
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Figure 1. Temperature effect on the insulation lifetime

the insulation lifetime is most often represented by the inverse
power model [4], such as in (1):

L=cE™" (1)

where L is the insulation lifetime, E is the electrical field, c is a
constant and n is called the power law constant. Our
experimental results have shown that the lifetime evolution of
our samples (for a given temperature and frequency) obeys
well this relationship. An inverse power relationship has also
been found (for a given temperature and voltage) when the
lifetime has been estimated versus frequency.

b) Thermal stress form
Under thermal stress our experimental results, shown in Fig
1, allow to assume that the variation of the insulation lifetime
with temperature (for a fixed voltage and frequency) may
follow the relationship (2):

log(L) =A.e ™" )

where L is the insulation lifetime, T is the applied temperature
and A and b are constants. This assumption will be used and
verified for the elaboration of our insulation lifetime model.

From the lifetime variations with electrical and thermal
stress expressions (1) and (2), we have chosen to study the
variation of the logarithm of the lifetime with respect to a
logarithmic form of the electrical stress (i.e. the logarithm of
the voltage and the frequency) and an exponential form of the
temperature.

Table I shows the factor forms to be used in the
experimental designs in order to elaborate an insulation
lifetime model as well as their corresponding levels.

TABLE L FACTOR LEVELS
Factors Level (-1) Level (+1)
Log (Voltage (kV)) Log(1) Log(3)
Log((Frequency (kHz)) Log(5) Log(15)
Exp(-b.Temperature (°C))* | Exp(-55b) Exp(180b)

*b is a constant calculated experimentally from Fig. 1 (b=5.64 x 10”°)

B.  Step 2: Choice of the experimental design

In the following, test plans known as “Full factorial
designs” will be used. These designs include all possible



combinations of the levels of every factor with the levels of
every other factor. The number of experimental runs is a
product of the number of levels of each factor. These designs
are usually noted X*, which means that the corresponding
experiments concern a system composed from k factors, each
one with X levels [3,5].

For simplification and in order to check the correct use of
this method in the present field, the effects and the interactions
of only two parameters will be studied while fixing the third at
a given value. In order to calculate the factors and their
interaction effects on the insulation lifetime (factors and
interactions are also called actions), the matrix method is used,
as the following (3):

E=Xx"Y, 3)

where E is the vector of the different action effects that will
depict the influence of the different factors and their
corresponding interactions on the criteria we are looking for
(i.e. the insulation lifetime). X is the matrix obtained from the
experience plan where all possible level combinations are
present as shown in Table II. The number of tests to be done is
2% (2 factors, 2 levels each). Y;is the vector of the experimental
result values for the insulation lifetimes.

TABLE II. FULL FACTORIAL DESIGN MATRIX (2 FACTORS, 2 LEVELS)
Test n° M F,; F, F.F,
1 1 -1 -1 1
2 1 -1 1 -1
3 1 1 -1 -1
4 1 1 1 1

The expected mathematical model obtained by this method
has the following form (4):

Y~M+Ep.F) + Epp.F> + Epypodpes 4

where Y is the response which is the logarithm of the insulation
lifetime in our case, M is the mean value for all ageing test
responses, F; are the factor levels affecting the ageing process,
Iriry are the interactions between factors F; and F; and E; are the
effects of the factor levels or the effects of their interactions on
the global response.

C. Step 3:Experimentation

Steel plates coated with polyesterimide (PEI- thermal class:
180 °C), were subjected to an accelerated ageing under
different external stress conditions. PEI is an organic material
largely used for rotating machines insulation. The thickness of
coating is about 90 um.

For each test condition, the sample lifetime (i.e. when
insulation properties fail or exceed the design limits) is
measured. Eight samples were tested at each experimental
condition. All lifetime data presented in this article are
obtained using a Weibull’s statistical treatment, which is
commonly used for breakdown data treatment.

Under electrical stress, the steel plate acts as one electrode
whereas a spherical stainless steel electrode (diameter: 1 mm)
has been used as a second. At the same time, samples are

placed in a climatic chamber where the applied temperature is
controlled.

D. Step 4: Results Analysis

Appropriate experiments were done by replacing F; and F,
in Table II, respectively by the factors affecting the insulation
lifetime (i.e. Log(¥), Log(F) and ") by groups of two. The
corresponding responses (i.e. the logarithm of the insulation
lifetime) for each case, are presented in Table III. The
application of (3) to our experimental design matrix (Table II)
and lifetime responses (Table III) allows calculating the effects
of the different factors and interactions on the sample lifetime.

