
 

Abstract – Electrical motors are required to perform reliably 
for a certain number of hours/cycles. Assuming the insulation 
breakdown as the predominant source of failure, then the 
lifetime of an electrical machine can generally be said to 
correspond to that of its weakest insulation sub-system. Among 
all the insulation stressing factors, thermal aging is a primary 
source of progressive deterioration, and, eventually, failure. In 
order to guarantee a satisfactory lifetime, motors are designed to 
have thermal operational points which are always lower than 
their insulation thermal class. However, this design choice does 
not allow to maximize the exploitation of the insulation lifetime 
capability. Technical standards report methods for the thermal 
qualification of electrical machines based on accelerated thermal 
aging tests. Such assessment, despite enabling the insulation 
lifetime estimation, might require several thousand hours of 
testing. This paper, therefore, proposes and validates a new 
methodology which considerably shortens the thermal 
qualification of electric motors.  
 

Index Terms—Design of experiments, Dielectric breakdown, 
Dielectric losses, Electric machines, Electric motors, Insulation, 
Physics of failure, Thermal factors, Thermal stresses  

I.   INTRODUCTION 

NSULATION breakdown is the main cause of stator 
failures in electrical machines (EMs) [1-3]. A number of 

aging stresses and influence factors can lead to the progressive 
deterioration of the insulation system in both low and high 
voltage EMs. The former, conventionally, adopt Type-I 
insulation, whose chemical composition features an organic 
nature [4, 5]. Therefore, these machines are designed to be 
partial discharges (PD) -free throughout their lifetime [6, 7]. 
Indeed, PD, which are electrical discharges that only partially 
bridge the insulation between two electrical conductors, might 
cause the premature breakdown of organic insulating 
materials, if they are repetitively incepted [8-10]. Thus, for 
PD-free low voltage EMs, it is reasonable to assume thermal 
stress as the main source of insulation aging [11]. 

The thermal class of an EM is determined by its weakest 
insulation sub-system (i.e. the insulation sub-system with the 
lowest thermal class) [12]. For low voltage, random wound, 

non-impregnated EMs, this is generally the magnet wire 
adopted for the windings. These wires are insulated by a thin 
enamel layer with organic chemical composition (e.g. 
polyamide, polyimide, polyester-imide etc…). Thus, for a 
given EM, if the windings lifetime (under stated operating 
conditions) is known, this corresponds to the lifetime of the 
whole EM. By ‘lifetime’ it is intended the number of 
hours/cycles, during which the EM operates with a failure 
probability below a certain threshold. This threshold can be 
set at the design stage, depending on the application. In fact, 
an EM for safety-critical applications, such as aerospace 
electromechanical actuators [13-19], must satisfy more 
stringent reliability constraints than EMs for e.g. home 
appliances. 

Traditionally, at the EM design stage, the maximum 
hot-spot temperature that the insulation will experience 
throughout its lifetime is evaluated via thermal modelling 
techniques, such as lumped parameters thermal networks 
(LPTNs), computational fluid dynamic and finite element 
simulations [20-22]. The designer, then, acts on the EM 
design parameters so that the hot-spot temperature always 
remains below the thermal class of the adopted insulation [23, 
24], which is provided by the insulating system manufacturer. 
This ensures that the EM will ‘survive’ at least 20,000 hours 
of continuous operation [25]. Although the aforementioned 
design philosophy works properly in the case of EMs intended 
for continuous duty, however it can reveal some limitations 
when short-time duty or periodic duty EMs are considered 
[26]. Indeed, if the EM insulation system is thermally sized 
based on the highest temperature experienced by the EM (i.e. 
insulation thermal class higher than the maximum winding 
temperature), the design would result in an over-engineered 
and expensive insulation (and a bigger/heavier machine). 
Thus, the insulation lifetime capability would not be properly 
exploited and the EM performance might not be optimized 
(e.g. low copper fill factor due to the thicker insulation). On 
the other hand, by choosing an insulation thermal class lower 
than the highest winding temperature, the EM will be exposed 
to the risk of premature aging. Considering this scenario, an 
appropriate knowledge of 1) the winding temperature profiles 
and 2) the insulation thermal endurance plot (i.e. insulation 
lifetime vs temperature) are demanded for improving the EM 
design. The former can be obtained through the EM thermal 
analysis (e.g. using LPTNs as mentioned above), whereas the 
latter can be determined according to the technical standards. 

