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Abstract: Electric vehicles (EVs) are propelled by electric traction drive systems (ETDSs), which
consist of various components including an electric motor, power electronic converter, and gear
box. During manufacturing, end-of-line testing is the ultimate step for ensuring the quality and
performance of electric motors in electric vehicle (EV) traction drive systems (ETDSs). The outcome
of end-of-line testing of electric motors is significantly influenced by the tolerances of their structural
parameters, such as stator inner and outer diameters, magnet dimensions, air gaps, and other geomet-
ric parameters. The existing literature provides insights into parametric sensitivity, offering guidance
for enhancing the reliability of end-of-line testing. In this manuscript, the importance of end-of-line
testing and the role of manufacturing tolerances of e-motor structural parameters in the manufactur-
ing process of ETDSs are discussed. The impact of tolerances of e-motor structural parameters on
the test results, such as torque, efficiency, back EMF, and e-NV (noise and vibration), is investigated.
Finally, key challenges and research gaps in this area are identified, and recommendations for future
research to mitigate the drawbacks of end-of-line testing are provided.

Keywords: electric motor; electric vehicle; end-of-line testing; manufacturing; parametric sensitivity;
structural parameters; tolerance

1. Introduction

As EVs become the de-facto transportation method of the future, the competition for
market share among original equipment manufacturers has driven research and develop-
ment on the performance and reliability of these vehicles [1,2] in both the industry and
academia. At the heart of the electric traction drive systems, the electric motor responsible
for converting electrical energy into mechanical energy is one of the main interests of
this research topic [3]. The e-motor’s performance and durability impact the vehicle’s
drive cycle efficiency and the appeal of EVs. However, performance is not the only target.
To enable commercialization, it is necessary to ensure consistency in the performance of
electric motors. Significant research and development effort is also directed to minimizing
manufacturing tolerances and understanding the effect of production variations that cannot
be eliminated [4].

Manufacturing tolerance refers to the permissible variation from the specified dimen-
sion or parameter during the production process [5]. In the sequential e-motor manufac-
turing process, even minor variations can cause significant e-motor performance disparity.
These deviations can stem from the inherent complexities of manufacturing processes, vari-
ations in raw materials, and assembly intricacies. For instance, the procedures involved in
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producing laminated stator cores and rotor cores, such as sheet cutting, welding, stacking,
stamping, thermal shrinking, and contacting, may introduce flaws in the inner and outer
diameters of the stator, as well as in the stator teeth and magnetic properties of the stator
core [6,7]. Additionally, the magnetization process and the rotor assembly play a role in
introducing deviations in the dimensions of the rotor magnets [8].

This is a significant issue for the automotive system. On the one hand, certain variance
is inherent to any manufacturing process and eliminating this comes at a prohibitive cost.
On the other hand, ensuring manufacturing consistency is required to ensure that the
consumers’ vehicles deliver on the advertised range and performance, do not exhibit
spurious noise and vibration, are fault free, and ultimately work.

Widening manufacturing tolerance translates to using cheaper equipment and pro-
cesses. It can significantly reduce production costs for the automotive industry, a consumer-
focused sector notorious for its price sensitivity. But wider tolerances are only feasible
if additional steps are incorporated to ensure the final product meets the specifications.
Figure 1 visualizes these causes and effects of manufacturing tolerance limits.
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Figure 1. Causes and effects of manufacturing tolerance.

End-of-line (EOL) testing bridges the gap between a cost-effective manufacturing
process and delivering a safe, standard-compliant, and operational vehicle. The EOL
testing process is conducted at the endmost stage of the manufacturing process and is
crucial to ensure the quality and functionality of electric motors before they are put into
the vehicle [9]. According to the analysis of the key production phases of the e-motor’s
manufacturing and assembly process conducted in [10], the EOL test is one of the most
significant processes for ensuring a high-quality product. EOL testing involves subjecting
the motor to a series of quick, rigorous assessments to validate its performance under
various conditions. These tests include, but are not limited to, a cogging torque test, rotor
eccentricity test, noise and vibration test, and regenerative test [11]. Cogging torque, being
one of the key performance indicators in traction electric machines, is highly sensitive to
the manufacturing tolerances during mass production of the machine and can be caused
due to changes in multiple parameters such as magnet dimensions, magnet positions, rotor
positioning errors, the stator tooth width, the air-gap length, the stator inner diameter, and
the rotor outer diameter [12-16].

