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ARTICLE INFO ABSTRACT

This paper presents the powertrain conversion of a small diesel-powered
Article history tractor into an electric tractor or electric off-road vehicle (EORV), offering
Received March 10, 2025 a cost-effective alternative to purchasing a new electric model, which may
Revised May 11, 2025 be financially challenging for small-scale farmers. Given that electricity is
Accepted June 01, 2025 . . . .

generally cheaper than diesel fuel in Malaysia, the conversion approach
aims to reduce long-term operational costs while maintaining or improving
performance. The primary contribution of this work is a systematic and
practical method for electric tractor conversion. The process begins with

Keywords
Battery Dimensioning;
Powertrain Conversion;

ICE-to-Electric Conversion: analysing the existing performance and operational requirements of the
Electric Tractor: diesel tractor, followed by the selection of suitable components—namely,
Off-Road Vehicle the electric motor, battery cells, and other associated systems. These

components are then integrated into the tractor, and initial testing was
performed. A speed run test was conducted to evaluate the power capability
of the converted tractor. Results indicate that the electric motor delivers
higher power and speed compared to the original diesel engine. The
onboard energy monitoring device recorded a noticeable current spike and
voltage sag during acceleration, as expected. The motor power was
calculated from the recorded voltage and current data. The data show that
the motor output exceeds the rated power of the original engine, suggesting
that the system can handle higher loads. Some challenges encountered
during the conversion process include the high initial cost, limited
availability of components that meet performance requirements, and
technical challenges in ensuring the durability and efficiency of the
modified drivetrain. In conclusion, further testing under various load
conditions is necessary to fully evaluate energy consumption and system
performance in real agricultural environments.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Electric vehicles (EVs) have gained widespread adoption in Malaysia and other regions due to
their potential to mitigate environmental pollution and reduce reliance on fossil fuels [1]. The
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Malaysian government has introduced incentives and policies to promote the adoption of EVs. This
can be seen through the increasing installation of charging infrastructure and tax exemptions offered
for EV purchases [2]. According to official data from the Government of Malaysia, through its website
data.gov.my, the total number of registered EVs was 65,694 units as of March 2025. Fig. 1 shows the
trend of EV registrations since 2020, which has been on an upward trajectory since 2021. Table 1
shows the yearly registrations of EVs since 2020. Based on the rate of EV registration in the first
quarter of 2025, the total number of EVs registered in 2025 may surpass the number registered in
2024,
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Fig. 1. EV registration yearly trend in Malaysia

Table 1. Yearly registration of EVs since 2020

Year Total EVs registered
2020 788
2021 1058
2022 4308
2023 15669
2024 28048
2025 (end of March) 9345

There are several factors that contribute to the growth of EV adoption in Malaysia. What
motivates consumers to consider EV as discussed in this paper, “Consumer Motivation to Enhance
Purchase Intention Towards Electric Vehicles in Malaysia” are fuel efficiency, techno philia,
perceived enjoyment, environmental concerns, and perceived environmental knowledge [3].
However, EV uptake in Malaysia remains relatively low compared to countries like Norway, the US,
and China. Nevertheless, EV adoption is still gaining momentum in Malaysia due to the increase in
GDP and income, which is expected to contribute to the rising number of vehicles, including electric
vehicles (EVs) [4].

While much of the discussion on electrification focuses on passenger vehicles, the role of electric-
powered machinery in agriculture is often overlooked [4]. There is a segment where some diesel-
powered agricultural equipment, such as tractors, can be electrified to reduce emissions and fuel costs.
These two problems are also the contributing factors for the adoption of electric vehicles, the
environment and the rising price of energy.
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There are already new electric tractors in production, such as the New Holland T4 Electric as in
Fig. 2. The T4 Electric is a large tractor that falls within the mid-to-large size category. It is suitable
for commercial farming operations. It is not excessively huge, but it is designed to provide the power
and versatility needed for heavy-duty tasks in agriculture, making it a practical choice for farmers
managing large fields. Its compact electric design, compared to traditional diesel tractors of similar
power, allows it to be more efficient in terms of weight-to-power ratio and maintenance.

Fig. 2. The new holland T4 electric [5]

There is also an electric tractor sold in Malaysia called TerraGlide EV40 as in Fig. 3. Not much
information is available as of today. By look, the size is smaller than the T4 Electric. While these
electric tractors are readily available in the market, not all farmers are able to afford the high upfront
cost of a new electric tractor. Furthermore, academic and industry research has predominantly focused
on existing diesel or new electric tractor development rather than retrofitting existing diesel tractors,
leaving a significant gap in systematic and cost-effective electrification strategies for conventional
tractors.

From this, Universiti Teknikal Malaysia Melaka (UTeM) has initiated a retrofit project involving
the conversion of an existing small-sized diesel-powered tractor into an electric-powered model. This
project is called the Electric Off-Road Vehicle (EORV). The project is a collaborative effort across
multiple departments, including the Faculty of Electrical Technology and Engineering, Faculty of
Mechanical Technology and Engineering, Faculty of Industrial and Manufacturing Technology and
Engineering, and the Faculty of Technology Management and Technopreneurship.

This paper primarily discusses the general conversion process with a focus on the electrical and
electronic aspects. It covers the overall workflow, beginning with the analysis of the tractor’s engine
performance, the requirements and selection of EV components, and the design and fabrication of new
or modified parts. It also includes the integration of mechanical, electrical, and electronic components.
Upon completion, the EORV will undergo preliminary testing in a controlled private area. These initial
tests will be simple in nature, as there will be further continuous improvements after the conversion.

2. Literature Review
2.1. Previous Developments

There is limited information on electric tractor conversion available. However, there are a few
previous works by researchers that are similar to this research. One study was conducted by R. Melo
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et al. It presents a novel 9 kW electric propulsion system for a small-scale tractor [6]. The system
features two three-phase induction motors and each is driven by individual inverters. It is powered by
a lead-acid battery bank and controlled via a central electronics control unit (ECU). The novel
approach was the ECU, where it controls the two motors individually. The advantage from this method
is the control of torque and traction. Performance evaluation through experimental drawbar tests was
conducted in accordance with an international standard by Organization for Economic Co-operation
and Development (OECD) CODE 2. The tests done was to investigate the performance of the drawbar
pull. The experiment done demonstrates better traction and efficiency compared to internal
combustion engine (ICE) tractors, highlighting the potential of electric tractors to improve
productivity and reduce emissions, especially when paired with renewable energy sources.

2 i

Fig. 3. The TerraGlide EV40 Electric tractor during an agriculture exhibition in Malaysia

Another notable study is by Gautam and Dubey [7]. The research explores the conversion of a
hydrocarbon-fuelled mini hand tractor into an electric-based system using a 1000 W brushless direct
current (BLDC) motor. The design incorporates a high gear ratio (25:1) to achieve sufficient torque
(77 Nm) for agricultural tasks, powered by a 48 V, 52 Ah lithium-ion battery. The study provides
detailed calculations on power and energy requirements, highlighting the feasibility of using small
electric powertrains in low-power, small-scale farming operations. It demonstrates that with proper
motor selection and gearing, electric hand tractors can serve as efficient, low-emission alternatives to
traditional fuel-powered models.

Another development in electric tractor technology was done by Y. Ueka et al. A prototype
electric tractor was developed by retrofitting a 10 kW-class ICE tractor with a 10 kW alternating
current (AC) motor [8]. The study emphasizes critical aspects including the tractor’s specifications,
energy consumption, tilling efficiency, and overall effectiveness in agricultural operations. The
electric tractor showed an increase in weight; however, this had minimal impact on the vehicle’s
balance and stability. A key finding of the study is the significant reduction in energy consumption
during both travel and tilling activities, estimated at approximately 70% compared to the original
diesel-powered configuration. The electric tractor could operate continuously for approximately one
hour, successfully tilling an area exceeding 1300 m? on a single battery charge. This performance
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corresponds to a substantial decrease in CO2 emissions, also estimated at around 70% relative to its
ICE counterpart.

These three studies provide valuable insights into the conversion process and hardware
configurations involved in electric tractor development. As noted, the hardware setups vary across the
studies, including differences in motor type and rating, battery chemistry, capacity, and overall system
architecture. Nonetheless, they collectively offer useful guidance for the EORV project in determining
appropriate motor and battery specifications. For this EORV project, a single permanent magnet
synchronous motor (PMSM) was selected, and the type of battery cells is Lithium Iron Phosphate
(LiFePOs).

2.2. Performance Evaluation

In terms of performance testing, K. Plizga presents a study analysing the energy performance of
a tractor powered by a direct current (DC) motor [9]. The tests were different from those conducted
by Y. Ueka et al [8]. The tests were carried out over a 100 meters distance with ten repetitions, under
varying conditions, including ambient temperatures (20°C, 10°C, 0°C) and surface types (dry concrete
and grass). Results show variations in voltage, current, power, energy, and driving time under different
load and surface conditions. For this paper, some preliminary test shall be conducted. A full
comprehensive test for the EORV shall be determined after the completion of the conversion and the
initial testing.

As discussed previously, various testing methodologies were conducted. R. Melo [6] emphasizes
drawbar pull performance, Y. Ueka et al. [8] focus on energy consumption during field operations,
while K. Plizga [9] tested a tractor over a distance under varying conditions. From these studies, it can
be observed that there are two main focuses of performance testing: power delivery and energy
efficiency.

Besides conducting field tests, simulations were also performed for analysis. Gade and Wahab
[10] present a conceptual framework for modelling and analysing the performance of an electric
tractor (ET) using a PMSM. The authors develop a mathematical model of the ET based on velocity
profiles typical in agricultural operations such as ploughing. A novel load-tracking control strategy is
introduced, allowing for separate control of the propulsion motor's speed and torque, validated using
MATLAB/SIMULINK and tested in a real-time environment via a hardware-in-the-loop (HIL)
simulator. The research highlights the advantages of electric tractors over conventional ICE tractors,
including reduced environmental impact and maintenance requirements. For the EORYV, the tests shall
be conducted in the field.

2.3. Comparative Analysis

A comparative analysis between electric and diesel tractors is also important. R. Dhond et al.
[11] conducted a comparative analysis of electric and diesel tractors, emphasizing environmental
impact, cost, and technological progress. The study underscores the urgency of transitioning to electric
vehicles due to rising pollution and climate concerns. It reviews motor and battery technologies
available in India for diesel-to-electric conversions and includes a cost comparison of both tractor
types. The findings show the electric tractors' potential to reduce emissions and lower long-term
operational costs, thus promoting sustainable agricultural practices.