It is important to note, that technical standards suggesting 
methodologies for the thermal qualification of EMs do exist, 
and these allow for quite accurate estimations of the thermal 
lifetime at various operating temperatures [27]. However 
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these qualification strategies require extensive testing, which 
can last thousands of hours [28]. 

In this paper, a new strategy for the thermal qualification of 
low voltage EMs is proposed. This is based on the Arrhenius 
law for chemical reactions, combined with the analysis of 
insulation degradation through the design of experiment 
approach. The validity of the introduced method is 
experimentally confirmed on custom designed EMs 
prototypes.  

II.   THEORETICAL BACKGROUND 

The effect of temperature on EMs insulation lifetime has 
been studied since the 1930s, when V. M. Montsinger 
presented for the first time the ‘10 degrees rule’, which states 
that the insulation lifetime is halved for every 10 °C 
temperature increment [29]. This empirical rule was partially 
confirmed in a paper published by Dakin in 1947 [30]. In this 
work, he demonstrates that the physical changes in insulating 
materials, subject to thermal aging, are the result of internal 
chemical reactions which obey the Arrhenius law. According 
to this law, the lifetime L of a solid insulating material, in 
which temperature is the predominant stress factor, can be 
derived as in (1), where θ is the absolute temperature, while A 
and B are two constants, which depend on the material. 

 = ∙ exp	( / ) (1) 

For a given insulation, by extrapolating the lifetime L at three 
or more temperatures, it is possible to determine the Arrhenius 
curve (i.e. insulation lifetime vs. temperature). The latter is a 
straight line when reported on a semi-log plot, as can be seen 
in Fig. 1, where an example of Arrhenius curve for a class 180 
insulating material is shown. From Fig. 1, the expected 
insulation lifetime for various temperatures can be obtained. 
 The accelerated aging tests need to be performed for 
drawing the Arrhenius plot [25, 31]. These consist in 
evaluating the material lifetime for (at least) three 
temperatures above the expected thermal class. For each of 
the selected temperatures, a number of specimens (generally 
5 or more) are tested and their time to failure is recorded. In 
order to assess the specimen failure, an end-of-life criterion 
must be chosen [31]. A diagnostic property (or aging marker) 
p, intrinsic of the insulating material, can be then defined [32, 
33]. The latter must change and follow a precise trend as the 
thermal aging accumulates [34]. If a specimen is aged at a 
generic temperature θJ, it will fail when p equals pL (i.e. 
end-of-life criterion). The time necessary for p to match pL 

(i.e. time to failure) corresponds to L(θJ), as graphically 
illustrated in Fig. 2. Therefore, for the thermal qualification of 
an EM, a suitable diagnostic property p and an end-of-life 
criterion have to be selected prior starting the accelerated 
aging tests. For Type-I insulated EMs that are rated at 300 
Vrms (or above) and supplied by PWM converters, the 
end-of-life criterion is the inception of PD [35, 36]. The 
property p, in this case, is the repetitive partial discharge 
inception voltage (RPDIV). The latter, gradually decreases 
with thermal aging [37], and when it eventually reaches the 
limiting value (i.e. pL), which will depend on the electric drive 
features (i.e. length of feeder cable and rise time of switching 
devices), the specimen is said to have failed. 

 
Fig. 1. Example of Arrhenius plot for a class 180 insulating material. 

 
Fig. 2. End-of-life criterion definition for a generic insulation. 

For EMs with rated voltage below 300 Vrms, a different 
diagnostic property needs to be considered, as these EMs are 
not expected to have PD inception at any point in time [9]. 

In this case, the most common aging marker is the dielectric 
strength, implying that the corresponding end-of-life criterion 
is the dielectric breakdown [38]. This can be detected through 
a hipot test, namely the application of a voltage whose 
amplitude is higher than that expected during normal service 
[39, 40]. 

