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Abstract

:

Tractor overturning accidents are a prominent safety concern in the field of agriculture. Many studies have been conducted to prevent tractor overturning accidents. Rollover protective structures and seat belts currently installed on tractors cannot prevent them from overturning. The posture of a tractor was controlled by installing individual actuators. The overturning angles of the tractor equipped with an actuator were compared with those of a tractor with no actuator. For the overturning angles in all directions of the tractor, it rotated 15° from 0° to 345°, and the actuator height suitable for the tractor posture was controlled by establishing an equation according to the tractor posture. Consequently, posture control using actuators was noticeably improved. This study proposes that tractors operating on irregular and sloping terrain be equipped with individual actuators. These results prevent tractor rollover accidents and improve safety and driving stability.
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1. Introduction


Compared to automobiles, tractors are often operated in difficult driving conditions, such as uneven terrain or slopes, thus having a relatively high risk of rollover accidents [1]. As per statistics, rollover accidents not only account for a large portion of agricultural machinery accidents but also cause serious injuries and driver deaths [2,3,4]. According to the U.S. Bureau of Labor Statistics [5], rollover accidents account for the highest percentage of accidents in the agricultural sector. In Portugal, tractors account for 79.0% of all fatal accidents due to agricultural machinery: tractor rollovers account for 38.6% of deaths, followed by 19.3% of deaths caused by falls [6]. In Italy, out of 817 fatalities in the agricultural sector between 2002 and 2012, 357 were due to tractor accidents, of which 205 were due to rollovers, accounting for 57.4% of the overall fatalities. Furthermore, 71.7% of tractor accidents involved tractors not equipped with rollover protective structures (ROPS) [7]. In the Konya province of Türkiye, 37.2% of tractor accident deaths were due to the overturning of tractors [8]. Therefore, rollover accidents continue to be recorded in the agricultural sector, further emphasizing the importance of safety devices for tractor rollover accidents.



ROPS and seat belts are common conventional safety devices installed on tractors [9,10,11]. These conventional devices have been studied for performance improvement and utilization [12,13,14,15,16]. Conventional safety devices play an important role in protecting the driver, but their shape and installation method can lead to the risk of rollover accidents [17,18]. Ayers et al. [19] found that the risk of a continuous rollover accident increased as the center of gravity (CoG) of the tractor increased in height. Therefore, the proper setting of ROPS height along with a CoG height is necessary to prevent rollover accidents. Franceschetti et al. [20] calculated the mass and CoG according to the shape of the ROPS and confirmed that the risk of rollover accidents increases depending on the shape of the ROPS. The shape of the ROPS plays an important role in protecting the driver. But, depending on its shape and installation method, ROPS can instead increase the risk of rollover accidents. Seat belts also play an important role in increasing driver safety. Although studies have been actively conducted to evaluate and improve these conventional safety devices, they only protect the life of the driver and do not prevent rollover accidents [21]. Therefore, rather than protecting the driver’s life after a tractor overturning accident, a method to prevent an overturning accident is needed.



Various studies have proposed methods to prevent tractor rollover accidents. Kise and Zhang [22] proposed a method that uses a sensor-in-the-loop to detect and analyze tractor attitude and motion to predict the risk of rollover accidents. Thus far, they conducted tests using a stereovision camera to identify the terrain and predict tractor attitude and motion, showing consistent accuracy and proving that it can be applied as a device to prevent rollovers in practice. Thus, it has focused on adding devices and systems. In the 2020s, studies that modified the traditional structure of a tractor emerged. Qin et al. [23] proposed a method to prevent rollovers by turning the wheels of a tractor downward on a ramp using conventional steering and flywheels. Moreover, the independent link suspension (ILS) system, a recent development that improves tractor drivability and safety, uses independently operated links at each wheel on the front axle to drive the vehicle stably on uneven ground. However, the ILS has limited ability to control the movement of the CoG of the tractor because it is mounted only on the front wheels. Therefore, the current system is not sufficient to prevent rollover accidents. However, it was determined that a greater effect could be achieved by adopting a method that controls the front and rear wheels. Therefore, the subsequent technological advancement involved controlling the tractor attitude through actuators by installing an active suspension on each of the front and rear wheels, rather than solely on the front wheels. This technology, widely employed in the automotive field, enhances stability by managing vehicle attitude through individual active suspensions. Ni and He [24] developed a rollover prevention system using actuators and evaluated its performance to prevent a vehicle from rolling over. The rollover was prevented by moving the CoG using vehicle attitude control. These experimental results and technological advances are expected to have a positive impact on improving driving safety and work efficiency of vehicles. Jia et al. [25] developed a prediction model that can minimize unnecessary vehicle movements in complex terrains by using individual active suspensions in addition to the existing suspension system. The prediction model controls the attitude to reduce the tilt and rollover angle of the vehicle. Both studies dramatically reduced the vehicle vibration and significantly improved the attitude stability. Based on these studies, it is expected that equipping tractors with individual active suspension will have a positive impact on increasing stability on uneven ground and reducing vibration, thereby preventing rollover accidents.



