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Abstract – Thermal aging is considered as the principal 

insulation stress factor in low voltage electrical machines (EMs). 

Once the insulation reaches its end-of-life, a complete EM out of 

service can be caused within few operating cycles/hours. In this 

paper, the strand to strand insulation capacitance (IC) of 

thermally-stressed windings for low voltage EMs, is 

experimentally monitored. Its trend is analysed against the 

cumulative thermal aging with the objective of extrapolating an 

insulation lifetime prediction tool. The aged specimens are made 

of a class 200, round enameled magnet wire (modified polyester 

base coating and polyamide-imide over coating). This wire 

topology is widely adopted in low voltage EMs employed in 

aerospace and automotive applications. The outcome of the 

presented analysis can be either used for diagnostic purposes or 

for improving the EMs insulation design procedure. 

Index Terms— Accelerated Aging Tests, Design of 

Experiments, Insulating Materials, Organic Insulation, Physics 

of Failure, Thermal analysis 

I.   INTRODUCTION 

The reliability and availability of EMs can be compromised 

by failures of electrical nature [1]. Stator failures, originated 

by insulation breakdown, are among the main causes of low 

voltage EMs outage [2]. The vast majority of insulation 

related failures are originated by a turn-to-turn insulation 

breakdown [3]. Indeed, the magnet wire adopted for the 

winding, is generally insulated by a thin, organic enamel layer 

[4]. High temperature is thus a remarkable performance 

limiting factor in electrical machines. Traditional EMs design 

procedures aim in addressing this challenging issue (i.e. 

insulation degradation) by over-engineering the insulation, 

namely employing higher grade/thermal class than the one 

actually required by the application. This design approach, 

which works perfectly fine for EMs employed in 

industrial/household applications, can no further be 

implemented for high performance EMs employed in mobile 

applications, such as aerospace [5, 6] and automotive [7]. 

Indeed, for these EMs any minimum weight improvement is 

of crucial importance [6, 8]. 

Despite the technological advancements in the field of 

organic dielectrics, thermal aging still represents a threat to 

EMs lifetime. Based on the Arrhenius law, high-temperature 

accelerates the internal chemical reactions in the insulation’s 

polymeric structure. In addition, the continuous 

high-temperature exposure causes the progressive 

deterioration of the insulation’s dielectric properties, 

according to the cumulative damage law [9, 10]. Once the 

insulation cannot withstand the inter-turn voltage, an 

electrical breakdown might occur, leading the EM outage. 

Under this circumstance, it is possible to state that the 

insulation reached its end-of-life point. Then, insulation 

diagnostic markers such as IC, insulation resistance and 

partial discharge (PD) inception voltage can be used to predict 

the end-of-life point of an EM at an early design stage. 

However, in order to define a fair deterioration law, 

accelerated thermal aging tests must be carried out for 

identifying the diagnostic marker trend and/or correlation 

with aging [11]. 

 In this paper, the strand to strand IC is investigated as 

diagnostic marker and its trend with thermal aging is 

experimentally evaluated using motorettes (i.e. specimens) 

featuring a winding suitable for low voltage EMs. The 

specimens are thermally aged at constant temperature, above 

the insulation’s thermal class, in a ventilated oven, and their 

IC is periodically assessed. The collected data are 

post-processed and the obtained results are employed for 

proposing a novel diagnostic method for low voltage EMs. 

II.   PROBLEM STATEMENT 

Thermal aging is considered as the primary factor of 

insulation deterioration in low voltage EMs. Indeed, 

according to the technical standard IEC 60034-18-41 [12], 

EMs fed by power electronics converters (PECs) and 

operating with voltage levels below 700 V rms, must be 

designed to be PD-free throughout their whole lifetime [13, 

14]. In other words, extrinsic electric aging, that is aging due 

to PD inception, is absent in this drive topology (i.e. PEC-fed 

EM with voltage level <700 V rms [15]). 

According to the Arrhenius law for thermally-activated 

chemical reactions, the lifetime of a solid insulating material 

is directly related to its absolute temperature through an 

exponential relationship [16]. It is then clear that improved 

thermal management [17, 18] and modeling [19, 20], as well 

as thermal lifetime assessment and prediction [21, 22] are of 

primary importance in the EMs design process. The 

aforementioned aspects are nowadays relevant more than 

ever, especially for high performance EMs employed in 

safety-critical applications such as aerospace actuators [23, 
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24], where high level of reliability and fault-tolerance 

capabilities are a main requirement [25, 26]. 

