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Abstract: Hydrogen tractors are being developed, necessitating consideration of the variation in the
center of gravity depending on the arrangement of components such as power packs and cooling
modules that replace traditional engines. This study analyzes the effects of component arrangement
on stability and rollover angle in hydrogen tractors through simulations and proposes an optimal
configuration. Stability is evaluated by analyzing rollover angles in various directions with rotations
around the tractor’s midpoint. Based on the analysis of rollover angles for Type 1, Type 2, and Type 3
hydrogen tractors, Type 2 demonstrates superior stability compared to the other types. Specifically,
when comparing lateral rollover angles at 0◦ rotation, Type 2 exhibits a 2% increase over Type 3. Upon
rotations at 90◦ and 180◦, Type 2 consistently displays the highest rollover angles, with differences
ranging from approximately 6% to 12% compared to the other types. These results indicate that Type
2, with its specific component arrangement, offers the most stable configuration among the three types
of tractors. It is confirmed that the rollover angle changes based on component arrangement, with a
lower center of gravity resulting in greater stability. These findings serve as a crucial foundation for
enhancing stability in the future design and manufacturing phases of hydrogen tractors.

Keywords: hydrogen tractors; rollover; simulation

1. Introduction

Owing to the increasing concerns associated with environmental issues and the deple-
tion of fossil fuels, the shift from traditional fossil fuels to alternative energy sources such as
solar power, hydrogen, and electricity is gaining momentum [1,2]. Likewise, in agriculture,
awareness regarding environmental issues and sustainable energy is rapidly increasing.
Also, conventional agricultural practices, which heavily depend on machinery using fossil
fuels, have a considerable impact on greenhouse gas emissions and environmental pollution
worldwide. These practices have resulted in substantial carbon emissions, water pollution,
and soil degradation [3–5]. Consequently, performing research on the effective application
of eco-friendly and sustainable energy sources to agriculture is imperative and can reduce
dependence on conventional fossil fuels [6–8]. This could result in a paradigm shift from
conventional internal combustion engines to alternative energy source tractors [9–11]. To
further explore alternatives, Felseghi [12] conducted a comprehensive strengths, weak-
nesses, opportunities, and threats (SWOT) analysis to assess the feasibility of hydrogen as
an alternative energy source. The analysis demonstrated that hydrogen fuel cell technology
stands out as a promising solution for future clean energy systems. Additionally, tractors
using hydrogen energy are more efficient for heavy-duty agricultural operations due to
their high energy density and short charging times [13]. The development of hydrogen
tractors, therefore, emerges as a strategically suitable direction to propel the agricultural
sector towards a more eco-friendly paradigm.
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When a new power source is developed and applied to tractors, it introduces unique
considerations, including the reconfiguration of components and the optimization of energy
storage systems. In the process of developing a new tractor that utilizes an alternative
energy source, essential components for power transfer, such as the engine and transmis-
sion, need to be replaced. Instead, motors, batteries, supercapacitors, and fuel cell power
systems must be employed [14,15]. Changes in the arrangement of key components during
this transition may result in a shift in the center of gravity (CoG), potentially introducing
new rollover risks. In the realm of developing tractors using alternative energy sources, it
becomes crucial to conduct stability analyses based on the arrangement of each component.
The dynamic characteristics of tractors using alternative energy sources vary based on
component layout. Hence, performing stability analysis during the tractor development
process is paramount [16–18].

One of the critical research areas for evaluating the stability of tractors is the rollover
stability analysis, which is essential for protecting farmers from potential hazards during
agricultural work and enhances tractor stability [19–21]. Moreover, considering the driving
and operating environment of such vehicles, the demands for research on rollover in the
agricultural tractor are soaring [22,23]. Thus, studies for proving the working boundary [24],
evaluating stability behavior [25], and static or dynamic analysis using computational
analysis methods have been performed so far [26,27]. Despite extensive research on
tractor rollovers, tractor rollover accidents still account for a considerable proportion
of agricultural machinery accidents [28,29]. Notably, tractor rollover accidents constitute
the highest proportion of accidents within the agricultural sector, as reported by the U.S.
Bureau of Labor Statistics [30]. Italy and Portugal, in particular, exhibit elevated rates
of tractor rollover accidents and related fatalities [31,32]. Considering these statistics,
additional research concentrating on the various factors associated with tractor rollover
accidents becomes imperative. Rollover safety analysis stands out as a foundational
research area in the endeavor to avert rollover accidents [33]. Research in this field primarily
concentrates on both dynamic and static rollover analyses [34–36]. These studies play a role
in proactive measures to prevent and alleviate tractor overturning accidents in agricultural
environments, and accordingly, rollover stability analysis has been practically conducted.