Real-world experiments using complex equipment or large equipment, such as a tractor, present significant challenges in terms of cost, time, and manpower [26,27]. Because of these constraints, researchers have recently preferred to first perform analyses using simulations [28,29,30]. Chowdhury et al. [31] analyzed the lateral overturning stability of a radish collector by mathematically calculating the CoG and performed simulations to determine the lateral overturning angle according to the folding position of the radish conveyor belt under different loading conditions. In their simulation-based study, experiments were conducted in a safe manner by controlling various conditions and variables that may be difficult to control in real-world experiments and by analyzing the results. Chowdhury et al. [32] studied the rollover characteristics of an onion transplanter to reduce the risk of rollover. They measured the rollover angle in only one direction. Hence, there is a limitation in knowing the rollover angle in all directions. Kim et al. [33] used simulations to measure the rollover angle of a tractor more accurately in all directions instead of just one direction, which allowed them to analyze the rollover angle at different angles and situations, helping them to develop a method to prevent rollover accidents. By leveraging these simulations, it will be possible to rotate the tractor and derive the rollover angle from all sides.



In this study, an equation was developed that allows the height of the actuator of each wheel to be adjusted according to various environments by installing four separate active suspensions in the tractor. By using this equation to control the attitude of the tractor, it is possible to improve the rollover angle of the tractor and reduce the probability of a rollover accident. This method was verified by simulations, and the results are presented in this paper. This study is significant in that it presents a novel approach to improve tractor safety and prevent rollover accidents.




2. Materials and Methods


2.1. 3D Model of a Tractor for Simulation


A 3D model of a tractor was created using Inventor (Automotive Inventor Professional 2023, Autodesk Inc., San Francisco, CA, USA), and the overturning simulation was conducted using the dynamic simulation program Recurdyn (V2023, Function Bay Inc., Seongnam-si, Republic of Korea). The size of the tractor used in the simulation was 3200 (L) × 2700 (W) × 2800 (H) mm (Table 1). The front wheel used the weight of a size 13.6–24 tire, whereas the rear wheel used the weight of a size 18.4–34 tire.




2.2. Simulation Conditions and Method


The CoG was determined through a simulation based on the drawings and tractor modeling (Figure 1). The dynamic friction coefficient was 1.2 to prevent the tractor from slipping when the general road-wheel overturned, and the stiffness coefficient and damping coefficient were 105 and 10 (Table 2). This study referred to a lateral rollover simulation paper using an existing dynamics program [34]. The simulation time was set to 30 s, and the number of simulation steps was set to 1000.



The simulation was performed in the following order.



	
The tractor was placed on plain ground;



	
The ground was tilted in a longitude vector, and the tractor overturned;



	
The overturning angle was analyzed when the contact force between the ground and tractor wheels became 0 N.