The definition of suitable thermal aging markers for 

insulation deterioration assessment, is a key point in the 

‘design for reliability’ process. Among various thermal aging 

markers, this work analyses and investigates the suitability of 

strand to strand IC. 

In the following section the experimental procedure carried 

out for thermally-aging and assessing the IC on the tested 

specimens is presented and discussed.  

III.   EXPERIMENTAL TESTS PROCEDURE 

For the experimental tests, a set of 5 motorettes are 

manufactured and wound using a class 200, grade 2 magnet 

wire, as shown in Fig. 1. Each motorette, which represents 

half of a complete EM [5], is characterized by a total of 6 

subcoils (i.e. double layer concentrated winding) and every 

subcoil consists in two parallel strands according to the layout 

shown in Fig. 2. This winding configuration enables the 

measurement of the strand to strand IC in each of the 6 

subcoils (i.e. specimens) by e.g. applying the measurement 

clamps (i.e. probes) to the terminals #1A1_a and #1A1_b. 

The specimens are thermally aged in a ventilated oven at a 

constant temperature of 250 °C (i.e. 50°C above the wire’s 

enamel thermal class). Their strand to strand IC is measured 

every 120 hours using a Megger® Delta 4000. This instrument 

is equipped with an internal sinusoidal power supply with 

variable voltage frequency and amplitude (up to 12 kV). 

Therefore, the IC measurement can be automatically 

performed at various voltage levels through an automatic 

sweep function. 

The selected frequency for the tests is 50 Hz. For what 

concerns the voltage amplitude to be adopted for the 

measurements, a preliminary assessment on the unaged 

specimen has been carried out. Namely, the applied voltage 

across the specimens’ insulation was ramped-up from 0 up to 

the voltage value for which PD inception was detected [i.e. 

partial discharge inception voltage (PDIV)]. The latter (i.e. 

PDIV), was evaluated through a commercial PD detector 

(TechImp® PD-base II using a transverse electromagnetic 

antenna as sensor) as shown in Fig. 3.  

 

Fig. 1. Motorettes inside a ventilated oven during the aging campaign. 

 

Fig. 2. Motorettes winding layout. 

 

Fig. 3. Test setup for preliminary PDIV measurement on unaged specimens. 

 
Fig. 4. Weibull PDF of strand to strand PDIV for the analysed specimens. 

As a result of this preliminary tests, it was noticed that the 

(median) PDIV for the specimens is 490 V rms as can be 

observed in the Weibull probability density function (PDF) 

plot shown in Fig. 4. Therefore, the voltage level of 500 V rms 

was used as upper voltage limit for the IC assessment. In fact, 

applying a voltage amplitude much higher than the PDIV 

might cause extrinsic electric aging in the specimens’ 

insulation, invalidating the primary hypothesis of this study, 

that is thermal aging as the sole stress factor. 

To summarize, the specimens’ IC assessment, performed 

throughout the aging cycles, is carried out by exciting the 

strand to strand insulaion via a sinusoidal waveform whose 

amplitude is varied from 0 to 500 V rms with steps of 50 V 

rms. From now onwards all the reported voltage levels will be 

referring to the rms value. 

IV.   EXPERIMENTAL RESULTS 

Throughout the aging campaign, it was noticed that the 

strand to strand IC reveals a clear correlation with the thermal 

exposure time. In particular, its value rises as thermal aging 

accumulates. This aspect can be observed in Fig. 5, where the 

IC trend is plotted against the thermal exposure time. In 

particular, two different trends are apprised, namely the IC 

measured 100 V, IC100 and the one measured at 500 V, IC500. 

The lower voltage level (i.e. 100 V) is purposely chosen to be 

below the PDIV, whilst the higher voltage level (i.e. 500 V) 

is above the PDIV (cfr. Section III).  

 Observing Fig. 5, it can be also noticed that the recorded 

IC500 values, for both aged and unaged specimens, are higher 

than those concerning IC100. This indicates that the inception 

of PD, which is definitely happening when the specimens are 



  

excited with 500 V, causes an IC increment. This 

phenomenon can be justified by analysing the physics of PD. 