Regarding the acceptance of electric tractors, Douglas et al. conducted a study on the potential
of battery electric tractors (BETS) for small-scale organic farmers in the U.S. Midwest [12]. This
research emphasizes on benefits such as improved efficiency, lower maintenance and reduced
emissions compared to diesel tractors. Through interviews with 14 organic growers, the study explores
perceptions and adoption barriers. While many farmers express environmental motivation and a
willingness to pay more for BETS, concerns remain regarding battery capacity, maintenance costs,
and long-term reliability. The study concludes that wider adoption may depend on financial incentives
to offset the high initial investment.
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2.4. Conversion Cost and Challenges

On the cost of a conversion, a cost model has been developed by H. Gao and J. Xue [13]. A cost
model for converting diesel-powered agricultural tractors to electric tractors was proposed,
emphasizing economic evaluation through life cycle cost analysis, sensitivity analysis, and the
incremental payback period (IPBP). The total conversion cost increases notably with higher power
demands, primarily due to limitations in battery weight, volume, and operational duration. Although
the initial investment for electric tractor conversion may be two to five times greater than the diesel
tractors, the life cycle cost is estimated at approximately 60% of that of diesel, particularly under stable
agricultural electricity tariffs and declining battery costs driven by technological progress. The
analysis suggests that lower-power conversions offer the most cost-effective solutions, while higher-
power applications pose affordability challenges for typical farmers.

There are several challenges in ensuring the success of the conversion. The hardware setup and
conversion process differ for each tractor model, as every model has its own dimensions, weight, and
powertrain configuration. Electrical components, such as electric motors, must match the diesel engine
in terms of power and torque. The challenge lies in identifying the optimal motor performance at an
acceptable cost. The battery pack must also be dimensioned according to the motor’s performance and
the desired range, to ensure proper matching between the motor and the battery pack.

The choice of LiFePO. battery cells in this research is necessary. Although the battery has lower
energy density compared to ternary lithium-ion batteries which may limit driving range [14], it offers
enhanced safety characteristics [15]. Battery safety is attributed to the thermal and chemical stability
of lithium iron phosphate materials, which significantly reduces the risk of fire or explosion, even
under high-temperature conditions or during short circuits [16]. Furthermore, the cost of LFP batteries
is considerably lower than that of ternary batteries [14]. In addition to the cost, it has long lifecycle
[14]. For this EORV project, the two key advantages, safety and cost, are of paramount importance.

In terms of mechanical fabrication and modifications, there shall be some challenges in designing
parts. Some parts shall be fabricated or modified, for example, the motor mount and the motor coupler.
The parts must be carefully designed to ensure the integrity of the components. This is important for
drivetrain integration with the motor. The placement of new components may also affect the stability
of the tractor in terms of weight and weight distribution.

Besides the technical challenges, the initial cost of retrofitting an electric motor to an existing
diesel-powered tractor can be significant. Depending on the system configuration, the battery pack
and motor represent the most significant cost components influencing the overall expenditure. As
previously discussed, a low-power setup is generally more favourable; however, for high-power setup
this can be offset by long-term returns on investment.

Having discussed all key aspects of the conversion process, the research contribution of this
research is the systematic conversion of a small agricultural tractor from an internal combustion engine
to a permanent magnet synchronous motor (PMSM) powertrain. The conversion shall be carried out
through a practical and cost-effective approach, aimed at demonstrating its feasibility for real-world
applications. Furthermore, this research offers a potential solution to the increasing environmental
concerns associated with conventional agricultural machinery [17].

3. Benefits of Conversion

The primary goal of this project is to convert an existing diesel-powered tractor into an electric-
powered model. This approach offers several benefits, as discussed in the following sections.

e It provides a more cost-effective solution compared to purchasing a brand-new electric tractor,
making it more accessible for smaller-scale farmers.

e It reduces the environmental impact by replacing the diesel engine with an electric motor,
lowering emissions and noise levels.
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e It has better energy efficiency that can provide further cost savings.

By converting diesel tractors to electric, farmers can gain benefits like better energy efficiency,
lower operating and maintenance costs, and smaller environmental footprint, without the high upfront
investment required for a new electric model [18].

3.1. Cost Reduction

Several studies have compared the cost of ownership between battery electric vehicles (BEVS)
and internal combustion engine (ICE) vehicles [19]. But this is only applicable to passenger vehicles.
Electric tractor is something else because compared to passenger cars, there are only a fraction of them
compared to passenger cars. Furthermore, the functions are different than passenger cars. The cost of
purchasing a brand-new electric tractor can be a significant barrier for many farmers, particularly those
with smaller operations or limited financial resources. As discussed in literature review, the overall
cost for electric tractors significantly lower in the long run.

Cost savings depend on several factors. Firstly, the powertrains for the tractors must be
compatible in terms of physical and performance. The retrofitted parts must be mechanically
integrated with minimum modifications. The powertrain consists of an electric motor, a motor
controller and a battery pack. These three components are the major part in any electric vehicle.
Caution must be made so that the initial cost and the powertrain configuration contribute the most to
the overall cost [20]. The powertrain configuration must be designed to ensure that the cost savings in
the long run are maximized without compromising performance or reliability. Additionally, the
conversion process can be carried out by the farmer or a local workshop, further reducing the overall
cost compared to acquiring a factory-produced electric tractor.

Secondly, operating costs are lower because electricity is generally cheaper than fuel in Malaysia
[21]. The literature review also indicates that operating an electric tractor is generally more cost-
effective compared to its ICE counterpart. To provide a comparative perspective, the operating costs
of a battery electric vehicle (BEV) will be evaluated against those of an ICE vehicle. For example, a
Hyundai Kona electric that has 39.2kWh battery pack and can go up to 305km (WLTP) on a single
charge. If the car is charged at home, using the maximum electricity tariff rate in Malaysia for domestic
consumers of RMO0.57 per kWh, the cost to charge the 39.2kWh battery pack will be RM22.38.
However, charging losses and inefficiencies of the onboard charger (OBC) was not included. Based
on several studies, the OBC efficiency can be above 95% [22]-[24]. Assuming the efficiency is 90%,
the actual energy that is required to charge the battery pack will be 39.2kWh/0.9 = 43.56kWh, and
that will cost RM24.83. Therefore, in terms of cost per 100km, the cost for 100km range will be
RM8.17/100km.

In comparison to a popular Malaysian national car Perodua Myvi, that uses subsidized petrol, the
published fuel consumption is 21.1km/L or 4.74L/100km. Perodua Myuvi is a class B vehicle that is
slightly smaller than Hyundai Kona. However, this published number is a bit optimistic which will be
discussed in the next paragraph. At the current moment, the RON95 petrol price is RM2.05/L. In terms
of cost per 100km, it will be RM9.72/100km. In comparison, the energy cost for Hyundai Kona per
100km is cheaper. Without fuel subsidy, especially diesel, the fuel cost per Liter for Perodua Myvi
will be more than RM3 per Liter and the cost per 100km will be more than RM10/100km.

Here is some discussion on the published number by the manufacturer for energy consumption
and fuel consumption. For BEVs, WLTP or Worldwide Harmonized Light Vehicles Test Procedure,
is a test cycle procedure for manufacturers to publish the energy consumption of a vehicle. WLTP has
stricter parameters that the published parameters of BEVs are generally considered to be more realistic
compared to other standards [25]. One study in Europe compares the real-world fuel consumption
against publish numbers of ICE vehicles and BEVs. The average energy consumption values for ICE
are significant that the real-world tests can be 18% higher than the published values. BEVs on the
other hand have an average of 2.6% and in some instances a range of 0.3% to 4.6% above
manufacturer published value [26]. One study in China highlights that, the discrepancies of between
published fuel consumption against real world fuel consumption can be up to 25% [27].
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Therefore, by comparing and referring to manufacturer published numbers and the research
papers, the cost to operate a BEV is cheaper than ICE [28]. From a long-term perspective, the
electricity savings potentially can improve the operating cost for the farmers.

Thirdly, the maintenance would be cheaper and easier. Besides tyre maintenance, there is no
maintenance for engine oil, filters and timing belts. It has fewer moving parts in an electric motor
compared to a diesel engine [29]. A study shows that the cost of owning and operating tractors is a
significant component of agricultural production costs, representing approximately 35% to 50% of the
total agricultural production costs, excluding land expenses. This encompasses various Ccosts,
including depreciation, insurance, maintenance, repairs, fuel, and labour costs associated with tractor
operation [30].

Having discussed these three points, it can be concluded that the overall cost shall be cheaper for
farmers. With a careful planning, the conversion of a diesel tractor to an electric tractor can be a cost-
effective approach. The cost of conversion may be high initially, but it is also dependent on the
configuration of the power train. In the long run, overall operating cost and maintenance cost will be
cheaper.

3.2. Environmental Impact

The environmental impact of agricultural machinery is a growing concern, as diesel-powered
tractors significantly contribute to greenhouse gas emissions and air pollution [31]-[36]. The
conversion of a diesel tractor to an electric model can substantially reduce the environmental footprint
of agricultural operations. With zero emissions, electric tractors do not generate any tailpipe emissions
[37], effectively eliminating the release of harmful pollutants such as nitrogen oxides, particulate
matter, and carbon monoxide into the atmosphere.

Diesel exhaust has several pollutants that are dangerous to health. These pollutants can be
categorized into gaseous emissions, particulate matter, and other toxic compounds. The publication
Diesel and Gasoline Engine Exhausts and Some Nitroarenes by the International Agency for Research
on Cancer (IARC) provides a comprehensive evaluation of the composition, emissions, and potential
health risks associated with diesel and gasoline engine exhausts [38]. It discusses in detail engine types
and combustion processes, emissions composition, health implications, and regulatory and
technological developments. Furthermore, it underscores the importance of continued efforts to
minimize emissions from ICE vehicles to protect public health and the environment. The EORV
project can contribute to this effort by converting an existing diesel tractor to a cleaner, more
environmentally friendly electric model that eliminates these harmful emissions.

Besides these harmful gas and particle emissions, the reduction in noise levels is another
significant environmental benefit of electric tractors. Diesel engines typically generate high levels of
noise pollution, which can be disruptive to both workers and nearby communities [39]. Electric
motors, on the other hand, are quieter comparatively, providing a more comfortable work environment
and reducing the impact on surrounding areas.

