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Abstract

To develop and validate the testing of electric axle systems, a strong testing methodology optimally balances
CAE and actual testing. CAE provides a cost- and time-efficient tool for evaluating design parameters in the
hands of a manufacturer who is optimizing structures, predicting which likely failure model to use, and
improving the overall performance of the system. CAE simulations use sophisticated computational models
such as finite element analysis (FEA) and multi-body dynamics (MBD) to assess not only the structural
integrity but also the thermal management and efficiency of a system without the need for any physical
prototypes.

Nevertheless, due to the fact that real-world accuracy and reliability cannot be guaranteed without physical
testing, progression in CAE does not imply the end of physical validation. Material inconsistency, variation of
an environment from that assumed, and unforeseen mechanical interactions are extremely potent
differentiating factors. Physical testing applies engineering commentary on CAE predictions, pinpoints
unforeseen issues, and feeds back into design to enhance durability and safety. However, physical testing
could prove to be expensive and time- consuming, outlaying consumable materials for testing; besides, it is
also energetically expensive.

In the present article, we will consider the compromise between the two methodologies and weigh their
advantages and disadvantages. While CAE offers methods to save cost and reduce waste, physical tests
guarantee the verification of realistic operating conditions. A complementary method integrating the
combination of CAE and physical testing will maximize the electric axle validation by exploiting the CAE
capabilities for predictive purposes, while being confirmed with real-world feasibility through concentrated
experimental corroboration. This hybrid approach results in better efficiency, shorter time for development
cycles, and goes a long way to promoting sustainability in the automotive industry. Implementation of a mildly
balanced framework for validation assures manufacturers of high-performing, durable, and environmentally
friendly electric axle systems.
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Electric axle validation, computer-aided engineering (CAE), physical testing, finite element analysis (FEA),
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Introduction

Electric axle systems development and validation for various vehicles including electric wheelchairs,
locomotives, and tramcars require comprehensively implemented testing strategies such as computer-aided
simulations and physical testing. CAE simulation has turned itself into an indispensable tool at present day
engineering; that it allows manufacturers to study possible hosts of design parameters, structural integrity and
performance efficiency - all before creating prototype products - using computer-aided engineering (Catlow,
2013). These types of simulations include finite element analysis (FEA), multi-body dynamics (MBD), and
computational fluid dynamics (CFD), which are employed to identify critical parameters such as load
distribution, heat flow, and mechanical stress happening under different operating conditions (Huang & Huang,
2018). By doing so it has led to the development of cost-effective systems to be used early during the initiation
and optimization process by greatly reducing reliance on extensive physical prototyping during the design
process and the time-to-market.

As computer-aided engineering has these advantages, it does not neglect physical testing. With such simulated
models, it calls for yet another test on real-world machines and testing their performance. A machine that
theoretically predicts results by means of a mathematical formulation faces reality in another light with real-life
application (Catlow, 2013). Among them, material differences and tolerances in manufacturing, conditions
under which the components work that is, for example, temperature changes, vibrations, and humidity, can all
contribute to different performances of an electric axle system (Huang & Huang, 2018). Physical test types
such as ingress tests, vibration tests, or load endurance tests help to certify that the axle system meets safety
and reliability regulations besides regulatory safe standards. In addition, physical validation enables engineers
to identify unexpected points of failure and to fine-tune their simulation models so that future predictions can
be made more surefooted and accurate in the design process.

A well-balanced approach that combines the strategic way of CAE simulations and physical tests is then the
most suitable method for optimising the validation of electric axle systems. A hybrid validation framework
utilizes the predictive output from the simulation to facilitate rapid iteration of the primary steps of design, but
also supports the eventual verification and real-world validation through physical testing (Huang & Huang,
2018). The ultimate goal here is to prevent very much unnecessary physical prototype creation, which slides
down cost and environmental impact while still ensuring that the simulation results are reflective of real-world
performance. Iterations in CAE modelling and through physical testing allow the development of high-
performance, durable, and energy-efficient electric axle portfolios that meet industry standards and
sustainability goals (Catlow, 2013). Thus, integrating the methodologies closes the loophole for efficient and
reliable validation.

o Theoretical Background

Electric axle systems are complex mechatronic systems that involve the integration of electrical, mechanical,
and control components. The design and development of these systems require a thorough understanding
of the underlying principles, including vehicle dynamics, control strategies, and system identification. Several
researchers have explored the modeling and simulation of electric axle systems, with a focus on parameters
such as center of gravity, moment of inertia, and electric constants. (Chen et al., 2008) These parameters are
crucial for the accurate representation of the system's behavior in computer-aided simulations. (Barbera et al.,
2014; Park et al., 2013). Accurate characterization and modeling of specific material properties, such as
stiffness, damping, and thermal behavior, as well as the mapping of component and system-level

characteristics, play a crucial role in computer-aided simulation. These detailed representations enable the
analysis of system behavior under a wide range of operating conditions, including worst-case scenarios, to
ensure the reliability and safety of the electric axle design. Capturing these nuances in the simulation model

