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ABSTRACT This paper characterizes and develops life models for two different wire insulating materials:
Poly-ether-ketone (PEEK) and nanofilled enamel (Allotherm wire). The article focuses on predicting the
lifespan of PEEK and Allotherm wire insulating materials, specifically for use in low-voltage electrical
machines. The study investigates the effects of thermal ageing in terms of dissipation factor, insulation
capacitance, and partial discharge inception voltage (PDIV). Delamination of the insulation layer is observed
in both wires during the ageing process, resulting in an increase in the differential dissipation factor and
insulation capacitance. With respect to its unaged condition, Allotherm wire exhibits faster degradation,
showing 2.4- and 4.5-times higher changes in the differential dissipation factor and insulation capacitance
respectively compared to PEEK wire after the 16th ageing cycle. In addition, Allotherm wire experiences
faster deterioration of the PDIV, with a 42% reduction compared to 32% in PEEK after the same ageing
cycle. Using a single-stress Arrhenius life model, the study estimates the relative thermal index (RTI) for
both materials as 245◦C for PEEK and 226.25◦C for Allothermwire. These results indicate a 72.1% decrease
in the lifetime of PEEK and a 25.5% decrease in the lifetime of Allotherm wire when compared to the
manufacturer’s RTI specification.

INDEX TERMS Dissipation factor, insulation capacitance, low voltage electrical machines, partial discharge
inception voltage, thermal life, thermal index, thermal ageing, time-to-breakdown.

I. INTRODUCTION
In the recent past, the demand for sustainable and eco-friendly
development has increased and electrical motors have
been widely adopted as alternatives to internal combustion
engines, pneumatic and hydraulic systems in automotive and
aerospace applications [1]. However, the reliability of electri-
cal machines has not been adequately verified due to which
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thermal safety factors need to be considered, resulting in
over-engineering and poor power density [2].

The life of an electromagnetic device such as motor,
generator, transformer, or inductor is mostly limited by the
reliability of the wire insulation used in these devices. They
contains several different components and features which
ensure that electrical short circuit do not occur during their
entire lifespan [3]. In electrical machines, the weakest insula-
tion system is represented by the layer of inter-turn insulation,
the failure of which can be penalised in terms of localised
overheating within the stator. Therefore, it can trigger the
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most severe motor faults (i.e., phase-to-ground and phase-to-
phase) yielding to a complete power failure [4]. The stator
coils in low voltage (LV) electrical machines (i.e., commonly
rated for voltage less than 700Vrms) are randomly wound
consisting of a thin layer of Type-I insulation (i.e., organic
insulating material which can endure the effect of partial dis-
charge). In these machines, there is the possibility of the first
turn being in contact with the last turn of a coil. Therefore,
characterisation of inter-turn insulation becomes an important
aspect when modelling the life of Type-I insulating materi-
als [5]. The purpose of the inter-turn insulation layer is to
prevent the short circuit between the turns of a coil. If a short
circuit occurs between two turns, the shorted turn will appear
as secondary of transformer, leading to a large amount of
circulating current flow in the faulted turn which overheats
the stator windings rapidly [3].

In [2], [6], [7], and [8], the authors introduced a reliability-
oriented approach based on the physics-of-failure of wire
insulation. This approach aims to design electrical machines
without relying on excessive safety factors, which often
lead to over-engineering. This shift in concept addresses
the demand for both high-power density and reliability con-
straints within the industrial sector. In [2] and [8], the authors
conducted an investigation of turn-to-turn insulation sub-
system, utilizing conventional polyamide-imide insulating
material, for low voltage electrical machines. They performed
accelerated thermal aging tests to establish single-stress
life models for both continuous and variable duty elec-
trical machine services. These models can be adjusted to
align with the desired reliability level of a specific appli-
cation. However, life models were limited to conventional
polyester/polyamide-imide insulation with a thermal class
of 200◦C. In [9], [10], and [11], new methods have been
introduced which aims at developing the life models with
reduced accelerated aging test time. All three of these articles
use conventional magnet wire, with a thermal class of 220◦C
in [9] and [10] and a thermal class of 180◦C in [11]. In [9],
a neural network approach is employed to predict the mean
time-to-failure, where insulation resistance is considered as
an end-of-life criteria i.e., measured insulation resistance is
reached to a set threshold value. In [10] and [11], a curve
fitting approach is used for mean life prediction, with insula-
tion resistance (IR) and insulation capacitance (IC) serving as
end-of-life criteria, respectively. While the methods outlined
in [9], [10], and [11] offer faster alternatives to conventional
accelerated aging tests, they come with a drawback of poten-
tial prediction inaccuracies. This level of uncertainty may not
be acceptable in safety-critical industries such as aerospace,
where ensuring reliability is of paramount importance.