One pressing issue concerning EVs is the end-of-life management of the batteries. In this regard,
several studies have focused for battery recycling. A study by A. Zanoletti et al. [40] discussed the
need of effective recycling to manage waste and address critical raw material supply issues. It also
evaluates recycling technologies such as pyrometallurgy, hydrometallurgy, biometallurgy, and
solvometallurgy. These technologies are discussed in terms of efficiency, environmental impact, and
technical maturity. Among them, hydrometallurgy emerges as the most favourable option due to its
low energy consumption, high product purity, and high recovery rate. However, it produces a
significant amount of wastewater as a drawback.

One study discusses and reviews the lithium-ion battery recycling process from a circular
economy perspective [41]. A circular economy is an economic system that focuses on eliminating
waste and keeping resources in use for as long as possible. It promotes the reuse, refurbishment, and
recycling of resources. The paper identifies two primary alternatives to battery disposal: recycling and
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second-life applications. These two approaches offer solutions to reduce toxic waste and minimize
environmental impact.

Another similar study by L. Toro et al. [42] discusses existing battery recycling methods,
including mechanical, pyrometallurgical, and hydrometallurgical processes, highlighting their
strengths and limitations. It also examines the challenges faced by the industry, such as high costs,
environmental impacts, and safety concerns. Future prospects for advancements in battery recycling
technologies are explored, with a focus on integration into a circular economy, enhanced collection
and sorting techniques, and the potential development of innovative recycling processes.

There are advantages and disadvantages in making the secondary use of batteries. Based on a
review by H. Yang et al. [43] which discusses the secondary use and recycling of lithium-ion batteries
from electric cars, giving a second life to batteries can benefit the environment by reducing pollutants
and increasing energy efficiency. On the other hand, there are some drawbacks. The required
infrastructure can be complex and costly, and there are additional costs associated with the processing
and testing of used batteries.

While the discussion on battery recycling is on lithium-ion batteries, there is a study on recycling
and treatment of spent LiFePQO, batteries in China. W. Wang and Y. Wu [44] highlight the challenges
in recycling these batteries, as they do not contain precious metals, making the traditional recycling
processes complex and inefficient. It also discusses the recovery and recycling methods that include
vacuum treatment, hydrometallurgical processes, regeneration of active materials and carbothermal
reduction and electrochemical methods.

Based on the discussions, the transition from diesel to electric tractors offers a viable solution for
reducing environmental impact in agricultural settings. The zero tailpipe emissions and the reduced
noise levels of electric motors contribute to a more sustainable and environmentally friendly
agricultural practice. Furthermore, strategies for managing end-of-life batteries have already been
proposed, including repurposing and recycling methods that align with the principles of a circular
economy. While these solutions offer promising pathways for sustainability, their widespread
adoption and implementation on a global scale will require time, supportive infrastructure, and
regulatory alignment.

3.3. More Efficient Energy Utilization

The conversion of a diesel-powered tractor to an electric model can lead to a significant
improvement in energy efficiency. In general, electric motors are more efficient than any ICE vehicles.
Theoretically, electric motors have greater than 85% efficiency of transforming electricity to
mechanical energy. One study observed that brushless DC motors (BLDC) give the best energy
efficiency (greater than 95%) followed by induction motors (greater than 90%) [45].

On the other hand, modern diesel engines can achieve thermal efficiencies of 35% [46]. The rest
of the energy becomes wasted as heat. One advantage of electric motors is that it will only consume
energy when performing useful work, unlike a diesel engine which will continue to consume fuel even
if the tractor is idle. It doesn’t have engine auto START-STOP feature like some modern cars have.

While converting a tractor powertrain from an internal combustion engine (ICE) to electric
improves energy efficiency, there are also disadvantages. Batteries have lower energy density
compared to fuel. Although the converted vehicle may maintain similar performance as before, it may
experience reduced driving dynamics due to the increased weight of the battery pack. Or it may also
retain similar dynamic characteristics and weight balance; however, the overall range is reduced
because of the limited energy capacity of the battery. Therefore, it is critical to understand the overall
requirements, including the tractor’s operational demands and intended purpose.

In summary, the conversion of existing diesel-powered tractors to electric models offers several
key advantages, including reduced operating costs, lower environmental impact and improved energy
efficiency. These advantages are further realized when renewable energy sources like solar power are
used for charging, thereby supporting a comprehensive sustainable strategy. These advantages make
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electric tractors a promising solution for more sustainable agricultural practices. However, such
advantages can only be fully realized if all operational, technical and economic requirements are
carefully considered and well balanced during the planning and implementation stages.

4. Development Method

The development of the tractor can be divided into several categories and stages. The
straightforward approach is to divide the work based on the EV components, mechanical work, and
electrical and electronic integration. Some of these can be done concurrently while others may have
to wait for others to complete. Fig. 4 shows a diagram of the development of the electric tractor.

The process commenced with requirement analysis, encompassing the initial design phase and
the evaluation of feasibility and structural modifications. Extensive research was undertaken to
identify and to select appropriate electric vehicle (EV) components, including the PMSM, battery
pack, motor controller, and onboard charger (OBC). While procurement was in progress, mechanical
components requiring fabrication and modification to accommodate the new powertrain and battery
system were prepared based on manufacturers information and schematic diagrams. When all
components were complete, system integration was performed. Preliminary testing was then
conducted to evaluate drivability, with a focus on torque delivery, handling, and overall system
performance, ensuring the converted tractor met functional and operational criteria.

Project start

Reql.urement
gathering and
analy5|s

Procurement

fabrications

Integration

Testing

|
=
[ parts design & |
[
~

Fig. 4. Project flow diagram
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Given the multidisciplinary nature of this project, the research involved collaboration across
multiple faculties and departments. This paper focuses on key aspects of the conversion process,
including powertrain requirements, electrical and electronics integration, and preliminary
performance testing. In the following sections, requirement gathering and analysis were conducted on
the tractor platform, existing diesel engine, electric motor requirements, battery cell requirements, and
other electronic components. After all these requirements are identified, a design process will be
carried out for the mechanical parts and components. Upon the arrival of all components, the
mechanical parts and electrical and electronic components will be integrated.

4.1. Tractor Platform

The tractor platform is based on an existing tractor, the Kubota B7000D. This is a compact utility
tractor with a 4-cylinder water-cooled diesel engine. It is a compact, versatile 4WD tractor that could
cater to small-scale farms, orchards, and gardens. It has 6 forward gears and 2 reverse gears. Users
can select 2WD or 4WD modes. The weight of the tractor is 475 kg.

Itis an old model tractor which was produced in the 1970’s. The tractor is no longer in production.
However, there are workshops that can maintain the tractor and the spare parts are still available today
in the market. Fig. 5 is a picture of the tractor and Table 2 is the specifications of the tractor.

" — ey

Fig. 5. The Kubota B7000D

Table 2. The Kubota B7000D engine specifications

Items Parameters
Model Kubota 2650
Type 4-cycle two-cylinder water-cooled diesel
Number of cylinders 2
Displacement 0.61 liters
Bore 76.0 mm
Stroke 82.0 mm
Aspiration Naturally aspirated
Rated Engine Power 14.0 hp (10.4 kW) at 3000rpm
Maximum Torque 29.2 Nm (21.6 Ibs-ft) at 1800rpm
Compression Ratio 21:1
Fuel Tank Capacity 15.0 liters

Based on the specifications, the engine displacement is 0.61 ¢, and it can produce 10.4 kW power
at 3000 RPM (revolutions per minute). From this information, the torque at this RPM is 33.1 Nm by
using the following formula:
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P =t x 21 X (RPM/60) (1)
Where

P . is the power in watts

T . is the torque in newton-meters

RPM :is the engine revolutions per minute
Rearranging the formula to:

T = (P x 60)/(21 x RPM)

T = (10.4 x 60)/(2m x 3000)
t=33.1Nm

From the specifications sheet, when the engine is at 1800 RPM, it produces 29.2 Nm of torque.
Using the equation (1), the power at 1800 RPM is calculated to be 5.5 kW.

P =29.2 x 21t X (1800/60)
P = 5.5 kW

From here, a power-torque against engine speed graph can be generated. It is not a complete
picture of the power-torque chart, but it is useful to visualize the electric motor performance, and it is
useful in selecting the right electric motor. Fig. 6 shows the power-torque graph for the Kubota
B7000D diesel engine.

Kubota engine performance
40

202
30 ,/

20

104
10 /
0
0 1000 2000 3000 4000

RFM
@ Torque (Nm) @ Power, (KW)

Fig. 6. The Kubota B7000D engine performance graph

From the graph in Fig. 6, the torque and power lines are still climbing. From the specifications,
the power specified is rated, not maximum power. For a typical ICE, the peak torque occurs before
maximum power. Fig. 7 shows an example of a diesel engine dyno chart. The curve on top of the
graph is torque and the curve in the graph is power. Notice that the torque reaches its peak while the
power is still climbing.

ICE torque curve typically has inverted ‘U’ shape [47], [48]. Modern engines with variable valve
technology have flatter torque curve [49]. In actual Kubota B700D engine performance curve, it shall
have similar shape in Fig. 7. The information supplied by the manufacturer may not be sufficient, but
it is essential that the power rating and torque of the electric motor are available.
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Fig. 7. Engine performance chart [Image from: “Analysis of Internal Combustion Engine Performance Using
Design of Experiment,”. Licensed under CC BY 4.0] [47]

4.2. Powertrain Design and Requirement

The fundamental objective of the powertrain design is to ensure that the electric tractor can
deliver the same or better performance compared to the original diesel version. There is a study that
emphasizes power design, especially on electric motor performance. The aim of the design is to
achieve similar or improved performance compared to traditional diesel-powered tractors [50]. To
achieve this, the electric motor selection and battery sizing need to match the capability of the diesel
engine.

4.2.1. Electric Motor

Based on the information gathered from the diesel engine specification, the electric powertrain
design will consider the following:

e  Electric motor that is capable to spin to at least 3000 RPM.
e  Electric motor with power output of 10 kW.
e  Electric motor with torque output of 30 Nm.

e  Electric motor can be either Brushless DC motor (BLDC) or Permanent Magnet Synchronous
motor (PMSM).

The two popular electric motors that are available on the market are BLDC and PMSM motors.
There are several studies on these two types of electric motors. However, the study shows that PMSM
is generally efficient and can achieve more range for a light electric vehicle as compared to BLDC
motors [51].