© 2022, [JSREM | www.ijsrem.com DOI: 10.55041/IJSREM16429 | Page 2


http://www.ijsrem.com/

&g’ sy

JSREM

I
%"‘ International Journal of Scientific Research in Engineering and Management (IJSREM)
RS2~ Volume: 06 Issue: 09 | Sept - 2022 SJIF Rating: 7.185 ISSN: 2582-3930

allows for a more comprehensive evaluation of the system's performance, robustness, and potential failure
modes, ultimately contributing to the development of a robust and reliable electric axle system.

While computer-aided simulation has proven valuable in modeling and analyzing electric axle systems, there
are limitations to this approach that must be considered. Simulation models, no matter how detailed, rely on

simplifying assumptions and approximations that may not fully capture the complex real-world behavior of

these systems. Factors such as environmental conditions, manufacturing tolerances, and unforeseen

interactions between components can introduce discrepancies between simulated and actual performance. (Park
et al., 2013) (Barbera et al., 2014) Physical testing, on the other hand, provides a more comprehensive
assessment of the system's behavior under real-world conditions, allowing for the validation of simulation
models and the identification of potential failure modes or performance issues that may not be evident in the
virtual environment. (Chen et al., 2008) The integration of both simulation and physical testing methodologies is
crucial for the development of robust and reliable electric axle systems, as each approach provides unique
insights and complementary information to inform the design and validation process.

° Methodology

There is a hybrid method combining CAE with physical testing that will help achieve a balanced approach to
testing and validation. This would provide efficient and dependable results feasible for correlation with the
actual performance of electric axle systems. Moreover, this aids in the evaluation of the differences between
simulation and experimental results, thus allowing one to modify simulation models as well as test setups for a
better resource-to-refined result ratio. Insights from simulation-driven studies, coupled with empirical

validation, improve design and development cost efficiency while providing reliability and safety of electric
axle systems.
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Electric Axle Test and Validation Plan

The structured test and validation plan of an electric axle system consists of different phase CAE simulations
and physical tests run iteratively. Below is an example of a complete approach on electric axles validation:

Step 1: Initial Design and Computer-Aided Simulation

The first step in evolving the electric beam axle is the exhaustive validation process through computer aided
engineering (CAE). This guarantees that the design meets stringent mechanical, thermal, and dynamic
performance standards. The axle is optimized before physical prototyping by using state of-the-art
computational techniques such as finite element analysis (FEA), multi- body dynamics (MBD), and
computational fluid dynamics (CFD) to evaluate and improve structural integrity, thermal efficiency, and
overall dynamic behavior.

1. Load-Bearing Capacity

Simulations evaluate the electric beam axle under axle and radial loads in different driving scenarios to assess
operational performance to transfer torque. Such evaluation includes simulated:

° Real-life load scenarios, such as acceleration, braking, and cornering, to represent actual vehicle
conditions.
° Material deformation analysis to ensure that the axle maintains its mechanical integrity, even under

significant stress.

° Load path optimization for better torque distribution and durability of axle components.

2. Structural Durability

They are evaluated based on long-term reliability by detailed stress and fatigue analyses. These analyses help
identify possible failure points and guide in selecting materials. Specific measures include:

° Fatigue life estimation through the means of cyclic load testing wherein predictions can be made on an
axle's lifespan while operating under continuous use.

. Topology Optimization-the optimized re-distribution of materials such that it would reduce weight but
maintain strength.

. Comparative evaluation of high-strength steels and light-weight composites for durability- efficiency
optimization.

3. Thermal Performance

The efficient thermal management is always necessary to ensure optimal functioning and avoid heat-related
failure of components. In this regard, CFD simulations are utilized to examine:

° Heat dissipation efficiency across the motor and gearbox due to continuous operation;

° Cooling techniques covering both passive methods like fins and heat sinks and active systems
like liquid cooling systems;

° Thermal properties of materials employed to ensure good heat conduction to avoid
overheating and performance degradation.
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4. Noise, Vibration, and Harshness (NVH) Analysis

Noise, vibration, and harshness (NVH) have a significant role in improving passenger comfort and maximizing
component life. The issues those studies focus on include:

° Determining primary sources of noises produced by gear interactions, motor harmonics, and bearing
movements.
° Modal analysis to figure out the resonance frequencies for redesign so that unnecessary vibrations

are lessened.

° Testing damping materials, adding sound-absorbing materials, and adding isolators to restrain the
propagation of sound emission.