The overturning angle was analyzed by rotating from 0° to 345° with 15° increments in the counterclockwise direction relative to the CoG to analyze the overturning angle according to the entry angle of the tractor on the slope (Figure 2). Here,     X   R R     represents the initial rear right wheel coordinates,     X   R L     represents the initial rear left wheel coordinates,     X   F R     represents the initial front right wheel coordinates,     X   F L     represents the initial front left wheel coordinates, and     X   c o g     represents the initial CoG of the tractor coordinates.     X   R R   ′   represents the rear right wheel coordinates after rotation,     X   R L   ′   represents the rear left wheel coordinates after rotation,     X   F R   ′   represents the front right wheel coordinates after rotation,     X   F L   ′   represents the front left wheel coordinates after rotation, and     X   c o g   ′   represents the CoG coordinates after rotation.



In all directions, the overturning angle was referred to as the overturning angle when the contact force between each wheel and the ground became 0 N after rotation.




2.3. Mathematical Model of the Tractor Rollover


The reason for the tractor overturning is caused by the movement of the CoG. The mass of the tractor is subjected to a force G in the vertical direction to the ground due to gravity acceleration.     F   R     represents the ground reaction forces     F   F R     and     F   R R     for the tractor’s right front and rear wheels, and     F   L     represents the ground reaction forces     F   F L     and     F   R L     for the tractor’s left front and rear wheels. h is the vertical distance between the CoG and the ground,   l   is the total distance of the front wheels and   a  ,   b  .   L   can be defined as the total distance of the rear wheels by dividing it into   c   and   d  , respectively.   a   and   b   represent the horizontal distance from CoG to the front wheels on the left and right, and   c   and   d   represent the horizontal distance from CoG to the rear wheels on the left and right, respectively (Figure 3). Equations (1)–(3) describe the relationship between the force G and the ground reaction forces acting on the wheels.


    F   F R   +   F   F R   =   F   R    



(1)






    F   F L   +   F   F L   =   F   L    



(2)






    F   R   +   F   L   = G  



(3)







When the tractor begins to tilt by an angle of   ∅     in a static state, the reaction force     F   R     gradually increases, and     F   L     decreases gradually. As the tilt progresses, the positions of   a  ,   b  ,   c  , and   d   change, leading to the generation of the lateral force     F   T     and vertical force     F   N    . As the tilting angle increases, there is a point where     F   L     becomes zero. The angle at that moment can be defined as the critical angle     θ   c r    , which can be calculated through the following Equations (4)–(6). In this study, separate expressions for   l   and   L   are needed to calculate rollover not only in the lateral direction but in all directions. If the tilting angle exceeds the critical angle, and the position of the center of gravity (CoG) exceeds the wheelbase, rollover occurs.


    tan  ⁡    θ   c r     =     F   T       F   N      



(4)






      tan   − 1    ⁡    θ   c r     =   L   2 h    



(5)






      tan   − 1    ⁡    θ   c r     =   l   2 h    



(6)








2.4. Mathematical Model of the Actuator Height


The actuator height was calculated according to the entry angle and tilt angle of the tractor. The coordinates of the wheels of the tractor were represented on a two-dimensional plane and rotated around the midpoint. As the tractor rotates based on the midpoint, the CoG also rotates, so the coordinates of the CoG must continue to be calculated. The coordinates of each wheel at the time of rotation were used by the rotation conversion formula. When the point P (x, y) of the coordinate plane is rotated by the angle θ with respect to the O point (Figure 4), the coordinates of P′ (x′, y′) can be obtained as follows (Equation (1)):


    X   ′   =        x   ′         y   ′        =        cos  ⁡  θ       − sin  ⁡  θ         sin  ⁡  θ       cos  ⁡  θ             x     y       



(7)







When     X   R R   (   x   R R   ,   y   R R   )  ,     X   R L   (   x   R L   ,   y   R L   )  ,     X   F R   (   x   F R   ,   y   F R   )  ,     X   F L   (   x   F L   ,   y   F L   )  , and     X   c o g   (   x   c o g   ,   y   c o g   )   were calculated using Equation (7),     X   R R   ′ (   x   R R   ′ ,   y   R R   ′ )  ,     X   R L   ′ (   x   R L   ′ ,   y   R L   ′ )  ,     X   F R   ′ (   x   F R   ′ ,   y   F R   ′ )  ,     X   F L   ′ (   x   F L   ′ ,   y   F L   ′ )  , and     X   c o g   ′ (   x   c o g   ′ ,   y   c o g   ′ )   were corrected first for calculation (Figure 5). The coordinates of the midpoint O were defined as (0, 0),     X   R R     (−1070, 920),     X   R L     (1070, 920),     X   F R     (−936, −1115), and     X   F L     (936, −1115).