The torque curve of an electric motor is flat across a wide RPM range unlike ICE. As mentioned
by a study, electric motors have maximum torque across a wide speed range while diesel engines have
high torque at a smaller window RPM. At low speeds, the torque from a diesel engine is about 30%
of its nominal value [52], while electric motors can have the maximum torque at low speed. The
following Fig. 8 is an example of a typical torque-speed graph of an electric motor [53]. The initial
torque is at the highest point as compared to diesel engines.

One key advantage of electric motors is their ability to deliver high torque at low RPM [54], [55],
which is ideal for tractor applications. One electric motor was identified for this conversion. It is an
8000 W PMSM motor. This electric motor is meant for off-road dirt bikes. Fig. 9 shows a picture of
the PMSM motor. It can be powered by a 60 V up to 96 V power supply. The weight of the electric
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motor is 21 kg. The electric motor power is rated at 8 kW and is able to deliver maximum output of
15 KW. The rated torque is 18.2 Nm and the peak torque can reach up to 65 Nm. This is twice the
torque of the tractor’s diesel engine. The rated speed of this electric motor is 4200 RPM and can peak
at 6000 RPM. This electric motor specification matches well with the diesel engine capabilities of the
Kubota B7000D tractor. The following Table 3 is the specifications of the PMSM motor.

A
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Fig. 8. Drive motor torque speed curve (Adapted from K. Lee and M. Lee) [Licensed under CC BY 4.0] [53]

Fig. 9. A picture of the PMSM motor

Table 3. Specifications of the PMSM motor

Item Parameters
Nominal battery voltage, V 72
Rated power, kW 8
Peak power, kW 15
Rated speed, rpm 4200
Peak speed, rpm 6000
Rated torque, Nm 18.2
Peak torque, Nm 65 (0~4000 rpm)
Rated battery current, A 73
Maximum line current, A 160
Maximum phase current, A 450
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From the electric motor specifications, a comparison between the Kubota engine and PMSM
motor has been made. Table 4 shows the comparison of the performance in terms of power, torque
and speed.

Table 4. Performance comparison between Kubota engine and PMSM motor

Kubota Engine PMSM motor

Rated power (kW) 104 8

Max power (kW)  Not Available 15

Max torque (Nm) 33.1 65
Rated RPM 3000 4200
Maximum RPM Not Available 6000

To visualize the performance differences, the following Fig. 10 is the power-torque curve
comparison between the diesel engine and the selected electric motor. This is not the exact real
performance curve, but it illustrates the performance of using an electric motor for the tractor based
on the parameters available. There are some assumptions that have been made. The torque curve is
flat from zero to 4200 RPM. The torque value is derived from the maximum power of the PMSM
motor which is 15 kW. Therefore, using equation (1), the torque is 34.1 Nm.

Kubota engine and PMSM motor performance

40
30 33.1
292
20 15
10
0 9.5
1800 3000 4200
RPM
©® Kubota Tg, (Nm) @ Kubota Pwr, (kW) PMSM Torque, (Nm) @ PMSM Power, (KW)

Fig. 10. Performance comparison chart between Kubota engine and PMSM motor

4.2.2. Motor Controller

The PMSM comes with a matching motor controller or inverter. The motor controller is
responsible for the operation of the electric motor by controlling the voltage, current and frequency
supplied to the electric motor [56]. The motor controller is rated at 72 V nominal that can handle up
to 850 A peak current and 350 A continuous current. In terms of electrical power, the motor controller
can deliver 61.2 kW of peak power and 25.2 kW of continuous power. That is more than enough to
meet the required performance of the electric motor. The following Fig. 11 is a picture of the motor
controller. Table 5 shows the specification of the motor controller.

There are programmable settings that can be adjusted in the controller to optimize the
performance according to the tractor's requirements. Adjustable settings include battery limits, current
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limits, temperature limits, electric motor rotation, throttle response, speed limit, regenerative braking
and torque control. There is also a more advanced speed control for this electric motor for advanced
users that requires P1 (Proportional-Integral) settings [57]. With this customizability, the performance
and the protection of the electric motor can be set to suit the tractor application.

4
Fig. 11. The motor controller

Table 5. The motor controller specifications

Specifications
Operating voltage (V) 48/50/72

Maximum voltage (V) 88
Phase current (A) 850
Line current (A) 450
Motor power (kW) 6-8
IP rating IP67
Net weight (kg) 3.08

4.2.3. Battery Pack

The battery pack size is determined by the energy required for the tractor operation. For this
conversion, the LiFePQO, battery cells were selected. The LiFePO,4 has less energy density than other
Lithium-lon variants, but it provides better safety [58]. There are two criteria to consider when sizing
the battery pack:

e  The electric motor operating voltage and current requirement.
e The duration or range of the tractor operation on a single charge.

4.2.4. Motor Voltage and Current Requirement

The selected motor controller can accept voltage of up to 88 V (refer Table 5). To meet the
voltage requirement, some calculations are needed. Based on manufacturer data, the minimum and
maximum voltage of the LiFePO, batteries is 2.5 V and 3.65 V respectively (refer Fig. 12). Using the
fully charged voltage of 3.65 V, we can determine the number of cells needed: 88V / 3.65V =
24.1 cells in series. The number shall be round down to 24 cells. Therefore, the actual battery pack
voltage will be, 24 x 3.65V = 87.6 V. From this, the lowest voltage of the battery pack can be
determined, 24 cells x 2.5V = 60V.

The minimum and maximum voltage of the battery pack shall meet the motor controller operating
voltage. Refer to Table 5 in the previous subtopic.
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2  Description and Model

2.1 Description: LFP Li-ion Power Battery with aluminum shell.

2.2 Model: LF230.

3 General Technical Parameter

No. Item Parameter Remark
1 Typical Capacity 230Ah
. 25+2)°C, Standard ch and
2 Typical Voltage 3.2V ( ) >en age
discharge
3 AC Impedance Resistance <0.30mQ
Charge/Disch
HETTIREIEE | 0.5c/0.5C
4 Standard charge Current 254900
and discharge Charge/Discharge 3.65V/2.5V (25+2)
Cut-off Voltage e
Continuous
M Charge/Discharge 1C/1C
ax .
5 Ch Dischar Current Reference Continuous/Pulse
arge/Discharge .
gC : g Pulse Charge/Discharge Current Map
urren’ .
Charge/Discharge 2C2C
Ccurrent (30s)
6 Recommended SOC window 10%—~90% N.A.
7 Charging Working Temperature 0C—~60C Reference Continuons/Pulse
3 Discharging Working Temperature -30°C~607C Charge/Discharge Current Map
Storage Short Term(Within a . .
9 Temperatare Month) -20°C~45°C N.A.

Fig. 12. Battery cell specifications from the manufacturer

For current requirement, the motor controller can handle up to 450 A continuous and 850 A peak.
The continuous current value indirectly will be used to determine the battery capacity. This is due to
the C-rate of the battery is related to the capacity of the battery. The C-rate of the battery is a measure
of the rate at which a battery can be charged or discharged relative to its capacity [59]. The
manufacturer specification sheet shall provide the C-rate value of the battery. Different batteries have
different charging and discharging rates. Incorrect match of the charging & discharging rate of a
battery will give capacity fade and severe voltage drop under load. Capacity fade refers to the
reduction in the total capacity that can be stored and delivered by the battery over its lifetime [60].
The following is the C-rate formula.

C —rate = (Discharged current / Battery capacity) 2
Or

C —rate = (Charge current / Battery capacity) 3

The higher the C-rate the quicker the current can be charged or discharged, vice versa. For the
EORYV, LiFePO, batteries with 230 Ah have been selected as in Fig. 11. The discharging rate is critical
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as this determines whether the battery can supply sufficient current to the motor controller and the
electric motor. Based on the manufacturer data, the 230 Ah battery cell has a discharging C-rate of 2C
and charging rate of 1C. Therefore, the battery is capable of discharging current continuously at 460
A. Compared to the motor controller specifications in Table 5, the line current that the motor controller
can handle is 450 A. Thus, these battery specifications shall meet the motor controller requirement.
However, for charging, the manufacturer recommends charging at 0.5C or slower (115 A or lower).
From the data, the maximum power output from the battery pack which is 87.6V x 4604 =
40.3 kW. This is the theoretical value of the maximum power that the battery pack can provide.

4.2.5. The Duration or Range of the Tractor Operation on a Single Charge

The next step would be to estimate the energy requirement for a typical tractor operation. A
typical tractor working time is usually 8 hours per day for ploughing, harrowing, seeding and other
farm work [61]. At the current moment, there is no data on the fuel consumption on the diesel-powered
tractor. There is no data on how long the engine with full tank fuel will last. However, the energy
requirement was estimated based on the fuel tank of the tractor which is 15L. This calculation is a
simple estimation where external factors are not included such as operation type, operation duration
and terrain condition.

According to the U.S. Department of Energy's Alternative Fuels Data Centre, diesel has an energy
content of approximately 36.0 megajoules per liter (MJ/L) [62]. Therefore, the total energy content in
the diesel tractor's fuel tank is 15 L x 36.0 MJ/L = 540 Mj. To convert from MJ/L to kWh, the
following equation is used.

Energy inkWh = Energyin M] X 0.2778
EnergyinkWh = 540 x 0.2778
Energy in kWh = 150.012 kWh

From the calculation, the total energy content for a 15 L tank is 150 kWh. This number however
is too big for a battery pack.

It is important to note that this figure assumes 100% efficiency, which is unrealistic. This figure
must include diesel engine efficiency and electric motor efficiency. Assuming the diesel engine
efficiency is 30% and the electric motor efficiency is 90%, as mentioned in the earlier topic, calculated
energy from the battery pack would be,

Usable energy from 15 litre diesel, 150 kWh x 30% = 45 kWh

Required energy for the electric motor 45 kWh / 90% = 50 kWh

According to the analysis, the tractor conversion can be designed with a 50 kWh battery pack.
Based on the 230 Ah battery pack data, the total battery energy can be calculated.

Battery energy = Battery nominal voltage X Battery capacity

Battery energy = 87.6V X 230 Ah = 20.1 kWh

The difference between 50 kWh and 20.1 kWh is huge. The battery pack is less than half the
capacity of the requirement. However, the current battery was selected based on constraints such as
physical space, weight, cost, and proof-of-concept testing objectives. In terms of operation, the electric
tractor shall be more efficient as the electric motors don’t consume much energy than the diesel
engines when idle. Moreover, not all farm operations require continuous 8-hour use; some lighter-
duty tasks or shorter shifts may be supported by the current capacity.

