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Abstract: This study investigates the impact of temperature variations on the torque capacity of shrink-
fit junctions in water-jacketed permanent magnet synchronous motors. Focusing on both baseline
and improved designs; torque capacities were evaluated across a temperature range from −40 °C
to 120 °C under different material conditions: Least material condition, nominal, and maximum
material condition. The baseline design exhibited torque capacities from 7648 Nm to 9032 Nm at
−40 °C, decreasing significantly to 549 Nm to 1533 Nm at 120 °C. The improved design showed
enhanced performance, with torque capacities ranging from 8055 Nm to 9247 Nm at −40 °C and from
842 Nm to 1618 Nm at 120 °C. The maximum improvement was observed at 120 °C for least material
conditions, with a 55.4% increase, and the minimum improvement at −40 °C for maximum material
conditions, with a 2.4% increase. Our findings demonstrate a significant increase in torque capacity
by up to 20% under varied thermal conditions. These results underscore the effectiveness of design
modifications in enhancing thermal stability and torque capacity, making the improved design a more
reliable choice for high-performance applications subject to significant thermal fluctuations. This
research highlights the critical role of material selection, thermal management, and precise design
adjustments in optimizing the performance and reliability of permanent magnet synchronous motors.

Keywords: torque capacity; PMSMs; shrink-fit process; water jacket; interference; temperature
incidence

1. Introduction

Permanent magnet synchronous motors (PMSMs) have become integral components
in various industrial and automotive applications [1] due to their high efficiency, high
power density, and excellent torque characteristics [2]. The torque capacity of a PMSM is
a critical factor that determines its suitability for demanding applications such as electric
vehicles (EVs), wind turbines [3], and industrial automation systems. However, enhanc-
ing the torque capacity of PMSMs involves complex considerations, including thermal
management, material properties, and mechanical design.

The torque capacity of PMSMs is significantly influenced by temperature; it affects
both the magnetic properties of the permanent magnets and the electrical properties of the
motor windings [4]. Elevated temperatures can lead to demagnetization of the permanent
magnets and increased resistance in the windings, reducing the overall efficiency and
torque output [5]. Effective thermal management strategies include the use of water jackets.
For cooling, they are essential to maintaining optimal motor performance.
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One notable mechanical design feature in PMSMs is the shrink-fit, and the crucial
part is the interference between components and how these interferences are analyzed [6];
in this specific case, the water jacket and the stator stack. This assembly technique en-
sures a secure and efficient thermal connection, enhancing the motor’s cooling efficiency.
The shrink-fit method not only aids in better heat transfer but also contributes to the struc-
tural integrity of the motor, which is crucial for maintaining high torque output under
varying operational conditions.

Permanent magnet synchronous motors (PMSMs) are preferred over other motor
technologies such as induction motors (IMs) and brushed DC motors for several reasons.
PMSMs offer higher efficiency and better power density due to the direct integration of
magnets on the rotor, which reduces energy loss found in the excitation of IMs. Further-
more, PMSMs provide greater precision in speed and position control, which is essential
for applications requiring dynamic response and fine movement control. According to
Dambrauskas et al. (2020), PMSMs show an efficiency improvement of up to 5% over IMs,
especially under variable speed conditions [7]. Additionally, the durability and lower main-
tenance of PMSMs, as reported by Konig (2023), makes them more suitable for long-term
applications, reducing the total cost of ownership [8].

This highlights the importance of motor design optimization not only at the high level,
when all the power train is considered, taking into account the use of a gear box [9–11] or a
complex transmission, but also at a low level, considering all the components’ designs [12,13],
improving the thermal management [14–16], use of oil spray cooling [17], advanced materials,
and efficient control strategies in improving torque capacity. By addressing various aspects
such as electromagnetic design [18,19], stator winding configurations, material properties, im-
provements in cooling, and sustainable practices, these studies contribute to the development
of motors with enhanced torque performance and efficiency.

Historically, research into the thermal stabilization of PMSMs has focused on enhanc-
ing cooling systems and refining material compositions. Park et al. (2023) and Venkata-
subramanian and Shanthi (2019) explored advanced cooling techniques like direct slot
cooling (DSC) and optimized indirect matrix converters, improving heat dissipation but
not addressing long-term efficiency degradation [16,20]. Additionally, Zhou et al. (2023)
utilized modified fuzzy particle swarm optimization (MDFPSO) for parameter identifi-
cation to enhance thermal performance, though scalability and cost-effectiveness remain
challenges [21]. Broader studies on thermal management in electronics and mechanical
systems offer valuable insights. Liu et al. (2023) highlighted the importance of effective
thermal management systems in electric vehicles, while McMillan et al. (2023) empha-
sized innovative cooling techniques and materials for enhancing device reliability and
lifespan [6,22]. Research by Sharma et al. (2023) and Selema et al. (2022) explored advanced
composite materials and optimized winding configurations to improve motor efficiency
and thermal resilience [23,24]. However, these studies often overlook the integration of ther-
mal management with motor design optimization, indicating a need for holistic approaches
to stabilize PMSM characteristics across various operating conditions.

1.1. Goal Definition and Scope

The objective of the article and the research developed focuses on the influence of
temperature and how it can affect the torque capacity; the torque capacity is measured
between the water jacket and the stator laminations.

The analyzed electric motor is a permanent magnet synchronous motor, commonly
used in automotive applications.