In LV electrical machines, thermal ageing is the most dom-
inant ageing factor which deteriorates the life of insulating
material. For these machines, electrical stress is generally
neglected if the motor operating voltage is less than 300V
since the voltage across the insulation is well below the
partial discharge inception voltage (PDIV – partial discharge
inception voltage is the lowest voltage required to induce the

PD activity within the dielectric material) [2]. The primary
source of thermal stress on the stator coils is due to copper
losses caused by I2R (i.e., DC resistive loss and AC prox-
imity loss). This accelerates chemical reactions within the
insulation, gradually causing the deterioration of the dielec-
tric properties of the insulating material [12]. The thermal
index of the wire insulation typically represents the maxi-
mum operating temperature that the winding of an electrical
machine can withstand. As per Arrhenius law, every 8 to
10◦C increase in temperature beyond the thermal index of
the wire halves the insulation lifespan and vice versa [9].
To ensure an average insulation lifespan of 20,000 hours,
it is common practice to design the electrical machine so that
the operating temperature of the stator coils does not exceed
the wire’s thermal index, as defined by the wire manufac-
turer [9], [10]. If a longer lifespan of more than 20,000 hours
is required, the design of an electrical machine needs to
be modified to operate the winding temperature lower than
the thermal index. However, this adversely influences the
machine’s torque density resulting in higher weight and vol-
ume [2]. In safety-critical applications such as aerospace,
automotive and marine, the reliability requirements are much
higher than those based on the manufacturer’s standard life
curve. This means that one cannot solely rely on the manufac-
turer’s life curve which is typically based on 50% probability
failure, ensuring a lifespan of 20,000 hours at the ther-
mal index value. Instead, the reliability criterion for these
applications typically requires a 5-10% cumulative proba-
bility of failure, which is much more stringent. To meet
these requirements, the physics-of-failure methodology can
be employed to develop life models at various probability
percentiles. This enablesmachine designers to accurately pre-
dict the machine’s lifespan according to the reliability needs
of the given application [2], [7]. In this research paper, the
authors have developed a life model for two high temperature
insulated wires, namely Type-I organic Poly-ether-ketone
(PEEK) and Type-II Nano-filled Enamel (Allotherm) and
have compared their performance under thermal ageing. The
paper is structured as follows: section II provides technical
details of the materials being tested, section III explains the
experimental setup for accelerated thermal ageing, section IV
reports the behavior of the insulating materials with respect
to thermal ageing in terms of differential tanδ, differential
IC, and PDIV, section V discusses the life and breakdown
data evaluation using Weibull distribution, and section VI
concludes the paper.

II. INSULATING MATERIALS
A. NANOFILLER ENAMEL (ALLOTHERM)
The nanofiller enamel wire (with product name as
Allotherm 602 CR Flat) is a polyamide-imide enamel wire
supplied by ELANTAS based on nanotechnology to increase
the partial discharge (PD) resistance. Nanofiller enamel is
obtained by the homogeneous dispersion of nano-sized parti-
cles into a polymeric matrix, resulting in peculiar properties
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due to the strong interaction between both the organic and
inorganic polymers which are emphasized by the very large
active surface of the nanometric particles. By increasing the
portion of nanofillers (i.e., Corona Polyamide-imide) with
the Polyester-imide (PEI) can lead to the formation of a
ceramic-like layer on the coating surface which increases the
resistance against PD [13], [14]. The wire is made up of a
portion of 55% PEI and 45% Allotherm. Insulation thickness
of the wire is 33µm with a copper core diameter of 0.8mm.
The thermal index of the wire is 230◦C as defined in the
technical datasheet. The wire is priced at £8 per kilogram.

B. POLY-ETHER-KETONE (PEEK)
PEEK is an organic thermo-plastic polymer used as a dielec-
tric material in the stator of electrical machines. PEEK
insulated wire results from the extrusion of PEEK polymer
over copper wire which is developed by ZEUS for use in
challenging environments such as oil and gas, automotive,
aircrafts and other electrical industries [15]. Thewire is 43µm
thick with a copper core diameter of 0.8mm. As per technical
datasheet of the wire, the continuous operating temperature
is 260◦C. The cost of the wire is £176 for every kilogram.

C. ESTIMATION OF INSULATION THICKNESS
The thickness of the wire insulations (i.e., PEEK and
Allotherm) is estimated through optical microscopy. The
obtained cross sections of the wire were examined with an
optical microscope (Olympus BX41M) in bright field mode.

The wire specimens were cold mounted in resin to obtain
view polished cross sections as illustrated in Figure 1. The
cut pieces of wire (approximately 2 to 3cm long) were fixed
perpendicularly by using a metal clip and placed in plastic
molds, which were then filled with an epoxy resin (i.e.,
Struers EpoFix Resin) mixed with a hardener (i.e., Struers
EpoFix hardener), with a ratio of 15:2. It was left to harden
for 24 hours under atmospheric pressure at room temperature
to complete polymerization of epoxy resins. After removal of
the wire specimens from the mold, the embedded wire was
ground in a rotary motion metallurgical grinding machine
with a rotating 240-grit silicon carbide paper at speed of
300 rpm using water as lubricant. Following that, the spec-
imens were rinsed with water and ethanol to remove any
remaining debris after the grinding stage.