This is an opportunity for researchers to further study the energy consumption [63], [64]. As part
of this research, actual energy consumption testing shall be conducted to improve the accuracy of the
estimated energy requirements and to evaluate the real-world performance of the electric tractor. The
calculated battery capacity is simplified and it relies on theoretical energy equivalence than real data.
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The performance in real-world conditions is significantly influenced by operator behaviour and
varying terrain characteristics commonly encountered in agricultural environments. Further work is
planned to monitor the actual energy consumption under real agricultural working conditions, as what
has been discussed in the literature review, to better understand the performance and to validate battery
sizing.

4.2.6. Battery Management System and Onboard charger

The battery management system (BMS) and the onboard charger (OBC) are components for the
battery pack. BMS monitors and manages the battery pack to ensure safety, prolong the battery life
and improve battery efficiency [65]. The BMS is from off-the-shelve product. It is a 24s BMS from
Dongguan Daly Electronics Co. Ltd. Similar to the motor controller, it has programmable settings for
over/under voltage, over current, temperature, state-of-charge and more. This will be covered in a later
topic.

The OBC is an AC to DC type charger, and it has an output of 6 kW power. With the 20.1 kWh
battery pack, the charge time for the tractor battery will be 3.35 hours from zero capacity. The
following Fig. 13 shows the block diagram of BMS and onboard charger for the battery pack. Fig. 14
and Fig. 15 show the pictures of OBC and BMS.

OBC BMS

v

Battery
pack

Fig. 13. Block diagram of OBC, BMS and battery pack

Fig. 14. The onboard charger
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Fig. 15. The BMS for this project

4.3. Other Electronics Components

Other electronic components in the electric tractor conversion include the pre-charged circuit and
disconnects such as the contactor. The contactor is a high-power electromechanical device used to
switch electrical circuits on and off. For the electric tractor, there are three disconnects: a maintenance
switch, a breaker, and a contactor.

The maintenance switch on Fig. 16 is a manual switch that is only operated by hand. This switch
will break all electrical connections to the battery. The breaker is similar to any DC breakers that
protect the circuit. The contactor is a switch like relays that are activated by magnetic coil as in Fig.
17. The function is to turn on the motor controller and the rest of the electrical system.

Fig. 17. A contactor can carry bigger current than a typical relay

Ahmad Zaki Yaacob (Powertrain Conversion of a Small Agricultural Tractor from Diesel Engine to Permanent
Magnet Synchronous Motor)



International Journal of Robotics and Control Systems
Vol. 5, No. 2, 2025, pp. 1374-1421

1394 ISSN 2775-2658

However, the contactor must be paired with a pre-charge circuit to limit the inrush current to the
motor controller. The pre-charge circuit bypasses the contactor from the battery pack to the motor
controller. It contains a resistor that limits the current to charge the capacitors inside the motor
controller. Once the capacitors are charged, the contactor can then be activated. A contactor that is
activated without a pre-charge circuit may be exposed to failures due to burning contact points inside
and electric arcs of the inrush current from the battery to the motor controller [66]. Fig. 18 shows a
basic circuit diagram for the contactor.

< % [
1
< it 1RL1 '

I R3

SW-DPST h
QR

R1
2

=
Ll@

Fig. 18. The overall circuit for switch, contactor and pre-charge circuit

This is a basic diagram for a switch and a contactor with a pre-charge circuit. On the left side is
a double-pole, single-throw (DPST) mechanical switch. The contactor is denoted as K and is
connected to the power source through the normally open port. Resistor R3 is the pre-charge resistor,
and the load on the bottom right is the motor controller. R1, R2, C1, and Q1 in the middle of the circuit
represent resistors, a capacitor, and a MOSFET, respectively. These components function as a delay
circuit to drive the coil in the contactor (K).

When the switch (SW1) is closed, current will flow through R3 and the delay circuit. The current
flowing to the motor controller is initially limited by R3, allowing the capacitor in the motor controller
to be charged gradually. After a certain period, the delay circuit activates the coil in the contactor,
allowing more current to flow into the motor controller through the contactor without damaging the
contact points in the contactor.

Following the same concept described, the circuit diagram presented may vary depending on the
application. Depending on the specifications of the contactor and the type of load, the electronic
components may have different values or configurations.

Besides the switches, there is an energy monitoring device to monitor the voltage and the current.
The energy monitoring device is interfaced with an Arduino microcontroller. The Arduino shall relay
the voltage and current information to an Android tablet. An Android apps installed in a tablet shall
present the data and at the same time it shall do logging on the voltage and the current data. This shall
be covered further in the Electronics Dashboard section. Fig. 19 shows the energy monitoring device.

Other than those electronics components, a step-down DC-DC converter is also available for
auxiliary power. This shall be used to power the 12V components such as the lights, wipers, horn and
other 12V accessories.

4.4. Mechanical Design and Integration

Several steps were taken for mechanical work. The first step involved in removing the ICE
components, fuel tank and associated mechanical parts from the diesel tractor. For this conversion
project, the original transmission was used. Fig. 20 shows the removed ICE.
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4.4.1. Design and Analysis

The next step involved was to create a CAD design for a front chassis structure, a coupler and a
mounting frame for the electric motor. The chassis structure serves multiple functions, including
housing the battery pack compartment, supporting the tractor's front chassis, and accommodating the
electric motor and electronic components. Using factory supplied measurements of the battery cells
and electric motor, the design team developed a detailed CAD model for the chassis structure. This
allowed the team to virtually assemble and test the components before the actual conversion process.
Fig. 21 is the CAD render of the front chassis structure.

As can be observed on Fig. 20, the chassis structure has a compartment for the battery pack on
top and the electric motor underneath it. There is also some space for electronics components in front
of the electric motor. This design optimizes the tractor’s weight distribution and balance. Efforts were
made to achieve the best weight distribution, however there are some restrictions. Due to space
limitation, the battery pack compartment was put on top of the electric motor. The weight of the
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structure was also considered. Some conversion projects demonstrate that the vehicle is heavier after
conversion [67].

Fig. 21. A CAD render of the front structure of the tractor

The design also considered the accessibility and serviceability of the components for future
maintenance. Using the measurements of the battery cells and electric motor dimensions, a mock-up
made of cardboard and wood was created. Fig. 22 shows a picture of the mock-up.
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Fig. 22. Mock-up components of the tractor

A structural analysis by the design team using Finite Element Analysis (FEA) was performed to
ensure the frame can withstand the maximum load of the components and the maximum torque load
from the electric motor [68]. A detailed analysis is elaborated in the next section. The results showed
that the structure design was adequate and would not fail under the expected operational loads.
Another analysis that can be done for further study is on noise and vibration of the PMSM motor. A
study suggested using simplified analytical models that can help estimate noise and vibration
emissions [69].
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Besides the chassis structure, other mechanical components that have been designed were a
coupler and a plate for the electric motor mounting. A coupler was designed to connect the electric
motor to the existing transmission. A plate for the electric motor mounting was also designed and has
been ensured that the mounting is able to hold the electric motor during operation.

4.4.2. EORYV Chassis Structural Analysis

A static structural analysis of the EORV was conducted by researchers from the Faculty of
Mechanical Technology and Engineering using the finite element method (FEM) in CATIA V5 R20
software under operational loading conditions. The analysis procedure involved defining the material
properties, specifying the load and boundary conditions, meshing the geometric model, and evaluating
the structural performance through static load analysis. This process aimed to determine the maximum
stress and deformation magnitudes, their distribution across the structure, and the overall design
safety.

The chassis material selected is low carbon steel (ASTM A36 grade), characterized by a yield
strength of 250 MPa, a Young’s modulus of 200 GPa, a Poisson’s ratio of 0.266, and a density of 7860
kg/m3. Table 6 shows two different loads (force 1 and force 2) applied at the chassis structure for the
analysis.

Table 6. Load calculation

Force 1 Force 2
Electric Motor 19.6 kg Battery 120 kg
Chassis 13.97 kg Battery compartment 24 kg
Hood 12 kg
Total 32.97 kg =323.32N 156kg = 1529.84 N 1529.84 N

The location for applied load and boundary condition (fix or clamp type) was studied before the
analysis happened is shown in Fig. 23 and Fig. 24, respectively. The load was divided into two distinct
magnitudes and locations to reflect the actual operating conditions. The force applied to the base
chassis originates from the electric motor and the chassis weight, whereas the force applied to the side
of the chassis results from the battery pack, battery enclosure, and hood components.

Force 1:
323.23 N

Force 2:
1529.84 N

Fig. 23. Applied load location on the chassis
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Fig. 24. Boundary condition (fix or clamp type) location

Green colour is the clamp position at the chassis. Clamp was pointed at 8 different locations on
the chassis (referring to the mounting points). The meshed model generated is shown in Fig. 25. The
meshed model was performed using automatic option, and generated total of 292,301 elements and
1,147,412 nodes, respectively.

Fig. 25. Meshed model of the EORV chassis

The maximum von Mises stress and stress distribution on the EORV chassis design obtained
through the static bending analysis performed is shown in Fig. 26. Meanwhile, the maximum
displacement and geometry deformation distribution on the EORV chassis design is shown in Fig. 27.
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The maximum bending stress observed was 2.46x107 N/m? (or 24.6 MPa) resulting to a Factor of
Safety (FOS) under static condition of 10.16. The maximum stress was location observed was at the
chassis lower mounting point to the tractor front wheel axle. The high static FOS value obtained
showed that the new EORV chassis design is able to robustly withstand the anticipated loads and
potential overloads, ensuring the safety and durability of the agricultural machine during its actual
operations.

Fig. 26. Bending stress distribution on the E-ORV chassis design at varying view angle

Fig. 27. Displacement distribution on the E-ORV chassis design due to the bending load

4.4.3. Fabrication

There were three main components that need to be fabricated. A chassis structure that has a
battery compartment that also houses all electronics component inside, a coupler to couple the electric
motor to the transmission and a bracket to hold the electric motor. For this conversion project, the
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clutch system was removed, and a coupler was fabricated to directly couple the electric motor to the
transmission.

The chassis structure was fabricated using low carbon steel (ASTM grade A36) and was designed
to fit the original engine location of the tractor. It was constructed to provide adequate support and
protection for the battery cells and other electronic components. Fig. 28 shows the front part of the
tractor with the engine removed. Special attention needs to be given to the fact that the removed diesel
engine was an integral part of the chassis. The diesel engine was part of the front chassis that also
holds the front tyres and axle. Based on the structural analysis, the chassis is expected to withstand all
operational loads with an adequate safety margin to accommodate additional forces that may arise
during real-world operation. Fig. 29, Fig. 30 & Fig. 31 shows the front structure that holds the front
chassis that also houses electronics components underneath it.