Therefore, the qualification of an EM can be achieved 
through the following procedure: 

1. Three temperatures above the (expected) insulation 
class must be firstly identified.  

2. For each of these temperatures, a number of 
specimens must be aged until the insulation 
breakdown is detected. 

3. The Arrhenius plot is determined through regression 
analysis (i.e. curve fitting) of the median (or other 
percentiles) of the failure times. 

At this point, it is clear that if the chosen temperature is well 
above the thermal class, the time to breakdown [i.e. the testing 
(aging) time] will be relatively short. Nevertheless, for 
temperatures close to the thermal class, the testing time might 
be extremely long. As an example, assuming a material whose 
Arrhenius plot is the one reported in Fig. 1, and selecting a 
temperature of 200 °C, the required aging time would be 
≈5,000 hours. In the following sections it will be 
demonstrated how this testing time can be considerably 
shortened. 
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III.   THE PROPOSED PROCEDURE 

The generic aging marker p introduced in Section II can be 
expressed as a function f of time t and temperature θ as shown 
in (2).  

 = ( , ) (2) 

When an insulation, stressed with a constant temperature 
θJ, reaches its end-of-life L(θJ), the equality given by (3) must 
be satisfied.  

 = [ ( ), ] (3) 

For electrical insulating materials, the common diagnostic 
markers are parameters such as the insulation resistance, 
dissipation factor (i.e. tanδ), insulation capacitance (IC), 
weight loss etc. 

Once the function f is mathematically defined for a single 
temperature θ1 (i.e. trend of the aging marker at θ1), then only 
a small number of ‘long duration’ aging cycles are required to 
predict the end-of-life at a temperature θ2<θ1 (i.e. longer aging 
test). These cycles are necessary to extrapolate the function f 
for θ2. For clarity, the aforementioned procedure is 
graphically illustrated in Fig. 3. This approach reveals the 
following advantages: 1) only the aging test with shorter 
duration (i.e. at θ1) needs to be performed until the end-of-life 
is reached for all the specimens and 2) the longer aging tests 
(e.g. at θ2 and θ3<θ1) can be stopped earlier allowing a 
reduction of the whole test aging campaign 

The diagnostic marker choice is crucial for the successful 
implementation of the proposed strategy. In 1986, G. C. 
Montanari analysed the thermal aging of Nomex-Mylar-
Nomex® composites [33] observing that the weight loss vs. 
thermal exposure time, is constant in a logarithmic plot. 
However, similar techniques have never been adopted for the 
study of low voltage EMs.  

IV.   CHOICE OF THE DIAGNOSTIC MARKER 

With the purpose of finding a suitable diagnostic marker p, 
a set of 5 motorettes has been manufactured and wound 
adopting a class 200 round enameled magnet wire with 
polyester-imide insulation. Each motorette has 3 coils 
composed by 2 subcoils and each subcoil features two strands. 
This allows to a) have a total of 6 subcoils (i.e. specimens) per 
motorette and b) asses the dielectric properties of the 
turn-to-turn insulation by performing measurements between 
strands. The unaged motorettes used for the experimental 
investigation are shown in Fig. 4. 

 
Fig. 3. Graphical explanation of the proposed thermal qualification 

procedure. 

 
Fig. 4. Motorettes used during the thermal aging campaign. 

The 30 specimens have been thermally aged in a ventilated 
oven with a constant temperature of 290 °C. Every 8 hours, of 
thermal exposure, the cooling time was awaited before 
removing the samples from the oven, and their turn-to-turn 
dielectric strength was assessed through the AC hipot test.  
This test consists in ramping-up the 50 Hz, sinusoidal voltage 
from 0 to 500 Vrms. When a specimen fails the AC hipot test, 
its time to failure is recorded. The aging campaign is carried 
out until the insulation breakdown is detected in all the 
specimens. At this point, the failure times are post-processed 
in order to analyse if they fit a statistical distribution. Fig. 5 
reports the probability distribution plot of the failure times, 
from which it is possible to extract the median of the time to 
failure that is equal to 84 h. 

