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At present, research on the loading simulation test bench for overloaded vehicles is mostly limited to the realization of loading simulation under the condition of straight line driving of the vehicle. When simulating the whole vehicle load under straight line driving condition, only accurate road load and inertial load can be obtained to achieve accurate load simulation, and the inertial load required to be simulated by each side device is half of the whole vehicle inertial load. However, straight line driving is only the most ideal driving. The real driving conditions (including ground conditions) of the vehicle are usually composed of steering, longitudinal slope, lateral slope and different ground adhesion coefficients. Therefore, the loads borne by the two independent load simulation systems located on both sides of the vehicle may be different during the load simulation process. In addition, the frequency characteristics of the loads to be simulated by the same side load simulation device at different time sequences may also be different. This paper studies the dynamics modeling, load distribution and error compensation in the whole vehicle load simulation process in order to achieve accurate crawler vehicle load simulation from three aspects.
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1 INTRODUCTION
In the actual driving process of tracked vehicles, the vehicle and its driven and transmission parts are affected by external factors such as inertia load, wind resistance, slope resistance, etc., in real time. These influencing factors are constantly changing in an unordered manner as the vehicle travels. In the bench test, since the test piece is fixed and immovable, these factors cannot be reflected. Therefore, the running resistance of the test piece in the bench test is different from the real situation. In order to ensure the authenticity and accuracy of the load simulation on the test bench, compensation loading needs to be applied to the test pieces running on the test bench, and the core technology for achieving compensation loading is the load simulation technology (Fajri et al., 2013; Yang et al., 2013; Takeda et al., 2014).
Accurate load simulation is premised on having an accurate vehicle load model. The load on the drive system during the vehicle’s journey can be divided into road load and inertial load. The road load of the vehicle is formed by the gravity of the vehicle, the driving conditions of the vehicle, the ground conditions, etc. In the discussion of road load, the changes in the load on the left and right wheels under different driving conditions need to be considered. For tracked vehicles, the distribution of the load on the ground where the track is in contact needs to be taken into consideration.
In reference Xingguo et al. (2011), dynamics analysis and discussion of tracked vehicles were conducted by using multi-body dynamics software, and vehicle models applicable to different roads were obtained by modeling and simulation based on different road models. This provides a theoretical basis for the performance analysis of the whole vehicle and vehicle components. In reference Bai et al. (2017) and others, in order to study the dynamic load characteristics of the multi-axis vehicle powertrain system, a dynamic simulation model of the multi-axis vehicle powertrain system was established. The author established the dynamic simulation model of the transmission system including the hydraulic torque converter, clutch, differential, differential, main reducer, wheel side reducer, etc., and established the dynamic simulation model of the multi-axis vehicle powertrain system in Simulink. The comparison results of simulation and experimental data show that the model can effectively simulate the dynamic load characteristics and speed characteristics. The inertial load is the load formed by the inertia of the whole vehicle during the acceleration process. When establishing a wheeled vehicle dynamic model using traditional methods, the coefficients of the rotating components (such as wheels and transmission systems) and the equivalent inertia of the output shaft are estimated to calculate the body inertia, which is then equivalent to the output shaft (Kim et al., 2003; Fu et al., 2009; Wang et al., 2018). In the modeling process of general light-load vehicles, the kinetic energy of the rotating components and the slip rate between the vehicle and the ground are basically ignored. Due to the ratio of the mass of the rotating part to the total mass of the wheeled vehicle being very small, the estimation error of the equivalent mass is very small.
In reference Ott et al. (2021), a multibody system was used, which consists of five bodies. By applying methods of multibody modelling the generalized equations of motion were generated. To include the behavior within the contact point between road and vehicle a simplified tire models was added. The model was simulated numerically to investigate different load states of the vehicle, by applying constant steering stimuli and variable velocities. In reference ChenZhouWang et al. (2019), in order to study the braking performance of electric tracked vehicles, the vehicle ground contact state under straight driving conditions was analyzed, a vehicle slip rate model was established, and fuzzy control algorithm was used to simulate the synchronous load on both sides of the vehicle. In reference Jiang et al. (2022), a three-degree-of-freedom vehicle dynamics model is established accurately, a rollover evaluation index and a safety threshold are selected quickly, and the working principle and detailed control scheme of the motor speed control strategy are given. In order to achieve stable control of vehicle driving in a straight direction, reference (Lv et al., 2019) proposed a 2-degree-of-freedom (2-DOF) control method combined with a disturbance observer to solve the stability problem of the system. The test results show that the system has a high load simulation accuracy under various load simulation tests.
Heavy-duty vehicles have different modeling of equivalent inertia due to their special structure (Huh et al., 2001; Zou et al., 2016). Taking tracked vehicles as an example, the rotating parts of tracked vehicles include parts with a large proportion of vehicle weight, such as tracks (Wang and Sun, 2014). If the same calculation method as wheeled vehicles is adopted, a larger error will be produced. Therefore, in the process of heavy-duty vehicle load simulation, different forms of modeling must be carried out for different vehicles to ensure the accuracy of the model.
According to the current research progress, there are two problems in the research of vehicle load:
1) When establishing the road load model of the vehicle, the driving condition is relatively simple, which cannot accurately reflect the load and its distribution of the vehicle under general driving conditions;
2) Lack of in-depth research on the equivalent inertia of tracked vehicles, and lack of research on the distribution of equivalent inertia of ground slip rate, left and right driving wheels in the modeling process.
To address the above issues, this article establishes a dynamic model for the complex driving process of the entire vehicle, considers the load distribution of the vehicle under various operating conditions, and establishes the accurate equivalent inertia of the vehicle during the load simulation process. The inertia torque formula is used to achieve the load simulation of the vehicle. To improve the load simulation accuracy of the vehicle, a form of cross coupling error compensation is proposed to reduce the error of the simulation device.