‘ e |

R
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Fig. 29. Lower part of the customized structure of the tractor
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Fig. 31. Electric motor and motor controller underneath the structure

To drive the existing transmission, a coupler was designed and fabricated. The coupler links the
electric motor to the transmission. Several types of couplers were designed. For this conversion, a
coupler with a flexible jaw design was chosen. The coupler uses a flange, mounted on the electric
motor shaft and a matching flange on the input shaft of the transmission, allowing a secure connection
between the electric motor and the transmission. Fig. 32 shows the fabricated coupler.

Additionally, a support bracket was designed and fabricated to hold and mount the electric motor
to the chassis as in Fig. 33. The bracket was fabricated from steel and was designed to withstand the
high torque loads from the electric motor. The electric motor must be aligned properly with the
transmission input shaft to avoid any vibration, binding, or premature wear. A precise bracket was
fabricated to mount the electric motor in the proper position.
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N
Fig. 32. The flexible jaw coupler with a 3D printed support bracket
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Fig. 33. Support bracket for the electric motor mount and the coupler

4.5, Electrical and Electronics Integration

Electrical and electronics integration involved wiring the battery pack, motor controller, electric
motor and other electronics components. Before doing the integration, all EV components were bench
tested and verified as shown in Fig. 34. This bench test was conducted to ensure that all components
are working.
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Fig. 34. Bench test of EV components

Prior to installing it into the tractor, each of the battery cells was verified to be balanced and has
similar state-of-charge (SoC). The BMS was installed to monitor and manage the battery pack. The
BMS includes dedicated software that can be monitored via a mobile phone.

4.,5.1. Battery and BMS Integration

As discussed in earlier section, 24 battery cells were connected in series. Each of the battery cells
were connected using the supplied bus bar. Each of the battery cell terminals have wire probes from
the BMS. Caution was taken to ensure that there is no untoward incident during wiring. From these
wire probes, BMS will be monitoring each of the cell’s voltage. On top of monitoring function, the
BMS can regulate current and provide safety for the battery cells.

There are several effects associated with imbalanced battery cells. J. Oh et al. conducted a
comprehensive study on the impact of cell imbalance [70]. When cells are imbalanced, voltage
variations occur among the cells, accelerating the degradation rate of individual cells. This degradation
reduces capacity retention over multiple cycles. Additionally, cell imbalance can lead to an increase
in overall internal resistance. From a thermal perspective, voltage imbalance results in uneven
discharge patterns, which may generate excess heat and potentially lead to thermal runaway. Charging
also poses risks as a battery pack may reach its voltage cutoff indicating a full charge. However, one
or more cells may exceed the voltage limit due to imbalance, while others still have remaining
capacity. Similarly, during discharge, an imbalanced cell may drop its minimum voltage threshold.
These risks, however, can be mitigated by a BMS.

Other issues on the battery pack are the thermal performance of the battery cells. For this EORV,
there is no thermal cooling is used. A simple passive cooling methods using fan can be used for further
testing. At this stage, there is no endurance test to be done. However, the BMS is used to monitor and
to ensure that the temperature is maintained.

Thermal performance of the battery cells represents another area of concern for the battery pack.
In the current EORV configuration, no active thermal management system has been implemented.
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However, simple passive cooling methods, such as the addition of fans, may be explored in future
testing phases. At this stage, endurance testing has not yet been conducted. Nonetheless, the BMS
continuously monitors the battery temperature to ensure it remains within safe operating limits.

The BMS comes with a dedicated software that allows the user to monitor the battery pack status
and health. There are some parameters that can be configured based on the tractor application. This
feature is a bit like the motor controller mentioned in the earlier section. Fig. 35 shows the BMS
software.
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4.5.2. Pre-Charge and Contactor Circuit

Before connecting the motor controller to the battery pack, the pre-charge circuit shall also be
tested here. This is to avoid in-rush current from the battery to the capacitor inside the motor controller.
The in-rush current can cause sparks on the battery terminal or on the motor controller terminal when
connecting the first time.

Fig. 35. A snapshot of the BMS software

The pre-charge circuit in Fig. 18 is referred. A 5-second time delay was setup from the circuit to
drive the contactor. The time delay can be chosen as desired. Some analysis was done for this to find
a suitable pre-charge resistor. Given that the battery pack maximum voltage is 87.6V, the time to
contactor activation is 5s and the measured capacitance across the motor controller is 10.97mF (see
Fig. 36), the pre-charge resistor can be calculated.

Assuming that the voltage across the capacitance is 99.5% of the maximum battery voltage just
before the contactor is activated, the pre charge can be calculated as follows,

V(t) = Vinax (1 — e 71RO

Vinax is 87.6 V

The voltage just before the contactor is activated will be V (¢t).
V(t) is 99.5% of Viax

0.995 x 87.6V = 87.6V (1 — e~ 5(R:0.01097))

0995 = 1 — e—5(R~0.01097)

e~ 5(R0.01097) — (005

—5/(R - 0.01097) = In(0.005)

R = —5/(in(0.005) x 0.01097)
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= 86.03 Q

The power rating of the resistor can be calculated as follows,
VZ

“R
87.6 V2

= 86.03 0

P =89.2W

P

From the calculations, the pre-charge resistor shall be 86.03 Q and the power rating is 89.2 W.
However, this rating is not available. The closest would be a 100 Q with 100 W rating. With the new
resistor values and the same time delay, the power dissipation and the voltage before contactor
activation are calculated. Using the same equation of voltage across the capacitor after 5 seconds with
100€2.

V() = Vinax(1 — e ®0)

V(t) =87.6(1— e—5(100-0.01097))

V(t) =86.67V

This is about 98.95% of the battery pack voltage

Using the following formula to calculate power dissipation in the resistor

VZ
P =—
R
3 87.62
~ 100
P =7674W

From the calculation, the 100 Q with 100 W rating is suitable for this application. It shall be noted
that, the calculated power is peak power and when the capacitor is charged, the power will be less. In
case of the contactor failure, the pre-charge resistor won’t get hot. The potential difference between
86.67 V to 87.6 V is small for spark to occur when the contactor is activated.

4.5.3. Motor Controller

For motor controller, all required sensors and the PMSM were wired and connected to the motor
controller. Once those connections were connected, the motor controller was ready to be connected to
the pre-charge circuit to the battery pack.

Upon switching it on, the motor controller shall start to operate when the contactor is activated.
The motor controller shall give a short tone to indicate that it is ready to operate. Different
manufacturers may employ different methods of notification.

Using the software provided by the manufacturer, all parameters can be monitored and some of
the parameters can be set [71]. For safety settings, the following can be set, battery pack voltage limit,
electric motor or controller temperature limit, electric motor current limit and sensor error. The motor
controller will stop working and will produce error when those limits are exceeded or out of range.

For performance settings, the following can be set, maximum electric motor RPM, maximum
electric motor torque, throttle curve and regenerative braking. Some of these parameters were tested
on bench such as maximum electric motor RPM. Some of them can only be tested with load. This
shall be done once the electric motor is installed in the tractor. One parameter that is of interest is the
peak current. This can only be tested on the road [72]. Fig. 37 shows the software of the motor
controller.
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Fig. 36. Measured capacitance across the motor controller

For the bench test, several tests were done to ensure that the throttle is responsive. Settings for
RPM limit, motor direction and warning parameters were set. Electric motor failure warning such as
low voltage was also simulated. All these steps were taken to ensure proper integration and testing of
the electrical system before final installation on the tractor.

- Parameters - Protect
AngleDetect: 0-120°Hall  TempSensor:0-NONE HigiVolProtect: HigiVolRestore:
PhaseOffset:0 PolePairs LowVolProtect: LowVolRestore:
Motor Direction: RatedSpeed:0RPM MotorTempProtect: MotorTempRestore:
RatedVoltage: RatedPower: MosTempProtect: MosTempRestore:
MaxSpeed:0RPM BackSpeed:0RPM 0 BattCoeff:0 Full BattCoeff:0
MaxLineCurr:999A MaxPhaseCurr:9999A ThrottleLost:0-Inval Throttlelnsert: 0
ThrottleResponse:0-Line  Throttle Acc Step:0 BackPTime: 0-3s ReleaseToSeat: 0Os
BoostLineCurr:999A BoostPhaseCurr:9999A BlockTime: Os ParkTime: Os
Pﬁfg!_i):cihange: No ECOAccCoeff: 0 LmtSpdStartCap: 0 LmtSpdMinCap: 0
Weak Character:0-Fast WeakResponse:0 LmtSpdMaxCoeff: 0 TurtleSpeedCurrCoeff: 0
Throttle Dec Step:0 Release Throttle:0 BalitSignak LowVol Way: 0-Vol2V
Throttle Low:0V Throttle High:0V IntRes:0 it AFE: 0000
- Ratios in Speed - PID Paras
500RPM 0% 1000RPM 0% AN:O LM:0
_”' 1500RPM 0% 2000RPM 0% StartKI:0 StartkKP:0
“ */ﬂ’/o 2500RPM 0% 3000RPM 0% MidKI:0 MidKP:0
APhaseCurr:0A CPhaseCurr:0A
3500RPM 0% 4000RPM 0% MaxKI:0 MaxKP:0
Contoier kot connetted 4500RPM 0% 5000RPM 0% SpeedKI:0 SpeedKP:0
MultiEun s :j’)ﬁ()ms -~ ;T;'/Fﬂh]u\ 5500RPM 0% 6000RPM 0% MOE:0-Enable CurveTime 2ms
- - LEANNDA  NO/ TOANANRDAL  Nos
& ® ~ 3 Resto  goe  RetumSimple TS0 pegs Save | RetumSimple  "c'Fromesd
Paras Graph Curve Comm re Mode re Mode

Fig. 37. A snapshot of the motor controller software

4.6. Electronic Dashboard

For this conversion project, there is an electronic dashboard. The electronic dashboard is based
on an Android application to display general information of the electric motor like RPM, vehicle
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speed, battery voltage, current and power. This information comes from the motor controller and
energy monitoring device mentioned earlier. An Arduino microcontroller in Fig. 38 was programmed
to capture the sensor data from the motor controller and from the energy monitoring device. The sensor
data is transmitted to the tablet through the USB port. Fig. 39 shows the block diagram of the
electronics dashboard integration. Fig. 40 shows the interface on the electronics dashboard.
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| = ic ‘ S et ¥

,’_ 7 \

Fig. 38. An Arduino Mega that is used as sensor data collector
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controller y - e
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Fig. 39. Block diagram of electronics dashboard
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RIGHT Simulation

Fig. 40. Interface of the electronics dashboard

Ahmad Zaki Yaacob (Powertrain Conversion of a Small Agricultural Tractor from Diesel Engine to Permanent
Magnet Synchronous Motor)



International Journal of Robotics and Control Systems

1408
Vol. 5, No. 2, 2025, pp. 1374-1421

ISSN 2775-2658

5. Performance Evaluation

After completing all installations and integrations, the next step was to evaluate the performance
of the EORV. Bench testing has been done before where all electrical and electronics components
were tested on a bench. Nevertheless, that was only a small portion of the testing procedures. For this
EORYV, a simple road test evaluation was conducted.