Figure 6 is a projected figure for each wheel actuator height, and Figure 7 is an enlarged figure for calculating the actuator height in Figure 6.   ∅   indicates the tilting angle of the tractor. After projecting each coordinate, the actuator height according to the tilting angle of the tractor was calculated. Y was the height of the individual actuators and was calculated as the difference in the x coordinates of each coordinate relative to CoG. The maximum length and compression length of the actuator were set to 200 mm so that the wheels of the tractor did not touch the vehicle body. The formula for calculating the height of each actuator is as follows (Equations (8)–(11)):


    Y   1   =   tan  ⁡  ∅   (     x   R R     ′   −     x   c o g     ′   )  



(8)






    Y   2   =   tan  ⁡  ∅   (     x   R L     ′   −     x   c o g     ′   )  



(9)






    Y   3   =   tan  ⁡  ∅   (     x   F R     ′       − x   c o g     ′   )  



(10)






    Y   4   =   tan  ⁡  ∅   (     x   F L     ′   −     x   c o g     ′   )  



(11)




where     Y   1     is the rear right actuator height,     Y   2     is the rear left actuator height,     Y   3     is the front right actuator height, and     Y   4     is the front left actuator height.       x   i     ′     represents the x-coordinate projecting each position, and   ∅   is the tractor tilting angle.




2.5. Hydraulic Actuator Model


The overall circuit consists of an AC motor, 4-way spool valve, cylinder, hydraulic pump, relief valve, and tank, as shown in Figure 8.



Hydraulic actuators were selected based on the maximum load of an individual wheel of a tilted tractor including the weight of the tractor and the actuator, which is 5000 kgf equivalent to 49 kN. The actuating force of the actuator is calculated by Equation (12). The diameter on the piston of the actuator is     D   p   = 0.07 m   and the area     A   p   = 0.00385   m   2    , and the pressure value P = 12,730 kN/m2. The total length was set to 800 mm, stroke to 400 mm, and speed to 0.5 m/s.


  F = P ×   A   p    



(12)




where   F   is the hydraulic force,   P   is the hydraulic pressure, and     A   p     is the area of the piston.




2.6. Development of Tractor Horizontal Attitude Control Logic


The tractor horizontal control was operated when the tractor tilted as shown in Figure 9. The red box indicates the task of finding the coordinates of each wheel. The blue box then represents the task of calculating the height of each wheel using the equation introduced in this paper. Tractor posture aims to maintain its horizontal attitude after the operation of each wheel through feedback control.





3. Results and Discussion


The coordinates of each wheel in a two-dimensional plane were obtained using the rotational matrix equation (Equation (7)), and the x′, y′ coordinates of each wheel that change as the coordinates rotates are as follows (Figure 10). Figure 10a presents the     X   R R   ′   coordinates, the     X   R R     coordinates (−1070, 920) are rotated based on the midpoint O. Figure 10b shows that the     X   R L     coordinates (1070, 920) are rotated based on the midpoint O with the     X   R L   ′   coordinates. Figure 10c indicates that the     X   F R     coordinates (936, 1115) are rotated based on the midpoint O with the     X   F R   ′   coordinates. Figure 10d presents that the     X   F L     coordinates (936, −1115) are rotated based on the midpoint O with the     X   F L   ′   coordinates. Figure 10e shows that the     X   c o g     coordinates (0, 150) are rotated based on the midpoint O with the     X   c o g   ′   coordinates. All graphs appeared well in the form of a trigonometric function. The trigonometric form was the same because the coordinates of the two wheels     X   R R   ′   and     X   R L   ′   had the same distance from the midpoint. Similarly, the trigonometric form was the same because the coordinates of the two wheels     X   F R   ′   and     X   F L   ′   had the same distance from the midpoint.