While it is necessary to identify subpar motors in the presence of manufacturing
tolerances, EOL testing is often accompanied by its own costs stemming from the equip-
ment, time, and human resources required [17]. Although EOL testing is a cost-effective
solution for quality assurance, it still contributes significantly to the overall manufactur-
ing cost of EVs. As EV adoption becomes the norm, the cost of EOL testing needs to be
brought down in order to bring the whole manufacturing cost of EVs down. The stringent
motor performance, consistency requirements, and the cost of EOL testing present a chal-
lenge of enormous economic importance: “How can we manage manufacturing tolerances
to reduce the dependency on and cost of EOL testing without prohibitively increasing
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accuracy-related costs?” This paper delves into the intricate relationship between the man-
ufacturing tolerance of stator and rotor parameters and the performance of electric motors
in the context of electric vehicles. By examining the existing literature and synthesizing the
insights garnered, this study seeks to shed light on strategies that can potentially reduce
the need for extensive EOL testing, contributing to the overall cost-effective optimization
of electric motor manufacturing. This study is focused on interior-mounted permanent
magnet synchronous machines (IPMSMs) as they are the most preferred type of e-motor
for traction applications in EVs [18].

This manuscript starts with a brief discussion on manufacturing tolerance and the
manufacturing process of an e-machine. In Section 3, the necessity and drawbacks of EOL
testing, which stem from manufacturing imperfections, are discussed. Later, this paper
delves into a parametric analysis and the effects of the manufacturing tolerance of the
parameters due to the mass production process on EOL testing. Following the parametric
discussion, the suitability of different approaches to mitigate the drawbacks of EOL testing
is discussed.

2. Manufacturing Process of an E-Motor

An overview of the manufacturing process of an e-motor is represented in Figure 2.
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Figure 2. Manufacturing process of a PMSM.

In Figure 2, the grey-colored boxes are the key components of the e-motor [11]. Each
of the processes in the white-colored boxes contribute to manufacturing imperfections in
several structural parameters including the air gap, inner and outer diameters of the stator,
and position and volume of rotor magnets, as well as rotor eccentricity.

3. Necessity and Drawbacks of EOL Testing Methods
3.1. Necessity

The manufacturing tolerance of various electric motor parameters impacts not only
the overall performance and quality of e-motors but also whether or not the machines can
operate at all. In extreme cases, manufacturing variations can lead to faults that render
these machines unsuitable for commercial deployment. EOL tests can identify such faults
and inform subsequent action.
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EOL tests comprise a cluster of quality control activities that take place after assembly,
with different OEMs presumably conducting different tests, although specific data are not
available. EOL tests at present can be primarily categorized into passive, active, and static
assessments [11]:

e Active tests involve operating the e-motors in various modes, encompassing both
monitored and unmonitored conditions, including parameters like current, voltage,
torque, and winding temperature.

e  Passive tests entail connecting the electric motor to an external motor and operating it
as a generator. The same parameters as those in active tests can be examined during
passive tests.

e  Static tests involve disconnecting the motor from the power supply or an external
motor to evaluate its static characteristics.

The results of these tests are often pass or fail. This actionable label determines whether
the machine will continue to commercial deployment or be discarded. The key EOL tests
and the processes contributing to the faults detected in these tests are illustrated in Table 1.

Table 1. EOL tests and associated manufacturing processes.

Manufacturing Noise and Cogging Running DC Suree Test Rotor
Process Vibration Test Torque Test Temperature Test Hipot Test & Eccentricity Test
Lamination Vv v v
Insulation v Vv
Winding v v v v v v
Contacting v
Impregnation Vv v Vv
Bearing Vv Vv
Shaft v v
Assembly Vv v

These tests determine whether the manufacturing processes have been executed
satisfactorily. The manufacturing imperfections in an e-motor can only be diagnosed at the
end of the assembly line after the completion of the production steps [11].