In fact, once PD are incepted, the air gaps (i.e. voids) within 

the conductors are progressively ‘short-circuited’ by electrical 

breakdowns in air. Therefore, the equivalent insulation 

thickness (between the two copper cores) is reduced, causing 

an increment in the measured capacitance. 

 Independently on the excitation voltage applied during the 

IC measurement, the IC trend with thermal aging is clearly 

observable. Its increment can be attributed to a) variation of 

the enamels relative dielectric constant (i.e. εr) and b) 

decrement of the enamels thickness due to the volatility of the 

polymeric over-coating (i.e. polyamide-imide). This latter 

aspect has been further investigated by performing an optical 

microscopy scan on both unaged and aged (600 h of aging at 

250 °C) specimens. The 10x enlargement is provided in Fig. 

6. From this figure it is possible to identify the diameter 

reduction on the thermally aged specimen. In particular, the 

unaged specimen has a diameter of 460 µm (i.e. grade 2 

insulation [27]), whilst after 600 h aging time the diameter 

decreased to ≈430 µm, which is approximately the same 

diameter of a grade 1 insulation. 

 In the following section the post-processing of the 

experimentally-recorded data is carried out with the aim of 

defining a mathematical law suitable modeling the IC trend 

with thermal aging. 

 
Fig. 5. IC vs. thermal exposure time at 250 °C measured at 100 V (IC100 red 

dot) and 500 V (IC500 blue square). 

 
Fig. 6. Optical miscroscopy enlargement (10x magnification) for unaged 

and thermally aged (600 h at 250 °C) specimens. 

V.   DATA POST-PROCESSING AND MODELLING 

In order to post-process the recorded experimental data, a 

Matlab® model has been implemented. The measured IC 

values are analysed with the purpose of finding a suitable 

mathematical relationship. From the Matlab® tool, it was 

possible to compute a new quantity, defined hereafter percent 

differential IC (i.e. ΔIC%) and calculated as in (1). 

 ∆𝐼𝐶% = 100
𝐼𝐶500−𝐼𝐶100

𝐼𝐶500
 (1) 

In Fig. 7, the ΔIC% trend, and its interpolating function are 

plotted against the thermal exposure time. As can be observed, 

the ΔIC% is related with the thermal aging time through a 

logarithmic law as reported in (2) where k1 and k2 are two 

constants. 

 ∆𝐼𝐶% = 𝑘1 + 𝑘2 ∙ log(𝑡𝑖𝑚𝑒) (2) 

Throughout the accelerated lifetime tests, the specimens’ 

failure times can be computed. In order to do so, a suitable 

end-of-life criterion, must be selected a priori. The latter is the 

PDIV for variable speed drives operating at voltage levels 

above 300 V rms (i.e. DC link ≈430 V) [28] or the dielectric 

breakdown for EMs operating at lower voltage and/or fed by 

sinusoidal voltage (e.g. 230-400 V, 50 Hz) [9]. Independently 

on the chosen end-of-life criterion, a suitable percentile of 

failure time can be computed by adopting a statistic 

distribution of the failure times (e.g. Weibull distribution). 

Therefore, by correlating the ΔIC% with the winding failure 

time, the specimens’ lifetime at various temperatures can be 

evaluated. This can be easily done by performing a limited 

number of aging cycles necessary for extrapolating the 

constants k1 and k2 (see (2)). 

Adopting the proposed procedure, can simplify and 

minimize the time necessary for thermal evaluation and 

qualification of low voltage EMs.  

 

Fig. 7. Experimentally recorded trend of ΔIC% with thermal aging at 250 °C 

and corresponding interpolating curve. 

VI.   CONCLUSIONS 

Physics of failure applied to electrical machines insulation 

is nowadays assuming an ever increasing interest in the 

electric motor designers’ community.  

High performance electrical machines often present design 

requirements contrasting each other, namely high 

torque/power density as well as enhanced reliability. Any 

minimum gain from both sides can have a huge impact on the 

successful development of ‘more electrified’ solutions.  

This work aims in addressing a portion of the 

aforementioned challenge, by proposing a novel diagnostic 

marker for insulation thermal aging assessment. The 

experimental investigation has shown a precise correlation 

between thermal aging and strand to strand insulation 



  

capacitance increment. Thus, a suitable mathematical law, 

able to describe the aforesaid correlation has been introduced. 

The outcomes of the presented experimental investigation 

can be implemented for shortening the electrical machines 

thermal qualification time and speeding-up the prototyping 

process. 
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