The individual actuator heights were calculated by substituting Equations (8)–(11) through the x-coordinate of each wheel. The calculated actuator heights were as follows (Figure 11). The actuator height represents the adjusted height of wheel for the balance, the “+” sign represents the tension of the actuator, and the “−” sign represents the compression of the actuator. The maximum tensile length of RR was 1064 mm at an entry angle of 225°, the maximum compression length was 1272 mm at an entry angle of 60°, the maximum tensile length of RL was 1026 mm at an entry angle of 315°, the maximum compression length was 1288 mm at an entry angle of 120°, the maximum tensile length of FR was 1147 mm at an entry angle of 90°, the maximum compression length was 1228 mm at an entry angle of 315°, the maximum tensile length of FL was 1656 mm at an entry angle of 60°, and the maximum compression length was 1273 mm at an entry angle of 225° (Figure 11a).



However, if the tension and compression of the actuator are achieved through the actual calculations, the wheel touches the vehicle body, and the operation does not occur. Therefore, the maximum tensile and compression length of the actuator were limited to 200 mm, and the time when one wheel first became 200 mm was applied through the calculation of Equations (3)–(6) and expressed in Figure 11b.



The maximum tensions of RR were 180° and 195°, whereas the maximum compression angles were 0° and 15°. The maximum tensions of RL were 0° and 345°, whereas the maximum compression angles were 165° and 180°. The maximum tensions of FR were 90°, 105°, 120°, 135°, 150°, and 165°, whereas the maximum compression angles were 270°, 285°, 300°, 315°, 330°, and 345°. The maximum tensions of FL were 15°, 30°, 45°, 60°, 75°, and 90°, whereas the maximum compression angles were 195°, 210°, 225°, 240°, 255°, and 270°.



Figure 12 is a graph showing the contact force between the ground and the wheel. The x-axis consists of the tilt angle, and the y-axis consists of the contact force between the ground and the wheel. The rear left and front left wheels were tilted to one side and the contact force showed a gradual increase. It was observed that 0 N contact force on the rear right and front right wheel at approximately 30°.



Using an actuator limited to 200 mm, the overturning angle was found through dynamic simulations, and the overturning angle was compared with the actuator overturning angle.



The experimental results indicated that the highest improvement in the overturning angle was observed at an entry angle of 0°, where the overturning angle increased from 30.98° to 36.92°, resulting in an improvement of 19.0%. On the other hand, the lowest improvement in the overturning angle was observed at an entry angle of 60°, where the overturning angle increased from 46.64° to 48.53°, and an entry angle of 120°, where the overturning angle increased from 46.98° to 48.94°, resulting in an improvement of 4.0% (Table 3).



Considering the improved overturning angle with the actuator, the overturning angles from 0° to 180° were higher than those from 180° to 345°. The reason was that there was a CoG on the opposite side of the downward slope. From 180° to 345°, the overturning angles were low because the CoG was inclined downward.



The overturning angle was the highest and most stable at 120°. The reason for this was that not only was the CoG facing in the opposite direction of inclination, but each wheel was also supported diagonally to the ground. The results demonstrated that controlling the suspension actuators led to improvements in all measured overturning angles.



Through the simulation results mentioned above, it was confirmed that the method of adjusting the height of the individual active suspension applied to each wheel of the tractor effectively contributes to the prevention of rollover accidents. From the results in this study, using an individual active suspension system to prevent the driver from an overturning accident is suggested by adjusting the length of each actuator in the whole driving period. These results will contribute to improving the safety of tractors.




4. Conclusions


In this study, a simulation was used to analyze the effect of active suspension with individual actuators on tractor stability. Experiments with rollovers at all angles, both without and with actuators, have shown that tractors with actuators have improved rollover angles. The results suggest that adjusting the suspension actuator positively affects the stability of the tractor and increases the overturning angle. Therefore, the attitude control of the tractor using suspension actuators is an effective way to improve the overturning angle.



Safety devices, such as ROPS and seat belts, are implemented to ensure the safety of drivers from overturning accidents, but they do not effectively prevent overturning accidents. In this regard, this study proposed a new approach to preventing tractor overturning accidents through individual suspension control using actuators. Using a rotation transformation matrix equation, the height of each actuator could be adjusted according to the attitude and inclination angle of the tractor. These individual suspension control systems aim to improve tractor stability and reduce the risk of overturning accidents.



