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Abstract – Thermal modeling and temperature assessment of 

electrical machines often rely on the use of lumped-parameter 

thermal networks. A historic limitation of analytical thermal 

models is their need for an experimental fine-tuning, necessary 

for selecting the appropriate values of thermal conductivity and 

convection heat transfer coefficients. This evaluation procedure 

is commonly carried out at the design stage of a new machine, by 

assuming that its thermal behavior will remain unchanged 

throughout its whole lifetime. This paper demonstrates, through 

an in-depth experimental investigation, how the capability of 

heat extraction from a machine’s hot spot towards the coolant 

can be strongly affected by the level of thermal aging of its 

insulation system. Based on the experimental findings, a 

decrement of the winding equivalent thermal conductivity is 

noted as the thermal aging accumulates, with a corresponding 

progressive increment in hot-spot temperature. 

 
Index Terms—Thermal Analysis, LPTN, Aging, Physics of 

Failure, Design of Experiments, Electrical Machines  

I.   NOMENCLATURE 

CFD   Computational fluid dynamics. 

EM   Electrical machine. 

FE   Finite element 

LPTN  Lumped-parameter thermal network. 

Bx   xth percentile of failure time. 

d    Mass density. 

c    Specific heat capacity. 

C    Thermal capacity. 

ff    Slot copper fill factor. 

ig    Impregnation goodness. 

IDC   DC current. 

h    Convection heat transfer coefficient. 

k    Thermal conductivity. 

L    Axial (active) length. 

L*    Characteristic length. 

n    Number of turns. 

Nu   Nusselt number. 

PJ    Joule losses. 

Ra   Rayleigh number. 

Scond   Conductor cross sectional area. 

t    Time. 

v    Generic volume. 

α    Copper electrical resistivity variation coefficient.  

γ    Slot thermal capacity correction factor. 

ρ    Electrical conductivity. 

θ    Temperature. 

ψ    Natural convection corrective factor.  

II.   INTRODUCTION 

Lumped-parameter thermal networks (LPTNs) are a 

convenient and largely employed tool for evaluating the 

temperature distribution in electrical machines (EMs). They 

are able to precisely model the thermal behavior of both 

naturally- and forced- cooled EMs, adopting either air [1] or 

liquid [2, 3] as the main coolant. As opposed to other thermal 

modeling techniques e.g., computational fluid dynamics 

(CFD) and finite element (FE), an LPTN comprises a much-

reduced computational cost. In fact, the transient temperature 

distribution within an EM via an LPTN is essentially obtained 

by solving a set of differential equations [4]. Clearly, the 

higher the discretization – i.e., the number of nodes to be 

considered – the larger the number of equations to be solved, 

and thus the computational burden. Usually, a machine 

designer is only interested in obtaining the temperature for a 

particular sub-assembly or sub-section of the EM, e.g., the 

winding [5-7], and/or the permanent magnets (PMs), and thus 

reduced complexity LPTNs can be built [6]. In addition, 

models for very short duty EMs, whose order is as low as one 

(i.e., comprising a single thermal mass), can provide a fairly 

accurate indication of the winding temperature profile [8]. 

Irrespective of the LPTN’s order, a main drawback / 

limitation of this thermal modeling technique is the need of 

determining a number of so-called critical parameters [6, 9, 

10]. The temperature assessment accuracy is strongly 

influenced by the chosen value of a) the thermal conductivity 

within multi-material volumes (i.e., winding), b) the 

convection heat transfer coefficients c) the thermal capacities 

and d) the interference gaps (e.g., the non-ideal fitting 

between housing and stator core surfaces) [4]. The fine-tuning 

of these critical parameters is conventionally accomplished 

through experimental measurements, performed either on the 

EM (when already available) or on a thermally-equivalent 

prototype (e.g., a motorette that physically emulates the EM 

in terms of geometry and materials) [4, 11]. Essentially, 

conductivities, convection coefficients and interference gaps 

values are varied within a physically-admissible range, in 

order to match as precisely as possible the measured 

temperatures [12, 13]. 

The experimental tests, necessary for the LPTN 

fine-tuning, are usually executed without having any 

information on the “aging state” of the modeled EM. If they 

are carried out on a full machine, it is likely that the latter has 

already been in service for a certain time, whilst a motorette 

is conceivably newly manufactured. In either case, the 

assumption is that the thermal behavior of a given EM will 
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not change throughout its whole lifetime. In other words, the 

numerical values of the critical parameters are presumed to 

not be influenced by the EM aging level. However, recent 

studies have proved that the thermal aging can considerably 

affect the physical and dielectric properties of the electrical 

insulating materials employed in EMs [14-17]. As a direct 

consequence of the thermal aging, on one hand, the capability 

to withstand a voltage applied across the insulation system is 

severely compromised (as discussed in Section V), while on 

the other hand, the insulation degradation results in an 

alteration of the EM thermal performance. Focusing on the 

second effect, any developed LPTN should be properly 

updated in order to take into account the effects of this thermal 

aging, otherwise misleading temperatures can be obtained.  