The cross sections imaged with different objectives (i.e.,
from 10x to 100x). From Figure 2, the copper core and
the insulating coating layer are clearly distinguishable for
the wire specimen. The thickness of the insulation coating
for PEEK and Allotherm wire was determined from optical
microscope images taken with 100x objective which has the
accuracy of about 1micron. For each wire specimen, the insu-
lation thickness was measured in multiple spots, where the
deformation is minimal, and an average value was determined
as reported in section II-A and section II-B.

III. THERMAL AGEING TEST
The accelerated thermal ageing test is performed which con-
sists of ageing the wire specimen in the thermal chamber

FIGURE 1. Wire specimen mounting in resin (a) side view (b) top view.

over its thermal class or thermal index. This test comprises
of preparing the test specimen, measuring the diagnostic
properties, ageing the specimens thermally and calculating
the time-to-breakdown, the details of which are discussed in
the following subsections.

A. TEST SPECIMEN
The test specimen is a twisted pair which is made up of two
identical parallel insulatedwires held in hand twisted together
to form a single specimen as shown in Figure 3. The length
of each twisted pair specimen is approximately 200mm with
8 full 360◦ twists. The force acting on the specimen is 13N.
The specimen holder is equipped with 10 unaged twisted pair
specimens for each thermal exposure without the application
of resin or impregnation. All the specimens were prepared as
per technical standards ASTM D2307 and IEC 60034-18-31
[16], [17].

B. TEST PROCEDURE
Accelerated ageing test is performed which is commonly
used for thermal qualification ofwire insulatingmaterial [16],
[17]. The specimens of both insulating materials are ther-
mally aged above thermal index of the wire, as defined by
the wire manufacturer, in a repeated cycle until the inter-turn
short circuit is detected in each specimen. The ageing was
carried out in a controlled oven (CARBOLITE GERO)
whose maximum temperature rating is 400◦C, with tolerance
of ±0.1%. The ageing temperatures for both PEEK and
Allotherm wires considered to be the same which are 270◦C,
290◦C and 310◦C. The corresponding diagnostic cycle for
PEEK wire is 144, 40 and 10 hours and for Allotherm wire is
72, 20 and 5 hours at ageing temperature 270◦C, 290◦C and
310◦C respectively.

C. WIRE DIAGNOSIS
In terms of diagnosis of the insulating material under test,
dissipation factor (Tanδ) and insulation capacitance (IC) is
measured after each thermal cycle. This is carried out with the
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FIGURE 2. Optical microscopy of PEEK and Allotherm wires.

help of MEGGER Delta 4000 Device as shown in Figure 3.
MEGGER performs an ‘‘AC Hipot Test’’ in which ramp
voltage is applied across the insulating material (i.e., inter-
turn insulation in this paper) up to the predefined voltage and
measure Tanδ and IC. This predefined voltage is typically
set close to the PD inception voltage of the material for the
unaged specimens. This maximum voltage was kept constant
under thermal ageing with a maximum RMS voltage stress of
720V and 630V across the insulation of PEEK and Allotherm
wire specimens respectively, lasting for about 2 minutes.
When a short circuit is detected in a specimen time-to-
breakdown was noted down until the failure is detected in
each specimen. The entire thermal ageing process is depicted
in Figure 4. During the whole ageing test procedure, the
ambient temperature and relative humidity were kept under
25◦C and 40% respectively.

IV. DEGRADATION UNDER THERMAL AGEING
The degradation of insulating materials (PEEK and
Nanofiller enamel insulated wires) under thermal ageing is
investigated. The diagnostic properties of dielectric material
such as Tanδ, IC and PDIV have beenmeasured. These results
are helpful to assess the condition of the insulating material
over the ageing period.

A. TANδ AND IC
The Tanδ and IC tests are commonly used together to provide
a comprehensive assessment of the quality of the dielectric
material used in electrical machines. The Tanδ test measures

FIGURE 3. 10 twisted pair specimens and their diagnosis via MEGGER.

the dielectric losses, which can indicate the presence of
defects, moisture or any other contamination that can reduce
the quality of insulating material. A high Tanδ implies that
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FIGURE 4. Complete thermal ageing and life test procedure.

the material has high losses and may not be able to provide
enough insulation for the intended application.