3.2. Drawbacks

EOL testing and the correction of identified faults are notably time-intensive tasks.
In most cases, the defective product is discarded, resulting in the wastage of materials,
energy, and human work hours. Overall, significantly expensive EOL testing equipment
and other resources are repeatedly needed to identify, not even repair, the e-motor. All these
disadvantages of conventional end-of-line (EOL) testing approaches highlight the critical
need for enhanced production processes that enable early fault detection and minimize
overall EOL testing costs. A key priority is to pinpoint the critical parameters where
investing in improved measurement accuracy, despite higher costs, can yield savings by
preventing excessive EOL testing expenditures. By strategically allocating resources to
control the most influential parameters through precision manufacturing and in-process
monitoring, manufacturers can considerably reduce the burden on EOL testing while
maintaining product quality and reliability.

4. Tolerances of Key E-Motor Parameters

The successful operation and performance of e-motors rely on a variety of e-motor
parameters, including both electrical and geometric characteristics. The tolerance of some
parameters, which are addressed in this manuscript as “key parameters” or “critical pa-
rameters”, affects the performance of an e-machine more than the others do. The tolerance
limits of these parameters can be set depending on the application of the e-machine. For ex-
ample, for a Formula E electric racing car, which produces a lot of torque, the manufacturer
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might not need to focus on a parameter whose tolerance reduces the torque a little. On the
other hand, for a premium sedan like Lucid Air or Tesla Model Y, the manufacturer should
focus on imposing a tight tolerance on the parameter which affects cogging torque the
most, as higher cogging torque translates to higher noise and vibration [13]. This section
provides an overview of the key e-motor geometric parameters relevant to the testing and
operation of e-motors.

4.1. Air Gap

From the studies conducted in [19-22], the air gap is the most crucial geometric
parameter in e-motors, representing the physical separation between the rotor and the
stator. It influences the magnetic flux linkage and the overall electromagnetic performance
of the e-motor. The torque developed T, by a three-phase e-motor is defined by [23]

3P . ..

Here, P is the number of poles, A, is the permanent magnet flux linkage, and i,
and i, are the direct and quadrature axes’ currents, respectively. Inductances (Ly, L,) are
determined from the dimensions of the device, the length of the air gap, and the number of

turns as ’
T pn
L=— @)

where ¥ is the reluctance and Ty, is the number of turns. The relationship between the
reluctances in the direct axis and quadrature axis is established as follows [23]:

Ry g+l

Here, I, is the air gap, I is the thickness of the magnet, and R; and R, are the
reluctances of the direct axis flux path and quadrature flux path, respectively.

For an e-motor where the air gap is uneven due to the rotor’s design, changes in the air
gap by as little as 0.1 mm can affect the e-motor’s shaft torque and torque ripple by as much
as 1.12% and 56.27%, respectively [24]. A larger air-gap tolerance may lead to reduced
power density, lower torque output, and increased magnetic reluctance. Conversely, a
smaller air-gap tolerance may increase the risk of mechanical interference, vibration, and
magnetic saturation. The sensitivity of the air gap increases as the speed rises, as this
parameter affects the flux weakening capabilities [25].

4.2. Stator Inner Diameter

The stator inner diameter is another important geometric parameter that directly
affects the electrical and mechanical characteristics of an e-motor. It determines the slot
dimensions and stator winding volume, which play a significant role in the motor’s cogging
torque, torque ripple, and thermal management [26-29]. Deviations in the stator inner
diameter from its nominal value directly translate into variations in the air gap length
between the stator and rotor as well [30,31]. Tolerances in the stator inner diameter impact
the back EMF as well [26,27]. Larger tolerances may introduce variations in electrical pa-
rameters, such as back EMF and inductance, affecting the e-motor’s performance. Excessive
deviations in the stator inner diameter can also potentially lead to rotor-stator interference,
increased friction losses, and mechanical stresses, compromising the e-motor’s integrity
and lifespan [32]. Tighter tolerances help ensure consistent electrical characteristics and
reduce manufacturing variations.