Existing methodologies [18, 19], mainly based on Kalman 

filters, can be adopted for dynamically correcting LPTNs’ 

parameters and enhancing the temperature calculation 

accuracy. However, these strategies are primarily aimed at on-

line temperature assessment, and do not provide a direct 

relationship between LPTNs’ parameters variation and 

insulation thermal aging. In fact, although the thermal 

degradation of the EM insulation is widely addressed in 

literature [20], its link to the EM thermal modelling is usually 

omitted, particularly for impregnated, random wound EMs 

(which represent the most common winding arrangement in 

low voltage EMs). An exception is represented by [21], where 

an investigation on Litz-type winding is carried out. The main 

outcome of [21] indicates a strong correlation between 

insulation thermal aging and equivalent thermal resistance for 

the particular case of Litz-wire winding topology.  

This paper is therefore focused on investigating the 

influence and effects that insulation thermal aging can have 

on the accuracy of the temperature prediction in EMs. In this 

work, the EM considered comprises impregnated random 

windings. The selected EM is initially modelled through an 

LPTN as presented in Section III, which is experimentally 

fine-tuned according to the procedure discussed in Section IV. 

The tests for this fine-tuning are performed on unaged 

motorettes. Then, the motorettes are thermally aged at a 

temperature above the insulation system thermal class, as 

detailed in Section V. After each thermal exposure, the 

LPTN’s fine-tuning is repeated to verify how its parameters 

vary as the thermal aging accumulates. In Section VI, the 

variation of thermal behavior is correlated with the insulation 

cumulative damage, and the applicability and benefits 

deriving from the implementation of the proposed 

methodologies are discussed. Section VII concludes the paper 

by summarizing the main results of the presented study. 

III.   INITIAL THERMAL MODEL 

Considerations on the building procedure adopted for 

developing the LPTN are given in this Section. Hence, its 

content is essential for supporting the discussion addressed in 

Sections V and VI, where the LPTN is employed for 

investigating the impact of the insulation thermal aging on the 

heat transfer within an EM. 

A.   Motorette description 

The motorette illustrated in Fig. 1 is used as test sample for 

the presented investigation. It comprises a total of 6 slots with 

an impregnated single layer concentrated winding (i.e., three 

coils in total) and is cooled by natural air convection. The 

motorette mirrors a stator’s section of a 12 slot / 10 pole PM 

synchronous machine (PMSM) whose main design 

parameters are listed in Table I. The main focus of this work 

is to understand how insulation aging affects the prediction 

accuracy of LPTNs used to assess an EM’s thermal behavior. 

Thus, the rotor has not been modeled in the LPTN. 

 
Fig. 1. Motorette installed on a thermal insulating material. 

TABLE I 

MAIN DESIGN PARAMETERS OF THE CASE-STUDY PMSM 

Parameter Data 

Slot number  12 

Pole number 10 

Axial length 84 mm 

Stator outer diameter 60 mm 

Winding configuration Concentrated  

Turns per coil 80 

Winding wire bare diameter  0.400 mm 

Winding wire grade Grade 2 

Insulation thermal class 200 °C 

Impregnation VPI epoxy resin 

The motorette is horizontally placed on a thermal 

insulating material, which prevents any heat flow from the 

stator bore. Similar thermal separators are also employed for 

insulating the two lateral ends of the lamination stack. 

Additionally, it has been decided to not include any housing, 

as the latter would only increase the LPTN complexity, 

without providing any practical benefits to the main purpose 

of this work. Therefore, it can be easily observed that at 

steady-state, any heat generated within the winding volume 

can only flow towards the stator outer surface, where it is 

dissipated through natural convection, as indicated by the red 

arrows in Fig. 1.  

B.   LPTN building procedure 

The LPTN of the previously described motorette has been 

built and its layout is shown in Fig. 2. By exploiting the 

geometrical symmetries, a single slot has been modelled. The 

temperature of interest is the one identified as θhs, which 

represents the winding hot-spot. The parameter θext indicates 

the stator external temperature, which is considered to be 

uniform over the whole outer surface. The tangential 

resistances of the stator teeth have purposely been omitted, as 

they provide a negligible contribution, due to their being in 

series with the slot tangential resistances as well as with the 

slot liner ones. The LPTN is thermally-symmetrical along the 

vertical centerline, and thus the nodes identified with the same 

number in Fig. 2 are isothermal. These can be merged into 

single nodes, further reducing the LPTN’s order down to the 

sixth (i.e., a total of 6 thermal capacities). Such a merging 

operation is automatically executed when the LPTN is 
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implemented in Matlab Simulink®, using the thermal library 

of the SimscapeTM toolbox. 

The only heat source is represented by the Joule losses 

originated within the winding, thus iron losses are not 

included. This allows for a single, well defined source of loss 

[4, 6], which is particularly handy when performing the 

experimental tuning through a DC excitation, as in the case of 

this work. This assumption is valid for this study, as the 

presence of additional losses, other than Joule’s ones, would 

only provide an offset for the winding’s hot-spot temperature. 

Accordingly, the Joule losses along the active length of a coil 

(i.e., within a single slot) can be calculated as in (1), where 

IDC is the winding DC current, n is the number of turns per 

coil, L is the active length of the lamination stack, ρ(θ) is the 

copper resistivity at temperature θ and Scond is the equivalent 

conductor cross-sectional area. 

 𝑃𝐽 = 𝐼𝐷𝐶
2 ∙ 𝑛 ∙ 𝐿 ∙ 𝜌(𝜃)/𝑆𝑐𝑜𝑛𝑑 (1) 

In the presented model it is assumed that all the heat generated 

within the end winding volume is directly dissipated to the 

ambient air via natural convection through their external 

surface. That is, no heat is axially transferred from the end 

winding to the active coil volume (and vice-versa). 