Two failure modes have been identified by the post-
processing of the failure times. With 33 hours of aging, the 
specimens’ failure times fit a 3-parameter Weibull 
distribution, whilst from 33 hours up to the failure of the last 
specimen (i.e. 132 h), they fit a 2-parameter Weibull 
distribution. 

Throughout the accelerated aging cycles, a number of 
diagnostic markers have been monitored via a Megger® Delta 
4000 to verify the existence of specific trends with the thermal 
aging. After post-processing the collected data via a custom 
built Matlab® script, it was observed that the specimens’ 
strand-to-strand IC increased throughout the aging cycles. 
A microscopy analysis of the aged coils revealed that the 
specimens’ diameter decreased as a result of the thermal 
aging, as can be noted in the 10x enlargement shown in Fig. 
6. Therefore, the IC increment with thermal aging can be 
attributed to the enamel thickness reduction as well as the 
variation of the enamel’s relative dielectric constant (i.e. εr).  

 
Fig. 5. Failure times probability plot with 95% confidence intervals for 

290 °C aging temperature. 



 

 
Fig. 6. Enamelled magnet wire thickness variation after 95 hours of 

thermal aging at 290 °C (10x magnification). 

 
Fig. 7. Variation of ΔIC% with thermal exposure at 290 °C in linear time 

scale. 

From the post-processed data, a new quantity, here defined 
percent differential IC (i.e. ΔIC%), has been computed as 
indicated by (4), where IC500 is the IC measured at 500 Vrms, 
while IC100 is the IC measured at 100 Vrms. 

 ∆ % = 100  (4) 

The trend of ΔIC% vs. thermal aging time at the constant 
temperature of 290 °C is reported in Fig. 7. By converting the 
time scale of Fig.7 from linear to logarithmic, it was observed 
that ΔIC% follows a linear trend (in logarithmic scale) with 
thermal aging as can be seen in Fig. 8. Consequently, the 
interpolating function f of ΔIC% [see (2)], can be written as in 
(5), where q and m are two curve fitting parameters and for 
290 °C, they are equal to -6.9 and 4.9 respectively.  

 ∆ % = + ∙ log	( ) (5) 

This finding confirms that the ΔIC% is a suitable diagnostic 
marker for insulation thermal aging. 

It is important to note that for an aging time of 84 h at 290 
°C [i.e. median of the failure times (see Fig. 5)], the ΔIC% is 
equal to 14.8%. The knowledge of this value is critical for the 
application of the proposed methodology, as it represents the 
pL parameter defined in (2) and illustrated in Figs. 2 and 3. For 
completeness, TABLE I summarizes all the quantities relative 
to the aging tests performed at 290 °C. 

TABLE I SUMMARY OF QUANTITIES RELATIVE TO 290°C TESTS 

Parameter Value 
Median of failure times 84 h 

q of (5) -6.9 
m of (5) 4.9 

ΔIC% at failure 14.8 % 

 
Fig. 8. Variation of ΔIC% with thermal aging at 290 °C in logarithmic 

timescale and regression line (i.e. interpolating function f). 

V.   APPLICATION AND VALIDATION 

Since a diagnostic marker has been found along with its 
interpolating function f, it is possible to use it to estimate the 
failure times’ median of the tested specimens at temperatures 
different than 290 °C. For this purpose, the temperature of 270 
°C has been chosen. Thus, a new set of specimens (i.e. 
subcoils wound around motorettes’ teeth) featuring the same 
manufacturing properties (i.e. number of turns, number of 
strands, etc.) of the previous one, is aged at 270 °C following 
the procedure described in Section IV. 

The thermal aging at 270 °C is intentionally stopped at 168 
h (i.e. the test is not carried out until the failure of all specimen 
as prescribed by the standard procedure for EM thermal 
qualification) and the AC hipot test is performed every 24 h. 
At this point, less than 15% of the specimens were found to 
have failed (i.e. 4 out of 30), hence, the adoption of standard 
thermal qualification procedures would not allow to evaluate 
the median of failure times. Thus, it can be said that the 
periodical measurement of the IC, throughout the aging 
cycles, enables the implementation of the proposed 
methodology.  