The IC test measures the ability of the material to store
electrical charge. It can potentially identify the defects within
the insulation, such as cracks or voids, which can reduce the
capacitance of the dielectric material. For E.g., a low value
of IC can indicate the presence of defects or contaminants
that can reduce the dielectric strength of the material and
increase the risk of electrical breakdown [3], [18]. On the
other hand, it has been reported that the IC of a dielectric
material can increase under thermal ageing phenomenon due
to the de-polymerization and oxidation byproducts. This can
increase the permittivity of dielectric material and hence can
contribute to increase capacitance [19], [20], [21]. Depoly-
merization is the process by which a polymer breaks down
into smaller molecules. This can occur due to exposure
to heat or chemical reactions, and can result in the for-
mation of depolymerization by-products, which are smaller
molecules that can deteriorate the dielectric properties. Oxi-
dation byproducts, on the other hand, are compounds that
are formed when polar compounds in dielectric material
react with oxygen. Both depolymerization and oxidation
by-products can affect the long-term performance of insulat-
ing material, leading to reduced electrical properties such as
PDIV, breakdown voltage and dielectric strength [19], [22].
Figure 5a and Figure 5b show the Tanδ and IC of PEEK

insulated wire whereas Tanδ and IC of Allotherm wire are
illustrated in Figure 6a and Figure 6b, with respect to the
test voltage and thermal ageing cycles. From Figure 5a and
Figure 6a, two major changes in the dissipation factor can be
noticed – one is the rate of change dissipation factor at low
voltage and the other is dissipation factor at voltage above
the PDIV. The change in the dissipation factor at low voltage
(i.e., under thermal ageing) represents the polarization and

conduction losses within the insulation whereas the change
in dissipation factor at voltage higher than PDIV, may be the
indication of delamination effect (i.e., the layer of insulation
comes off the copper conductor with increase in thermal
ageing cycles), which results in higher PD activity. From
unaged to 16th thermal ageing cycle, the change in dissipation
factor (i.e., at voltage lower than PDIV) of Allotherm wire is
approximately two times higher than PEEK insulated wire.
This is the indication of higher polarisation and conduction
losses in Allotherm wire. With reference to unaged value,
the rate of change of dissipation factor is also compared,
for both PEEK and Allotherm wires, at 690V and 630V
respectively. This gives rise to the dissipation factor of 18.3%
and 43.2% respectively, going from unaged to 16th ageing
cycle. This suggests that the ionization of air-filled voids in
PEEK insulated wire is lower, resulting in lower PD activity
and higher PDIV, when compared with Allotherm wire.

The variation in IC (i.e., lower than PDIV) as a function
of thermal ageing is depicted in Figure 5b and Figure 6b.
For PEEK insulated wire, IC is monotonically decreasing
under thermal ageing. With reference to the unaged speci-
mens, at voltage lower than PDIV, IC is reduced by 20%
whereas non-monotonic trend is noticed for Allotherm wire.
For Allotherm wire the IC is increased, from unaged to 8th

ageing cycle. This could be due to the higher polar ageing
byproducts for the aged specimens until 320 hours (i.e.,
8th ageing cycle) releasing higher permittivity. Subsequently,
after the 8th ageing cycle, IC decreases notably which can be
attributed to the transformation of some polar compounds in
the thermally aged specimens into non-polar ones [19] This
results in lower permittivity which is evident from the 8th age-
ing cycle to the 16th ageing cycle. At themaximum diagnostic
voltage (i.e., 690V for PEEK and 630V for Allotherm), the
IC is reduced by 5.9% in PEEK specimens whereas reverse
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FIGURE 5. Measurement results of PEEK wire at 290◦C (a) mean
dissipation factor of ten twisted pair specimens (b) mean insulation
capacitance of ten twisted pair specimens.

holds for Allotherm wire, increasing IC by 25% with respect
to the unaged condition.

B. 1TANδ AND 1IC
The differential dissipation factor (1tanδ) and the differential
insulation capacitance (1IC) of PEEK and Allotherm wires
under thermal ageing has been investigated in this section.
As stated in the previous section, after every ageing cycle
insulation health is assessed in terms of dissipation factor and
IC with respect to the ramp voltage applied across the inter-
turn insulation. Figure 4 and Figure 5 illustrate the1tanδ and
1IC which has resulted from the Tanδ and IC measurement
via MEGGER Delta by using (1) and (2).

%1Tanδ = %Tanδhv − %Tanδlv (1)

%1IC = 100 ∗

(
IChv − IC lv

IC lv

)
(2)

The ‘‘lv’’ and ‘‘hv’’ subscripts are used for low and high
voltage respectively. The lv is measured at 30V for both
PEEK and Allotherm wires whereas, hv is measured at 690V
and 630V for PEEK and Allotherm wires respectively. For

FIGURE 6. Measurement results of Allotherm wire at 290◦C (a) mean
dissipation factor of ten twisted pair specimens (b) mean insulation
capacitance of ten twisted pair specimens.

the sake of fair comparison between both the wires, the value
of hv is chosen equal to the PDIV value (i.e., mean value
of all ten specimens) measured on unaged specimens. From
Figure 7 and Figure 8, it is evident that there is a rising trend
in 1tanδ and 1IC with respect the thermal ageing cycles
(i.e., from unaged to the aged 16th cycle). In comparison
to its unaged condition, at 16th ageing cycle, the 1tanδ and
1IC in Allotherm wire is increased by a significant margin,
delivering 2.4 and 4.5 times higher 1tanδ and 1IC than
PEEK. When comparing the dielectric performance of both
wires, it is evident that the Allotherm wire loses its dielectric
properties faster than the PEEK wire under thermal ageing
throughout the ageing process. Based on the variations in
1tanδ and 1IC, which have also been reported in [18] for
other dielectric materials, the following findings can bemade.