Incorporating these results in modeling into a simulation-based design process allows engineers to improve
performance of the electric beam axle while significantly reducing the number of expensive design iterations.
All of this added systematic approach would effectively foster improved reliability, efficiency, and
performance of the vehicle, with a final leap to the physical simulation test.

Step 2: Prototype Development and Physical Testing

The validation of the electric beam axle through CAE simulation is now followed by engineering prototype
development and physical validation. This is the stage where actual performance is compared to theoretical
performance predictions. The prototype is subjected to intense controlled laboratory experiments and finally
taken to the application site for testing.

1. Load Endurance Testing

The first prototype electric axle is really doing well in manipulating it into a lot of extreme load conditions.
Outstanding test services apply here:

. It simulates high torque and variable-speed conditions and mimics the requirement of acceleration,
deceleration, and continuous operation.

° It is a fatigue test for dynamic loading, where the elastic cyclesshown in the sample will replicate
long-term static weight effects on periods over which an end state undergoesevolution.

° Dynamic shock, withstanding certain applications of force arising from these external events such as
potholes and sudden decelerations or emergency braking operations.

2. Thermal Cycling and Efficiency Testing

In discussing the electric axle's thermal performance, test controlled ranging from environmental conditions to
be key factors are observed:

° Thermal cycling for long hours, cycling the axle within stated ambient temperature limits to assess in
full material expansion and contraction and temperature dissipation efficiency.

. Energy efficiency evaluation, which assesses thermal losses and cooling system
performance in keeping operational temperatures down.

° Recording thermal activity using real imaging and sensor-based monitoring gives accurate data on the
behavior of heat in the motor and gearbox parts.
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3 Noise, Vibration, and Harshness (NVH) Testing.

NVH analyses are of utmost importance when it comes to ride comfort and assessing possible mechanical
integrity. This test procedure consists of:

° Using accelerometers and microphones to capture vibration and noise emissions under different
operating conditions.

. Frequency analysis to find unwanted sources of noise, namely gear whine, bearing noise, and electric
motor harmonics.

° Implementation of damping solutions through various insulation and sound-absorbing materials to
disperse unreasonable vibrations and noise.

4. Road Testing and Field Validation

After going through laboratory tests, the prototype is field-tested on a test vehicle for real-world performance
evaluations that include the assessment of: operational efficiency across terrain types, including urban roads,
highways, and off-road conditions, to evaluate drivability and handling; application load performance tests to
assess the axle efficiency in the application area of electric vehicles, such as electric wheelchairs, tramcars,
and locomotives; and long-term reliability monitoring, when extensive road trials are undertaken in order to
obtain data on wear patterns, thermal behavior, and overall system efficiency. Bringing together laboratory
verification and field testing, engineers are able to then further refine the electric beam axle design to achieve
higher levels of performance, efficiency, and reliability. Lessons learned from these prototype tests are then
fed back into final design optimization prior to mass production, thus ensuring that the axle will adequately be
able to satisfy both industry and regulatory standards.

Step 3: Data Correlation and Model refinement

After the physical testing is done, data correlation becomes the next step to validate and refine the simulation
models. Engineers compare the results from the actual experiments with the CAE simulations to find the
places where the experimental results do not match the simulations and to fine-tune some modeling
assumptions. This process of iterations enhances the accuracy of virtual simulations and, as a result, the design
of the electric beam axle becomes very reliable. The main areas where improvements might have happened

are:
1. Structural Performance Adjustments
° Where measured stress values exceed those predicted, changes to the specifications of material

properties or the load conditions in the simulation must be made.

. Improving finite element mesh to better characterize local stress distribution.

° Transients and Dynamics-real-world load variation ought to be explicitly represented within the
operational setup.

2. Calibration of Thermal Models

° If detected discrepancies occur in thermal performance, then boundary conditions and heat dissipation
parameters must be recalibrated.

. Checking that cooling schemes have been validated and that heat dissipation strategies behave as
intended.
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° Transient thermal assessment should be integrated to enhance real-life thermal detuning.

3. Enhancements in NVH Models

° Damping coefficients and material properties should be adjusted in case any surprising heart sounds
or vibrations encountered during physical testing.

° Refining multi-body dynamics models for better resolution of gear interactions, motor harmonics,
and resonance effects.

° Testing and implementing alternate damping substances that would reduce noise whilst still
sufficiently maintaining structural integrity.

This data-driven approach to model improvements will ensure that the electric beam axle performs optimally
across the whole range of operational domains. Thus, improved simulation fidelity assists engineers in
minimizing extensive buildup on prototypes, reducing development costs, and accelerating time to market
while guaranteeing robust and reliable performance in the field.