 
Fig. 2. Motorette’s LPTN. 

During a transient thermal simulation, the copper 

resistivity might considerably vary as a function of the EM 

operating temperature. Therefore, ρ(θ) used in the LPTN 

simulation is generally calculated relying on the “expected” 

steady-state temperature [22, 23]. Since this methodology 

might introduce inaccuracies in the Joule losses computation, 

a different approach is used here, where the actual copper 

resistivity at any generic time (t+1) is determined according 

to the winding temperature at time t. The copper resistivity is 

related to the temperature through (2), where α is a constant 

equal to 3.93∙10-3 °C-1 [4] and ρ(0 °C) is the copper electrical 

resistivity at 0 °C (i.e., 1.549∙10-8 Ω∙m). 

 𝜌(𝜃) = 𝜌(0 °𝐶) ∙ [1 + 𝛼 ∙ 𝜃] (2) 

The Joule losses at time instant t can be then obtained as 

indicated in the block diagram reported in Fig. 3, which can 

be easily implemented in a SimscapeTM model. It is worth 

noting that in Fig. 3 it has been modelled a single slot node 

for the sake of representation clarity. The same procedure 

needs thus to be repeated for each of the slot nodes (according 

to the chosen discretization level).  

 

Fig. 3. Block diagram for dynamic resistivity computation. 

In the proposed LPTN, the slot has been thermally 

homogenized and modelled as a compound of two materials 

[24-26], namely copper and impregnating resin. Thus, its 

equivalent thermal conductivity, in both radial and tangential 

directions, is calculated according to (3) [24], where ff is the 

copper fill factor, while kcu and kres are the copper and 

impregnation resin thermal conductivities respectively. 

 𝑘𝑠𝑙𝑜𝑡 = 𝑘𝑟𝑒𝑠 ∙
(1+𝑓𝑓)𝑘𝑐𝑢+(1−𝑓𝑓)𝑘𝑟𝑒𝑠

(1−𝑓𝑓)𝑘𝑐𝑢+(1+𝑓𝑓)∙𝑘𝑟𝑒𝑠
 (3) 

Equation (3) tends to over-estimate the equivalent 

conductivity value, because it implies an impregnation 

goodness ig equal to 100%, i.e., no air voids are present among 

wires. This condition is very challenging to be achieved in 

actual impregnated windings and the presence of air in the slot 

significantly deteriorates the slot equivalent thermal 

conductivity. Since the impregnation goodness is a parameter 

difficult to know a-priori, the precise numerical value of kslot, 

which accounts for the impregnation quality, is then 

experimentally identified [2, 11]. Additionally, it is expected 

that its value does not remain constant throughout the EM 

lifetime owing to the insulation thermal aging, as it will be 

demonstrated in Sections V and VI. Therefore, in this work, 

the main purpose of (3) is to actually provide an upper 

boundary to the numerical value of kslot, and thus limit the 

search space during the LPTN’s calibration procedure. 

Similarly, the slot thermal capacities are calculated 

assuming a compound of two materials, whose equivalent 

mass density is calculated as reported in (4) and the equivalent 

specific heat capacity is calculated as in (5), where dcu and dres 

are the copper and resin mass densities respectively, while ccu 

and cres are the copper and resin specific heat capacities 

respectively. 

 𝑑𝑠𝑙𝑜𝑡 = 𝑑𝑐𝑢 ∙ 𝑓𝑓 + 𝑑𝑟𝑒𝑠(1 − 𝑓𝑓) (4) 

 𝑐𝑠𝑙𝑜𝑡 = 𝑐𝑐𝑢 ∙ 𝑓𝑓 + 𝑐𝑟𝑒𝑠(1 − 𝑓𝑓) (5) 

Again, because (4) and (5) do not account for the 

impregnation goodness, their correct values need to be 

experimentally defined. In general, the thermal capacity of a 

generic EM portion, whose volume is v, is provided by (6). 

 𝐶 = 𝑐 ∙ 𝑑 ∙ 𝑣 (6) 

Therefore, in order to account for the non-perfect 

impregnation, the slot thermal capacity is determined as in (7), 

where Sslot is the slot cross sectional area and γ(ig)<1 is a 

corrective factor, which depends on the impregnation 

goodness and it is experimentally determined.  
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 𝐶𝑠𝑙𝑜𝑡 = 𝑐𝑠𝑙𝑜𝑡 ∙ 𝑑𝑠𝑙𝑜𝑡 ∙ 𝑆𝑠𝑙𝑜𝑡 ∙ 𝐿 ∙ 𝛾(𝑖𝑔) (7) 

In LPTNs, the natural air convection is usually modelled 

through a fixed value resistance [5, 6, 27], that is a function 

of the natural convection heat transfer coefficient h0 between 

the considered surface (generally the external housing) and 

the ambient air. An average frame surface is assumed for 

computing h0 [6]. Such an approach, which is valid when 

modelling steady-state thermal conditions, can deliver 

inaccurate results during transient analyses. In fact, h0 is 

strongly influenced by the actual external surface 

temperature. Therefore, in this work the standard, fixed-value 

convection heat transfer resistance is replaced by a variable 

resistance, which dynamically adjusts its value according to 

the instantaneous temperature of the heat transfer surface θext. 