A permanent magnet synchronous motor (PMSM) comprises a stator, typically with
copper windings, and a rotor containing permanent magnets, usually made of materials like
neodymium iron boron or samarium cobalt. The stator generates a rotating magnetic field
when an alternating current is applied, interacting with the permanent magnets in the rotor
to produce motion. A shaft connects the rotor to the load, supported by bearings within
the motor housing, which also encloses and protects the internal components. Additionally,
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there may be a cooling system to dissipate heat, and a terminal box for electrical connections.
Together, these components facilitate the conversion of electrical energy into mechanical
motion for various applications. Figure 1 illustrates the detailed architecture of the PMSM
used in our study, showing the integral components, including the rotor, stator, and water
jacket; the red area denotes the shrink-fit and press-fit contact, and the components make
said fit, which are the water jacket and the stator in the left side and for the right side the
housing and stator.

Housing

Water-Jacket
Stator

Rotor

Shrink-fit

contact

Press-fit

contact

Figure 1. The permanent magnet synchronous motor (PMSM) architecture used in this research.

1.2. Importance and Justification of the Study

One of the most critical aspects of PMSM performance is torque capacity, which directly
influences the motor’s suitability for demanding applications such as electric vehicles,
wind turbines, and industrial automation systems. The torque capacity is significantly
affected by the shrink-fit process used in the motor assemblies, where precise interference
fits between components like the water jacket and the stator are crucial for maintaining
mechanical integrity and efficient thermal conduction. Temperature variations can alter
the interference fit, thereby affecting the torque capacity and overall performance of the
motor. Understanding how torque capacity varies with temperature in shrink-fit junctions
is essential for optimizing motor design and ensuring reliable performance across a wide
range of operating conditions. This research is justified by its aim to provide critical insights
into these variations, thereby contributing to the development of more reliable and efficient
PMSMs for various high-performance applications.

The proposed improvement focuses on enhancing the torque capacity and thermal
stability of permanent magnet synchronous motors (PMSMs) through optimized design
modifications. This research investigates the influence of temperature variations on shrink-
fit junctions between the water jacket and the stator, analyzing torque capacities across a
temperature range from −40 °C to 120 °C. By increasing the interference fit in the shrink-
fit process and reducing the interference in the press-fit contact, the improved design
demonstrates significant performance enhancements.

The remainder of this paper is structured as follows: Section 2 discusses the materials
and methods used. Section 3 presents the results of our simulations, offering quantitative
insights into the improvements achieved through our design modifications. Section 4
engages in a thorough discussion of these results, evaluating the practical implications and
limitations of our study. Finally, we conclude with a summary of our findings and propose
future research directions to enhance the performance PMSMs further.

2. Mechanical Design

Electric motors are produced in various types and configurations. Typically, an electric
motor has several parts, including a stator, a rotor, a shaft, bearings, and housing that
supports and encloses the components. In addition to these primary motor components,
some motors may also include electronic components and, in the latest motors, devel-
opments commonly knowing as e-axles (electric axles) are integrated transmission units
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that combine the electric motor, transmission, and power electronics into a single compact
assembly. These units are designed to be installed directly onto the axle of an electric
vehicle, providing an efficient and streamlined solution for electric propulsion.

Understanding motor design characteristics is crucial in the motor design and man-
ufacturing processes. To select appropriate motors for specific applications, these design
characteristics must be thoroughly understood.

In the selection of materials for the construction and enhancement of permanent
magnet synchronous motors (PMSMs), it is essential to adhere to established standards
that ensure quality, durability, and performance. The materials used in our PMSM design,
specifically, those for the stator and rotor components, comply with the ASTM International
standards, which provide guidelines for material properties such as thermal conductivity,
magnetic permeability, and structural integrity. For example, ASTM A276 [25] (Standard
Specification for Stainless Steel Bars and Shapes) is crucial for determining the mechanical
properties required for the motor’s structural components that are subjected to high stresses
and temperatures [26]. Furthermore, ASTM A801 (Standard Specification for Wrought
Iron-Cobalt High Magnetic Saturation Alloys for Magnetic Components) is utilized to select
magnetic materials that offer high magnetic saturation and resistance to demagnetization,
a critical factor for the efficiency of PMSMs under various operational conditions [27].

The mechanical design of high-performance electric motors such as PMSMs involves
intricate consideration of not only the material properties but also the geometrical and
structural aspects of the motor components to optimize their performance and reliability.
Key design considerations include the dimensional accuracy of the motor shaft, the align-
ment and tolerance of the bearings, and the robustness of the assembly to withstand the
operational stresses and thermal expansion. The application of these principles ensures
each component can handle the specified loads without failure [28].

2.1. Basic Requirements

There are basic requirements that are taken into account when designing an electric
motor that in its configuration has shrink-fit between components. This is commonly found
between the water jacket and the stator laminations, and between the rotor and the shaft or
stator holder. These requirements focus on guaranteeing adequate operation under certain
conditions, in which the following points are analyzed.

• Interference fit: Ensure the components are tightly joined without excessive deforma-
tion or stress, which is crucial for a strong connection.

• Material compatibility: Choose materials compatible with each other to prevent corro-
sion and ensure a reliable bond, considering similar thermal expansion coefficients to
minimize differential expansion.

• Surface finish: Properly finish mating surfaces to ensure good contact and load distri-
bution, reducing stress concentrations.

• Torque capacity: Determine the torque capacity needed for the joint to withstand
mechanical loads without failure.

• Temperature control: Control temperature during assembly to prevent thermal stresses
that could lead to premature failure.

• Load distribution: Design for uniform load distribution across the joint to prevent
localized stress concentrations.

• Assembly accuracy: Ensure precision machining and assembly for the desired interfer-
ence fit and joint integrity.