Step 4: Final Validation and Optimization

After the CAE models are fine-tuned to match physical test results, a combination of simulations and physical
testing are then performed for optimization purposes. This is to ensure the electric axle meets safety,
durability, and regulation standards before full-scale production. The final validation operates in the following
critical areas:

1) Final CAE Simulations-Refined simulation models are run again with updated parameters from
previous testing stages to attain consistent performance predictions.

2) Physical Endurance Testing-The electric axles will be tested for extended periods to assess their long-
term durability under real-life conditions.

3) Certification and Compliance-The validated axle is then put through safety, efficiency and
environment tests as per industry standards so as to ascertain that it meets all regulatory requirements.

4) Production Readiness Assessment-The final validated design will be evaluated for manufacturability
so that that efficient mass production could occur with minimal wastage of materials and costs.

This structured hybrid approach therefore ensures that electric axle designs could be beneficially developed
and reliably applied, while the CAE simulation-experimental testing integration streamlines product
development through eliminating prototyping wastage and confirming robustness, efficiency, and standards
compliance of electric axle systems.

° Simulation Approach

Development of a detailed comprehensive computer-aided engineering (CAE) model of the electric axle
system is the first step in the methodology proposed here. The detailing of all the characteristics of system
components, namely, electric motor, gearbox, suspension, braking systems, and thermal management
system, should be ensured in this model. A suitable simulation framework gives an opportunity for engineers
to assess the behavior of the electric axle under a wider range of operating conditions for its efficiency,
durability, and safety optimization, thereby increasing its effectiveness. The simulation model sets up the
kinematic, dynamic, thermal, and control aspects of the electric axle so that it will perform in reality as
designed well before the design stage enters prototyping (Chen et al., 2008; Zhao et al., 2014; Spiryagin et al.,
2015; Barbera et al., 2014).

© 2022, [JSREM | www.ijsrem.com DOI: 10.55041/IJSREM16429 | Page 7


http://www.ijsrem.com/

27 N3y
"%JSREM%Q

e-Journal

International Journal of Scientific Research in Engineering and Management (IJSREM)
RS2~ Volume: 06 Issue: 09 | Sept - 2022 SJIF Rating: 7.185 ISSN: 2582-3930

The simulation approach can be divided into the following stages (Spiryagin et al., 2015):

1) Geometric and Structural Modeling: This stage involves building a 3D representation of the electric
axle and components using CAD software. In this process, Finite Element Analysis (FEA) assesses the
possible factors affecting the structural integrity of the electric axle such as material properties and load
distribution. Critical stress points and impending failure zones are highlighted for optimization to improve
durability (Zhao et al., 2014).

2) Multi-Body Dynamics Simulation: The dynamics model developed simulates the motion of
connected axle components under real-life situations. This study helps in revealing the behavior of the electric
axle when subjected to road irregularities, braking forces, acceleration, and variations in the load acting on the
vehicle (Spiryagin et al., 2015).

3) Thermal and Energy Efficiency Analysis: From computational fluid dynamics parameters, the heat
dissipation within the electric axle system is determined. This step is vital for ensuring sufficiently effective
cooling strategies, especially for high-power applications where excess heat would hinder performance
(Barbera et al., 2014). Energy efficiency models are used to assess power losses in the drive train, thereby
optimizing performance with a view to enhancing the vehicle range and sustainability.

4) Modeling of NVH: NVH analysis is included into the simulation model under consideration for
ensuring smooth and quiet operation. In this stage, vibration responses and acoustic emissions under various
load conditions are evaluated. The design could be refined through the introduction of damping treatments and
relocating components to minimize unwanted noise and vibrations (Chen et al., 2008).

5) Control System Integration and Performance Testing: The last stage incorporates control
algorithms into the simulations to analyze the electric axle's response to inputs such as torque demand, traction
control, and regenerative braking. This step allows engineers to validate the performance of the electronic
control units (ECUs) in optimally stabilizing and making use of inputs by integrating real-time control logic
into the model(Spiryagin et al., 2015).

The simulation approach in question will enable manufacturers to identify and address design issues before
physical testing, thereby minimizing development costs and shortening validation time. Different simulation
techniques give a detailed picture of the electric axle's performance so that engineers are able to make informed
changes to the design at an early stage in the development cycle.

L] Physical Testing

Complementing computer simulations, a thorough physical testing setup is essential to validate the accuracy
and credibility of simulation models. Considerations during testing must truly mimic everyday operating
conditions, including environmental influences, mechanical loading, and operational stress situations. This
ensures the electric axle system is meeting expectations for performance, regulations, and long-term durability
in real-life working conditions.