2 RESEARCH ON WHOLE VEHICLE ROAD LOAD MODEL
The road load on the whole vehicle during its running process is derived from the energy loss of wheel/track ground friction, slope resistance and resistance generated by ground deformation. Due to the interaction of various forces such as slope resistance, steering resistance and centrifugal force during the running process of the vehicle, the road load on the vehicle is different in different running states. This section takes tracked vehicles as an example to analyze their kinematics and dynamics, and explore the road load of the vehicle under different driving conditions.
2.1 Principle of load simulation
In the process of vehicle load simulation, the test bench needs to reproduce the actual working conditions of the vehicle on the actual road surface, that is, the bench needs to respond to both the torque output of the vehicle’s driving system and the speed output of the vehicle (Nam, 2001). It can be seen that the load simulated by the motor in the load simulation system is determined by the output of the vehicle’s driving wheel. The principle of load simulation is shown in Figure 1:
[image: Figure 1]FIGURE 1 | Load simulation schematic diagram.
The tested vehicle in Figure 1 is controlled by the driver’s behavior, outputting speed and torque. After the speed and torque signals are obtained by the sensor, the target speed of the system is obtained through the superposition with the resistance torque and the vehicle dynamics model. The target speed is converted into an electrical signal, which is then converted into the motor output torque through the controller and motor transfer function model. The output torque of the motor and the output torque of the vehicle’s driving wheel jointly act on the transmission mechanism, allowing the transmission mechanism to output the actual speed to achieve load simulation of the entire vehicle.
As shown in Figure 1, in order to accurately reproduce the rotational speed output of the entire vehicle, it is necessary to obtain the accurate equivalent inertia of the entire vehicle equivalent to the driving wheel. According to the formula for balancing the driving force of the entire vehicle, assuming that the torque output from the driving system to the driving wheel under a certain working condition is [image: image], the road load is converted into the torque on the driving wheel and the torque balance is calculated:
[image: image]
In the formula, [image: image]、 [image: image]、 [image: image] correspond to the torque of the entire vehicle’s slope resistance, wind resistance, and rolling resistance on the driving wheel respectively. [image: image] is the inertia moment exerted by the inertia force of the entire vehicle on the driving wheel.
During the actual road driving process of a vehicle, the body motion is divided into two parts: translational and rotational. Assuming that the translational part of the vehicle is a rigid block with a mass of [image: image] and a moving speed of [image: image], the inertia of the rotating part of the vehicle around its center of rotation is [image: image] and the rotational speed is [image: image]. The inertia load of the entire vehicle can be expressed as:
[image: image]
At this point, the relationship between [image: image] and [image: image] can be obtained by converting the inherent structure of the vehicle body and the operating state of the entire vehicle. When the whole vehicle model is transferred from the actual road surface to the test bench, because the translation acceleration, track acceleration and wheel angular acceleration of the whole vehicle are all reflected on the driving wheel by the angular acceleration of the driving wheel, the mass of the whole vehicle, track mass and wheel inertia need to be equivalent to the driving wheel, namely:
[image: image]
Where [image: image] is the equivalent inertia of the entire vehicle on the driving wheel, and [image: image] is the first-order derivative of the driving wheel speed.
During the driving process of the vehicle, the inertia resistance and road resistance experienced by the entire vehicle are transmitted to the vehicle drive system in the form of loads through the wheels. Assuming that the effective working radius of the wheels is R, the torque T on the half axle is:
[image: image]
Substitute Eq. 3 into Eq. 4 and perform Laplace transformation to obtain:
[image: image]
Where [image: image] is the transfer function with the force on the driving wheel as the input and the speed of the driving wheel as the output, that is, the vehicle dynamics model. In Eq. 6, define:
[image: image]
Then [image: image] is the ground/air resistance torque during vehicle operation. Therefore, the working principle of the load simulation system is to match the system with the actual working condition by simulating the ground/air resistance moment [image: image] when the driving force [image: image] and equivalent inertia [image: image] are given.
According to Eq. 5 and Eq. 6, from the perspective of discrete domain analysis, with known equivalent inertia [image: image], input torque [image: image], and active wheel speed [image: image] of the vehicle at time i, the vehicle’s rotational speed at time [image: image] is:
[image: image]
Meanwhile, the load simulation system consists of a load motor and a mechanical transmission system. From the perspective of force acting on the test bench, the torque balance equation of the bench is:
[image: image]
Wherein, [image: image] is the load torque of the load simulation system acting on the driving wheel, [image: image] is the rotating resistance loss of the test bench (including viscous resistance, friction resistance, etc.) synthesized by various factors, [image: image] is the mechanical inertia of the rotating part of the test bench, and [image: image] is the angular acceleration of the output shaft of the test bench.
When the vehicle carries out the load simulation test according to the method in Figure 1, it can be seen that [image: image], that is, the actual angular acceleration of the wheels when the vehicle is running on the road is equal to the angular acceleration of the bench. At this point, substituting Eq. 8 into Eq. 1 yields:
[image: image]
According to the above equation, in order to accurately achieve the load simulation function of the platform, it is necessary to obtain an accurate road load model [image: image], equivalent inertia model [image: image], transfer function model [image: image] of the load motor, and transfer function model [image: image] of the mechanical system.