• Prevention of galling: Take measures to prevent friction-induced galling, such as
applying lubricants or coatings.

2.2. Motor Torque

Torque is a measurement of the turning force acting on an object to cause that object to
rotate or twist about an axis or pivot. Torque, like work, is measured in newton-meters [Nm]
in the International System of Units [SI system] or pound-foot [lb f-ft] in the English system.
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In the design of electric vehicles (EVs), torque capacity is paramount as it directly
affects performance, efficiency, and the driving experience. High torque enables swift
acceleration, essential for safety and driver satisfaction, while also facilitating hill climb-
ing and towing capabilities. Moreover, adequate torque capacity enhances regenerative
braking efficiency, extending the vehicle’s range and optimizing energy usage. Efficiency is
optimized when power and torque are balanced, ensuring the motor operates effectively
across various driving conditions. Additionally, a motor with a flat torque curve provides
smoother acceleration, enhancing driveability. Thus, torque capacity is a critical considera-
tion in EV design, impacting not only performance but also range, efficiency, and overall
consumer appeal.

The torque which can be transmitted between cylindrical components by an interfer-
ence fit can be estimated by

T = 2 f pπb2L (1)

where: T is the torque [N/m]; f , coefficient of friction; p, interference pressure [N/m2]; b,
interface radius [m]; and L, length of interference fit [m].

The torque referred to in our study is measured at the junction between the water jacket
and the stator, which is critical for understanding the mechanical stress and operational
capacity of the motor. This torque measurement is indicative of the forces the motor
shaft must withstand. The electromagnetic torque, which is a primary quantity in motor
performance analysis, is considered in our simulations as the initial input. This torque
generated by the rotor’s magnetic field is crucial for setting the operational parameters
and is used to assess the mechanical integrity of the stator and water jacket under realistic
operational stresses, providing a direct correlation to the shaft’s mechanical requirements
and ensuring the motor’s structural integrity under load.

For electric motors the electromagnetic fields generated between rotor and stator
induce angular movement, which generates tangential forces or torque as a output response.
This torque is transferred directly to the assembly points where components are fixed.
In this work, the torque generated by the PMSM under the velocity operation profile is
transferred toward the shrink-fit joint between the water jacket and stator.

The electromagnetic analysis that describes the PMSM performance is shown in
Figure 2, where the torque is a function of the velocity profile. For this analysis, the input
torque values at 550 V are 400–600 N/m. However, the hold torque goal occurs at peak
operation at 650 V, where the torque reaches around 1000 N/m.

Figure 2. Simulated permanent magnet synchronous motor (PMSM) initial peak and continuous
performance.



World Electr. Veh. J. 2024, 15, 282 6 of 19

2.3. Component Tolerances

Control of dimensions is necessary to ensure assembly and interchangeability of
components. Tolerances are specified on critical dimensions that affect clearances and
interference fits. One method of specifying tolerances is to state the nominal dimension
followed by the permissible variation.

2.3.1. Interference Fits

Interference fits are those for which, before assembly, the inside component is larger
than the outside component. There is some deformation of the components after assembly
and a pressure exists at the mating surfaces. Due to the materials being different, the
pressure is given by

ρ =
δ

2b 1
Eo

c2+b2

c2−b2 + µo +
1
Ei

b2+a2

b2−a2 − µi
(2)

where ρ is the pressure at the mating surface [N/m2]; δ, total diametral interference (m); a,
is the internal radius of the inner cylinder [m]; b, the outer radius of the inner cylinder [m];
c, the outer radius of the outer cylinder [m]; E, Young’s modulus [N/m2]; and µ, Poisson’s
ratio. The subscriptions i and o refer to the inner and outer components, respectively; see
Figure 3 where a is the inner diameter of the inner component, b is the outer diameter of
the outer component and c is the outer diameter of the outer component.

The tensile stress in the outer component, σo, can be calculated from Equation (3) and
the compressive stress in the inner component, σi, from Equation (4).

σo = ρ
↓ c2 + b2

→ c2 − b2 (3)

σi = ρ
↓ b2 + a2

→ b2 − a2 (4)

The increase in the diameter of the outer component, δo, due to the tensile stress can
be calculated from Equation (5) and the decrease in diameter of the inner component due
to the compressive stress, δo, from Equation (6).

δo =
2bp
E0

↓ c2 + b2

→ c2 − b2 + µo (5)

δi =
2bp
Ei

↓ b2 + a2

→ b2 − a2 + µi (6)

Our study’s formula for calculating torque is adapted from Mechanical Design by
Peter Childs [29]. These equations are utilized to estimate the force exerted on the walls
of the water jacket and stator, providing a basis for assessing the mechanical stress and
torque capabilities of the assembly. This adaptation allows us to specifically analyze the
interactions at the motor’s critical junction points.

2.3.2. Least and Maximum Material Conditions

The maximum material condition (MMC) and the least material condition (LMC)
are terms used in geometric dimensioning and tolerancing (GDT) to define the extreme
conditions of a part’s feature within the specified tolerance zone.

Maximum material condition (MMC): This refers to the condition of a feature of size
when it contains the maximum amount of material, meaning the feature size is at its largest
limit within the specified tolerance zone. In other words, the part is at its upper limit of
material condition. For example, for a hole, the MMC would mean the hole is at its smallest
diameter within the tolerance zone, while for a shaft, the MMC would mean the shaft is
at its largest diameter within the tolerance zone. MMC is often used to ensure proper fit
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and functionality of mating parts, especially in assembly applications where a clearance or
interference fit is critical [29].

Figure 3. Terminology for cylindrical interference fit.