As the motorette does not comprise a housing, the heat 

transfer surface coincides with the lamination core outer 

surface, in the study at hand. The latter can be modelled as the 

upper surface of a hot plate [28]. Assuming a fixed ambient 

temperature θamb, the convection heat transfer coefficient, as a 

function of the surface temperature, can be calculated as in (8) 

[28], where kair is the thermal conductivity of air, Nu is the 

Nusselt number and L* is the characteristic length, defined as 

the ratio between the flat plate surface area Aext and its 

perimeter Pext. 

 ℎ0(𝜃𝑒𝑥𝑡) = 𝑘𝑎𝑖𝑟 ∙ 𝑁𝑢(𝜃𝑒𝑥𝑡)/𝐿∗ (8) 

For the operating temperature range of conventional EMs, the 

Nusselt number can be approximated by the empirical 

relationship expressed in (9) [29], where Ra is the Rayleigh 

number. 

 𝑁𝑢(𝜃𝑒𝑥𝑡) ≈ 0.54 ∙ 𝑅𝑎(𝜃𝑒𝑥𝑡)
1

4 (9) 

The Rayleigh number is a function of the temperature 

difference between the external surface and ambient air and it 

is calculated as in (10) [28], where g is the gravitational 

acceleration, β is the volumetric thermal expansion 

coefficient, ν is the kinematic viscosity and αd is the thermal 

diffusivity. 

 𝑅𝑎(𝜃𝑒𝑥𝑡) =
𝑔∙𝛽∙(𝜃𝑒𝑥𝑡−𝜃𝑎𝑚𝑏)∙(𝐿∗)2

𝜈∙𝛼𝑑
 (10) 

By replacing (10) in (9) and (9) in (8), the natural air 

convection resistance Rconv can be obtained as detailed in the 

block diagram reported in Fig. 4. In Fig. 4, the parameter ψ is 

a non-dimensional correction factor, whose value will be 

experimentally identified as detailed in Section IV. At the 

beginning of the thermal simulation, its preliminary value is 

set equal to one. Since the Nusselt number calculated by (9) 

is an empirical approximation [29], the introduction of the 

parameter ψ is necessary for compensating any discrepancy 

between predicted and measured core’s outer surface 

temperature. 

The considerations on the modelling methodologies for 1) 

slot equivalent thermal conductivity, 2) slot thermal 

capacitance and 3) natural convection heat transfer coefficient 

here argued, aim to enhance the LPTN accuracy, particularly 

during transient operations. This is a prerequisite for better 

evaluating the impact of the insulation thermal aging on the 

EM thermal performance. The methodologies presented in 

this Section (particularly the block diagram in Fig. 4) 

represent an advancement with respect to standard analytical 

thermal modelling techniques, which usually consider a 

constant convection heat transfer coefficient [6, 9]. 

 
Fig. 4. Block diagram for the dynamic computation of the natural 

convection resistance. 

IV.   EXPERIMENTAL FINE-TUNING OF CRITICAL THERMAL 

PARAMETERS 

A preliminary thermography analysis has been carried out 

before impregnating the motorettes for identifying the 

winding’s hot-spot location(s), and distributing the thermal 

sensors accordingly. DC current is circulated through the 

winding, until the thermal steady-state condition is reached. 

The result of the infrared signature analysis is shown in Fig. 

5, where the hot-spot location is clearly identifiable within the 

central coil.  

Two identical motorettes have been then instrumented with 

K-type thermocouples distributed in key locations – so that 

the hot-spot temperature could be captured – and processed 

through vacuum pressure impregnation (VPI). These have 

been partially thermally insulated through a Superwool® 607® 

HTTM, following the layout illustrated in Fig. 1, and placed 

inside an environmental chamber as shown in Fig. 6. The 

motorettes are then employed for fine-tuning the “unaged” 

LPTN proposed in Section III. 

 
Fig. 5. Infrared signature analysis of the motorette fed through DC current. 

 
Fig. 6. Instrumented motorettes in an environmental chamber. 

The windings are fed with a constant DC current, using a 

programmable power supply, and the temperatures are 

acquired through a data logger, connected to a personal 

computer. The recorded temperatures are imported in 

Matlab®, whilst the LPTN of Fig. 2 is implemented in 

Simulink® SimscapeTM, which includes a thermal library for 
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LPTNs simulation. In principle, the winding voltage drop 

could have been measured throughout these tests, and the 

instantaneous power could have been employed as loss input 

for the LPTN. However, in this work it has been preferred 

having the winding’s DC current as a single input for the 

LPTN, and calculating the power loss based on the scheme in 

Fig. 3. Accordingly, the proposed LPTN can be actually used 

at the very early EM design stage for verifying how the 

geometry and winding parameters variations (e.g. number of 

turns, conductors cross section etc…) can influence the 

winding temperature distribution. 

The thermal parameters listed in Table II are initially set in 

the LPTN. These are obtained from the manufacturers’ 

datasheets [30] and from existing literature [31, 32]. The 

model is fine-tuned to match the experimentally recorded hot-

spot temperature. It must be noted that amongst all the critical 

parameters, only few of them play a major role on the hot-spot 

temperature evaluation. Consequently, the fine-tuning 

procedure was narrowed down to the three most sensitive 

parameters, namely, kslot, γ(ig), and ψ, whose significance has 

been thoroughly discussed in Section III. The parameters 

identification is performed using the Simulink® Parameter 

Estimation toolbox. A non-linear least square optimization 

algorithm is selected for the identification procedure. 