Research is being actively conducted to evaluate stability through rollover stability
analysis using simulation. Rollover stability analysis based on actual experiments is diffi-
cult considering the time, cost, and manpower required when experimenting in real life
using a real tractor [37,38]. But, compared to an actual rollover experiment, rollover stability
analysis through simulations is more advantageous as it is safer and easier to conduct
research considering the time and cost. Variables can be set with a minimum time using
simulations before proceeding with the actual experiment [39–41]. Chowdhury et al. [42]
analyzed static rollover stability to reduce the risk of rollover in onion transplanters and
deduced the lateral rollover angle in one direction. As the rollover angle was analyzed in
only one direction, there was a limit to understanding the rollover angle in various direc-
tions. Kim et al. [43] derived various directions of rollover angle by analyzing simulations
that used various rollover angles and situations to measure the rollover angle of the tractor
more accurately in all directions. Furthermore, it was possible to analyze the dynamic as
well as the static rollover angle [44] by installing various obstacles on the driving path
in the simulation and to derive the rollover angle by setting various conditions attached
to the tractor [45]. By conducting simulations under the application of various variables,
experiments that are difficult in terms of time and cost can be efficiently conducted. Herein,
the main components of a hydrogen tractor were considered, and a dynamic simulation
was performed to analyze the rollover angle in different directions and arrangement of
components.

This study aims to suggest the most stable placement of components that are alterna-
tives to conventional fuel resources for the agricultural tractor. The CoG of the agricultural
tractor was determined with different placement of components, then the rollover angle
was analyzed using dynamic simulation software based on contact force. Rotating the
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vehicle’s vertical axle was considered due to covering a wide range of rollover incidents,
and vehicle stability was evaluated with the load transfer ratio (LTR).

2. Material and Methods
2.1. 3D Model of a Tractor

The 3D model used in the rollover angle experiment of the hydrogen tractor was
simplified by employing the specifications and basic form of a commercial 110-kW model.
Recurdyn (2023, Function Bay Inc., Republic of Korea), a dynamic simulation, was used
for the rollover simulation using a 3D model. The dimensions of the tractor used in the
simulation were 4000 (L) × 2700 (W) × 2800 (H) mm, and the wheelbase was 2400 mm.
The weight of the wheels was set to 110 kW. The front and rear wheel models were set to
385/85R28 and 460/85R38, their weights were set to 80 and 150 kg, respectively, and the
total weight was set to 5100 kg (Table 1).

Table 1. Specifications of the hydrogen tractor.

Parameters Values

Overall width (W) 2700 mm
Overall length (L) 4000 mm
Overall height (H) 2800 mm

Wheelbase 2400 mm
Mass of the front wheel 80 kg
Mass of the rear wheel 150 kg

Total mass of the tractor 5100 kg

2.2. Arrangement of the Main Components

In the development process of a hydrogen tractor, the engine mounted on the internal
combustion tractor was set to E in the simulation to remove the engine mounted on the
existing internal combustion tractor, replace it with the main component of the hydrogen
tractor, and evaluate the stability of the tractor based on the component arrangement. P
represents a 70-kW power pack, M represents a 95-kW motor, T represents a 51-L hydrogen
tank, and CM represents a 70-kW cooling module. The width, length, and height of each
component were shown in a simplified form and the weight was based on the weight of a
product with similar specifications on the market (Table 2).

Table 2. Specifications of the main components in the tractor.