Least material condition (LMC): Conversely, LMC refers to the condition of a feature
of size when it contains the least amount of material, meaning the feature size is at its
smallest limit within the specified tolerance zone. In other words, the part is at its lower
limit of material condition. For example, for a hole, the LMC would mean the hole is at its
largest diameter within the tolerance zone, while for a shaft, the LMC would mean the shaft
is at its smallest diameter within the tolerance zone. LMC is often used to ensure proper
assembly and functionality of parts with a clearance fit, where the minimum material
condition ensures the maximum clearance [29]. The Figure 4 shows how the stator and the
water jacket are described, describing the interior and exterior diameters of each one.
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Figure 4. Interference description: shaft and hub.

2.3.3. Shrink-Fit Process and ISO Fits

Shrink-fit is a semi-permanent assembly system used extensively in various industries
due to its ability to transmit large torques through high contact pressure at the interface of
mating components. This method offers several advantages over press-fit: it minimizes
mechanical stresses and deformation of the rotor core, allows for symmetrical shrinking of
the rotor core onto a shaft, requires less surface finishing, and is completely controllable.

Shrink-fit techniques leverage the thermal expansion and contraction properties of
materials during machine assembly processes. The coefficient of linear thermal expansion,
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which measures how much a material expands with a temperature change, is crucial in this
context. It defines the linear dimension change per unit temperature change.

The basic use of an electric motor is for high-torque demands and based on the
interference fits and considering the required torque, the defined setting is U7/h6 based on
the ISO 286-1:2010 standard [30], and taking into account that the stator (shaft) will be used
as a basis for defining the hole (water jacket) and its respective tolerances.

For the definition of the tolerances and the internal diameter of the water jacket,
the external diameter of the stator is considered as the shaft basis, where, with a nominal
diameter of 355.023 mm, the tolerances of the hole are defined as U7 and the shaft tolerances
of h6 are defined, resulting in the hole having a maximum size of 354.654 mm, and a
minimum size of 354.597 mm; with this, the background in the development of this research
on the baseline definition the specific diameters and tolerances used is shown.

2.3.4. Torque Transmission through Mechanical Joints (Shrink-Fit)

When considering torque capacity in components utilizing a shrink-fit process as a
mechanical joint, several factors come into play to ensure the joint’s integrity and reliability
under load. In a shrink-fit assembly, such as coupling a hub to a shaft, the torque capacity
primarily depends on the strength and material properties of both the hub and the shaft,
as well as the effectiveness of the shrink-fit process itself.

The torque capacity of a shrink-fit joint relies on material selection, where both hub
and shaft must offer sufficient strength, typically utilizing steel alloys for high-torque appli-
cations. Achieving an appropriate interference fit, and balancing tightness with assembly
concerns directly impacts torque capacity. A proper surface finish on mating surfaces is cru-
cial to maximizing contact area and torque transmission. Controlled temperature gradients
during assembly prevent thermal stress that could compromise joint integrity. Additionally,
design for uniform load distribution across the interface helps prevent localized stress
concentrations and premature failure.

The free-body diagram and description of the forces and moments produced by the
shrink-fit and press-fit are shown in Figure 5 based on [28]; this diagram helps to analyze the
distribution and how improvements could be applied for a good result; Fsupport represents
the preload on bolted joints, this is considered as mechanical fixing between the water
jacket and housing; Fstator is the reaction force of the stator, and Fhousing is the force that the
housing applies to the water jacket. The loads considered come from the thermal effects by
temperature changes, the torque generated by electromagnetic forces, and expansion by
the pressure joint (press-fit) and shrink-fit.

Festator

Fhousing

Rhousing

Fsupport

Msupport

Mhousing

Figure 5. Free-body diagram of water jacket.

2.4. Operating Temperatures

In a generator or electric motor, the operating temperature points depend on various
factors such as the design, materials used, and intended application. Generally, the envi-
ronment temperature range (−40 °C to 120 °C) provides the context for determining safe
operating temperatures.

For a synchronous permanent magnet motor, the maximum temperature typically
occurs at the stator winding and the rotor surface, where electrical losses and magnetic flux
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concentration are most pronounced. The gradient of temperature decrease from the rotor to
the housing varies depending on factors like insulation, cooling mechanisms, and thermal
conductivity of materials. Typically, the rotor experiences higher temperatures due to its
proximity to the magnetic field and electrical currents. At the same time, the housing may
have a lower temperature due to heat dissipation through conduction and possibly cooling
mechanisms such as fans or liquid cooling systems. The gradient may vary, but generally,
the temperature decreases from the rotor towards the housing, with the specific profile
influenced by the motor’s design and operating conditions. Figure 6 shows the temperature
between the water jacket and the stator.

Average Water Jacket

Temp: 89°C

Figure 6. Temperature gradient in the e-motor analyzed.

2.5. Thermal Management

Thermal management in synchronous permanent magnet electric motors is crucial for
ensuring optimal performance, efficiency, and reliability while preventing overheating and
potential damage to the motor components. Several strategies are commonly employed for
effective thermal management and the temperatures involved and analyzed are the rotor’s
electromagnetic temperature effects and the thermal output due to current flow through
the stator’s hairpins. These factors critically influence the thermal management strategies
and material selection for the motor, as the heat distribution affects the overall efficiency
and performance durability.

