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sherryshen@zju.edu.cn 22010150@zju.edu.cn jian_zhang_zju@zju.edu.cn
Youtong Fang Yong Yang Jie Tian
College of Electrical Engineering Powernice Intelligent technology co., Wuhan Second Ship Design and
Zhejiang University LTD Research Institute

Hangzhou, China
youtong@zju.edu.cn

Abstract—High temperature generates thermal-mechanical
stress (TMS), which causes aging of the electrical insulation
system in the stator windings. In this paper, a TMS analytical
model for motor insulation is proposed, and the model is
modified by using a shallow neural network. Then, the accuracy
of the TMS analytical model was verified by finite element
simulation, and finally verified by experiments. The average
error obtained after comparison with the analytical model is less
than 5%.

Keywords—thermo-mechanical stress, stator insulation
system, shallow neural network, finite element analysis

I. INTRODUCTION

For motors, the main thermal aging factors are divided into
aging caused by constant temperature, and aging caused by
thermal cycling. The motor is impregnated with epoxy resin,
which prevents thermal oxidation caused by the exposure of
the winding coating to air. However, under thermal cycling,
different thermal expansion coefficients and different
temperature distributions between epoxy resin and winding
coating and copper wires can cause thermally induced
mechanical stress. Due to thermal-mechanical stress, the
stator electrical insulation system (EIS) may degrade and fail.
TMS is considered a key factor in causing insulation
degradation.

There has been a lot of research on TMS. By studying the
influence of thermal-mechanical stress on the insulation
system of low-voltage motor, it is proved that TMS plays an
important role in the dynamic heat aging process of winding
insulation system[1]. For wind turbine generators (WTG), the
high thermal stress and TMS caused by their entry and cut-off
were studied[2]. The service life of machines subjected to
thermal cycling stress is studied by accelerated aging tests.
The results show that as the thermal cycling stress increases,
there is a severe but predictable decrease in lifetime[3]. The
internal stress level within the machine insulation and the
corresponding stress cycle curve are determined by using
finite element analysis[4]. It shows that TMS has an important
influence on the service life of the motor.

For the analytical model of TMS in electric motors,
researchers have derived the analytical expression of
thermally induced mechanical stress. In order to reveal the
relationship between thermo-mechanical stress and various
influencing parameters, the analytical equation of TMS for a
single bar and the analytical equation for TMS for the bonded
layers have been derived[5][6]. The analytic model of a single

This work was supported in part by the Ningbo science and technology
innovation 2025 major project (20211ZDYF020218) and in part by the
National Natural Science Foundation of China under Grant 51977192 and
51827810, and A Project Supported by Scientific Research Fund of Zhejiang
Provincial Education Department (Y202250809). Corresponding author: Jie
Tian (Email: tianjie_eee 126@126.com)

Ningbo, China
michael@chn-powernice.com

Wuhan, China
tianjie_eee 126@126.com

bar shows that the TMS on a single bar is proportional to its
Young’s modulus, coefficient of thermal expansion, and
temperature change, independent of the total length. The
analytical model of the bonded layer shows that the TMS in
the bonded layer is proportional to the difference in the
coefficient of thermal expansion and the temperature change
between the two layers bound to it[7]. Subsequently, relevant
researchers also carried out experimental verification.
However, these analytical models often only focus on the
study of TMS of specific structures under ideal conditions,
and only consider the influence of temperature, without
considering the shape of the motor as a whole. Therefore, it is
of great significance to analyze the insulation TMS of the
motor with temperature from the perspective as a whole.

In this paper, a preliminary analytical model of TMS for
motor insulation under temperature change is proposed. The
slot shape factor and copper fill factor are introduced, and the
model is corrected by using a shallow neural network. The
analytical model is verified by finite element
simulation(FEA), and finally the accuracy of the analytical
model is further proved by experiments.

II. NUMERICAL MODEL

A.  Stator insulation model

The two-dimensional cross-sectional view of the stator
insulation system is shown in Figure 1, including windings,
winding insulation coatings, dip paints and other components.
During the operation of the motor, the difference in the
thermal expansion coefficient of epoxy resin impregnation,
winding and stator core will cause great TMS in impregnation.
Epoxy resin impregnation is an important part of the winding
inter-turn insulation and accounts for a relatively large
proportion, so the TMS of motor insulation takes the stress
analysis of epoxy resin impregnation as the main goal.

When deriving the insulation TMS analysis model, on the
one hand, the insulation, stator core and winding are bonded
and the structure is complex; On the other hand, the model
needs to consider the structural parameters such as the inner
diameter, outer diameter, shaft length, cogging, and groove
full ratio of the motor, which makes the derivation of the
motor insulation TMS analysis model complicated. In order to
accurately calculate the thermomechanical stress of motor
insulation, the analytical model derivation adopts a
combination of model simplification preliminary derivation
and later sensitivity analysis correction.
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