E P M T CM

Width (mm) 870 1045 450 - 330
Height (mm) 1050 855 450 - 1430
Length (mm) 650 850 450 900 860

Diameter (mm) - - - 350 -
Weight (kg) 550 250 80 36 250
Power (kW) 110 70 95 - 70

E = Engine; P = Power pack; M = Motor; T = Hydrogen tank; CM = Cooling module.

During the conversion of an existing internal combustion tractor into a hydrogen
tractor, the engine of the internal combustion tractor should be removed and replaced with
a power pack, motor, hydrogen tank, and cooling module, which are the main components
of the hydrogen tractor. For this process, three arrangements of the main components in
the internal combustion engine tractor and the hydrogen tractor equipped with the engine
are shown in Figure 1.
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of each tractor was calculated with the CoG calculation model. 

Figure 1. Layout of the main components in the combustion engine and hydrogen tractor:
(a) Combustion engine tractor; (b) Type 1 hydrogen tractor; (c) Type 2 hydrogen tractor; and (d)
Type 3 hydrogen tractor.

Within the simulation, the appearance of the internal combustion engine tractor
equipped with the engine is shown in Figure 1a. The engine was removed and each Type
was divided into three levels according to the arrangement of each main component in the
hydrogen tractor. Figure 1b shows the Type 1 hydrogen tractor with a power pack, three
hydrogen tanks, and a motor and a cooling module in the front. Figure 1c shows the Type
2 hydrogen tractor with a power pack instead of the existing engine, a cooling module,
three hydrogen tanks in the front, and a motor in the rear. Figure 1d shows the Type 3
hydrogen tractor with a power pack and a cooling module instead of the existing engine,
three hydrogen tanks on the tractor, and a motor in the rear.

Figure 2 shows the side view of each type of tractor, including the combustion tractor,
and their orientation (0, 0 on XZ plane) where contact is made between the front wheel and
the ground. The CoG of the combustion tractor was reflected in the 3D model based on
a previous study that calculated the CoG with the overall dimensions of the vehicle [46].
This was then verified with the CoG calculation model that the software provided. After
verifying the CoG of the combustion tractor, the engine was removed to permit placement
of the components based on the three different types of tractors, and the CoG of each tractor
was calculated with the CoG calculation model.

Table 3 summarizes the center of gravity (CoG) coordinates of each tractor and the
front-to-rear CoG ratio. The CoG coordinates of a conventional internal combustion engine
tractor were (1355.7, 1356.59), and the front-to-rear CoG ratio of the tractor was 0.56:0.44.
Subsequently, the CoG of the internal combustion engine tractor was recalculated to remove
the engine and replace it with a component mounted on the hydrogen tractor. After the
engine was removed, the CoG coordinates of the tractor were (1461.48, 1375.94), and the
front-to-rear CoG ratio was 0.61:0.39. The CoG coordinates of Type 1 were (1245.66, 1345.39),
and its front-to-rear CoG ratio was 0.52:0.48. The CoG coordinates of Type 2 were (1373.53,
1348.7), and the front-to-rear CoG ratio was 0.57:0.43. The CoG coordinates of Type 3 were
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(1381.42, 1388.64), and the front-to-rear CoG ratio was 0.58:0.42. Type 1 exhibited the lowest
CoG height of 1345.39, while Type 3 exhibited the highest CoG height of 1388.64.
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Figure 2. Displacement of the main components of the combustion engine and hydrogen tractor
in the simulation: (a) Combustion engine tractor; (b) Type 1 hydrogen tractor; (c) Type 2 hydrogen
tractor; (d) Type 3 hydrogen tractor.

Table 3. Each tractor’s center of gravity coordinates and ratio.