Water jackets involve circulating coolant (typically water or a water–glycol mixture)
through channels or jackets integrated within the motor housing to dissipate heat effectively.
This method offers efficient cooling by directly contacting motor components, particularly
the stator windings and rotor, where heat generation is significant. The water jacket system
regulates temperature by absorbing heat from these components and transferring it away,
maintaining optimal operating conditions and preventing overheating

2.6. Software Used

The simulations were carried out in Ansys Mechanical 2022 R2, with geometric inter-
ference fit effects in frictional contacts and thermal conditions. For the frictional contact the
formulation is given as follows.

Friction coefficiency: A non-zero value will activate Coulomb-type friction between
bodies F = µR. The relative velocity [v] of sliding interfaces can influence frictional forces.
A dynamic frictional formulation for the coefficient of friction can be used.

µ = µd + (µs − µd)e−βv (7)

where µs is the friction coefficient, µd is the dynamic coefficient of friction, β is the exponen-
tial decay coefficient, and v is the relative sliding velocity at point contact; non-zero values
of the dynamic coefficient and decay constant were used.
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And, for the thermal effects the expansion coefficient used is

εth = ase(t)
(

T − Tre f

)
(8)

where ase(t) is the temperature-dependent secant coefficient of thermal expansion; ase(t) is
input in one of three ways:

• Input ase(t) directly;
• Computed using Equation (9) from ain(T), the instantaneous coefficients of thermal

expansion:

ase(T) =

∫ T
Tre f

ain(T)dT
T−Tre f

(9)

• Computed using Equation (10) from εith(T), the input thermal strains:

ase(T) =
εith(T)
T−Tre f

(10)

ase(T) is computed from εith by rearranging Equation (8) and εth (thermal strain) is
related to ain(T) by

εth(T) =
∫ T

Tre f

ain(T)dT (11)

These equations use the software to converge to a solution.

3. Results and Discussion

The maximum and minimum tolerances define the interferences that may exist in
the analyzed components, and by adding the temperatures, four cases are considered
for analysis:

• MMC condition at −40 °C;
• MMC condition at 120 °C;
• LMC condition at −40 °C;
• LMC condition at 120 °C.

These can be considered as the worst cases, where the material can be the minimum
or maximum and where the temperature is the maximum or the minimum. Therefore,
the results obtained will give high reliability concerning the requirements that there may be
when a motor is being designed concerning the torque that it is capable of being delivered
as well as the maximum effort that can be resisted depending on the temperature.

3.1. Baseline Definition

The initial analysis is carried out based on the following tolerances and the diametric
interference was found in the water jacket and the stator. The housing and the stator are
also considered since, by design, there is also a contact.

Table 1 shows the nominal diameters and their respective tolerances in the water
jacket, stator, and housing and their respective values when MMC and LMC are considered.
The nominal interference on the shrink-fit is 0.398 mm, and the value is less when the
LMC is analyzed, with a value of 0.347, and when the MMC is analyzed, the value of the
diametrical interference is 0.449, higher than the nominal. It is the same for the press-fit
contact, the nominal value being in the middle of the LMC and MMC.

The definition of interference at nominal, minimum, and maximum helps us to know
the ranges in which the electric motor can deliver the torque; in the same way, we can
analyze the stress that is found in the material when it is cooled or heated and the deflection
due to the stress it produces in the material.
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Table 1. Tolerances and diametral interference baseline design.

Shrink-fit contact (water jacket and stator)

Component LMC MMC TOL± Nominal

Water jacket inner diameter (ID) 354.653 354.597 0.028 354.625

Stator outer diameter (OD) 355 355.046 0.023 355.023

Diametral interference 0.347 0.449 0.051 0.398

Press-fit contact (housing and water jacket)

Water jacket OD 354.185 354.215 0.015 354.2

Housing ID 354.15 354.05 0.05 354.1

Diametral interference 0.035 0.165 0.065 0.1

The baseline design based on specific tolerances and diametric interferences serves as
a reference point for further analysis and comparison. This approach allows for a structured
assessment of how design modifications impact the torque capacity and thermal stability
under varying conditions.

3.1.1. Baseline Stress Analysis

After defining the interferences, the stresses that occur in the material can be analyzed;
these stresses help define the deflection of the component.

In our analysis of the stress results, we have meticulously documented the baseline
von Mises stress results for both LMC and MMC conditions at −40 °C and 120 °C. Table 2
analyzes the main stress and the equivalent stress. These results were obtained for the
supports that the housing has and the loads that represent the torque and the forces that
are produced are considered, thus the maximum stresses. They are found in the MMC
condition at −40 °C, with a value of 230.32 MPa compared to the condition, but at 120 °C
the stress is less, with a value of 101.41 MPa, showing that when there are low temperatures
the material tends to contract, and when the temperature rises, the material tends to expand,
reducing the stresses on the material. This stress can be compared with the yield strength
of the material, and the main objective is to keep the stress below the yield strength. If the
elastic limit of the material is exceeded, the plasticity of the material must be analyzed in
an acceptable range with extra analysis, ensuring that the plasticity does not exceed 1% in
the final elongation of the material.

Table 2. Baseline von Mises stress results for LMC and MMC at −40 °C and 120 °C.

MMC at −40 °C MMC at 120 °C LMC at −40 °C LMC at 120 °C

Max
[MPa]

Min
[MPa]

Max
[MPa]

Min
[MPa]

Max
[MPa]

Min
[MPa]

Max
[MPa]

Min
[MPa]

Principal Stress 230.32 −30.091 101.41 −34.19 190.7 −28.05 102.36 −31.37

Equivalent Stress 195.63 0.5983 151.62 0.028 151.72 0.547 134.88 0.017

Figure 7a shows the stress when the boundary condition is set at −40 °C around
the material in the water jacket; the orange zone is the smooth surface; this zone has the
maximum stress due to the direct contact of the shrink-fit with the stator; at the edges the
stress is less in this analysis; there exists a contraction due to the cold, in this condition the
stresses in the MMC and LMC are higher. Whereas when analyzed at 120 °C the stress
drops considerably as the material expands. Therefore, the stress found in the material
tends to be lower in the LMC and MMC; see Figure 7b.
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(a) Stress on the material at −40 °C. (b) Stress on the material at 120 °C

Figure 7. Stress on the material due to the temperature at −40 °C and 120 °C.