Considering testing methods on a physical basis includes a crash base of tests at both component level (motor,
gearbox, bearings...) and at the system level (fully assembled electric axle). The tests include the following
major categories:

1) Static and Dynamic Load Testing: In addition to evaluating the axle's structural integrity by applying
various loads, this test also entails static and dynamic conditions. The static load tests, in this case, verify the
axle's ability to support the maximum loads without any permanent deformations, whereby the dynamic tests
represent an approximation of real-world situations like accelerations, decelerations, and impacts from the road
surface (Spiryagin et al., 2015).
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2) Durability and Fatigue Testing: The reuse of the axle during durability testing means that wear and
tear are simulated. High-cycle fatigue tests are used to put the material through fatigue with different levels of
continuously applied load; low-cycle fatigue tests are more interested in applying sudden impulses such as an
emergency braking force (Zhao et al., 2014).

3) Environmental Testing: The electric axle is subjected to working ranges in the temperature extremes,
humidity, exposure to dust, and vibration testing. The testing ensures sustained performance in all these
climates and terrains, thus preventing any failures created by thermal expansion, corrosion, or mechanical
degradation (Barbera et al., 2014).

4) Performance Testing: This involves key performance indicators, such as torque output, speed
efficiency, thermal performance, and energy consumption. The axle was coupled onto the dynamometer to
measure power efficiency at various loading conditions. Performance during regenerative braking is evaluated
in terms of energy recovery (Chen et al., 2008).

X Advantages and Disadvantages Physical Testing

Advantages Disadvantages

Real-World Accuracy: Provides direct insights intoHigh  Cost: Requires expensive  materials,
how the electric axle system performs under actualequipment, and labor for prototype development and
operating conditions. testing.

Regulatory Compliance: Ensures that the designTime-Consuming: Physical tests take longer due to
meets industry safety and durability standards. setup, execution, and iterative modifications.

Unforeseen Issues Detection: Identifies unexpectedLimited Testing Scenarios: Cannot easily replicate
failures, material fatigue, and wear that simulationsextreme or rare conditions that might be tested in
might overlook. simulations.

Comprehensive Validation: Helps refine CAEEnvironmental Impact: Generates material waste,
models by correlating simulated data with real-increasing the carbon footprint compared to virtual
world performance. testing.

u CAE’s Impact on Carbon Footprint Reduction

The environment during test and validation will lessen due to the use of computer-aided engineering (CAE)
simulations in the development of electric axle systems. By forsaking physical prototypes and lengthy material
tests, emissions of carbon dioxide, wastage of materials, and consumption of energy associated with validation
are greatly minimized.

1. Reduction in Physical Prototypes:
° Conventional testing involves the use of many physical prototypes, hence overusing materials and
manufacturing activities that are energy-dependent.

° On the other hand, CAE allows engineers to perform virtual testing on digital models, thus negating
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the need for first prototypes, thereby directly reducing the amount of raw materials used in production and the
carbon emissions associated with it (Spiryagin et al., 2015).

2. Scrap and Waste Minimization:

° Physical testing often leads to the creation of unserviceable or discarded components that contribute to
industrial waste.

° Through a simulation-based refinement process, manufacturers are able to optimize materials and
structural integrity long before actual physical testing, which basically helps in reducing scrap (Zhao et al.,
2014).

3. Lower Energy Consumption:

° Multiple physical tests involve high energy consumption for manufacturing, transportation, and
laboratory operations.

° By CAE, the number of physical tests that are required can be reduced, leading to reduced energy-
consuming test cycles and a minimized carbon footprint in research and development (Chen et al., 2008).

4. Sustainable Product Design:

° The modeling phase incorporates CAE-oriented design, resulting in lightweight structures as well as
material optimization to conserve energy in electric axle systems.

° CAE also directs the speed of correcting these weaknesses in the product; therefore, it can contribute
to the production of sustainable, longer-lasting designs that use fewer materials over their lifecycle (Barbera et
al., 2014).

R/

** Advantages and Disadvantages of CAE

Advantages Disadvantages

Cost-Effective: Reduces the need for multipleModel  Assumptions: Simulations rely on
physical  prototypes, saving material andassumptions and simplifications, which may not
manufacturing costs fully capture real-world complexities

Time-Efficient: Accelerates the design process byComputational  Limitations:  Requires  high-
quickly evaluating multiple design variations. performance computing resources, making it
expensive for small-scale manufacturers.

Comprehensive Analysis: Allows testing of extremeLimited Material Behavior Analysis: Struggles to

conditions, including failure scenarios that may befully replicate long-term wear, fatigue, and

difficult or unsafe to replicate physically degradation effects observed in real-world
conditions.
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Eco-Friendly: Minimizes material waste, reducingValidation Required: Must be correlated with real-

the carbon footprint of physical testing. world testing to ensure accuracy

° Electric Axle Test and Validation Plan

Component-Leve] Testing

System-Level Testing

Environmental and Stress Testing

Real—World Validation
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° Electric Axle Test and Validation Plan

The structured test and validation plan provide the systematic evaluation of an electric axle. A sample plan
for a lightweight EV axle system for urban electric buses is below:

Step 1: Component-Level Testing.