• The rate of change in size and number of air-filled voids
is reduced in PEEK since the change in dissipation factor
gets smaller during thermal ageing.

• The delamination effect in Allotherm wire is faster than
PEEK insulated wire.
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FIGURE 7. Differential Tanδ for PEEK and Allotherm Wires, resulting from
the Tanδ measurement via MEGGER Delta 4000.

FIGURE 8. Mean Differential IC for PEEK and Allotherm Wires, resulting
from the IC measurement via MEGGER Delta 4000.

• With respect to unaged specimens, higher rate of change
of1tanδ and1IC refers to the greater energy consumed
by PD.

C. PDIV
PDIV, also referred to as partial discharge inception voltage,
is the minimum voltage at which partial discharge starts to
occur in a dielectric material. This PD activity can bridge the
air-filled voids in the material, leading to the degradation of
the insulation performance and eventually the breakdown of
the electrical systemmadewith Type-I insulation [2], [5]. The
PDIV of a given material defines the quality and performance
of insulation which can be negatively impacted by thermal
ageing, increasing the risk of PD activity for several reasons:

• Changes in the material properties – Thermal ageing
can cause changes in the physical and chemical prop-
erties of insulating materials, including the permittivity,
conductivity, and mechanical strength. These changes
can lead to a breakdown of the insulation material,
increasing the risk of PD.

• Formation of defects – Thermal ageing can also result
in the formation of defects within the insulationmaterial,
such as voids, cracks, and delamination. These defects

FIGURE 9. PDIV obtained from Tanδ measurement, under the application
of AC ramp voltage. Mean of all ten specimens at T2.

FIGURE 10. Normalised PDIV obtained from Tanδ measurement, under
the application of AC ramp voltage, Mean of all ten specimen at T2.

can act as partial discharge initiation sites and can lead
to the breakdown of the insulation material.

• Increased polarisation – Thermal ageing can cause an
increase in the polarisation of the insulation material,
resulting in space charge accumulation that can lead to
initiating PD activity.

• Presence of by-products – During thermal ageing, the
insulatingmaterial can degrade and produce by-products
such as gases, free radicals, and polar compounds. These
by-products can act as partial discharge initiation sites
and increase the risk of partial discharge.

Therefore, it is important to examine the condition of insu-
lation and take appropriate steps to prevent electrical break-
down where it is needed the most. For example, in aerospace
applications, medium voltage electrical machines constructed
with Type-I insulation that operate at low pressure are more
prone to PD activity, which compromises their reliability and
increases the need for appropriate prevention measures.

The PDIV is determined from the dissipation factor
method [23], also known as indirect method of determining
PDIV, as a function of thermal ageing cycles for both PEEK
and Allotherm wires as reported in Figure 9. In Figure 10,
the PDIV values are normalised with respect to their unaged
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values. It is worth noting that the PDIV should be measured
using direct methods such as UHF antenna or photomultiplier
when modeling the life and assessing the condition of the
insulation in high voltage applications. Since this paper tar-
gets low voltage electrical machines, where the PDIV is not
a breakdown criterion (i.e., the PDIV is well below the motor
operating voltage), it is reasonable to observe and compare
the PDIV using an indirect method such as dissipation factor
or insulation capacitance measurements via MEGGER [5],
[19]. From Figure 9, it can be observed that the PDIV of the
PEEK wire is 1.16 times higher than the PDIV of Allotherm
wire when specimens are not thermally aged. This may be
due to the 10µm difference in their insulation thickness. Nev-
ertheless, this results in similar values of electrical strength
in kV/mm. The behavior of the insulation as a function of
thermal ageing can be predicted by the normalized PDIV.
In Figure 10, the PDIV in the Allotherm wire deteriorates at
a much faster rate compared to the PEEK wire. After the 16th

ageing cycle, the PDIV reduction in the Allotherm wire is
approximately 42%, while in the PEEK wire it is about 32%.
This may be due to the faster delamination of the Allotherm
insulation under thermal ageing, resulting in more voids that
cause PD to occur at a faster rate than in the PEEK wire.
The relationship of PDIV with respect to ageing time (in
hours) under thermal exposure T2 (i.e., 290◦C) can be drawn
from Figure 9 and Figure 10. Equations (3) and (4) can be
used to obtain the PDIV relation for PEEK and Allotherm,
respectively.