Essentially, the three critical parameters are varied (within a 

physically-meaningful range) with the aim of minimizing the 

sum squared error between the measured and predicted 

temperatures. Table III reports their final, optimized values, 

for the unaged condition, whilst Fig. 7 shows the good 

agreement (i.e., instantaneous absolute error < 4 °C 

throughout the whole profile) between experimental and 

LPTN-predicted hot-spot temperature rise, for two different 

values of the winding current. Both motorettes, despite being 

randomly wound, show an identical thermal behavior in terms 

of hot-spot temperature. This agrees with the results presented 

in [12, 26], where it has been demonstrated that the relative 

position among the single wires in random windings has a 

negligible influence on the bulk thermal conductivity. 

For sake of completeness, the resulting natural convection 

heat transfer coefficient hext is plotted as function of the 

housing (stator) external temperature θext, in Fig. 8. Clearly, 

fixing a constant value for the natural convection coefficient, 

for transient thermal simulations, is an erroneous procedure. 

The proposed approach is thus a reasonable solution for 

tackling this important criticality of conventional LPTNs. 

TABLE II 

LIST OF PRE-DETERMINED DESIGN PARAMETERS 

Parameter Symbol Value 

Impregnation conductivity [epoxy]  kins 0.21 W/m/K 

Copper conductivity kcu 386 W/m/K 
Liner conductivity Knom 0.123 W/m/K 

Aluminum conductivity kalu 136 W/m/K 

Aluminum mass density dal 2.7∙103
 kg/m3 

Aluminum specific heat  cal 896 J/kg/K 

Copper mass density dcu 8.95∙103
 kg/m3 

Copper specific heat ccu 380 J/kg/K 
Impregnation mass density dins 1.25∙103

 kg/m3 

Impregnation specific heat cins 103 J/kg/K 

 

Since the main objective of this study consists in evaluating 

how insulation thermal aging can vary the thermal behaviour 

of an EM, the rotor and the housing (i.e. frame) are not 

modelled. Nonetheless, it is important to note that when 

thermally modelling a complete EM, a set of additional 

critical thermal parameters needs to be experimentally fine-

tuned, including: a) interference gaps between housing and 

lamination core, b) airgap thermal resistance and c) bearing 

thermal resistance. 

 

 
Fig. 7. Measured vs. LPTN-predicted hot-spot temperatures in the unaged 
condition (top sub-plot) and absolute error (bottom sub-plot). 

 
Fig. 8. Natural convection heat transfer coefficient as a function of the 

housing surface temperature. 

TABLE III 

FINE-TUNED CRITICAL PARAMETERS (UNAGED CONDITION) 

Parameter Symbol Value 

Equivalent slot conductivity  kslot 0.295 W/m/K 

Winding capacity corrective factor γ(ig) 0.58 
Natural convection corrective factor ψ 0.63 

V.   THERMAL AGING INFLUENCE ON HEAT TRANSFER 

The availability of an accurate thermal model, such as the 

proposed LPTN, allows the user to investigate how the 

insulation thermal aging can influence the thermal behavior 

of an EM. This Section addresses such a particular topic 

through an experimental-based analysis. 

A.   Thermal aging in EMs 

Thermal aging is surely considered as one of the main 

stressing factors affecting the lifetime and reliability of EMs’ 

insulation systems [15, 33-35]. When an insulating material is 

subject to a high temperature, a number of Arrhenius-type 
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reactions are triggered within the material’s chemical bonds 

[36]. The thermal lifetime of EMs’ insulation is 

conventionally modelled through a first order chemical 

reaction. Essentially, the dominant reaction, characterizing 

the aging process, is assumed to prevail over other secondary 

thermally-activated chemical changes within the material’s 

structure. The onset of these reactions leads to cracks, 

delamination and in general structural weakening within the 

insulation [37], thus negatively impacting on its ability to 

provide dielectric separation. The thermal life of a solid 

insulating material operating at absolute temperature θ is 

calculated according to the Arrhenius-Dakin law as in (11), 

where A and B are material’s dependent parameters to be 

extracted through accelerated aging tests [17]. 

 𝐿 = 𝐴 ∙ exp (𝐵/𝜃) (11) 

The parameter B in particular is the ratio between the 

activation energy of the dominant chemical reaction and the 

Boltzmann constant. The commonly employed “10 degrees 

rule”, which states that the insulation life halves every time its 

temperature is increased by 10 °C, is actually an 

approximation of (11) [38]. 

Accelerated thermal aging tests have been carried out on a 

set of 5 motorettes, identical to those shown in Fig. 6, but with 

a total of six coils each. The specimens have been thermally 

aged at a constant temperature of 230 °C in an environmental 

chamber. The aging temperature has been carefully selected 

for a) accelerating the thermal degradation process, and thus 

shortening the testing time to a reasonable level, and b) 

limiting the inception of secondary thermally-induced 

chemical reactions, which would be highly likely in case of 

tests at extremely high temperatures. Indeed, preliminary tests 

at 250 and 270 °C have shown excessive resin 

depolymerisation, which is a condition unlikely to be 

observed in an actual EM during normal operations. Tests at 

temperatures as close as possible to the (expected) in-service 

operating temperature might in principle provide slightly 

more accurate results. However, this would also extend the 

aging / testing time to several thousands of hours. Here it is 

important to remark that accelerated aging tests are the 

common practice for the thermal lifetime evaluation of EMs’ 

insulation systems [39]. Despite the insulation has been aged 

through a constant temperature, recent work [33] has 

demonstrated that the thermal lifetime of EMs operating with 

short / variable duty is well modelled through the Arrhenius 

law (i.e. (11)). This indicates that the results presented here 

are also applicable to EMs whose winding is subject to 

dynamic temperature profiles.  