2.2 Analysis of the vehicle’s kinematics
Currently, the kinematics and dynamics of the whole vehicle of tracked vehicles are usually studied in terms of steering motion in the horizontal plane or straight line motion on a slope (Yalla et al., 2007; Janarthanan et al., 2011). This type of working condition can only represent part of the working conditions during the vehicle’s travel. In order to comprehensively study the kinematics and dynamics of the vehicle under the load working condition, this section establishes the vehicle motion coordinate system shown in Figure 2A. Assuming that the tracked vehicle is traveling on a slope with an inclination angle of [image: image], let the world coordinate system of the slope be O-XYZ, the body coordinate system be [image: image], and the body center of mass be C. [image: image] coincide in the world coordinate system. At a certain moment, the vehicle takes [image: image] as the steering center, [image: image] as the steering radius, and the angular velocity [image: image] rotates uniformly around [image: image] for [image: image] degrees.
[image: Figure 2]FIGURE 2 | (A) The instantaneous posture of the vehicle when turning on a certain slope; (B) Kinematic analysis of [image: image] plane motion during vehicle travel.
At this moment, according to Figure 2A, the instantaneous side tilt angle [image: image] of the body in the [image: image] plane can be obtained.
[image: image]
The instantaneous pitch angle [image: image] of the body in the [image: image] plane can be obtained.
[image: image]
The components of the weight of the vehicle in the [image: image] coordinates can be expressed in vector form:
[image: image]
Analysis of the motion of the vehicle in the [image: image] plane is conducted, assuming that the vehicle travels at a constant speed around the steering center [image: image] with a steering radius [image: image], and under the influence of the pitch angle [image: image], the steering center of the vehicle in contact with the ground must deviate from the O point in the negative direction of [image: image] by a distance [image: image]. At the same time, due to the existence of the tilt angle [image: image], the steering center of the vehicle to the ground must be offset from O to the positive direction of Y by a distance [image: image] (see Section 2.3 for detailed derivation). At this time, the direction of the track winding speed points to the tangent direction of the whole vehicle steering direction, and the absolute speed direction of the track parallel to the winding speed direction only exists at the geometric center [image: image] of the two sides of the track. At other positions, the track ground element must inevitably slip relative to the ground. According to Figure 2B, it can be seen that at a certain moment when the vehicle is turning, the speed of the track at the instantaneous center [image: image] is compared with the original geometric center [image: image], respectively offset by [image: image], [image: image] in the [image: image] direction and d in the longitudinal direction. Furthermore, when the vehicle is in high-speed motion, the offset distance D formed by the superposition of [image: image]、 [image: image], and d causes a lateral deviation angle [image: image] between the direction of the centrifugal force passing through the vehicle’s center of mass and the [image: image] axis direction, and the centrifugal force further counteracts on [image: image]、 [image: image] in the [image: image] and [image: image] directions, respectively. Therefore, the kinematic process of vehicle steering is the process of interaction between [image: image]、 [image: image]、 [image: image] and d.
The traction speed of the center line of the track on both the inside and outside when the tracked vehicle is turning is:
[image: image]
Where B is the width of the vehicle; [image: image] is the angular velocity of the vehicle; [image: image] is the lateral distance from the actual steering center to the center of gravity of the body, that is, [image: image], [image: image] is the actual steering radius.
In the process of motion analysis, assuming that the ground contact of the tracks is all concentrated on the center line [image: image]、 [image: image], the relative line speed of the two tracks is:
[image: image]
The slip rate of the tracks on both sides inside and outside can be expressed by the following equation:
[image: image]
According to Figure 2B:
[image: image]
Further deducted, it can be obtained as:
[image: image]
2.3 Vehicle dynamics analysis
Analysis of the forces on the vehicle in the [image: image] plane yields the force model shown in Figure 3A. At this time, due to the vehicle’s center of mass C revolving around the actual instantaneous steering center [image: image], a centrifugal force [image: image] is generated, and the components of the centrifugal force in the [image: image]、 [image: image] directions are respectively:
[image: image]
[image: Figure 3]FIGURE 3 | (A) Dynamics analysis of [image: image] plane during vehicle travel; (B) [image: image] mechanics analysis during vehicle travel.
In the [image: image] plane, due to the existence of the side tilt angle [image: image], the vehicle is simultaneously subjected to the normal ground support force [image: image], lateral resistance [image: image], centrifugal force [image: image], and the combined effect of gravity, as shown in Figure 3B.
According to the above figure, the ground reaction forces of the left and right tracks can be obtained by calculating the moment at points [image: image]、 [image: image]:
[image: image]
Therefore, the center of the ground support reaction along the [image: image] direction is offset by:
[image: image]
In the [image: image] plane, due to the existence of the slope angle [image: image], the center of the ground support force has an offset [image: image] from the geometrical center [image: image] of the track ground contact. At this time, the change of the whole vehicle planar load distribution caused by the elevation angle [image: image] is shown in Figure 4A.
[image: Figure 4]FIGURE 4 | (A) Whole vehicle plane force analysis; (B) Analysis of normal load of track ground contact.
When a tracked vehicle turns on a horizontal plane, the combined force of the ground reaction force and the pressure center of the track contacting the ground coincide. When the vehicle is running on a slope, the ground counteraction force provided to the track can be decomposed into the vertical support force [image: image] and the sliding force [image: image] parallel to the slope, and the vehicle is subjected to the centrifugal force component [image: image] caused by the steering side slip angle [image: image] in the [image: image] direction. Without considering the lateral force, the center of the normal reaction force [image: image] of the ground and the geometric center [image: image] of the track-ground contact have a bias distance [image: image] in the [image: image] direction. Assuming that the vehicle is running stably at this time, the torque balance equation of the vehicle at [image: image] is obtained.