3.1.2. Baseline Deflection Analysis

The 2D radial deflection is shown in Figure 8, which offers a magnified view of the
expansion and contraction processes within the motor’s assembly, showing the physical
changes under thermal stress at a 50-times magnification. This visual representation is
critical for understanding the dynamic behavior of the motor components under operational
temperature variations, which significantly influence mechanical fit and performance stability.

Contraction analysis: The contraction view depicted in Figure 8a illustrates how com-
ponents react when subjected to lower temperatures. As temperatures decrease, materials
contract, leading to increased mechanical interference between the water jacket and the
stator. This condition can enhance the torque transmission efficiency due to tighter fits
but may also elevate the stress levels within the materials, posing risks of fatigue over
prolonged use.

Expansion analysis: Conversely, the expansion view in Figure 8b reveals the behavior
of these components under elevated temperatures. As the material expands, the interference
fit decreases, potentially leading to slippage or reduced torque capability. The visual
data clearly show how expansion can alter the contact surfaces between components,
emphasizing the need for robust thermal management to maintain operational integrity.

(a) Contraction view (b) Expansion view

Figure 8. Expansion and contraction; view magnified 50 times.

The graphical representations of deflection in the water jacket and the stator effectively
highlight areas of varying stress concentrations through a color-coded gradient from green
to red. In the water jacket, Figure 9a, the most pronounced deflection is visibly concentrated
in the central section, indicated by the bright red color. This central deflection suggests a
significant response to external pressures or temperature variations, which are likely more
intense in this middle area. The gradual change in color towards the edges—transitioning
from yellow to green—indicates decreasing deflection, suggesting these peripheral regions
are either structurally more robust or subjected to less stress. The analysis of this pattern is
crucial as it helps identify potential weak points that could be prone to mechanical failures
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or operational inefficiencies, especially in scenarios where this component interfaces tightly
with others.

Similarly, the stator shown in Figure 9b presents a cylindrical visualization of de-
flection, with the greatest deformation highlighted in red at the center of its curvature.
This pattern suggests that the midpoint of the stator’s curve is subjected to the highest
stress during operation, which could be due to mechanical loads or thermal expansions.
The edges of the stator, depicted in green, experience the least deflection, indicating lower
stress levels and potentially higher structural integrity in these regions.

(a) Deflection of the water jacket (b) Deflection inside the stator

Figure 9. Deflection of the material components.

The deflection of the water jacket due to temperature changes can be analyzed by
thermal expansion or contraction. When the temperature increases, its material expands,
causing it to deform. Similarly, when the temperature decreases, the material contracts,
leading to deformation in the opposite direction.

Table 3 shows the results; the water jacket deflection is analyzed at six heights due to
the applied loads being different; the water jacket is not balanced in its constitution. In the
same way, the water jacket can show a variation in the circularity itself once the water
jacket contracts or expands with stress.

The data reveal interesting trends in the radial deflection behavior of materials un-
der varying thermal conditions and constraints (MMC and LMC). At −40 °C, observed
through MMC, all samples contract, with S6 showing the most significant contraction at
−0.106 mm, highlighting its sensitivity to cold temperatures. Conversely, S1 exhibits the
least contraction at −0.067 mm, suggesting it is less prone to shrinkage under these condi-
tions. Under the LMC at the same temperature the pattern remains similar, with S6 again
demonstrating the greatest contraction (−0.235 mm), and S1 showing minimal change from
its MMC state (−0.063 mm). This consistency in each sample’s response under different
material conditions underscores their inherent material properties and behavior under
cold stress.

At 120 °C, the behavior shifts noticeably, particularly under LMC, where all samples
expand. In this warmer environment, S1 and S2 exhibit the smallest expansions at 0.322 mm
and 0.300 mm, respectively, under MMC, which might suggest that their composition or
structure is less reactive to heat-induced expansion compared to others. Remarkably, un-
der LMC, all samples show positive deflections (expansion), with S1 again showing the least
at 0.322 mm, and S6, despite its significant contractions at colder temperatures, expanding
to 0.287 mm. This different response at higher temperatures indicates that the materials can
recover or even exceed their original dimensions, impacting their circularity and possibly
affecting mechanical integrity in practical applications, where precise dimensional stability
is crucial.
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Table 3. Baseline radial deflection analysis.

Deflection MMC/−40 °C Deflection MMC/120 °C Deflection LMC/−40 °C Deflection LMC/120 °C

∆ rmax [mm] ∆ rmin [mm] ∆ rmax [mm] ∆ rmin [mm] ∆ rmax [mm] ∆ rmin [mm] ∆ rmax [mm] ∆ rmin [mm]

S1 −0.067 −0.288 0.314 −0.029 −0.063 −0.0269 0.322 −0.029

S2 −0.071 −0.205 0.31 0.033 −0.067 −0.196 0.3 0.037

S3 −0.077 −0.193 0.305 0.045 −0.073 −0.185 0.291 0.067

S4 −0.088 −0.189 0.307 0.042 −0.084 −0.181 0.289 0.065

S5 −0.094 −0.187 0.311 0.037 −0.088 −0.178 0.288 0.061

S6 −0.106 −0.263 0.31 0.013 −0.1 −0.235 0.287 0.054

3.2. Design Improvement

The torque capacity can be improved by increasing the interference between the water
jacket and the stator, but also the stresses tend to increase, which is why for the torque
capacity improvement stage, an increase in the shrink-fit and a reduction in interference in
the press-fit is considered.