Combustion
Tractor Type 1 Type 2 Type 3

X coordinate 1355.72 1245.66 1373.53 1381.42
Z coordinate 1356.59 1345.39 1348.7 1388.64

Center of gravity ratio 0.56:0.44 0.52:0.48 0.57:0.43 0.58:0.42

2.3. Mathematical Model of the Tractor Rollover

The rollover motion used in this study can be expressed with the mathematical model
shown in Figure 3. G represents the CoG of the tractor, h is the vertical distance from the
ground to the CoG, θr is the lateral angle, a is the distance between the CoG and the y-axis,
b is the distance between the front wheel and the CoG, c is the distance between the rear
wheel and the CoG. A and B represent the intersection point of the ground and left wheels
(rear and front, respectively), and E and F are the right wheels (rear and front, respectively).
C, D, and K represent the intersection point of the center plane of the vehicle and the bottom
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plane created with A, B, E, and F (front, middle, and rear, respectively). L represents the
wheelbase, M is the intersection point of the front frame and center plane of the vehicle, H
is the height of M. J represents the intersection point of line AM and the projected vertical
line of G to line AM. I represents the intersection point of line MD and the projected vertical
line of G to line MD (Figure 3). The tractor overturns when the position of the CoG crosses
the wheelbase as the position of the CoG moves or the angle of inclination is greater than
the critical angle [44]. Considerations for dynamic analysis include defining CoG through
equations, as the CoG changes depending on the selected component arrangement. In this
study, the front axle and the tractor frame were viewed as one. Therefore, the front axle
cannot move separately. The tractor used does not have suspension for ease of calculating
the change in CoG. This assumption may affect the tractor balance but was not considered
in this rollover angle test [43].

Figure 3. Schematic diagram of rollover of tractor: (a) Normal condition; (b) Tilting condition.

It is assumed that the center of gravity G (a, c, h) of the tractor is located on the line of
AM. To calculate G when the tractor is tilted and overturns, G’

(
Xcog

’, Ycog
’, Zcog

’
)

is newly
assumed on the AB line (Figure 4). α and β are determined to be Equations (1) and (2).

α = tan−1 c
L

(1)

β = tan−1 H√
L2 + c2

(2)

Here, α is an angle of change from the y-axis to the Y-axis, and β is an angle of change
from the z-axis to the Z-axis.

To determine the new G′, the transformation from the xyz coordinate system to the
XYZ coordinate system is determined by Equation (3).X

Y
Z

 =

 cos αcos β
− sinα

− cosα sinβ

− sinαcos β
cos α

sin αsin β

− sinβ
0

cos β

x
y
z

 (3)
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The conversion of CoG in the XYZ coordinate system is determined by Equation (4)
from xyz (G (a, c, h)) to XYZ (G(Xcog, Ycog, Zcog)).Xcog

Ycog
Zcog

 =

 cos αcos β
− sinα

− cosα sinβ

− sinαcos β
cos α

sin αsin β

− sinβ
0

cos β

a
c
h

 (4)

After that, the initial G(Xcog, Ycog, Zcog) obtained from the XYZ coordinate system can
be calculated through Equations (5)–(7) by using the tractor rotation angle ω to calculate
the changing G’(Xcog

’, Ycog
’, Zcog

’).

Xcog
′ = Xcog (5)

Ycog
′ = Ycogcos ω− Zcogsin ω (6)

Zcog
′ = Ycogsin ω− Zcogsin ω (7)

2.4. Simulation Conditions and Method

Computational analysis was performed with the software Recurdyn (V2023) in this
study. For repeated simulation, several constant parameters should be determined based
on the previous study [47] and they were summarized in Table 4. The dynamic friction
coefficient between the road surface and tire was 1.2. The stiffness and damping coefficients
were 105 and 10, respectively. The simulation time and step were determined to be 25 s
and 1000, respectively, and the rollover speed was 0.04 rad/s in this study. The results are
compared to each other while the general agricultural machinery inspection standard value
was also considered for the evaluation [48].



Agriculture 2024, 14, 315 8 of 16

Table 4. Variable parameters for the simulation.