Thereafter, considering the speed of the actuator, the reactivity of posture control through actuator control should be evaluated according to the driving environment of a tractor. To this end, the effectiveness of this method must be verified by referring to experiments or references on the control and motion response of actuators. In addition, the effect of control should be confirmed by comparing the driving speed and slope entry speed of the tractor with the reaction of the actuator. The following will be further studied to improve the control system of actuators and improve its reactivity. (1) Actuator control according to the driving environment; (2) relationship between the driving speed and actuator response; and (3) relationship between the gradient entry speed and actuator response. Research will be conducted in this order to verify the effectiveness of actuator control and to improve the safety of tractors.
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Figure 1. 3D model of a tractor for CoG. 
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Figure 2. Schematic diagram of the rotation of the tractor: (a) Rotated condition; (b) Tilting condition. 
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Figure 3. Schematic view of the tractor for mathematic: (a) Static condition; (b) Tilting condition. 
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Figure 4. Proof of the rotational matrix equation. 
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Figure 5. Secondary plane coordinate system for the tractor wheel position. 
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Figure 6. Projected figure for each wheel actuator height. 
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Figure 7. Enlarged picture of the projected figure. 
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Figure 8. Schematic diagram of the hydraulic actuator. 
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Figure 9. Individual actuator control logic for maintaining the horizontal attitude of the tractor. 
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Figure 10. Each wheel’s x, y coordinates of the secondary plane coordinate systems: (a)     x   R R   ′  ,     y   R R   ′   coordinates; (b)     x   R L   ′  ,     y   R L   ′   coordinates; (c)     x   F R   ′  ,     y   F R   ′   coordinates; (d)     x   F L   ′  ,     y   F L   ′   coordinates; and (e)     x   c o g   ′  ,     y   c o g   ′   coordinates. 
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Figure 11. Actuator height for each wheel entry angle: (a) Nonlimited condition; (b) 200 mm limit condition, where RR is the rear right actuator height, RL is the rear left actuator height, FR is the front right actuator height, and FL is the front left actuator height. 
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Figure 12. Result of simulation for rollover angle of the tractor, where RL is the rear left wheel, RR is the rear right wheel, FL is the front left wheel, and FR is the front right wheel. 
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Table 1. Specifications of the tractor.
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	Parameters
	Values





	Overall width (W)
	2700 mm



	Overall length (L)
	3200 mm



	Overall height (H)
	2800 mm



	Mass of front wheel
	46.32 kg



	Mass of rear wheel
	100.87 kg



	Total mass of the tractor
	4494.38 kg










 





Table 2. Simulation variable parameters.
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	Parameters
	Values





	Dynamic friction coefficient
	1.2



	Stiffness coefficient
	105



	Damping coefficient
	10



	Simulation time
	30 s



	Simulation steps
	1000










 





Table 3. Tabular chart of rollover angles for with and without the actuator.
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	Rotate

Angle (°)
	With the Actuator (°)
	Without the Actuator (°)
	Relative

Change





	0
	36.92
	30.98
	19%



	15
	36.25
	31.46
	15%



	30
	38.27
	33.75
	13%



	45
	41.85
	38.75
	8%



	60
	48.53
	46.64
	4%



	75
	45.77
	42.93
	7%



	90
	45.29
	42.19
	7%



	105
	45.77
	43.20
	6%



	120
	48.94
	46.98
	4%



	135
	42.46
	39.08
	9%



	150
	38.68
	34.36
	13%



	165
	36.79
	32.00
	15%



	180
	36.86
	31.52
	17%



	195
	37.67
	32.74
	15%



	210
	39.76
	35.5
	12%



	225
	41.85
	39.29
	7%



	240
	36.18
	33.82
	7%



	255
	33.55
	30.91
	9%



	270
	33.41
	29.98
	11%



	285
	33.75
	30.98
	9%



	300
	36.18
	33.75
	7%



	315
	42.05
	38.27
	10%



	330
	39.22
	35.44
	11%



	345
	36.79
	32.20
	14%
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