PDIV Peek = 1.850 − 0.00382t (3)

PDIV Allotherm = 1.561 − 0.00848t (4)

D. AGED SPECIMENS
The condition of each twisted-pair specimen of both PEEK
and Allotherm wires is observed after the breakdown is
detected in all the specimens. Figure 11 and Figure 12 show
three specimens of each wire, pointing out the severity of
the delamination effect in both wires. It is evident that the
color of the specimens has changed due to exposure to high
temperature. Moreover, both insulating materials are partly
damaged and lose their mechanical strengthwith thermal age-
ing. However, the delamination effect observed in Allotherm
wire is relatively higher than in PEEK, as confirmed by visual
inspection. In other words, the PEEK insulation remains
intact on the copper surface, whereas theAllothermwire insu-
lation becomes brittle which separates from the conductor
upon contact. The validation of this can be further confirmed
by examining the variation in insulation capacitance (i.e.,
IC and 1IC) illustrated in Figure 5b, Figure 6b and Figure 8.

V. TIME-TO-BREAKDOWN
The breakdown or failure time of each specimen has been
collected and post-processed with the help of two-parameter
Weibull probability distribution. The Weibull distribution is
widely used in statistical analysis to process data obtained

TABLE 1. Weibull parameters for PEEK wire.

TABLE 2. Weibull parameters for Allotherm wire.

from accelerated lifetime tests. One of its key advantages is
its capability to model failure rates that can either increase,
decrease or constant failure rates. The specific formulation
of the cumulative distribution function F(t) can be found
in equation (5) [24]. The parameter t represents the Time-
to-Breakdown of the specimens after a short-circuit fault is
detected between the layers of insulation. α, referred to as the
scale parameter, represents 63.2% of the insulation lifetime.
On the other hand, the parameter β, known as the shape
parameter, determines the slope of the Weibull distribution.

F (t) = 1 − e−( t
α )

β

(5)

The Time-to-Breakdown of each specimen under all three all
three thermal exposures are plotted and depicted in Figure 13
and Figure 14, and the specific distribution parameters can
be found in detail in Table 1 and Table 2. The Time-to-
Breakdown for each specimen in the test is determined when
the specimen fails the AC hipot test. The actual Time-to-
Breakdown is then calculated by subtracting the half duration
of the last ageing cycle from the total thermal exposure
duration. The mean life, L(P50), is determined by extract-
ing the lifetime at 50% probability failure from the Weibull
distribution, to compare the thermal index defined by the
wire supplier. Nevertheless, different failure percentiles can
be obtained to meet the reliability needs, For E.g., a recom-
mended range of 1% to 5% failure probability is suggested
for aerospace applications, and 5% to 10% for automotive
applications [2].

VI. LIFE MODEL
The thermal life of solid insulating material can be deter-
mined using equation (6), where the insulation constants A
and B are derived from experimental failure data, and L
represents the thermal life of the insulating material in hours
at the operating temperature T in Kelvin.

L = AeB/T (6)

If the electrical ageing is neglected, the thermal life of insu-
lating material can be determined using equation (6) and
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FIGURE 11. Observation of PEEK wire specimens.

FIGURE 12. Observation of Allotherm wire specimens.
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FIGURE 13. Weibull distribution plot for PEEK at 270◦C, 290◦C & 310◦C.

FIGURE 14. Weibull distribution plot for Allotherm at 270◦C, 290◦C &
310◦C.

linearized by taking the logarithm on both sides. The resulting
equation, denoted by (7),

log10L = log10 A+ (log10e).
B
T

(7)

(7), represents the life of the insulating material as a
straight-line equation with B’ as the slope and A’ as the y-
intercept.

Thermal stress plays a dominant role in the gradual
degradation of insulating material in low voltage electri-
cal machines since the effects of electrical ageing in these
machines are often disregarded or ignored. This leads to
insulation failure which can eventually result in permanent
breakdown if timely maintenance is not conducted. It is
essential to evaluate the insulation system’s ability to with-
stand thermal ageing. The primary source of thermal stress in
electrical machines is the heat generated in the stator due to

hysteresis effect and eddy currents in the stator steel, as well
as I2R losses in the copper wire. Operating a stator at high
temperature triggers a chemical reaction through oxidation,
making the insulating material brittle. Additionally, it can
lead to the delamination of the insulation layer, resulting
in a loss of bonding strength and resin impregnation com-
pound [3], [9]. Under accelerated ageing, the deterioration
process follows a first-order chemical reaction, with the reac-
tion rate governed by the Arrhenius law proposed by Dakin
in 1971 [9], [25].

Equation (7) can be further expressed in the form of
equation (8).

Y = A′
+ B′X (8)

Y = log10L
A′

= log10A
X = 1/T
B′

= (log10e). B
To obtain the constants A’ and B’, experimental data from

accelerated thermal ageing tests can be used along with the
least square method. The constants A’ and B’ can be calcu-
lated using equations (9) and (10) respectively.