1) Motor Test

A principal measure in electric beam axle development is dependable assessment of the electric motor in such
a way as to ensure that it passes the performance, efficiency, and lifetime requirements during service
conditions. Testing comprises controlled experiments evaluating relevant parameters pertaining to torque
output, thermal behavior, and endurance. The method differs according to connection forms (fully integrated

into the axle or externally mounted to the gearbox) for evaluating system-level performance and evaluating
one part's reliability.

1. Motor Efficiency and Torque Output:

° Dynamometer Testing: Torque output and power at many speeds and loads were determined and

compared to their theoretical values.
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° Load Variation Analyses: It assesses performance under a variety of load conditions (steady- state and
transient) for the evaluation of dynamic response and efficiency variations.

° Power Loss Analysis: It determines electrical and mechanical power losses (copper and iron losses)
for efficiency improvement.

° Characterization of Back-EMF: The design efficiency and energy recovery characteristics (especially
in regenerative braking) are validated through the study of back electromotive force.

2. Thermal Performance and Endurance:

° Continuous Thermal Cycling: studies for expansion, thermal stress, and likely degradation of
insulation due to prolonged operation cycles performed under various temperatures.

° Validation of Heat Dissipation: Evaluation of heat transfer mechanisms (forced air, liquid, heat sinks) to
avoid overheating and effect of performance.

° Hot Spot Identification: Infrared thermography and sensors identify overheating-prone areas to further
improve design.

3. Stator and Rotor Longevity and Aging:

° Stator Insulation Breakdown Testing: It will determine the dielectric strength of winding insulation
under long-term high-stress conditions by using a high-voltage test.

° Rotor Fatigue and Mechanical Integrity: Tests that put the rotors under extremely high-speed stress
evaluating wear, stability, and loss of cohesion in permanent magnet rotors.

° Bearing Wear and Lubrication Analysis: Friction, lubrication degradation, and vibration in motor
bearings are looked at as part of an endurance test, as well as their impact on NVH and efficiency.

All electric axle spans motor performance and ensure system optimal efficiency and reliability during the
manufacturing process to be all tested subject to those rigorous appliance testing procedures. It helps to
develop design refinement and improve thermal management to enhance overall robustness.

2) Gearbox Test

The gearbox is the primary component in the electric beam axle, which is responsible for transferring the
torque and the load distribution. Finally, a series of controlled tests are performed to ensure smooth and even
longer performance [of the gearbox]-:

° Gear Wear Resistance Evaluation: The gears will then be operated through long cycles of labor so that
gear material wear is assessed, pitting resistance is assessed, and microstructural fatigue effects under delivered
torque persist.

. Lubrication Effectiveness Analysis: The efficiency of lubrication systems is determined by measuring
friction coefficients, oil film thickness, and overheating failure of lubricants in high-load and temperature
conditions.

. Vibration and Noise Characterization: Accelerometers and sound level meters will be used in different
loading conditions to characterize the gearbox by several possible resonance frequencies, gear whine, and
lastly the overall noise-vibration-harshness performance (NVH).
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3) Bearing and Shaft Test

Bearings and shafts are considered essential when it comes to ensuring rotational stability and load sharing of
the axle. Fatigue tests are carried out to determine whether these components remain structurally sound when
subjected to prolonged mechanical stress.

° Rotational Fatigue Testing: Rotation is carried out at high speed of the bearings and shafts for
endurance tests against cyclic loading and possible modes of failure like fatigue of materials or microcracking.

° Lubricant Retention and Wear Analysis: Tests ensure the longevity of lubrication in the bearing
housing and measure wear under highly adverse conditions, thus guaranteeing performance efficiency.

° Axial-Radial Load Performance: Assemblies of bearings and shafts are subjected to stress simulations
to substantiate how they will withstand forces applied axially and radially during the course of normal vehicle
operations.

Step 2: System-Level Testing
1) Bench Testing: Powertrain Efficiency and NVH Characterization

A total system-wide performance measurement setup tests a completely assembled electric axle in a test rig:

° Powertrain Efficiency Measurement: Input power, output torque, and transmission losses are consisted
of in analyzing the energy conversion efficiency, therefore measuring the efficiency of powertrain.

° NVH Characterization: These are generally measuring vibrational and acoustic properties to look out
for possible sources of noise and structural resonance and gear whine.

. Thermal Stability Analysis: Sensors monitor and measure temperature homogenization across the
motor, gearbox and other axle components to assure their thermal stability during sustainable thermal
operation.