Parameters Values

Dynamic friction coefficient 1.2
Stiffness coefficient 105
Damping coefficient 10

Simulation time 25 s
Simulation steps 1000

Figure 5 represents the schematic diagram of the rollover simulation. The simulation
methodology and considered assumption are expressed in Figure 6. The simulation was
performed as follows:

1. The tractor was placed on the ground plane,
2. The ground plane started to rotate with a pivot point at the corner,
3. Tilted the ground at 0.04 rad/s,
4. The rollover angle was analyzed when the contact force between the left two wheels

and the ground became 0 N,
5. Then, it was repeated by turning the tractor 15◦ counterclockwise based on the

midpoint (Figure 5b).
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2.5. Load Transfer Ratio (LTR) Indicator for Tractor Rollover

The Load Transfer Ratio (LTR) evaluation method is widely used to evaluate vehicle
rollover stability [49,50]. This paper also intends to additionally evaluate the presentation
of the existing rollover angle through the rollover evaluation method based on LTR.

The LTR was defined as the ratio of the difference between the vertical loads of the left
and right wheels and the total vertical loads.

LTR =

∣∣∣∣ FL − FR
FL + FR

∣∣∣∣ (8)

where FL is the load of the left wheels, FR is the load of the right wheels.
In addition, it was intended to evaluate the overturning of the tractor using the load

transfer ratio back and forth by expanding it into a situation where the left and right sides
were overturned.

LTR =

∣∣∣∣∣ Ff − Fr

Ff + Fr

∣∣∣∣∣ (9)

where Ff is the load of the front wheels, Fr is the load of the rear wheels.
The value of the LTR appears from 0 to 1 and means that the probability of overturning

is higher as it goes to 1.

3. Results
3.1. Comparison Rollover Angle of the Tractor after Simulation

Figure 7 shows the result of the lateral rollover simulation of the internal combustion
engine tractor at a rotation angle of 0◦. The graph in the figure shows the contact force
between each wheel and the ground. The X and Y axes represent the tilt angle of the ground
and the contact force between the ground and each wheel, respectively. The contact force
between the left front and rear wheels gradually increased, and the right front and rear
wheels gradually decreased; therefore, the Rollover angle became 35.89◦ at 0 N.
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Figure 8 depicts the graph illustrating the rollover angles of the conventional internal
combustion engine tractor upon rotation by 15◦ increments. Upon rotation at 0◦, 90◦,
180◦, and 270◦, the rollover angles for the left side, front, right side, and rear were found
to be 35.89◦, 45.51◦, 36.51◦, and 38.25◦, respectively. This value satisfies the agricultural
machinery safety standard of 30◦ [48]. The highest rollover angle was 49.9◦ when the
tractor was rotated by 120◦, whereas the lowest rollover angle was 35.89◦ when the tractor
was rotated by 0◦.
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Figure 9 plots the rollover angles of the Type 1, Type 2, and Type 3 hydrogen tractors
in all directions. First, the lateral rollover angles of the three tractors were compared upon
rotation at 0◦: Type 1, Type 2, and Type 3 tractors exhibited lateral rollover angles of 36.0◦,
36.14◦, and 35.33◦, respectively. The rollover angle of Type 2 was 2% greater than that of
Type 3. Next, when each type was rotated by 90◦, 180◦, and 270◦, the rollover angles of the
front, right side, and rear were determined. Upon rotations of 90◦, 180◦, and 270◦, Type
1 exhibited rollover angles of 43.31◦, 36.51◦, and 41.23◦, respectively. For Type 2, these
rollover angles were 46.01◦, 36.62◦, and 37.97◦, respectively. The corresponding values for
Type 3 were 45.34◦, 35.83◦, and 36.96◦.
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Table 5 shows the rollover angle for each type in a tabular form. Yellow represents the
highest rollover angle for each rotation angle, and blue represents the lowest rollover angle
for each rotation angle. Relative change is the difference between the highest rollover angle
and the lowest rollover angle.

Table 5. Tabular chart of rollover angles for combustion engine tractor and each type.