 The windings’ turn to turn insulation system condition 

has been monitored throughout the thermal aging campaign, 

until an interturn fault is detected in all the coils. The selected 

end-of-life criterion is the dielectric breakdown, verified 

through the AC electric withstand test. During this diagnostic 

test, the specimen’s insulation is stressed with an AC voltage 

of 500 V, applied through a Megger® Delta 4000, as shown 

in Fig. 9. The specimen is considered as failed if a breakdown 

(i.e. short circuit – see Fig. 9) is detected during the voltage 

application (i.e. tripping of the Megger® generator). The 

adoption of this particular end-of-life criterion allows to 

directly apprise the obtained thermal endurance data with the 

Arrhenius plot of the winding’s magnet wire, according to the 

technical standard IEC 60172 [40].  

 
Fig. 9. Test setup for winding insulation diagnostic. 

The obtained failure probability distribution plot is given 

in Fig. 10. Relying on the accelerated aging tests outcome, the 

obtained median of failure times is equal to 271 hours, and it 

is assumed as the maximum operational life of the EM at 

hand. In other words, if an EM, whose structure and materials 

match those of the analyzed motorette, is continuously 

operated at a temperature of 230 °C, its expected lifetime 

would be 271 hours. It is worth remarking that such a 

temperature is well above the insulation thermal class (i.e., 

200 °C), and thus a real machine, whose hot-spot never 

exceeds the thermal class limit, would survive for a much 

longer timespan. However, it is also important to note that the 

thermal class declared by both magnet wire and resin 

manufacturers (i.e. 200 °C) refer to accelerated thermal aging 

tests carried out on twisted pairs specimens [33, 40]. The 

actual thermal class of the EM’s insulation system can be 

strongly influenced by a) the winding layout / geometrical 

construction [33] and b) the chemical interaction between 

different materials in an impregnated winding [40]. 

At this stage, it is important to note that a thorough 

reliability assessment should employ the cumulative failure 

probability for a given (acceptable) percentile of failure time 

[41]. The latter would enable the adoption of a more stringent 

lifetime requirement (e.g., 1% probability of failure), which is 

advised for EMs operated in a safety-critical environment 

[42], e.g., transportation application. In this case, the EM’s 

end-of-life would be reached once the cumulative failure 

probability becomes higher than the maximum acceptable 

probability of failure. Since this work is principally oriented 

at assessing the impact of the insulation aging on the EM 

thermal behavior, rather than on the EM reliability, the 

median of failure time is chosen as a criterion for defining the 

EM’s lifetime. This choice represents a fair compromise 

between accuracy and computational effort, although a 

similar analysis could have been performed adopting any 

probability of failure. 

 
Fig. 10. Probability distribution plot of failure times for the motorettes aged 

at 230 °C. 
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B.   Experimental thermal behavior evaluation 

The two instrumented motorettes of Fig. 6 are thermally-

aged at 230 ℃ to quantify the impact of the insulation aging 

on the heat transfer mechanism within the EM. In particular, 

a number of thermal exposure cycles are performed on the 

motorettes to progressively age the insulation. At the end of 

each exposure cycle, the thermal behavior of the motorette is 

assessed as done in Section IV, i.e., the winding is fed through 

a constant DC current and the motorettes temperatures are 

recorded. During the thermal assessment stage, the winding 

temperature is always kept below the insulation thermal class, 

in order to not induce any significant intrinsic aging. Further, 

the temperature inside the environmental chamber is 

controlled at 30 ℃ throughout the temperature profile 

acquisition. The flow chart summarizing the whole evaluation 

procedure is illustrated in Fig. 11. The results of the 

investigation are provided in Fig. 12, where the measured 

transient hot-spot temperature is plotted for four different 

aging levels, together with the absolute temperature variation 

(i.e., aged winding temperature profile(s) minus unaged case).  

 
Fig. 11. Flow chart of the thermal evaluation procedure. 

 

 
Fig. 12. Experimental hot-spot temperatures as a function of the thermal 

aging level (top sub-plot) and absolute temperature variation with respect to 

the unaged case (bottom sub-plot). 

Interestingly, as the insulation lifetime progresses towards 

its end-of-life (i.e., the thermal aging accumulates), its 

capability of dissipating heat gradually decreases, causing a 

temperature rise in the slot. In other words, given two 

identical EMs, of which one is unaged, and the other has been 

in service for a certain time, then, the aged EM will have a 

higher hot-spot temperature for the same operating 

conditions.  

C.   Impact of thermal aging on LPTN 

On the basis of the findings condensed in Fig. 12, the 

thermal aging has clearly an impact on the capability to 

dissipate heat from the winding hot-spot to the ambient air. 

Considering the LPTN presented in Section III and shown in 

Fig. 2, the two main thermal resistances with the largest 

temperature drop, between the hot-spot and the ambient air 

are: 1) the external natural convection thermal resistance and 

2) the winding’s equivalent thermal resistance. Obviously, the 

former is not directly affected by the insulation’s thermal 

aging, as it just depends on geometrical dimensions of the 

interface body and on the temperature difference between the 

housing’s outer surface and the ambient air (see (8)-(10)). 