4.3. Rotor Magnet Parameters

The parameters associated with the rotor magnets, such as magnet thickness, magnet
width, magnet placement, and magnetization strength, are critical factors that influence the
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overall magnetic field and torque production in e-motors [33-36]. The flux produced by the
rotor magnet is directly proportional to its volume. Tolerances in rotor magnet thickness
can cause the e-motor to have additional cogging torque harmonic components [36]. The
study conducted in [37] shows that among five e-motors, the highest rated torque was
produced by the e-motor with an interior W-shape PM rotor, with the largest magnet
volume and largest magnet surface. Conversely, the e-motor with the smallest magnet
surface to generate active magnetic flux produced the lowest torque. Moreover, variations
in magnet dimensions from tolerances affect the mechanical integrity and strength of the
rotor structure, limiting the maximum safe operating speed [38].

4.4. Rotor Eccentricity

Rotor eccentricity is a prevalent issue in PMSM, primarily resulting from errors during
manufacturing or installation and wear in the bearings. Rotor eccentricity can also arise
due to manufacturing imperfections such as distorted or oval-shaped stator cores, bent or
misaligned rotor shafts, bearing misalignments or defects, and an uneven air gap length
around the circumference [15]. Depending on the alignment of the stator axis, rotor axis,
and rotating axis, rotor eccentricity can be categorized into two forms: static eccentricity (SE)
and Dynamic Eccentricity (DE). SE happens when the rotor axis aligns with the rotating axis
but deviates from the stator axis. DE happens when the stator axis aligns with the rotating
axis but deviates from the rotor axis. Figure 3 illustrates the schematic representation of SE
and DE. E; and ¢, represent the length of eccentricity for SE and DE, respectively [39].

Stator

Rotor

Figure 3. Schematic plot of rotor eccentricity: SE (left), DE (right).

Eccentricity in the rotor alters the radial electromagnetic force on the inner surface
of the stator, leading to significant changes in vibroacoustic performance. This is because
electromagnetic vibration and noise (e-NV) are highly influenced by the spatial character-
istics of the force [39,40]. Rotor eccentricity can also cause several negative effects on the
other output features of an electric motor. This includes introducing variations in air gap
flux density, potentially leading to rotor—stator rubbing and mechanical failures, especially
when the eccentricity levels are high [15,41].

4.5. Sensitivity Analysis to Identify Critical Parameters
4.5.1. Methodology

The authors of this manuscript conducted a comprehensive sensitivity analysis of all
the structural parameters of an IPMSM to identify the most critical structural parameters
of the e-motor. The study was conducted on an 8-pole, 48-slot IPMSM and the FEA
method was used to calculate the electro-magnetic performance of the e-motor for varying
geometric parameters. All the structural parameters subject to manufacturing tolerance
were varied one parameter at a time to study the impact of each parameter’s tolerance. The
e-motor had a single layer of V-shaped magnets. The parametric sweep was performed
within the tolerance limits of each parameter. The inner and outer diameters of the stator
were adjusted to be within a 0.5% deviation from the original design. The slot opening
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and air gap underwent variations within a range of 20%. The impact of changes in rotor
parameters was investigated with adjustments limited to 10% of their initial dimensions.
The step sizes were 10% of the deviation range. The influence of the parametric deviation
was evaluated based on output torque, back EMF, torque ripple, and cogging torque. Data
from each run of sensitivity analysis were compiled together and the deviation values were
converted to percentages to understand the impact of the tolerance range on the change in
output characteristics of the e-motor in terms of back EMF, torque ripple, output torque,
and cogging torque.

4.5.2. Results

Table 2 shows the summary of the sensitivity analysis with six critical parameters
identified from the parametric study. It was found that the air gap is the most critical
parameter with the most significant influence on the output characteristics of the motor. It
was also found that the shaft diameter, within the tolerance limit, has no influence on the
output characteristics at all.

Table 2. Summary of sensitivity analysis with identified critical parameters.