A′
=

∑
Y−B′

∑
X

N
(9)

B′
=
N

∑
XY−

∑
X

∑
Y

N
∑
X2 − (

∑
X )2

(10)

The number of ageing temperatures considered in the acceler-
ated ageing test is denoted by N. Once the constant A’ and B’
are determined, the relative thermal index at a life of 20,000
hours can be determined as shown in equation (11). The
correlation coefficient ‘‘R’’, which indicates the goodness of
fit of the curve to a linear regression line, can be calculated
using equation (12).

RTI =
B′

4.301 − A′
− 273 (11)

R =

√
A′

∑
Y+B′

∑
XY − N (Yavg)2∑

Y 2 − N (Yavg)2
(12)

The most vulnerable part of the electrical machine’s insu-
lation is the occurrence of a turn-to-turn short circuit fault.
If this fault is not addressed, it can result in a short circuit
between phases or to the ground, depending on the wind-
ing configuration [2], [5], [9], [26]. Therefore, the study
presented in this article focuses on low voltage electrical
machines (i.e., where electrical stress is ignored) to develop
a life model specifically for turn-to-turn short circuit faults.
The mean life, L(P50), which was determined in the previ-
ous section, is extrapolated using the least square method,
as indicated by equations (7) to (12). Figure 15 shows the
insulation life with respect to temperature for both PEEK and
Allothermwire. The correspondingmodel calculations can be
found in Table 3 and Table 4, while the life model constants
are listed in Table 5. The measured life points align well with
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TABLE 3. Life model calculation for PEEK wire.

TABLE 4. Life model calculation for Allotherm wire.

TABLE 5. Life model constants and thermal index.

the equation of a straight line with a correlation coefficient
(R) very close to 1, as illustrated in Table 5. This indicates
a strong correlation and demonstrates the effectiveness of the
thermal life curve fitting for both PEEK and Allothermwires.
The regression line, calculated using equation (7), is extended
to a lifetime of 20,000 hours, representing the relative thermal
index (RTI) of the wire. This RTI is displayed as a dotted
line in Figure 15 which serves as a standardized parameter
defined by wire manufacturers for their customers. The RTI
for both wires is calculated using equation (11) and then
compared with the RTI specified by the manufacturers. The
temperature difference between the estimated thermal index
and the manufacturer’s thermal index is found to be 15◦C for
PEEK wire and 3.75◦C for Allotherm wire. This results in
a percentage error of 5.76% for PEEK wire and 1.63% for
Allothermwire. The RTI value for Allothermwire aligns well
with the RTI defined by the wire manufacturer, indicating a
good agreement. However, a noticeable percentage error is
observed for PEEKwire. It is worth noting that the supplier of
the PEEKwire has specified a continuous operating tempera-
ture of 260◦Cbut has not explicitly stated it as the RTI. Hence,
in this article, the authors have assumed that this temperature
of 260◦C represents the wire’s thermal index for the purpose
of conducting a comparative study, where the insulation’s
lifetime is set at 20,000 hours. In addition, by utilising the life
curve displayed in Figure 15, it is possible to determine the
insulation life at RTI specified by wire manufacturers. This
calculation yields a lifespan of 5,586 hours for PEEK wire
and 14,906 hours for Allotherm wire. It is notable that even
slight changes in operating temperature (precisely 15◦C for
PEEK wire and 3.75◦C for Allotherm wire) can lead to sig-
nificant differences in the required lifespan, considering that
the manufacturer sets a standard shelf life of 20,000 hours.

Consequently, this has resulted in a degradation of 72.1%
in the lifespan of PEEK wire and 25.5% in the lifespan of
Allotherm wire, when compared to the standard 20,000-hour
shelf life.

VII. APPLICATION AND COST PERSPECTIVE
In safety-critical applications, such as aerospace, automo-
tive, and marine industries, the reliability requirements are
significantly more stringent than those defined by the manu-
facturer’s standard life curve. This implies that the designer
cannot solely depend on the manufacturer’s life curve, which
is typically derived from 50% probability failure data (or
arithmetic mean of time-to-breakdown) and guarantees a
lifespan of 20,000 hours at a given thermal index value. How-
ever, for these applications, the reliability criteria typically
demand a 5-10% cumulative probability of failure, which is
significantly more rigorous. his can be achieved by extracting
the insulation lifetime (i.e., time-to-breakdown as depicted
in Figure 13 and Figure 14) at a specified failure proba-
bility percentile, typically between 1% and 50%, to build
the life model. This will enable the E-machine designer to
make precise predictions regarding the machine’s lifespan
in accordance with the reliability requirements of the given
application.