However, the poor thermal performance, due to the insulation 

aging, leads to a higher temperature on heat exchange surface 

with respect to the unaged condition. Such a secondary effect 

is already modelled in the proposed LPTN, because the 

convection resistance is dynamically updated according to the 

actual outer surface temperature (see Section III.B).  

On the contrary, the winding’s equivalent conduction heat 

transfer coefficient (i.e., kslot) is surely influenced by the 

thermal aging level. In fact, as indicated by (3), it depends on 

both copper and insulation conductivities. The parameter kcu 

is unaffected by the thermal aging, as the operating 

temperatures of conventional EMs are well below the values 

able to induce any quantifiable modification in the copper 

chemical/physical structure. Conversely, the insulation 

system materials (i.e., wire’s enamel and impregnating resin) 

are polymers with organic chemical composition. They are 

intrinsically susceptible to thermophysical modifications, 

even when stored at standard ambient conditions [43]. In 

addition, the process of oxidative polymer degradation is 

accelerated under the effect of long-term exposition to high 

temperature [44, 45]. For these reasons, the winding’s 

equivalent thermal resistance is the LPTN’s element more 

exposed to the consequences of the thermal aging. 

The LPTN presented in Section III and fine-tuned in 

Section IV is the candidate tool for quantifying the impact of 

thermal aging on the equivalent heat transfer coefficient in the 

EM’s slot. Basically, it is assumed that the link between 

thermal aging level and hot-spot temperature variation, as 

indicated in Fig. 12, can be ascribed to the sole kslot variation. 

Hence, the LPTN fine-tuning procedure has been repeated 

employing the temperature profiles collected during the 

thermal behavior evaluation, while keeping unchanged all 

critical parameters (i.e., values resulting from the fine-tuning 

procedure carried out for the unaged LPTN) except kslot. 
Accordingly, Table IV summarizes the results of this 

investigation, by listing the obtained kslot values, alongside 

with the winding’s hot-spot temperature, at different aging 

levels. In Section VI these results will be discussed in detail. 

For what concerns the thermal capacities, which are 

important for modeling the winding’s transient temperature 
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profile, it is found that the thermal aging does not have a 

considerable effect on them. This conclusion is supported by 

the trends of both measured and LPTN-predicted temperature 

profiles relative to the test after 216 h of thermal aging, which 

are plotted in Fig. 13. In this case, the instantaneous absolute 

error is <5 °C throughout the full temperature profile, 

although the only parameter identified during the fine-tuning 

procedure of the aged LPTN is kslot, (i.e. thermal capacities are 

held equal to the unaged values).  
TABLE IV 

WINDING THERMAL CONDUCTIVITY VARIATION WITH AGING 

Cumulative aging  

at 230 °C [h] 

kslot 

[W/m/K] 

Steady-state hot-spot 

 temp. rise [°C] 

0 0.295 154 
24 0.194 159 

120 0.164 163 

216 0.141 168 

 

 
Fig. 13. Measured vs. predicted hot-spot temperature profiles after 216 h of 

thermal aging (top sub-plot) and absolute error (bottom sub-plot). 

D.   FE Validation 

For further validating the accuracy of the proposed LPTN, 

a 2D thermal FE model of the motorette has been 

implemented in ANSYS®, by using the thermal parameters 

listed in Table II, suitably corrected by the data listed in 

Tables III and IV. The simulation outcome (steady-state 

condition) for two different thermal aging levels (i.e., 0 hours 

and 216 hours) is reported in Fig. 14.  

 
Fig. 14. Temperature distribution from thermal FE for the unaged (a) and 

thermally aged (i.e. 216 h) (b) motorette.  

The comparison is done by varying the equivalent slot 

conductivity from 0.295 W/K/m (i.e., unaged condition), to 

0.141 W/K/m (i.e., 216 hours aging), based on the data 

reported in Table IV. An excellent match, in terms of hot-spot 

temperature is verified among experiments, LPTN and FE 

model. 

VI.   DISCUSSION AND APPLICABILITY 

Insulation thermal aging, which is often neglected during 

the EM thermal modeling, compromises the ability of the EM 

to dissipate heat, as proven by the experimental findings 

presented in Section V. In particular, the winding’s equivalent 

conductivity considerably drops (due to the insulation aging) 

causing an increment in the hot-spot temperature. Considering 

just 24 h of thermal aging at 230 °C, the kslot value decreases 

by more than 30%, which corresponds to an increment of the 

steady-state hot-spot temperature of 5 °C. As the EM moves 

towards its end-of-life, the winding thermal conductivity 

variation, with respect to its unaged value, can be as high as 

50%, relative to its original value. In the particular example 

considered in this paper, this resulted in a hot-spot 

temperature rise of about 14 °C. Such a result provides 

extremely useful information to EM designers. Namely, if a 

newly-manufactured (i.e., unaged) EM is used for extracting 

/ fine-tuning its thermal model, misleading results could be 

obtained. In fact, shortly after the EM goes into service, 

because of thermal aging, its hot-spot temperature might 

become higher than the predicted value. Such a detrimental 

effect keeps getting worse as the in-service time grows, 

causing a sort of domino effect. Concisely, the progressive 

increment in winding temperature accelerates even more the 

insulation’s thermal aging, and so on.  