[image: image]
Then it is easy to get the expression of the bias distance [image: image] according to the above equation:
[image: image]
Due to the offset of the normal force center of the ground, the normal load of the track contacting the ground changes from rectangular to trapezoidal at this time. The unit length normal load at the front end is [image: image], the unit length normal load at the rear end is [image: image], and the average unit length normal load is [image: image], as shown in Figure 4B.
According to Figure 4B, [image: image], the torque balance equation at point [image: image] can be obtained as follows:
[image: image]
[image: image]
Then it can be obtained:
[image: image]
Further it can be obtained:
[image: image]
Due to the longitudinal component [image: image] of the centrifugal force and the component [image: image] of the total vehicle weight along the direction of travel, the pressure at the front end of the track contact section is reduced and the rear end is increased, so the steering resistance moment of the vehicle is distributed in a trapezoidal shape with a small front and a large rear, as shown in Figure5A. Simultaneously, due to the influence of the slope angle [image: image] and the tilt angle [image: image], the instantaneous rotation center of the vehicle is offset in the [image: image] direction from the vehicle’s center of mass by a distance of [image: image].At the same time, during the vehicle steering process, due to the sliding/rolling of the track, the speed of the track will instantaneously produce offset [image: image] in the [image: image] direction, and eventually cause an offset of size D in the [image: image] direction of the steering center. Under the condition of considering the offset of the steering center, the lateral resistance distribution of the track to the ground is shown in Figure 5B.
[image: Figure 5]FIGURE 5 | (A) Vehicle lateral force model without considering slip and yaw; (B) Vehicle lateral force model considering slip and yaw; (C) Analysis of the force on the inner track contacting the ground during the steering process.
A force analysis model of the ground contact element of the track has been established in the [image: image] coordinate system. Taking a microelement with a length and width of (dx, dy) on the track ground, the friction force of the ground microelement and the ground in the [image: image]、 [image: image] directions are shown in Figure 5C.
It can be obtained that the force on each contact ground element in the [image: image] directions is respectively:
[image: image]
In the equation, [image: image]、 [image: image] are the friction coefficients of the caterpillar touching the ground, and the friction coefficient is affected by the caterpillar’s sliding rate, which is expressed as
[image: image]
In the equation, [image: image]、 [image: image] are design constants determined by the sliding test.
Further derivation of Eq. 27 can obtain the friction resistance components in the [image: image] axes generated by the contact surface between the track and the ground, as well as the steering resistance moment generated by the ground to the track, respectively:
[image: image]
According to D'Alembert’s principle, the force balance equation of the vehicle can be obtained in the relative coordinate system [image: image].
[image: image]
In the equation, [image: image] represents the ground resistance of the vehicle, and according to the theory of ground-track bearing (Wang et al., 2015), we can obtain:
[image: image]
In the equation, [image: image] is the soil cohesion modulus, [image: image] is the soil friction modulus, n is the soil deformation index, which changes with different soil components, water content and other conditions, and is a constant independent of external conditions such as pressure and contact surface.
Substituting Eq. 29 into Eq. 30, it can be seen that the equation set listed has hidden unknown motion parameters, and there is a coupling relationship between the parameters, so the iterative method is used to solve it.
3 KINEMATICS AND DYNAMICS SIMULATION IN DIFFERENT DRIVING STATES
To study the road load of tracked vehicles under different driving conditions, Eq. 30 is applied to perform kinematic/dynamic simulations on the tracked vehicles and the parameters of the viscous soil conditions by using the MATLAB programming environment.
When the weight of the vehicle is 38 tons, the width of the vehicle is 3.5 m, the radius of the driving wheel is 0.286 m, the height of the center of mass is 1.25 m, the track length is 5 m, and the track width is 0.4 m, then we have: [image: image] = 13.19 [image: image]; [image: image] = 692.5 [image: image]; [image: image] = 0.5; [image: image] = 0.44; [image: image] = 20.
3.1 The impact of inclination angle and steering angle on vehicle kinematics
Assuming that the vehicle speed remains at 3 m/s and the steering radius remains at 30 m, the kinematic states of the vehicle are shown in Figures 6A–E as the inclination angle [image: image] and the steering angle [image: image] change.
[image: Figure 6]FIGURE 6 | (A) Longitudinal offset of the turning center under different inclination angles and steering angles; (B) Instantaneous lateral offset of the turning center of the inner trackunder different inclination angles and steering angles; (C) Instantaneous lateral offset of the turning center of the outer trackunder different inclination angles and steering angles; (D) Ground slip ratio of the inner trackunder different inclination angles and steering angles; (E) Ground slip ratio of the outer trackunder different inclination angles and steering angles; (F) Longitudinal offset of the steering center under different steering radii and speeds; (G) Inner steering center lateral offsetunder different speeds and steering radii; (H) Outer steering center lateral offsetunder different speeds and steering radii; (I) Ground slip ratio of the inner trackunder different speeds and steering radii; (J) Ground slip ratio of the outer trackunder different speeds and steering radii; (K) Inner drive wheel loadunder different inclination angles and steering angles conditions; (L) Outer drive wheel loadunder different inclination angles and steering angles conditions; (M) Inner drive wheel loadunder different speeds and steering radii conditions; (N) Outer drive wheel loadunder different speeds and steering radii conditions.
From Figure 6A, it can be seen that when the vehicle is in the [image: image] position, as the inclination angle [image: image] gradually increases, the longitudinal offset of the turning center gradually shifts towards the rear of the vehicle’s center of gravity. This is because when [image: image] increases, the gravity of the entire vehicle generates a backward force along the direction of vehicle travel, causing the load on the rear track of the vehicle to be greater than that on the front track, leading to a rearward shift of the turning center. As the vehicle’s steering angle increases, the longitudinal offset of the turning center is affected by the load distribution and gradually shifts towards the front of the vehicle’s center of gravity, which is consistent with the vehicle’s motion law.