Table 4 shows that with the new inner diameter of the water jacket and keeping
the same outer diameter of the stator, the nominal interference is now 0.423 mm, while
previously it was 0.398 mm, where the increase in interference is 6.28%. In the same way,
the values of LMC and MMC changed, where diametric interference in the LMC is 0.38 mm
and diametric interference in the MMC is 0.466 mm.

In the press-fit, on the other hand, the interference between the water jacket and the
housing is reduced to release the stress that is concentrated in the water jacket. If the
interference is increased, the Fstator that is applied will be greater, and the reaction force of
the material will also increase, but by reducing the Fhousing we will be reducing the torsional
moment that occurs in Mhousing, as shown in Figure 5.

Table 4. Tolerances and diametral interference of improved design.

Shrink-fit contact (water jacket and stator)

Component LMC MMC TOL± Nominal

Water jacket inner diameter (ID) 354.62 354.58 0.02 354.6

Stator outer diameter (OD) 355 355.046 0.023 355.023

Diametral interference 0.38 0.466 0.043 0.423

Press-fit contact (housing and water jacket)

Water jacket OD 354.185 354.215 0.02 354.15

Housing ID 354.15 354.05 0.02 354.1

Diametral interference 0.01 0.09 0.04 0.05

3.2.1. Improved Design’s Stress Analysis

The stress analysis, as well as at baseline, is analyzed for four different cases, taking
into account that the interference increased in the shrink-fit and the interference decreased
in the press-fit; the values found are described in Table 5. If we compare the data obtained in
the MMC at −40 °C, the principal maximum stress found in the water jacket is 207.87 MPa,
and if this is compared with the baseline, there is a stress reduction of 9.74%. And, if the
equivalent stress is analyzed, the reduction is 6.70%, going from 196.63 MPa to 182.51 MPa.
When the MMC at 120 °C is analyzed, there is an increase in stress in this specific case;
the main stress rose from 101.41 MPa to 148.51 MPa, which represents 31.17%. If the
equivalent stress is analyzed, the increase is 1.44%. For LMC cases, something similar
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happens at −40 °C, the values of the main stress are reduced while in the equivalent stress
they increase slightly.

Table 5. Improved design’s von Mises stress results in LMC and MMC at −40 °C and 120 °C.

MMC at −40 °C MMC at 120 °C LMC at −40 °C LMC at 120 °C

Max
[MPa]

Min
[MPa]

Max
[MPa]

Min
[MPa]

Max
[MPa]

Min
[MPa]

Max
[MPa]

Min
[MPa]

Principal Stress 207.87 −35.905 148.51 −33.64 181.69 −34.19 135 −30.37

Equivalent Stress 182.51 0.8845 153.84 0.12 154.72 0.75 142.28 0.07

3.2.2. Improved Design’s Deflection Analysis

Table 6 shows the deflection results after improving the interferences, where at −40 °C,
under both MMC and LMC conditions all samples exhibit contraction (negative values),
but it is notable that the maximum contraction values are less severe compared to the
baseline design. For instance, under MMC, the greatest contraction observed is −0.072 mm
in sample S6, a slight improvement over the baseline’s most extreme contraction. The mini-
mum deflection values under LMC also show slight improvements, with the least contrac-
tion being less pronounced than in the baseline data, suggesting enhanced resistance to
thermal contraction at lower temperatures. This improved consistency in contraction across
the samples might indicate a more uniform material distribution or enhanced structural
integrity in the new design.

At 120 °C, the deflection shifts towards expansion in many samples, which is expected
with increased temperatures. Under MMC, the expansions are modest but positive for most
samples, demonstrating a controlled response to thermal expansion. For example, sample
S1 expands by 0.329 mm at its maximum, showing a stable and predictable expansion.
Under LMC, sample S1 again shows the largest expansion at 0.342 mm, reflecting a design
that can accommodate thermal stresses more uniformly. The minimum deflection values
are significantly improved compared to the baseline, with even the minimal expansions
and contractions remaining close to zero, suggesting that the improved design maintains
its dimensions better under varying temperatures.

Table 6. Improved design’s radial deflection analysis.

Deflection MMC/−40 °C Deflection MMC/120 °C Deflection LMC/−40 °C Deflection LMC/120 °C

∆ rmax [mm] ∆ rmin [mm] ∆ rmax [mm] ∆ rmin [mm] ∆ rmax [mm] ∆ rmin [mm] ∆ rmax [mm] ∆ rmin [mm]

S1 −0.053 −0.287 0.329 −0.05 −0.051 −0.272 0.342 −0.045

S2 −0.053 −0.205 0.303 0.016 −0.051 −0.199 0.3 0.02

S3 −0.055 −0.198 0.277 0.037 −0.053 −0.192 0.27 0.047

S4 −0.059 −0.198 0.257 0.035 −0.056 −0.192 0.251 0.043

S5 −0.06 −0.2 0.254 0.033 −0.057 −0.194 0.255 0.041

S6 −0.072 −0.273 0.251 −0.019 −0.068 −0.235 0.252 0.004

3.3. Torque Capacity

The torques obtained from the simulations are directly related to interference and
temperature, so for this analysis, several temperatures are considered, starting from −40 °C,
which is the coldest temperature at which the e-motor should operate, to 22 °C, which
represents an ambient temperature, to 90 °C, which represents an approximate operating
temperature between the water jacket and the stator defined by the simulation, and to
110 °C and 120 °C, which would be cases where the temperature is much higher than the
operating temperature, considered as extreme cases of high temperatures.
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Table 7 shows the torque with the baseline interference and tolerances, where at 120 °C
and because the material expands, the torques in LMC, nominal, and MMC are lower than
the rest of the cases, where the minimum value is 549 Nm and the maximum torque is
9032 Nm in MMC at −40 °C, a condition where there is the greatest amount of material
and with the cold the material tends to generate greater interference.