Rotate Angle (◦) Combustion
Engine Tractor (◦) Type 1 (◦) Type 2 (◦) Type 3 (◦) Relative Change

0 35.89 36.00 36.14 35.33 2%

15 36.34 36.45 36.56 35.83 2%

30 38.87 38.93 39.15 38.25 2%

45 44.27 44.55 44.33 43.43 3%

60 49.50 46.18 49.28 48.09 7%

75 46.46 44.27 46.97 46.24 6%

90 45.51 43.31 46.01 45.34 6%

105 46.52 44.16 46.91 46.24 6%

120 49.9 46.41 49.50 48.26 7%

135 44.21 43.15 44.78 44.72 4%

150 39.49 39.43 39.60 38.81 2%

165 36.96 37.01 37.13 36.34 2%

180 36.51 36.51 36.62 35.83 2%

195 37.74 37.80 37.91 37.13 2%

210 41.35 40.67 41.68 40.33 3%

225 46.07 45.90 45.96 45.23 2%

240 41.68 45.17 41.40 41.35 9%

255 39.15 42.19 38.87 37.97 11%

270 38.25 41.23 37.97 36.96 12%

285 39.15 42.19 38.81 37.80 12%

300 41.35 45.51 41.80 40.67 12%

315 44.94 46.24 46.86 46.07 2%

330 40.78 40.73 41.06 40.22 2%

345 37.18 37.29 37.46 36.62 2%

Notably, upon rotation at 90◦, Type 2 exhibited the highest rollover angle of 46.01◦,
while Type 1 exhibited the lowest rollover angle of 43.31◦, a difference of approximately 6%.
Upon rotation at 180◦, Type 2 again exhibited the highest rollover angle of 36.62◦, whereas
Type 3 exhibited the lowest rollover angle of 35.83◦, a difference of approximately 2%. Upon
rotation at 270◦, Type 1 exhibited the highest rollover angle of 41.23◦, while Type 3 exhibited
the lowest value rollover angle of 36.96◦, indicating a difference of approximately 12%.

Although small differences in rollover angles were observed in the lateral direction for
all types of tractors, significant differences of approximately 6% and 12% were observed in
the front and rear rollover angles, respectively. Specifically, Type 2 exhibited the highest
stability in the frontal rollover, while Type 1 exhibited the highest stability in the rear
rollover.

By averaging the rollover angles across all rotation directions for each type, Type 1,
Type 2, and Type 3 exhibited average rollover angles of 41.7◦, 41.8◦, and 41.0◦.

Consequently, Type 2 exhibited the highest average rollover angle, while Type 3
exhibited the lowest rollover angle, with a difference of approximately 2%. Comparing
the types based on the average rollover angle, Type 2 clearly exhibited the most stable
arrangement of the components.
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Finally, the comprehensive comparison of the three types of tractors in each rotation
direction revealed that Type 3 exhibited the most instances of low rollover angles, whereas
Type 2 exhibited the most instances of high rollover angles. Compared to Types 1 and
2, Type 3, with a CoG height of 1388.64, exhibited lower rollover angles, indicating its
instability. Types 1 and 2 exhibited similar CoG heights, but for Type 2, its CoG was
positioned further back. Consequently, during inclination where the CoG moved upward
(60◦ to 135◦), Type 2 exhibited higher rollover angles, while during inclination where the
CoG shifted downward (240◦ to 300◦), Type 1 exhibited higher rollover angles. Considering
the stability of the hydrogen tractor by its potential for rollover, placing the components
according to the same arrangement as shown in Type 2 was found to be the most stable.

The CoG heights for Type 1 and Type 2 were similar, but the distribution of weight
toward the front and rear differed. When the CoG of the tractor was situated below a slope,
having the CoG toward the rear posed higher risks.

3.2. Load Transfer Ratio (LTR) Analysis for Each Type of Tractor

Furthermore, Figure 10 shows the LTR comparison graphs to present various per-
spectives on the rollover angle obtained in Figure 9. The X-axis is the time of simulation,
Y-axis is LTR. At 0◦ and 180◦, the rollover angles are similar for all types. However, at 90◦

and 270◦, significant differences are evident. At 90◦, Type 1 achieves overturning most
rapidly, while Types 2 and 3 overturned at similar points in time. At 270◦, Types 2 and 3
overturned at similar times, with Type 1 experiencing the latest overturning. These results
emphasize the importance of balancing the weight distribution between the front and
rear when arranging components. When designing a tractor, the CoG should be properly
positioned to show the vulnerability of overturning when positioned downward from the
CoG when the CoG is overturned to the front and rear.
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Placing the hydrogen tank on the top of the tractor, as shown in Type 3, increased the
CoG, thereby reducing the stability of the tractor. The proportion of weight distribution
between the front and rear affected the handling of the tractor during rotation and when
entering sloped areas, while the CoG height impacted tractor handling in all directions.