Road Simulation: Dynamic Performance Under Driving Loads

This is subject to rolling-road dynamometer testing to simulate different dynamic forces upon the electric beam
axle to mimic real on-the-road driving conditions:

° A test is carried out for acceleration and deceleration where analysis has been made with sudden
application of torque from the system and regenerative braking in studying response time as well as efficiency.

° Cornering Force Simulation: The axle can be subjected to lateral forces operationally to ascertain
stability, traction distribution, and possible torque steer effects.

° New load changes and speed transitions vary in simulated urban driving with regard to the axle's
responses to different vehicle loads, speed changes and different ground conditions.
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Step 3: Environmental Stress Testing: Reliability in Extreme Conditions

1) Temperature and Humidity Chamber Testing

2) Salt Spray Corrosion Testing: For testing the resistance of metal components to rust and corrosion
in environments with coastal influence or high salinity.

3) Shock and Vibration Testing: These tests would simulate off-road conditions to assess the
robustness of the axle under continuous mechanical shocks.

Step 4: Real-world Validation of Electric Axle Systems

The real world undoubtedly serves as a decisive final stage following extensive numerical simulations and
laboratory testing for the electric axle. At this phase, theoretical performance metrics can be applied to the
actual experience of application, thus substantiating the measure of reliability, efficiency, and compliance
prior to mass production. Real-world validation comprises the progressive integration of the axle into a
prototype vehicle and subsequent comprehensive field testing under a variety of operational conditions.

1. Prototype Vehicle Integration

The electric axle is to be installed onto a prototype electric vehicle-an electric bus or any other commercial
transport vehicle-the representative application for its thorough testing in a real environment. The integration
gives the overall view of mechanical compatibility, powertrain efficiency, and, above all, the vehicle's
dynamic behavior. Some factors evaluated herein are:

Structural and Mechanical Fitment: Proper alignment with chassis mounting points, suspension geometry, and
drivetrain components.

Software and Control System Integration: Verification of the seamless communication of the axle's embedded
sensors, power electronics, and vehicle control units.

Preliminary Performance Assessment: Baseline testing to ensure that they meet expectations as regards torque,
energy consumption, and thermal stability.

2. On-Road Performance Testing

The structure systematically road trials the prototype vehicle to validate its robustness under diverse driving
conditions or terrains. Thus, there will controlled evaluation of Urban and Highway DrivingScenarios:
Acceleration dynamics, the efficacy of regenerative braking, and maneuverability in stop-and-go traffic versus
at a high speed.

Inclines and Loads: Torque output definitely steep grade thermal stability and energy efficiency were not
compromised.

Braking and Handling: In terms of the dynamic behavior of the vehicle as a whole, these factors account for
stability in emergency braking, cornering forces, and load transfer effects.

3. Endurance Tests for Long-Distance
Long-term durability and reliability are stress tested by simulating actual fleet usage through extended mileage

trials with the electric axle. Engineers catalogue monitoring for component degradation and wear patterns:
mechanical wear in gears, bearings, and shafts-evaluating for prediction of maintenance intervals and service
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life, thermal performance under prolonged operation-heat dissipation effectiveness from sustained loads within
the cooling system, end energy consumption trends through efficiency metrics validated through battery drain,
regenerative energy recovery, and overall retention on the drive train.

This validation methodical approach purports to ensure rigid standardization using the industry compliance
and manufacturing readiness criteria such that the electric axle systems are produced only after full validation
for safety, durability, and efficiency as per the above. Both CAE computer simulations and physical validation
can help manufacturers Mitigate early in the development cycle design flaws that would incur costly shifts,
optimize materials and components selection in production-cost minimization, and perhaps Accelerate time to
market when high-performance electric mobility solutions come online. The conversion of electric axles
through field rigorous tests moves developmental efforts closer to ensuring that electric mobility meets the
expected standards in terms of performance, durability, and compliance with industrial and regulatory norms.
Such tests can also bridge the gap created by research in validation theory to practical operation and test
validity for a robust, reliable powertrain solution for platforms powering electric mobility.

C. Long-Distance Endurance Testing

In use for the long term, the electric axle is validated under extended mileage tests, simulating actual fleet
usage over a distance of 50,000 km and beyond.

° Component Degradation and Wear Patterns: Mechanical wear in gears, bearings, and shafts is
evaluated for predicting maintenance intervals and service life.

° Thermal Performance Prolonged Operation: Heat dissipation and cooling system effectiveness
evaluation under sustained loads.

° Energy Consumption Trends: Measurement of the full energy consumption trends in terms of battery
drain, regenerative energy recovery, and overall efficiency of the drive train: the basis for validation of
performance metrics.