Table 7. Baseline design’s torque capacity.

Temperature Torque LMC [Nm] Torque Nominal [Nm] Torque MMC [Nm]

−40 °C 7648 8297 9032
22 °C 4828 5524 6283
90 °C 1596 2020 2455

110 °C 815 1337 1864
120 °C 549 1015 1533

Meanwhile, Table 8 analyzes the same temperature levels, but the values obtained are
higher. For the LMC at 120 °C, the torque is 842 Nm. If compared to the baseline, this is an
increase of 55.38%, and when analyzed in MMC at −40 °C the increase is 2.38%, with a final
torque obtained of 9247. The variation in these values lies in the increase in interference
and the reduction in the tolerances.

Table 8. Improved design’s torque capacity.

Temperature Torque LMC [Nm] Torque Nominal [Nm] Torque MMC [Nm]

−40 °C 8055 8657 9247
22 °C 5274 5883 6493
90 °C 1812 2305 2822

110 °C 1153 1600 2052
120 °C 842 1274 1618

The study shows that the improved design achieves higher torque capacities, particu-
larly at elevated temperatures, by effectively managing thermal expansion and contraction,
thus maintaining mechanical integrity and efficient thermal conduction. These findings
underscore the importance of precise design adjustments and material selection in devel-
oping PMSMs that can reliably operate under varying thermal conditions, making them
suitable for demanding applications such as electric vehicles and industrial automation.

3.4. Validation

To validate the design, a sample was tested in a dynamometer at an ambient tempera-
ture; the torque curve, represented by the blue line in Figure 10, shows a rapid increase
in torque from 0 to around 1000 RPM, stabilizing at approximately 650 Nm between 1000
and 5000 RPM. Beyond 5000 RPM, the torque decreases slightly, ending just above 450 Nm
at 6000 RPM. This indicates that the motor maintains a high and stable torque in the
mid-speed range but experiences a performance drop at higher speeds.

The current curve, depicted by the orange line, mirrors this pattern, with a rapid rise
to just above 400 Arms at around 1000 RPM. It then remains relatively stable, fluctuating
around 550 Arms up to 5000 RPM. The motor operates most efficiently between 1000 and
5000 RPM, where both torque and current are stable.

The torque found in the validation performance is similar in the simulated continuous
performance; the torque is around 650 Nm in both cases.
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Figure 10. Permanent magnet synchronous motor (PMSM) validation performance.

4. Conclusions

We would like to point out that increasing the interference in the shrink-fit increases
the torque capacity. Analyzing the stresses that occur in the material, these were slightly
less since the reduction of the press-fit was considered a good way to release tension and
reduce the torsional moments presented by the analyzed model.

The comparison of torque capacity data for the baseline and improved designs of the
permanent magnet synchronous motor (PMSM) reveals significant performance enhance-
ments in the improved design, particularly at elevated temperatures.

The minimum improvement occurs at −40 °C, where the torque capacity for the LMC
rises from 7648 Nm to 8055 Nm, a 5.3% increase, and for MMC, from 9032 Nm to 9247 Nm,
a 2.4% increase, indicating a modest improvement in cold conditions.

At 22 °C, the torque capacity of the improved design rises from 4828 Nm (LMC) to
5274 Nm (LMC) and from 6263 Nm (MMC) to 6473 Nm (MMC), demonstrating enhanced
performance at room temperature. At 90 °C, the improved design significantly increases
the torque capacity from 1576 Nm (LMC) to 1812 Nm (LMC) and from 2455 Nm (MMC)
to 2802 Nm (MMC), showing better thermal stability. At 110 °C, the improved design’s
torque capacity jumps from 815 Nm (LMC) to 1153 Nm (LMC) and from 1864 Nm (MMC)
to 2032 Nm (MMC), highlighting substantial improvements at high temperatures.

The maximum improvement is observed at 120 °C, where the torque capacity for the
least material condition (LMC) increases from 549 Nm to 842 Nm, a 55.4% increase, and for
the maximum material condition (MMC) from 1533 Nm to 1618 Nm, a 5.6% increase,
demonstrating its superior performance in extreme heat.

The improved design significantly enhances torque capacity across all temperatures
compared to the baseline design, with the most notable gains at higher temperatures.

Comparing the torque capacity calculated in the baseline and the improved design
with the validation performance shows a safety factor at all temperatures, which demon-
strates that our electric motor is capable of working between −40 °C and 120 °C in the LMC
and MMC without concerns.

However, challenges remain in optimizing material properties and cooling techniques
to further increase reliability and efficiency. Future studies should focus on exploring
alternative materials with higher temperature tolerances and improved magnetic properties.
Additionally, integrating advanced cooling systems such as phase-change materials or
enhanced liquid cooling solutions could address the thermal management challenges
inherent in high-performance motor applications.
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