Based on the recorded data during the aging test at 270 °C, 
the ΔIC% has been calculated according to (4). The trend of 
the ΔIC% vs. aging time has been determined with the 
purpose of finding the parameters of the fitting curve given by 
(5). Indeed, these parameters for the aging temperature of 270 
°C differ from the ones previously obtained at 290 °C. The 
plot of ΔIC% and its fitting (regression) line are reported in 
Fig. 9 on a logarithmic timescale. In this case (i.e. 270 °C), q 
and m are equal to -27.4 and 7.5 respectively. 

The estimated median of failure times for a temperature of 
270 °C ttf270-est can be calculated by rearranging (5) as in (6), 
and its value is equal to 278 hours. 

  = exp . ..  (6) 

The same result can be achieved graphically by combining 
Figs. 8 and 9 on the same plot and applying the logical scheme 
of Fig. 3. This is shown in Fig. 10 where the temperatures vs. 
thermal aging interpolating curves (i.e. regression lines) for 
both 270 °C and 290 °C are plotted. 
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Fig. 9. Variation of ΔIC% with thermal aging at 270 °C and regression line 

(i.e. interpolating function f). 

 
Fig. 10. Interpolating curves of ΔIC% vs. aging hours for 290 °C (black 

continuous) and 270 °C (red dashed) temperatures. 

In order to experimentally verify the accuracy of the 
proposed technique and confirm the estimated value of failure 
times’ median (i.e. ttf270-est), the thermal aging test at 270 °C, 
that was previously stopped on purpose at 168 h, was resumed 
and completed. In other words, the specimens (i.e. subcoils), 
which were already aged up to 168 h at 270 °C, have been 
further thermally stressed until the insulation breakdown is 
induced in all the coils. The end-of-life criterion was kept 
unchanged and it is found to be the same as the one defined in 
Section IV for the specimens aged at 290 °C (i.e. AC hipot 
test). The experimentally collected failure times are 
summarized in Fig. 11, where the Weibull probability plot 
with 95% confidence intervals is shown. 

From the Weibull probability plot, it is possible to extract 
the actual median of time to failure which is equal to 294.7 h. 
Thus, it is easy to verify the good match between estimated 
and measured median time to failures, with a percent error 
lower than 6%. 

At this stage the benefit of the proposed methodology in 
terms of saved time is quite clear. The specimens’ time to 
failure was predicted / achieved after only 168 hours of 
testing. A traditional strategy would have taken up to 432 
hours to reach the point where all the specimen fail. From all 
this, an extra perceived advantage is that by applying the 
proposed technique to even lower temperatures (i.e. closer to 
the insulation thermal class), then the time-saved could be 
increased by an order of magnitude. 

 
Fig. 11. Failure times probability plot with 95% confidence intervals for 

270 °C aging temeprature. 

VI.   CONCLUSIONS 

As industry and transportation are moving towards more 
electrified solutions, faster thermal qualification and 
prototyping of electrical machines are becoming extremely 
important. Excellent advances have been made in the last two 
decades in terms of computationally efficient electromagnetic 
and thermal analysis of electrical motors. On the other hand, 
electrical machines lifetime modeling and prediction 
techniques have not yet achieved the same scientific interest. 
The reality, however, is that for safety-critical applications, 
reliability, lifetime evaluation and physics of failure are 
becoming essential requirements/objectives in electric motors 
design, and therefore these aspects cannot be considered as 
secondary objectives anymore.  

In this paper a new methodology for fast thermal 
qualification of electrical machines insulation is proposed and 
experimentally validated. Its application allowed to save up to 
60% of testing time (for lifetime) on a case-study prototype, 
guaranteeing an exceptional lifetime prediction accuracy.  

By applying the proposed technique for the complete 
thermal qualification of an electrical machine, several 
thousands of testing hours can be saved, enabling extremely 
quick prototyping of newly designed motors. This makes the 
proposed method an ideal and easy-to-use tool for thermally 
qualifying a machine in a quick and accurate manner.  
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