TABLE III. DESIGN RESPONSES: LOGARITHM OF SAMPLE LIFETIMES
Logarithm of insulation lifetime (min)

F;=Log(V) F;=Log(V) F;=Log (V)
Fy=Log(F) F; = exp(-bT) F;=exp (-bT)

1 1,453165 0,315550534 0,315550534

2 1,166726 1,18723862 1,18723862

3 0,80618 1,166726056 0,806179974

4 0,315551 2,459995256 1,486430479

The action effect values allow establishing a mathematical
model as in (4). In order to verify the exactitude of this
mathematical model, an experimental test at the center of the
level domain is undertaken. It is a point where factor and
interaction levels are nil, which means the absence of any
influence from factors and interactions. In this case, according
to our theoretical model, the logarithm of the insulation
lifetime (Log(L)) should be equal to the mean (M) of the
ageing test values for each condition. In the following, the
action effect values, the mathematical model and the
verification of the model will be presented for each group of
two factors.

1) Voltage and frequency effects and interactions
F, and F, in Table II are replaced by the logarithm of the
voltage and the frequency respectively. The temperature is
fixed at 180 °C. The action effect values are calculated from
(3) and are presented in Fig. 2.

By replacing the effect results in (4), the mathematical
model representing the voltage and the frequency level effects
and their interactions is (5)

Log(L) ~ 0.93—0.37*log(V)—0.19*log(F)—
0.05*log(V)log(F) %)

Voltage and frequency effects

M
0.5
= Loa(\)
Log(F)

= Log(V) Log(F)

Figure 2. Factor and interaction effects of the applied voltage and frequency



Voltage and temperature effects
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Figure 3.  Factor and interaction effects of the voltage and temperature

The experimental result at the center of the level domain
(i.e. V==%1.73kV, F = 8.7 kHz, T =180 °C) shows that Log(L)
= 0.99 which is very close to the theoretical value, i.e. 0.93
(only 6.6 % of error).

2) Voltage and temperature effects and interactions
The same methodology is used when replacing F; and F
by the logarithm of the voltage and the exponential form of the
temperature respectively. The frequency is fixed at 15 kHz.
The corresponding effects are presented in Fig. 3 and the
mathematical model in (6)

Log(L) ~ 1.28—0.53*log(V)—0.54 *exp(-
bT)+0.05%*log(V) exp(-bT) 6)

The experimental result at the center of the level domain
(ie. V==%1.73 kV, F = 15 kHz, T = 26.74 °C) shows that
Log(L)=1.31 which is very close to the theoretical value, i.e.
1.28 (only 2.4 % of error).

3) Frequency and temperature effects
While fixing the applied voltage at +3 kV, the logarithm of
the frequency and the exponential form of the temperature
effects are presented in Fig.4., and the corresponding model is

Log(L) ~ 0.95—0.20*log(F)—0.39*exp(-bT)—
0.05*log(F) exp(-bT) @)

The experimental result at the center of the level domain
(ie. V==%3kV, F=8.7kHz, T=26.74 °C) shows that Log(L)
= 0.88 which is very close to the theoretical value, i.e. 0.95
(only 7.8 % of error).

In these diagrams (i.e. Fig 2, 3 and 4), the first column
represents the average value of the different experiments. The
other columns show the influence of the different factors and

Frequency and temperature effects

L)
mLog(F)

eipl-hT)

= Loa(F) exp(-bT)

Figure 4. Factor and interaction effects of the frequency and temperature

interactions on the insulation lifetime with respect to the
average value. These effect diagrams show that:

e The applied voltage and the temperature have
approximately the same effect on the insulation
lifetime.

e The frequency effect on the insulation lifetime is much
lower than the applied voltage and the temperature
ones.

e The interactions between the different factors are
small.

III. CONCLUSION

A brief description of the DoE statistical methodology has
shown that this method could be extremely helpful to clarify
the influence of parameters and their synergetic effects on the
insulation ageing, a phenomenon known to involve many
parameters. Results showed that the applied voltage and the
temperature have a bigger influence on the insulation
degradation rate than the frequency when the degradation is
mainly due to a partial discharge activity.

In the beginning of our study, we had supposed that the
variation of the logarithm of the insulation lifetime has an
exponential form with the temperature. The correlation
between the theoretical model and the experimental test at the
center of the levels domain proved that our assumption is
correct.

Our approach still in development, other ageing parameters
should be taken into consideration in the next step. Moreover,
we need to verify whether this method can be applied when the
ageing is intrinsic and not due to partial discharges as in our
experiments. Further explanation on this approach will be
reported soon.
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