The lifespan of an electrical machine primarily depends
on the reliability of its insulation system. To meet indus-
try standards, electrical machines are typically subjected to
qualification processes outlined in technical standards like
IEC 60034 18-21 and IEEE Std. 117-2015 prior to being
introduced to the market. It is important to note that the
study described in this article does not aim to replace these
standards, which must be followed by manufacturers when
required [9], [10]. Rather, the focus of this research is mainly
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directed towards researchers, with the objective of develop-
ing thermal life models that can be used during the initial
stages of prototyping for low voltage electrical machines,
therebymeeting the reliability needs. Traditionally, reliability
requirements have been met through over-engineering, where
safety factors are applied based on experience and general
guidelines. However, this conventional approach, lacking
specific life models, often results in lower power density
as the full thermal capacity of the insulation materials is
not fully utilised. To address this challenge, a shift from
performance-oriented design to reliability-oriented design is
necessary. This entails considering reliability right from the
initial design stage and employing the developed lifetime
models presented in this article, by adopting the physics-of-
failure approach [2], [9].

It is important to note that although the Type-II insulating
material is typically employed in medium to high-voltage
electrical machines, the main objective of this paper was to
evaluate the thermal performance and conduct a compara-
tive analysis between Type-I and Type-II insulating materials
specifically solely from the perspective of thermal ageing.
Additionally, it should be noted that in applications where
electrical ageing plays a more significant role than thermal
ageing, Type-II insulation is expected to outperform Type-I
insulation. Future publications will discuss the behavior of
PEEK and Allotherm wires under the combined effects of
thermal and electrical ageing, with a specific emphasis on
PDIV as an end-of-life criterion. This is in contrast to the
approach taken in this article, which uses the AC Hipot test
as the method for end-of-life evaluation.

From a cost perspective, despite PEEK wire having a
longer lifespan than Allotherm wire, the cost of PEEK
(£176 per kg) is not justified, especially when Allothermwire
is available at a much lower cost of £8 per kg. In applications
where cost is a significant factor, opting for Allotherm wire
may be more reasonable than PEEK. However, this decision
comeswith a trade-off in power density requirements, as elec-
trical machines using Allotherm wire need to be designed for
operation at 226◦C, compared to 245◦C for PEEK wire (for a
20,000 hours lifespan). Consequently, if electrical machines
with PEEK wire operate at the same temperature as those
with Allothermwire (i.e., at 226◦C), there would be a lifespan
difference of roughly 80,000 hours (refer to Figure 15).

VIII. CONCLUSION
Traditionally, the design approach to design electrical
machines has been primarily focused on performance, often
neglecting reliability as a key design objective. This has led
to excessive over-engineering and reliance on safety fac-
tor assumptions, resulting in compromised power density
within the motor drive system. However, this article takes
a progressive approach by developing life models that are
based on accelerated thermal ageing processes. This enables
a more accurate understanding of insulation degradation and
facilitates the optimal utilisation of insulating materials,

FIGURE 15. Life curve of PEEK and Allotherm wires at 50% probability.

ensuring a satisfactory level of reliability without the need
of using unnecessary safety factors. This article predicts the
lifespan of two wire insulating materials, namely PEEK and
nanofilled enamel (Allotherm wire), with a specific focus
on low voltage electrical machines. Throughout the life test-
ing process, the impact of thermal ageing was examined
by measuring the dissipation factor, insulation capacitance,
and partial discharge inceptions. Additionally, the aged spec-
imens of both PEEK and Allotherm wires were observed
under a microscope to further investigate their condition.
For both the wires, the investigation has shown that there
is a consistent relationship between thermal ageing and the
differential dissipation factor and insulation capacitance. This
observation indicates that the insulation coating tends to
undergo delamination during the ageing process. In relation
to the unaged condition, following the 16th ageing cycle,
the 1tanδ and 1IC in Allotherm wire exhibited a substan-
tial increase, with Allotherm specimens delivering 2.4 and
4.5 times higher 1tanδ and 1IC compared to PEEK spec-
imens. This indicates that Allotherm wire lost its dielectric
properties faster than the PEEK wire during the thermal
ageing process. In terms of partial discharge inception voltage
(PDIV), Allotherm wire deteriorated at a much faster rate
compared to the PEEK wire. After the 16th ageing cycle,
the PDIV reduction in the Allotherm wire was about 42%,
while in the PEEK wire it was about 32%. This may have
been due to the faster delamination of the Allotherm coating
under thermal ageing, resulting in more voids that caused PD
to occur at a faster rate than in the PEEK wire. Furthermore,
a single-stress life model was developed to determine the
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relative thermal index (RTI) of the insulating materials. The
mean life, L(P50), was obtained from the Weibull probabil-
ity distribution, utilizing a 95% confidence interval at the
50th percentile. A comparison was made between the RTI of
both PEEK and Allotherm wires and the RTI specified by
the wire manufacturer. The estimated RTI values for PEEK
and Allotherm wires were found to be 245◦C and 226.25◦C,
respectively. These estimations resulted in a decrease in the
wire lifetime by 72.1% for PEEK and 25.5% for Allotherm
wire when compared to the manufacturer’s RTI.
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