Following the discussion of Section IV.a, the useful 

winding’s insulation lifetime is assumed to be 271 h (when 

continuously operating at 230 °C). This time span is defined 

hereinafter as “100% damage”. Fig. 15 provides a 

phenomenological fitting, where the variation of kslot with the 

insulation’s cumulative damage (i.e., normalized by 271 h), is 

interpolated by a logarithmic curve described by (12). 

 𝑘𝑠𝑙𝑜𝑡 = 0.245 − 0.24 ∙ log (% 𝑑𝑎𝑚𝑎𝑔𝑒) (12) 

Thus, if the Arrhenius curve (i.e., thermal endurance plot) of 

the EM’s insulation is available, then the EM designer could 

theoretically predict a-priori how the machine’s LPTN would 

change throughout its whole lifetime. This is extremely 

useful, as it allows EM designers and manufacturers to 

account for an appropriate thermal safety-factor during the 

EM’s prototyping, in order to guarantee that during service 

operations the winding never exceeds a certain temperature, 

which is generally the insulation thermal class.  

Once again, it is important to remark that a different end-

of-life point (i.e., 100% damage) could be chosen, depending 

on the application’s demanded reliability. This choice does 

not affect in any way the validity of the presented study. 

Finally, Fig. 16 provides a flow chart for the practical 

implementation of the proposed methodology, for the design 

/ analysis of an EM. It is worth observing that despite the 

presented study has been tailored for a naturally air-cooled 

EM, it can be actually repeated for different cooling 

arrangements, winding layouts and power ratings. Although 

in the present work accelerated thermal aging tests have been 

performed at constant temperature, this does not preclude the 
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application of the proposed methodologies to a machine 

operating with a time-variant temperature profile (i.e., 

dynamic operations), notwithstanding that the dominant 

stressor remains unchanged (i.e., temperature). In this case, 

the end-of-life point needs to be computed by combining the 

Arrhenius model (i.e. (11)) with the cumulative damage law, 

or Miner’s rule, as described by the authors in [33] and in [41]. 

As this work focuses only on insulation thermal aging, the 

contribution of other stressing factors on the insulation 

lifetime has not been considered. For a given insulation 

system if extrinsic electrical stress (i.e., partial discharge (PD) 

inception) and thermal aging are combined the ensuing 

lifetime is shortened as opposed to the case where thermal 

aging acts as a stand-alone stress. However, it is important to 

note that the present work refers to machines with 

impregnated random windings (as indicated in Section II). 

EMs adopting random windings are insulated by Type I 

materials (i.e., organic chemical composition [46]). 

According to the technical standard IEC 60034-18-41, EMs 

with Type I insulation must operate in absence of PD (i.e., 

PD-free) throughout their whole lifetime [47]. Therefore, a 

single stress lifetime model, with temperature as the 

prevailing aging factor, is considered here. 

 
Fig. 15. Variation of the equivalent winding thermal conductivity with the 

insulation’s cumulative damage. 

 
Fig. 16. Implementation of the proposed methodology at the EM design 

stage. 

Nonetheless, if the present study is to be repeated for medium 

or high voltage EMs (i.e. mixed organic-inorganic insulation) 

[48], then the insulation lifetime modeling should also include 

the (deleterious) contribution of PD. It is important to point 

out that PD inception can surely influence the end-of-life 

instant. However, PD in themselves are localized phenomena, 

and thus they no effect whatsoever on the winding’s thermal 

conductivity variation. 

VII.   CONCLUSIONS 

Thermal management plays a pivotal role in the design and 

operation of electrical machines. Uncontrolled high 

temperatures can negatively impact on the lifetime 

expectancy of the insulation system, compromising thus the 

reliability figures. Various recent publications have addressed 

the topics of thermal analysis of electrical machines and aging 

of electrical insulating systems, without, however, studying 

how both can be mutually influenced. 

In this paper the influence of thermal aging on the 

capability of heat extraction is thoroughly investigated. An 

unconventional, lumped-parameter thermal network is 

introduced and experimentally fine-tuned for accounting for 

and quantifying the degradation of the thermal performance 

caused by the insulation aging. As opposed to conventional 

thermal modeling techniques, the proposed thermal network 

dynamically calculates the natural convention heat transfer 

coefficient, based on the machine’s outer surface temperature. 

This enables a precise evaluation of the machine’s hot-spot 

temperature even during transient (i.e. dynamic) operations. 

The relationship between insulation thermal aging and 

winding equivalent thermal conductivity is clearly identified, 

through the aid of the proposed fine-tuned thermal model. As 

a main result, it is found that as an electrical machine ages, 

the equivalent thermal conductivity of its winding can 

decrease by as much as 50% compared to the unaged value. 

This results in the winding’s hot-spot temperature increment, 

which in the analyzed case-study test sample is quantified to 

be c.a. 10% towards the end of its useful lifetime. The 

aforementioned result represents one of the main technical 

contributions and novelties of this paper, and might have a 

strong impact in the way electrical machines are thermally 

modelled. The analyses and methodologies presented in this 

paper can be easily implemented when designing a new 

electric motor or analyzing an existing one. These 

methodologies can thus represent an extremely useful 

reference for electrical machines designers, practicing 

engineers, and motor manufacturers, as they allow to account 

for a factor which is generally overlooked when thermally 

modelling a machine, namely, the insulation’s system thermal 

aging. 
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