Nominal Range of Change in Change in Change in Change in
Parameters Value (mm) Deviation Back EMF Torque Ripple Shaft Torque Cogging
(%) (%) (%) (%) Torque (%)
Stator outer diameter 200 0.5 0 521 1.85 0.002
Stator inner diameter 142.6 0.42 4.61 11.84 1.51 30.505
Slot opening 24 16.67 0.26 1.02 0.39 3.02
Air gap 0.55 18.18 0.064 0.45 0.03 19.65
Rotor magnet thickness 5.8 6.9 0.58 1.65 14 1.04
Rotor magnet bar width 14.7 3.4 2.81 1.58 29 10.63

5. Solutions to Mitigate the Drawbacks of EOL Testing
5.1. In-Process Monitoring during Manufacturing Processes

Monitoring the manufacturing processes of e-motors has the potential to systematically
identify and trace the source of emerging faults or anomalies. This approach facilitates the
maintenance of a consistent quality of the components and enables the optimization of the
manufacturing process [42]. In [43], the authors developed a quality inspection process
for e-motor parts using image processing methods that can be applied at the lamination
(stamping) step for fault detection. In-process monitoring can also be implemented at the
contacting and magnet assembly stages. The authors in [44] showcased ML’s potential
in e-motor production through two specific applications. For contact technologies like
thermo and ultrasonic crimping, ML algorithms are applied for predictive maintenance,
quality management, and process control. In the context of selective magnet assembly, a
proposed ML-based concept forecasts cogging torque by examining magnet properties and
process parameters.

5.2. Designing Tolerance-Insensitive E-Motor Components

The tolerance-insensitive design of permanent magnet motors aims to minimize the
impact of manufacturing variations on motor performance, particularly cogging torque.
Hybrid response surface methods combining analytical models and finite element analysis
can optimize the design while accounting for manufacturing tolerances. Monte Carlo simu-
lations validate the robustness of the optimized tolerance-insensitive design [4]. In [45],
a tolerance-insensitive design process for the shape of the rotor magnet is proposed. The
study focuses on the design process of surface-mounted PM motors and investigated the
tolerance sensitivity of cycloid and eccentric curves in motor applications. A parameter,
dq (an indicator that dictates the shape of a rotor), was introduced to compare their per-
formance under identical conditions. Tolerance effects were assessed using the tolerance
insensitivity rate (TIR), and the robustness of the curves was analyzed at different 5q values.
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The study included applying these curves to reference and tolerance models. Experi-
mental verification was conducted by fabricating and testing motors, with finite element
analysis (FEA) confirming that the results aligned with rotor tolerances. The study con-
cluded that, particularly at higher 5q values, the cycloid curve demonstrated greater ro-
bustness to tolerances compared to the eccentric curve, as observed in the reduced cogging
torque, a crucial factor for improving noise and vibration harshness (NVH) characteristics
in the electric power steering (EPS) system.

Figure 4 visualizes a typical case of manufacturing tolerance. This research investigates
motor traits using the curtate epitrochoid (CET) and prolate epitrochoid (PET). A CET
is formed when the fixed-point tracing trajectories on the rolling circle are positioned
within the rolling circle. Conversely, PET curves are generated when the fixed point is
situated outside the rolling circle. With this approach, the cogging torque of the prototype
was reduced to 72% [45]. Future research work can be pursued to develop tolerance-
insensitive components for interior PM motors. By employing tolerance sensitivity studies,
robust design optimization, magnet shaping techniques, and systematic tolerance analysis,
tolerance-insensitive components can be developed that maintain their performance despite
manufacturing variations [4,45,46].

Nominal Value: 4 mm
Tolerance value: 4.1 mm

<7

Figure 4. Fabrication tolerance for the width of slot opening.

5.3. Prioritizing the Monitoring of Critical Parameters

Nearly all the structural parameters of an e-motor are subject to manufacturing toler-
ances. However, not all parameters equally affect the output characteristics of the e-motor.
A few parameters, such as stator inner and outer diameters, magnet thickness, slot open-
ing, and air gap (as supported by the sensitivity analysis results discussed in Section 4.5),
contribute to the e-motor’s performance more than the others do. The authors of this
manuscript suggest that the critical parameters of a particular e-motor model can be identi-
fied. During the production process, precedence can be given to monitoring the accuracy
of these parameters to narrow down the quality control steps. This approach can optimize
component-level quality assurance.