Figures 6B, C show the lateral offset curve of the instantaneous steering center of the two tracks. For the inner track, the lateral offset of the instantaneous center of speed increases nonlinearly with the increase of the steering angle and inclination angle. For the outer track, when [image: image], the effect of the steering angle [image: image] on the lateral offset of the instantaneous center of speed can be neglected. However, when [image: image] >0, the lateral offset of the instantaneous center of speed follows a normal distribution curve, and when the vehicle’s steering angle is [image: image], the lateral offset of the instantaneous center of speed of the outer track reaches its maximum value.
By comparing Figures 6B–E, it can be seen that the ground slip ratio of the two tracks and the distribution curve of the lateral offset of the turning center of the tracks have a similar trend. The main reason for this can be obtained by analyzing Eq. 16 and Eq. 17. The combination of the two equations shows that the ground slip ratio of the track is linearly positively correlated with the lateral offset of the steering center. Therefore, the lateral offset of the steering center is the main factor affecting the ground slip ratio of the tracks.
3.2 The influence of steering radius and vehicle speed on vehicle kinematics
Assuming the vehicle is driving on a surface with a inclination angle of [image: image] and a steering angle of [image: image] at a certain moment. At this time, under different steering radii and vehicle speeds, the kinematic state of the vehicle is shown in Figures 6F–J.
From Figure 6F, it can be seen that at different steering radii, as the vehicle speed increases, the longitudinal offset of the vehicle’s steering center moves forward, because the vehicle needs to move the steering center forward to match the gradually increasing centrifugal force, which conforms to the laws of vehicle kinematics.
The influence of vehicle speed and steering radius on the lateral offset of the instantaneous steering center of the tracks is shown in Figures 6G, H. It can be seen from the figure that the absolute value of the lateral offset of the instantaneous steering center of both tracks is negatively correlated with the vehicle steering radius, and when the vehicle steering radius is large, the lateral offset of the steering center is not sensitive to changes in vehicle speed. This is because when the vehicle is making a large-radius turn, the difference in load between the two tracks decreases, and when the vehicle’s steering radius approaches infinity, the vehicle travels in a straight line.
Figures 6I, J shows the variation curves of instantaneous track slip ratios under different vehicle speeds and steering radii. As can be seen from Figure 6I, if the steering radius remains unchanged, the vehicle speed has a small effect on the slip ratio, and the slip ratio of the inner track increases gradually as the steering radius decreases. By comparing Figures 6I, J, it can be found that the vehicle speed only has a significant effect on the slip ratio under low steering radius conditions. This is because as the steering radius of the vehicle increases, the trajectory of the entire vehicle tends to be more straight-line movement. This phenomenon conforms to the laws of vehicle motion.
3.3 The impact of inclination angle and steering angle on vehicle dynamics
As shown in Figures 6K, L, it can be seen that during vehicle operation, the load on the inner driving wheel is positively correlated with the inclination angle and steering angle, while it is negatively correlated with the load on the outer driving wheel. This is mainly because as the inclination angle and steering angle of the vehicle increase, the center of gravity of the vehicle gradually shifts towards the inner track, causing an increase in the vertical load on the inner track.
3.4 The influence of steering radius and speed on vehicle dynamics
The impact of vehicle speed and steering radius on the load of the two driving wheels is shown in Figures 6M, N. As shown in Figures 6M, N, when the steering radius of the vehicle increases, the vehicle tends to travel in a straight line, and the absolute value of the load on both sides of the wheels gradually decreases. When the steering radius of the vehicle is constant and the speed increases, due to the change of centrifugal force, the absolute value of the load on both sides of the wheels decreases in a parabolic shape. Moreover, when the steering radius of the vehicle increases, the impact of speed on the load of the vehicle gradually decreases.
4 THE INERTIA TRANSFER PHENOMENON DURING THE LOAD SIMULATION PROCESS
In actual driving, the load on the two sides of a heavy-duty vehicle is not the same and changes dynamically due to the vehicle’s own driving and transmission system characteristics as well as the external road environment. For the load simulation system, the load motor on one side applies a load to the tested vehicle, which is also affected by the corresponding output torque of the output shaft and the simulated ground environment. Therefore, one of the key points to achieve accurate whole vehicle load simulation is to dynamically allocate the load and inertia required to be simulated to the load simulation motors corresponding to each driving axle through dynamic allocation, and each load simulation motor then implements the vehicle load simulation using the single axle load simulation method (Bekker, 1960).
For simple load simulations, such as straight driving, the simplest method is to evenly distribute the load and inertia of the tested vehicle to each axle, and the vehicle’s speed can also be directly obtained based on the speed of each axle. However, straight driving is just a special case of vehicle operation. During acceleration, braking, turning and other actions, different load distributions on both sides, turning radii, and driving speeds will occur. Therefore, in simulating the entire vehicle, evenly distributing the road load and inertial load on each side of the vehicle will inevitably result in accuracy errors in load simulation, and it is necessary to correct it by properly distributing the vehicle load.
During the load simulation process, the simulated load of the load simulation system is obtained by considering the vehicle’s dynamic model and the external forces acting on the vehicle. When the external environment of the vehicle changes, the load on the left and right wheels also changes accordingly, and this load change is reflected on the test bench in the form of changes in the road load and inertia load. In the previous section, this paper obtained the vehicle’s road load model. In this section, the allocation of inertia load is discussed in depth.