4. Discussion

We investigated the effects of main component arrangement on the stability of hydro-
gen tractors using simulations. Our experimental findings revealed that Type 2 tractors
exhibited higher average rollover angles and rollover angles in various directions com-
pared to other types. Moreover, our study highlighted the importance of a lower CoG and
appropriate weight distribution between the front and rear for tractor stability.

Comparing our results with the related literature, agricultural machinery is more
prone to overturning when the CoG is positioned higher [51]. Lee et al. [52] found that
the stability against overturning increases as the center of gravity moves forward and
the full width of the vehicle increases, but this study analyzed one direction. In this
study, conducting an experiment on the overturning angle from various directions, it is
judged that the position of the CoG is important but the overturning angle according to
the appropriate position of the front and rear ratio of the CoG should also be considered.
According to the agricultural machine test standards, the overturning angle should be at
least 30◦ [48]. However, Kim et al. [43] found that the minimum longitudinal overturning
was 29.19◦~33.25◦. Furthermore, according to ISO 16251-2 [53], the allowable range of the
overturning angle depending on the off-road agricultural machine is 15◦~45◦. All three
proposed types of hydrogen tractors met the criteria for the overturning angle.
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However, high stability is not the only advantage required for agriculture. Considering
the agricultural tractor was designed to perform work requiring high power, moving the
CoG backward might result in reduced operating capability. Therefore, the CoG should
be placed forward and close to the ground in order to maintain operating capability and
stability at the same time. Furthermore, we did not fully consider real-world issues such
as interference from arbitrary component placements and performance reduction due to
component heating. Additionally, relying solely on simulations for rollover angle testing
may introduce errors compared to real tractor rollover experiments. Therefore, future
research should include experiments with actual hydrogen tractors to better understand
stability and rollover angles based on main component placement.

Furthermore, there is a need to optimize CoG distribution and component place-
ment to enhance tractor stability while ensuring efficient operation. Addressing these
aspects through further research can significantly contribute to the design and stability
enhancement of hydrogen tractors, thereby improving their efficiency and safety. Addition-
ally, policy discussions may arise regarding regulations or standards for hydrogen tractor
designs and testing, further emphasizing the importance of our findings.

5. Conclusions

In this study, the effect of replacing the conventional components of agricultural
tractors with different placements was analyzed using Recurdyn. The CoG of combustion
engine tractors was analyzed and verified first, then three types of tractors were created
with different arrangements of components and the CoG of each tractor was analyzed.
Subsequently, the rollover angle defined as zero newton of contact force between the
wheels and the ground plane was analyzed and the simulation was repeated by turning
the tractor 15◦ on its vertical axis. Finally, a comparison of the stability between each type
was performed.

The component placement of Type 2 had the highest stability among all types of
tractors. It had a maximum rollover angle of 49.5◦ at a rotation angle of 120◦. Also, it
showed the highest rollover angle at most of the rotation angles among all types of tractors,
with an average rollover angle of 41.8◦ for every rotation angle. Generally, the lower the
CoG is located, the higher stability is shown. However, when the rotation angle is taken into
account, the location of CoG on the longitude axis should be considered. As a result, the
lowest height of CoG was observed in Type 2 and located in a forward position compared
with the other types of tractors. Therefore, the arrangement of components observed in
Type 2 can be suggested for the agricultural tractor using alternative components.

Furthermore, additional research is required to optimize the distribution of the CoG
and the placement of the components to enhance tractor stability while ensuring efficient op-
eration. Such research can significantly contribute to the design and stability improvement
of hydrogen tractors, ultimately enhancing their efficiency and safety. Also, consideration
of parameters such as tire elasticity, damping coefficient, and analyzing dynamic motion
should be performed in future research.
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