5.4. Automated Inspection Techniques

Industry 4.0 (I4.0) brings forth a range of technologies with significant potential to
optimize the production process of electric motors. With advances in artificial intelligence
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(AI), machine learning (ML), and other data-driven approaches of Industry 4.0, we foresee
the development of automated inspection systems capable of instantly spotting geometric
inconsistencies [47,48]. As proposed in [47,49,50], sensors like camera and beam parameters
and machine learning techniques like K-means clustering, decision tree, convolutional
neural networks (CNNs), and conventional image processing can be implemented to
inspect the components during manufacturing before their entry onto the assembly line.
Once components’ quality is ensured, the required EOL testing efforts and associated
costs will be reduced. As a result, the efficiency of the manufacturing process is enhanced,
leading to a reduced cost of production.

5.5. Materials and Fabrication

To reduce the impact of manufacturing tolerances on e-motor components, several
strategies can be employed related to materials selection and fabrication processes. Selecting
permanent magnets with tight tolerances on remanence and intrinsic coercivity to control
deviations in magnetization and magnetic field strength is suggested [26,51]. Additionally,
the adoption of new materials and advanced manufacturing methods, such as 3D printing,
could result in e-motors that are naturally more uniform and precise. In other words,
using these innovative materials and techniques may contribute to the creation of e-motors
with improved consistency and accuracy in their performance. The costs associated with
3D printing and conventional manufacturing processes can be compared, and the best
production process can be validated.

5.6. Holistic Design

Future research efforts could involve a comprehensive design approach for e-motors.
In this approach, the design process would consider a wide range of possible geometric
irregularities or inconsistencies, considering the full spectrum of potential variations. The
comprehensive tolerance analysis approach may involve modeling the assembly and captur-
ing tolerance relationships between components, performing statistical tolerance analysis to
understand how individual part tolerances stack up and propagate through the assembly,
allocating optimal tolerances to components based on their sensitivity to performance
metrics like torque ripple, vibrations, losses, etc., and incorporating tolerance synthesis
methods like Taguchi’s robust design to minimize sensitivity to variations [46]. As demon-
strated in [52], using numerical simulations coupled with multi-objective optimization
can help identify optimal designs and manufacturing processes that balance performance,
quality, and cost requirements while accounting for tolerance impacts holistically. Essen-
tially, a more thorough and inclusive design strategy can be developed that anticipates and
addresses various geometric factors for enhanced performance and reliability in electric
motor systems.

6. Conclusions

It is one of the main requirements that the performance of EVs is consistent, as de-
signed and as advertised. One way to ensure consistency is maintaining a high level of
precision and tighter manufacturing tolerance while manufacturing the components of
e-motors. However, with the current manufacturing processes, manufacturing tolerance
is inevitable in the case of mass production. This brings us to EOL testing for quality
assurance, which is also a substantially expensive step in manufacturing e-motors. The
precision and dependability of EOL testing outcomes are largely impacted by the tolerances
associated with various e-motor parameters, including stator inner and outer diameters,
rotor positions, and air gap. Procedures such as sheet cutting, welding, stacking, stamp-
ing, thermal shrinking, and contacting executed to manufactured laminated stator cores
and rotor cores introduce these tolerances in e-motors. This review paper discusses the
crucial role of manufacturing tolerances of structural e-motor parameters on the e-motor’s
performance and the significance of EOL testing for quality assurance. It explores the
effects of tolerance limits on various e-motor parameters, such as torque, efficiency, back
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EMF, and e-NV. The paper also identifies key challenges and research gaps in this domain,
offering recommendations for future research to address the limitations of EOL testing. The
suitability of different approaches, namely, in-process monitoring, tolerance-insensitive
design, prioritizing critical parameters, automated inspection techniques, updated fabrica-
tion process, and holistic designs, are discussed to mitigate the drawbacks of EOL testing.
The overarching goal is to provide a comprehensive understanding of how manufacturing
tolerances in structural e-motor parameters influence the EOL testing of electric motors
and to provide guidance for future research on developing a broadscale, cost-effective
manufacturing process.
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