Before the road test, the tractor was configured and verified in the workshop. When the whole
system was good, the tractor was driven out for road tests. For road tests, there was some test runs to
capture data. The test plan is described in detail in the next sections.

5.1. Initial Testing

When the tractor was fully assembled, initial testing was conducted to ensure the proper
functioning of all the components. At all times, the tractor was suspended on a jack so that the wheels
don’t touch the ground.

After checking the system, all switches were turned on. Some observations were made to ensure
that there was no alarm sound from the motor controller and the BMS indicates normal operation.
Then, the tractor will be ready for its initial test. While suspended, a forward gear was shifted in, and
the throttle was lightly pressed. From observation, the electric motor started spinning and the traction
wheels started to rotate. The test was repeated with other forward and reverse gears. The gear can only
be changed when the electric motor is at a complete stop since the clutch has been removed. At the
same time, the brake was also tested. When all these have been tested, the tractor was lowered down
to the ground.

5.2. Road Test

Once placed on the ground, the tractor underwent a basic road test, as shown in Fig. 41. For this
road test, the tractor was driven in a private area where there is no traffic. The tractor was driven
slowly and gradually up to speed. Some motor tuning was done to ensure the smoothness of the
operation. This is necessary prior to do the test runs.

Fig. 41. The tractor ready to do road test
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There were several test runs done for data collection. These test runs were data logged using the
combination of Arduino and Android app in the tablet. The recorded data was the voltage of the battery
pack, the motor current and the GPS speed. The objective of this test is to investigate motor
performance, battery performance and tractor behaviour. The speed of the motor was set to limit of
4500 RPM. The distance of the test is 50 m with some space for slowing down. Fig. 42 shows the test
area of the tractor. The tractor can be seen in the background. The stand on the left is a marker that
marks 50 m distance from where the tractor starts. The operator shall slow down after reaching the
marker.

Fig. 42. The tractor is ready to do a speed run

From a standstill, the operator rapidly depresses the throttle to its maximum position until the
tractor reaches terminal speed. The throttle shall remain fully engaged until the tractor reaches the end
marker. This ensures that the motor operates at its maximum RPM.

During acceleration from standstill, the current is expected to increase and peak before decreasing
once the motor reaches a steady velocity at 4500 RPM. A voltage dip may occur during the current
spike. From these two variables, the motor power can be calculated.

6. Test Results

Observations indicated that the tractor has sufficient torque during startup. There was a strong
jerk and a slight wheel spinning when the tractor started to move as the torque was being applied
instantly. To improve the smoothness of the tractor, the torque curve was adjusted in the motor
controller software. From the adjustment, the torque has been reduced slightly. One thing to note is
that the initial torque is powerful that the tractor can start with the third gear. Early results show that
the tractor has plenty of power with good drivability.

With improved tuning of the motor controller, the tractor was tested in a series of speed runs. A
total of five speed runs were conducted. Fig. 43 shows a snapshot of raw data from one of the test
runs. The type of recorded data can be seen in the first column of the spreadsheet. Five parameters
were recorded: time since data logging started, GPS data, battery voltage, motor current, and power.
The time and GPS data were obtained from the internal sensors of the Android tablet. The battery
voltage and motor current were acquired from the Arduino that is interfaced with the energy
monitoring device. The Arduino relayed the information to the Android tablet via a USB cable.
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Time GPS Altitude GPS Connected GPS Date GPS Heading GPS Latitude GPS Longitude GPS Speed GPS Time Voltage (V) Current (A)  Power (kW)
5.57 42.490173 1 03/21/2025 10.505803 2.318126 102.320915 511 10:09 AM 76.27 22.54 1.72
569 42.490173 1 03/21/2025 10.505803 2.318126 102.320915 511 10:09 AM 75.69 22.54 1.71
5.80 42.490173 1 03/21/2025 10.505803 2.318126 102.320915 511 10:09 AM 75.69 22.54 1.71
591  42.490173 1 03/21/2025 10.505803 2.318126 102.320915 5.11 10:09 AM 75.69 31.63 2.39
6.02 42.490173 1 03/21/2025 10.505803 2.318126 102.320915 511 10:09 AM 75.69 31.63 2.39
6.13  42.233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 75.69 31.63 2.39
6.24  42.233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 31.63 2.34
6.35 42.233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 31.63 2.34
6.46  42.233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 102.41 7.59
6.58 42.233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 102.41 7.59
6.69 42233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 102.41 7.59
6.80 42.233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 102.41 7.59
6.91 42233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 74.09 102.41 7.59
7.02 42233704 1 03/21/2025 10.505803 2.318108 102.320908 8.28 10:09 AM 67.45 201.95 13.62
713 41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 67.45 201.95 13.62
725 41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 67.45 201.95 13.62
7.36 41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 67.45 201.95 13.62
T7.47  41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 66.70 98.72 6.58
7.58  41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 66.70 98.72 6.58
7.69  41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 66.70 98.72 6.58
7.80 41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 66.70 98.72 6.58
7.91  41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 66.70 98.72 6.58
8.03  41.345215 1 03/21/2025 10.505803 2.318083 102.320908 15.12 10:09 AM 72.43 98.72 7.15
8.14  40.510498 103/21/2025  188.719467 2.318044 102.320908 18.68 10:09 AM 72.43 98.72 7.15

Fig. 43. A snapshot of speed run #1

Based on the data logs, graphs representing the speed runs were generated. Fig. 44, Fig. 45, Fig.
46, Fig. 47, Fig. 48 show the combined data plots for each respective speed run. From the graphs,
several findings aligned with the expected results. A current surge is observed during acceleration,
accompanied by a voltage drop. This voltage drop is commonly referred to as a voltage sag.

Despite the manufacturer's 8 kW rating, it can be observed that the motor can deliver higher
output for short periods. Speed run #4 recorded the highest current usage. During the speed run, the
data log shows that the power peaked at 15.42 kW, with a maximum current of 216.96 A. Fig. 49
presents a snapshot of speed run #4. From the snapshot, approximately 5 seconds into the data log,
the current spiked to 216.96 A, accompanied by a voltage sag, where the voltage dropped to 62.34 V.
This moment of current spike corresponds to the instance when maximum power was recorded.
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Fig. 44. Speed run #1
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Fig. 45. Speed run #2
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Fig. 46. Speed run #3
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Fig. 47. Speed run #4
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Fig. 48. Speed run #5
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Time GPS Altitude GPS Connected GPS Date GPS Heading GPS Latitude GPS Longitude GPS Speed GPS Time Voltage (V) Current (A) Power (kW)
5.02 37.984924 103/21/2025 6.6728  2.318152  102.320915 5.69 10:23 AM 75.94 23.91 1.82
5.13 37.984924 1 03/21/2025 6.6728  2.318152  102.320915 5.69 10:23 AM 75.52 23.91 1.81
5.24 37.984924 1 .03/21/2025 6.6728  2.318152  102.320915 5.69 10:23 AM 75.52 23.91 1.81
5.35 38.206665 1 03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 75.52 23.91 1.81
546 38.206665 1 03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 75.52 36.25 274
5.57 38.2066865 1 03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 75.52 36.25 2.74
569 38.206665 1.03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 71.07 36.25 258
5.80 38.206665 103/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 71.07 36.25 2.58
5.91 38.206665 103/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 71.07 216.96 15.42
6.02 38.206665 1 03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 71.07 216.96 15.42
6.13 38.206665 1 .03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 71.07 216.96 15.42
6.24 38.206665 1 03/21/2025 6.6728  2.318132  102.320915 9.43 10:23 AM 71.07 216.96 15.42
6.36 38.169922 1 03/21/2025 6.6728  2.318099  102.320915 15.26 10:23 AM 71.07 216.96 15.42
6.47 38.169922 1 03/21/2025 6.6728  2.318099  102.320915 15.26 10:23 AM 62.34 131.11 8.17
6.58 38.169922 1 03/21/2025 6.6728  2.318099  102.320915 15.268 10:23 AM 62.34 131.11 8.17
6.69 38.169922 103/21/2025 6.6728  2.318099 102.320915 15.26 10:23 AM 62.34 131.11 8.17
6.80 38.169922 103/21/2025 6.6728  2.318099 102.320915 15.26 10:23 AM 62.34 131.11 8.17
6.91 38.169922 103/21/2025 6.6728  2.318099 102.320915 15.26 10:23 AM 62.34 131.11 8.17
7.02 38.169922 1 03/21/2025 6.6728  2.318099 102.320915 15.26 10:23 AM 71.32 71.53 5.1
7.13 38.169922 1 .03/21/2025 6.6728  2.318099  102.320915 15.26 10:23 AM 71.32 71.53 5.1

Fig. 49. Speed run #4

When the motor reaches its speed limit, the current dropped to a steady value. Using the same
data from Speed Run #4, between 8.81 seconds and 11.71 seconds, it can be observed that the current
stabilizes between 60 A and 63 A, and the power remains steady between 4.3 kW and 4.5 kW. Fig.
50 shows the data log for the specified period. From this speed run result, it can be concluded that at
a steady-state speed of 4500 RPM, the motor produces between 4.3 kW and 4.5 kW of power. This
indicates that sufficient power is available for higher load conditions.