Ensuring Industry Compliance and Manufacturing Readiness
This structured validation methodology would ensure that electric axle systems meet the most stringent safety,

durability, and efficiency requirements before mass production. By integrating computational simulations
(CAE) and physical validation, manufacturers will be able to:

° Avoid costly design revisions earlier in the development cycle, thus minimizing wasted time.
° Optimize material and component selection, with a consequent lowering of production costs.
° Speed time-to-market for future high-performance electric mobility solutions.

With this, we can have very tight specifications with respect to performance, durability, and compliance with
industrial and regulatory standards in the development effort for any electric beam axle. These assessments
also serve to close the gap between theoretical design validation and real-world application, thus ensuring a
robust and reliable powertrain solution for electric mobility platforms.

° Comparison and Trade-offs

In this methodology, the last step would compare the findings from computer-aided engineering simulations
and physical testing. This step enables detecting and explaining discrepancies between the simulated and actual

© 2022, [JSREM | www.ijsrem.com DOI: 10.55041/IJSREM16429 | Page 15


http://www.ijsrem.com/

27 N3y
2 IJSREM

e-Journal

International Journal of Scientific Research in Engineering and Management (IJSREM)
RS2~ Volume: 06 Issue: 09 | Sept - 2022 SJIF Rating: 7.185 ISSN: 2582-3930

performance of the electric axle system in terms of CAE. These advances allow engineers to make adjustments
to their models and to focus on where physical testing offers the most important validation (Spiryagin et al.,
2013). In this way, systematic analysis of the results gives manufacturers an opportunity to improve their model
credibility, enhance prediction reliability, and better integrate virtual and experimental validation methods.

With such considerations in mind, the relative merits and disadvantages of computer simulation and physical
testing will need to be weighed carefully:

> Benefits of CAE Simulation:

1) Cost-effective whereas: Simulations drastically lessen the need for expensive prototype testing,
tapping the development cost.

2) Efficient: Several design variants can be rapidly tested using simulation and this dramatically shortens
the product development cycle (Zhao et al., 2014).

3) Predictable in Nature: Potential failure modes and weak points can be discovered early in the design
process, thus avoiding expensive design errors (Chen et al., 2008).

4) Ability to Replicate Extreme Conditions: Virtual testing can undertake situations that are very
difficult, if not unsafe, to replicate in physical testing.

> Benefits of Physical Testing:

1) Reality-Based: Simulation testing is based on mathematical models; hence they might not take into
account some realistic variable factors like material imperfections and manufacturing tolerances or
environmental effects (Barbera et al., 2014).

2) Unforeseen Behaviors: Physical testing is used to find out performance failings which may not be
due to nonlinear stress distribution, unpredicted fatigue points, or unaccounted NVH factors (Spiryagin et al.,
2015).

3) Regulatory requirements: Many safety and industry standards require empirical validation through
physical tests on products before certifying for commercial use.

Finding the Right Balance

The aim is to optimize the validation process through a hybrid approach that takes advantage of the unique
strengths of both methods. Simulation should occur at the beginning of design when concepts are still being
refined and development costs can still be limited. Targeted physical tests will then be conducted to validate
the pertinent parameters for performance and standards compliance.

By exercising discretion in each of these trade-offs, manufacturers are set to build light, cost- effective, yet
very reliable electric axle systems, thereby enhancing durability, safety, and energy efficiency parameters
before actual production.
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Conclusion

The evolution of reliable and efficient electric axle systems calls for a testing and validation strategy that
strikes a balance between CAE simulation and physical testing. The methodology developed therein is
intended to fill the gap between theoretical modeling and real-life performance, thereby ensuring standards in
durability, efficiency, and safety for electric axle systems. With the strengths of the two approaches
combined, engineers can accelerate the development process while minimizing costs and enhancing
performance and longevity of electric axle systems (Chen et al., 2008; Zhao et al., 2014).

It offers an efficient and cost-effective way of evaluating design parameters, identifying potential failure
modes, and optimizing system performance under a variety of conditions through computer-aided simulation
(Spiryagin et al., 2015). However, physical testing is necessary for the validation of such models, the real-
world approval of the had inaccuracies that might remain undetected by these models, and for some
performance faults that are only exposed in the real world (Spiryagin et al., 2013). In other words, the design
would be simulation driven but followed through with experimental validation at some key points to enable the
fine-tuning of electric axle systems with maximum precision, creating less waste of material, time, and cost in
production.

In summary, the hybrid testing paradigm presented in this study ensures rigorous validation of an electric axle
against both empirically and theoretically predicted performance metrics. This approach will ensure superior
safety, compliance with regulations, and optimization of operational efficiency, thus making it an integral
aspect of future electric axle development and validation.
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