4.1 Steady-state conditions with equal load on both sides
For vehicle driving, steering is a universal situation that can be used to describe the driving state of the vehicle in different environments and conditions. Straight-line driving of the vehicle is a special case of the vehicle’s steering driving, which can be described as the driving condition when the steering radius [image: image]. For the stable condition where the loads on both sides are equal, the force on the vehicle is shown in Figure 7A. This condition often occurs during stable straight-line driving of the vehicle on a horizontal road and during low-speed turning with a large radius.
[image: Figure 7]FIGURE 7 | (A) The force analysis of a stable condition with the same load on both sides; (B) The force analysis of an unstable condition with the same load on both sides; (C) Analysis of forces with different loads on both sides; (D) Analysis of forces with different loads on both sides on unsteady-state condition.
In the figure, let the instantaneous velocity direction of the vehicle be the Y direction and the direction of the line connecting the vehicle’s center of mass and the turning center be the X direction. Since the load on both sides is the same and the velocity is the same, it can be deduced that the driving forces of the left and right tracks are [image: image]. Therefore, the driving forces of the two active wheels on both sides are [image: image]. Let [image: image] and [image: image] be the equivalent inertia on the left and right active wheels, respectively. At this point, since the acceleration on both sides is the same, [image: image], it can be obtained as:
[image: image]
It can be further deduced that [image: image], where [image: image] represent the equivalent inertia on the left and right sides of the vehicle respectively.
4.2 Unsteady-state conditions with equal load on both sides
When the vehicle is traveling in a straight line on a horizontal surface or during low-speed turning, assuming that at a certain moment, one side of the ground contact surface slips. At this time, the coefficient of adhesion of the ground changes, and the single-side ground adhesion force cannot provide sufficient driving force. In order to investigate the load situation of the driving wheel under the conditions of the entire vehicle and side-by-side, the entire vehicle is divided into two parts, left and right, and these two parts are connected in the Y direction through a pair of equal and opposite original forces [image: image], which is called transfer force. As shown in Figure 7B.
Based on the above figure, in the vehicle coordinate system, the second law of Newton in the Y direction and the steering direction are as follows:
[image: image]
[image: image]
At this point, it can be reasonably assumed that the vehicle is designed such that [image: image] when the vehicle is not subject to any lateral forces. Applying Newton’s second law in the Y direction to each of these separated parts:
[image: image]
In the equation, [image: image] and [image: image] satisfy:
[image: image]
[image: image]
According to Eqs. 33–37, We can get the result:
[image: image]
Where [image: image] , [image: image] is the maximum adhesion force that the ground can provide.
That is:
[image: image]
When [image: image] ≠0, [image: image] can be viewed as an inertial force, then its corresponding virtual mass is:
[image: image]
This shows that under certain driving conditions and ground adhesion conditions, the equivalent inertia of the vehicle may be distributed unequally. When the condition in Eq. 39 is satisfied, for a certain active wheel, the transfer force [image: image] from the other side can be replaced by an equivalent mass change [image: image] expressed by Eq. 40. For the equivalent inertia of the vehicle on both sides at this time, Eq. 41 can be obtained by introducing the equation for equivalent inertia transformation of the vehicle, as follows:
[image: image]
4.3 Steady-state conditions with unequal load on both sides
When the vehicle is moving on a slope or when the position of the vehicle’s center of gravity changes, the supporting forces acting on the wheels/tracks on both sides of the vehicle by the ground are not equal, as shown in Figure 7C. According to Eq. 38, it can be known that when the acceleration on both sides of the vehicle satisfies certain conditions and plus [image: image], there is no transfer force internally. At this time, the equivalent inertia of the active wheels on both sides is only related to the vertical load of the active wheels on both sides.
The calculation based on Eq. 19 suggests that the equivalent masses acting on the wheels on both sides of the vehicle are:
[image: image]
After calculation of Equivalent inertia, we have:
[image: image]
4.4 Unsteady-state conditions with unequal load on both sides
During the vehicle’s operation, its behavior is affected by the driver’s driving behavior, which belongs to a pseudo-random working condition. At the same time, the ground conditions for vehicle operation are influenced by soil composition, water content, and terrain, resulting in different ground adhesion forces on both sides of the vehicle. Therefore, when considering the equivalent inertia of both sides, not only the distribution of vertical loads but also the variation of the internal transfer force [image: image] on the inner side must be considered. At this point, due to the different loads on both sides of the vehicle, the forces acting on the two separate bodies of the vehicle are shown in Figure 7D.
In Figure 7D, [image: image] can be calculated through Eq. 42. Apply Newton’s second law to these two separate bodies in the Y direction respectively:
[image: image]
According to Eq. 38, We can get the result:
[image: image]
Which also means:
[image: image]
When [image: image] ≠0, its corresponding virtual mass is:
[image: image]
In the same way, the equivalent inertia on both sides can be obtained as:
[image: image]
Through the study of vehicle equivalent inertia distribution, this section establishes a model of equivalent inertia distribution as described in Eq. 32, Eq. 41, Eq. 43, and Eq. 48. By studying the inertial load, errors in load simulation caused by uneven distribution of inertial load are avoided.
5 WHOLE VEHICLE LOAD SIMULATION CONTROL AND ITS SYNCHRONIZATION ERROR COMPENSATION
Through the derivation in Section 4.2, the inertia load model of the whole vehicle under different driving conditions can be obtained. Based on these models, to further obtain the target speed of the vehicle, it is necessary to know the current driving wheel speed [image: image] (i = 1,2, etc.), the current torque [image: image], and the current target steering radius R. Among them, [image: image] and [image: image] can be obtained through sensors, while R needs to be obtained through an angle displacement sensor installed on the steering wheel.