Time GPS Altitude GPS Connected GPS Date GPS Heading GPS Latitude GPS Longitude GPS Speed GPS Time Voltage (V) Current (A) Power (kW)
8.81 38.369995 03/21/2025 177.77034  2.318014  102.320923 16.31 10:23 AM 72.25 62.59 452
8.92 38.369995 03/21/2025 177.77034  2.318014  102.320923 16.31 10:23 AM 72.25 62.59 452
9.03 38.369995 03/21/2025 177.77034  2.318014  102.320923 16.31 10:23 AM 72.27 62.59 452
9.14 38.369995 03/21/2025 177.77034  2.318014  102.320923 16.31 10:23 AM 72.27 62.59 452
9.25 38.369995 03/21/2025 177.77034  2.318014  102.320923 16.31 10:23 AM 72.27 63.75 4.61
9.37 38.796692 03/21/2025 179.600464  2.317968  102.320923 15.77 10:23 AM 7227 63.75 4.61
9.48 38.796692 03/21/2025 179.600464  2.317968 102.320923 15.77 10:23 AM 7227 63.75 4.61
9.59 38.796692 03/21/2025 179.600464  2.317968  102.320923 15.77 10:23 AM 7227 63.75 4.61
9.70 38.796692 03/21/2025 179.600464  2.317968  102.320923 15.77 10:23 AM 7227 63.75 4.61
9.81 38.796692 03/21/2025 179.600464  2.317968  102.320923 15.77 10:23 AM 72.09 60.75 4.38
9.92 38.796892 03/21/2025 179.600464  2.317968  102.320923 15.77 10:23 AM 72.09 60.75 4.38
10.03 38.796692 03/21/2025 179.600464  2.317968  102.320923 15.77 10:23 AM 72.09 60.75 4.38
10.15 38.796692 03/21/2025 179.600464  2.317968 102.320923 15.77 10:23 AM 72.09 60.75 4.38
10.26 38.796692 03/21/2025 179.600464  2.317968 102.320923 15.77 10:23 AM 72.09 60.75 4.38
10.37 38.396484 03/21/2025 179.600464  2.317924 102.320923 16.99 10:23 AM 72.14 60.75 4.38
10.48 38.396484 03/21/2025 179.600464  2.317924 102.320923 16.99 10:23 AM 72.14 60.75 4.38
10.59 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 72.14 60.56 4.37
10.70 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 72.14 60.56 4.37
10.82 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 71.91 60.56 4.35
10.93 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 71.91 60.56 4.35
11.04 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 71.91 61.05 4.39
11.15 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 71.91 61.05 4.39
11.26 38.396484 03/21/2025 179.600464  2.317924  102.320923 16.99 10:23 AM 71.91 61.05 4.39
11.37 37.886353 03/21/2025 177.802872  2.317878  102.320923 16.45 10:23 AM 71.81 61.05 4.38
11.48 37.886353 03/21/2025 177.802872  2.317878  102.320923 16.45 10:23 AM 71.81 61.05 4.38
11.60 37.886353 03/21/2025 177.802872  2.317878  102.320923 16.45 10:23 AM 71.81 63.72 4.58
11.71 37.886353 03/21/2025 177.802872  2.317878  102.320923 16.45 10:23 AM 71.81 63.72 458

Fig. 50. Speed run #4 from 8.81 seconds to 11.71 seconds

-

4 4 A A a4 A a4 A a4 A a a a aaaaaaaa

7. Discussions

From the speed runs, the voltage sag occurs in the early stage of motor acceleration. The voltage
sag, also known as voltage dip, is a temporary reduction voltage level in an electrical power supply
system. It causes by sudden increase in loads such as motors, water pump and air conditioner. In EVSs,
high torque demands lead to a sudden draw of high current, causing a temporary voltage drop across
the battery or power delivery system. There are several studies and mitigation procedure for this
phenomenon.

One study by I. Hermawan et al. [73], explored the technique of using photovoltaic (PV) farm to
address issues caused by the start-up of large industrial motors. The PV was coupled with
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supercapacitors. The simulation done suggest a reduction of voltage sag from 6.71% to under 5% and
sag duration from 5.3 seconds to 4.9 seconds.

Another related study by M. Hashem et al. [74] proposes the use of superconducting magnetic
energy storage (SMES) to reduce voltage sag by simultaneous start-up of water-pumping motors.
From a novel method of control strategy of the SMES, the simulated system improved the power
system.

In another study on a real power distribution feeder, research was done with supercapacitor. M.
Khamies et al. [75] proposes the use and the control of supercapacitor energy storage (SCES) instead
of SMES. In this study, the SCES has better advantage compared to SMES in mitigating voltage sag
in terms of lower energy capacity and cost.

On larger scale, voltage sag can affect public power supply. For example, in China’s distribution
network on EV charging infrastructure, Y. Zhang et al. [76] studied and evaluated voltage sag on EV
charging quality. The study emphasizes the significance of understanding voltage sag's effects on
electric vehicle charging quality, as insufficient evaluation of voltage sag can hinder EV development.
The study found that voltage sag significantly reduces the charging current of EVs and can even lead
to short-term interruptions during charging.

In the results, voltage sag is significant. From speed run #4, it can be observed that the peak
current occurred between time 5.91 seconds to 6.47 seconds. For 0.56 seconds, the current peaked at
217 A. The voltage dropped between time 6.47 seconds to 7.02 seconds. During this period, the
voltage dropped from 75.94 V to 62.34 V before stabilizes between 71V to 72 V in Fig. 50.

The voltage was dropping close to the minimum operational limit of the battery pack. For a 24s
configuration, the minimum operational limit is 60 V. Two solutions can be applied. One with
supercapacitor and one with better control strategy of the motor controller settings. However, it must
be investigated thoroughly before applying the solutions. From the data logs, the battery voltage was
slightly below the nominal voltage of 76.8 V. The battery was not fully charged. Before implementing
the supercapacitor solution, the normal behaviour of the whole system must be understood. The
voltage dipped to 62 V for half a second in the speed run. There are some other uncertainties on how
low the voltage will drop when the battery pack is below 70 V. And there shall be some questions if
the tractor is pulling a load for a longer period like 10 seconds. For this, a test similar to the drawbar
test as discussed in the literature review can be applied for future work.

The results also show that the motor performance has surpassed the original diesel engine in term
of torque and power. Based on the available specifications, the rated engine speed is 3000 RPM.
During the speed run, the electric motor operated at a maximum speed of 4500 RPM without any
issues observed. However, a more comprehensive study of the mechanical components is necessary,
as the actual maximum RPM of the original diesel engine remains uncertain. Some unofficial sources
describe the typical operating speed of the diesel engine is around 3000 RPM, which is considered the
point of optimal efficiency. It is essential to verify this information through empirical testing or official
documentation to ensure compatibility and long-term reliability of the drivetrain under increased
rotational speeds. Additionally, stress analysis on components such as the gearbox, PTO, and
differential should be considered to assess their performance beyond the original design specifications.

8. Further Work

As discussed, there are several areas that can be further explored to enhance the performance of
the converted tractor. Addressing current uncertainties is essential to ensure the overall feasibility of
the conversion.

In terms of battery performance, preliminary results indicate a significant voltage sag during
acceleration. This phenomenon should be evaluated under various battery pack voltages and different
load conditions. Detailed analysis is also necessary to better understand the motor's load behaviour.
Additionally, the thermal characteristics of the battery pack require further investigation. Although
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LiFePOs cells are known for their superior thermal safety, studying their actual thermal performance
under operational conditions may reveal opportunities for improvement and optimization.

Another critical area is motor performance. While initial tests have provided some insights,
further experimentation is needed to comprehensively assess the powertrain in terms of power output
and energy consumption. A well-structured testing methodology should be developed, with a focus
on traction performance and overall energy efficiency. Alongside these efforts, the battery pack design
can be optimized, and an in-depth study on accurate state-of-charge (SoC) estimation should be
conducted.

While performance evaluation for acceleration and top speed are straightforward, the
performance evaluation for endurance and energy consumption are quite challenging. There are
standards for passenger vehicles such as New European Driving Cycle (NEDC), Worldwide
Harmonized Light Vehicles Test Cycle (WLTP) and Environmental Protection Agency (EPA) [77].
However, for agricultural tractors, these standards are irrelevant.

For agriculture, the tractors are fall under non-road mobile machinery category [78], [79]. To
name a few, there are European Stage V, ISO 8178, and OECD Tractor Codes (as mentioned in
literature review) [80]-[82]. These standards have been developed by some countries and the
international bodies and mostly are for emission testing. There are also some standards that evaluate
not only energy consumption but the tractor’s attachment performance and safety [83].

9. Conclusion

This paper has presented the process of converting a diesel-powered tractor into an electric
model. The design, selection, and integration of major components such as the electric motor, motor
controller, battery pack, BMS, and other electronic components were covered in detail. The initial test
demonstrates that the converted electric tractor can match the performance of its diesel counterpart in
terms of power while providing improved efficiency and lower emissions.

It is noted that greater challenges arise during the conversion process. The estimation of the
battery pack is a simplistic one and the battery dimensioning is limited by the size of the tractor and
the expected overall weight post-conversion. While software simulation may address some issues, a
more suitable method would be field testing with a proper test methodology. A speed run can only
evaluate the maximum power of the motor on a flat surface; however, in real-world operation, more
variables can affect energy consumption. From the speed run test, an issue with voltage sag was
discovered. A further comprehensive testing procedure is likely to reveal further challenges.

The fabricated mechanical components have been simulated in the software. Based on the
simulation results, the parts are expected to withstand the forces under load. However, there is
uncertainty regarding the original mechanical parts, such as the gear and transmission shaft, when
operating above their rated RPM. The fabricated mechanical components should be dismantled and
inspected during each test procedure. It is advisable to keep the motor speed below the recommended
operating RPM.

As discussed in the literature review, the conversion process can be costly initially. In the long
term, however, the cost of maintenance should be lower. The most significant issue is battery
degradation. Certain optimizations can be implemented to prolong battery life, including setting limits
on both low battery levels and full charge levels. This is to ensure that the battery cells operate at an
optimum voltage. Furthermore, operators can be trained to ensure optimal operation that extends
battery lifespan.

In this EORV project, the initial cost is relatively high. However, the cost can be minimized if
the conversion is carried out on multiple tractors simultaneously rather than on a single unit.
Purchasing motors and battery cells in bulk would also reduce the initial investment. As highlighted
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in one of the reviewed studies, electric tractor conversion may be further encouraged through
government incentives.

With the experience gained from the conversion process and the initial test results, a
comprehensive set of test procedures under various operating conditions should be developed. These
tests are essential to fully understand the tractor's performance envelope, with a focus on optimizing
energy efficiency, improving battery management, and refining drivetrain performance.
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