During vehicle operation, the steering wheel reflects the driver’s steering demand. When the steering wheel angle [image: image] is within the free travel range ([image: image]), the vehicle maintains straight-line driving. When [image: image], the vehicle turns. The target steering speed of the vehicle can be represented by angular velocity [image: image]. The maximum steering angle of the steering wheel [image: image] corresponds to the maximum steering angular velocity [image: image] on the left and right sides of the vehicle. The mapping relationship between the steering wheel angle and the vehicle angular velocity is:
[image: image]
The relationship between the vehicle linear velocity [image: image], the target steering radius R, and the angular velocity [image: image] can be obtained through the arc length equation:
[image: image]
Therefore, through the vehicle’s steering wheel angle signal, the driving wheel speed signal, and the current ground slip ratio, the target steering radius of the vehicle at the next moment can be known. By introducing these parameters into the vehicle dynamics model and combining them with the vehicle equivalent inertia model, the control model of the whole vehicle load simulation can be obtained, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Control diagram of load simulation system under non-uniform speed and non-uniform load conditions.
5.1 Cross-coupling compensation under the condition of equal speeds on both sides
In the control process of the entire vehicle load simulation, each side’s driving wheel corresponds to a set of load simulation systems (referred to as subsystems below), and all subsystems receive instructions from the same control system to simulate the loads of each wheel, thereby achieving the load simulation of the entire vehicle. Therefore, there is also a problem of multi-motor synchronization control in the control of the entire vehicle load simulation system. In the process of multi-motor synchronization control, the differences in hardware and mechanics between the various independent subsystems make it difficult for the control system to keep the controlled variables of each motor in a linear relationship, resulting in synchronization errors. To solve this problem, this section takes the track-type vehicle load simulation system as an example and uses the idea of cross-coupling compensation to compensate for the deviation between the two motors.
The basic principle of compensation correction is to detect the synchronization error ε of the speed [image: image] and compensate it through the correction operation of the controller [image: image]. If the synchronization position error ε > 0, it means that [image: image]. At this time, a negative compensation value is applied to the speed loop of motor 1, and a positive compensation value is applied to the speed loop of motor two to quickly reduce the error between the two motors. If the synchronization position error ε < 0, the situation is completely opposite. The cross-coupling controller [image: image] adopts a PI controller. Since the speed deviation between the motors is relatively small compared to the motor speed, in order to make ε converge quickly, the PI controller is designed through repeated experiments as follows:
[image: image]
The resulting framework for the overall vehicle control under straight-line driving can be obtained as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Cross-coupling compensation of the load simulation system under the condition of the same driving wheel speed.
A certain heavy-duty vehicle is subjected to dual-side load simulation. A virtual dashed line is used to indicate the enlarged position where a momentary torque disturbance of 500 Nm is applied to the left load simulation system. The simulation results are shown in Figure 10A. At t = 14s, the deviation of the left and right drive wheel speeds without considering cross-coupling compensation is about 0.3 rad/s. After taking cross-coupling compensation into consideration, both sides of the load simulation system generates a speed fluctuation of about 0.15 rad/s, but the relative speed deviation between the left and right sides has been reduced to 0.04 rad/s, and the synchronization of the system has been significantly improved.
[image: Figure 10]FIGURE 10 | (A) Simulation curve of vehicle straight driving considering CCC (CCC is short for Cross-coupling compensation) under single-side pulse disturbance condition; (B) Simulation curve of vehicle straight driving considering CCC under single-side delay error condition.
A certain heavy-duty vehicle has been subjected to load simulation, and a system delay of 0.1s is given to the left-side load simulation system during the 10th second of the simulation. The simulation results are shown in Figure 10B. After the change of driving torque, due to the delay of the left-side system, there is a significant difference in the speed curves of the two sides, and the maximum value of the speed deviation at the same time is about 1.20 rad/s, which maintains a speed deviation of 0.38 rad/s after the speed fluctuation stabilizes. After considering the cross-coupling compensation, the maximum speed deviation drops to 0.24 rad/s, and quickly converges to 0, and the synchronization of the system is significantly improved.
5.2 Cross-coupling compensation under different speeds on both sides
Under the experimental conditions where the speeds on both sides are different, introducing Eq. 42 into Figure 8 yields the system control framework under different speed conditions, as shown in Figure 11. Unlike the cross-coupling compensation under straight-line driving conditions, since the speeds on both sides are different, it is necessary to first calculate the vehicle’s driving speed v using the speeds [image: image] on both sides and then proceed with the cross-coupling compensation.
[image: Figure 11]FIGURE 11 | Cross-coupling compensation under different driving wheel speeds.
The same vehicle has been subjected to load simulation under steering conditions, with a uniform acceleration rotation of radius 50 m on a circular ramp with a slope of 10°. The speed response of both sides is shown in Figure 12.
[image: Figure 12]FIGURE 12 | (A) Vehicle speed response under steering conditions; (B) Speed response of vehicle with consideration of CCC under steering condition.
As shown in Figure 12A, a disturbance with a pulse torque amplitude of 2000 Nm has been applied to the inner load simulation system, resulting in a speed fluctuation amplitude of 0.64 rad/s in the inner load simulation system due to the disturbance rejection effect of the disturbance observer. After taking the cross-coupling compensation into consideration, the outer speed fluctuates together with the inner speed, and the amplitude of the inner speed fluctuation decreases to 0.28 rad/s. The equivalent speed deviation between the two sides also decreases to 0.13 rad/s and quickly converges to 0. The synchronization of the system has been significantly improved.
As shown in Figure 12B, the speed response curve considering load distribution and slip ratio has a significant difference from the speed response curve without considering these factors. When the vehicle speed is 5 m/s, the inner speed response considering load distribution is 16.81 rad/s, and the speed response without considering load distribution is 16.98 rad/s, with a deviation of 1.01%. The outer speed response considering load distribution is 18.24 rad/s, and the speed response without considering load distribution is 17.95 rad/s, with a deviation of 1.58%.
6 EXPERIMENTAL TECHNIQUE ANALYSIS
The heavy-duty vehicle load simulation test bench mainly consists of a load simulation system and the test vehicle, and the test vehicle must be separated and enclosed in the environmental chamber to simulate various driving environments. Power compartments with load simulation motors and transmission mechanisms installed are located on both sides of the environmental chamber, as shown in Figures 13A, B. The transmission mechanism of the power compartment and the test vehicle inside the environmental chamber are connected through a through-wall shaft, as shown in Figures 13C, D. To prevent salt spray, sand, and other debris from entering the bearings, the walls at both ends of the through-wall shaft are mechanically sealed.
[image: Figure 13]FIGURE 13 | Mechanical structure of simulation device: (A) Environmental chamber; (B) Single-sided power compartment; (C) Through-wall shaft power compartment end; (D) Through-wall shaft environmental chamber end.
In this structure, by combining torque signals with the actual vehicle dynamics model, the target speed of the driving wheel and the speed of the high-power motor in the power compartment can be calculated, thereby achieving the goal of subjecting the driving wheel of the tested vehicle to the same load as the actual road driving (Fajri et al., 2012). The mechanical architecture of shaft coupling also ensures that the simulated loads between each subsystem are independent of each other, thus enabling the entire system to achieve composite working condition load simulation at the structural level.
During the testing process, the system controller needs to simultaneously control, calculate, and acquire data from both the test bench and the environmental chamber. As real-time calculations and motor control for both road load and inertial load are required during the testing process, the test system adopts a two-layer real-time control method for solving and controlling the load simulation system. During the testing process, the test management computer is responsible for managing, controlling, and displaying the testing project, and sends commands to the real-time control computer and PLC. The PLC is responsible for controlling the environmental simulator and collecting environmental signals to provide feedback to the test management computer. Two closed loops are formed between the real-time control computer and the electric motor, where the upper loop acquires the vehicle speed and steering signals and calculates/updates the real-time vehicle speed based on the whole vehicle kinematics model before sending it to the lower layer controller. The lower loop realizes the speed tracking control of each motor.
The control method of the single-side load simulation device that we use is speed tracking. During system operation, the board collects the steering angle signal [image: image] and outputs the speed [image: image] and torque [image: image]. Based on the dynamic model calculation method described in Eq. 30 and the equivalent inertia model (32), (41), (43), and (48) of the heavy-duty vehicle, the vehicle’s load model is derived to obtain the target speed [image: image] of the vehicle. In the time domain, the speed tracking module calculates the torque command [image: image] for simulating the inertia load and road load of the test vehicle based on the next stage target speed [image: image], the output speed [image: image] obtained by the sensor, and the feedback torque [image: image] from the torque sensor. After motor control, the target speed is output to achieve load simulation of the single-side driven wheel.
Load steering test is a test that studies the torque and speed during vehicle steering process. Through load steering test, the load condition of vehicle transmission equipment under steering conditions can be studied. For the test bench itself, the accuracy of simulating vehicle load steering can be verified through the test.
Figure 14 shows the test data of simulating a vehicle with a curb weight of 30t, turning left at a constant speed on a level ground with a radius of 50 m and a speed of 18 km/h. Due to the influence of the driver’s behavior on the driving speed of the vehicle, the measured stable driving speed of the vehicle is approximately 18.5 km/h. To determine the system response time under the preset spectrum, the experiment first verifies the system response time. According to Figure 14C, the average response time of the system is 25.40 m. The slowest response of the system torque occurs during several periods of significant torque fluctuations, during which the system speed fluctuates repeatedly. Due to system lag, the system is unable to respond in a timely manner, with a maximum response time of 68 m.
[image: Figure 14]FIGURE 14 | Load steering test: (A) Overall test data; (B) Amplified portion of data during stable driving phase; (C) System response time.
As shown in Figure 14A, during the startup phase, when the vehicle accelerates, the torque of the load motor fluctuates repeatedly to match the theoretical speed of the vehicle due to the response delay of the equipment. When the equipment enters the stable driving stage, as shown in Figure 14B, the theoretical values and the measured values of the left and right load simulation equipment are shown in Table 1.
TABLE 1 | Experimental data for load steering test during stable driving phase.
[image: Table 1]Based on the data in Table 1, it can be seen that the error in both the speed and torque of the left-side load simulation equipment is higher than that of the right-side equipment, which is due to sampling errors in the torque and speed sensors on the left side. As there is a problem of asynchronous loading on the left and right sides during the steering simulation test, the internal load and speed on both sides may affect each other during the load simulation process. From Figure 14 and Table 1, it can be seen that the overall error of the equipment in the steering simulation process is less than 2.5%, indicating that the experimental platform designed in this paper can achieve accurate steering load simulation.
7 CONCLUSION
This paper studies the load simulation method for tracked vehicles under complex working conditions, based on the control strategy of single-axis load simulation system and the dynamic model of tracked vehicle during turning process. Firstly, the equivalent inertia allocated to the two wheels in different driving conditions are obtained through in-depth research on load allocation of vehicles under different driving conditions. To address the issue of synchronization errors in the motor during the complex working condition tests, the cross-coupling compensation method is used to reduce the synchronization errors. The experimental results show that the load simulation system considering equivalent inertia allocation and cross-coupling compensation has higher simulation accuracy and lower synchronization errors, and achieves accurate and engineering-meaningful load simulation for heavy-duty vehicles at the theoretical level.
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