

  actuators-13-00163




actuators-13-00163







Actuators 2024, 13(5), 163; doi:10.3390/act13050163




Article



Research on Damping Hole Optimization of Hydro-Pneumatic Suspension for Mining Trucks under Variable Load Conditions



Wenfeng Zhu 1,2, Zenglu Zhao 1, Xingtong Zhou 1, Xuepeng Cao 1,*, Min Ye 1, Chuqing Cao 2,3 and Mohammad Manjur Alam 1





1



Key Laboratory of Road Construction Technology and Equipment, Ministry of Education, Chang’an University, Xi’an 710064, China






2



Wuhu Hit Robot Technology Research Institute Co., Ltd., Wuhu 241000, China






3



School of Computer and Information, Anhui Polytechnic University, Wuhu 241007, China









*



Correspondence: caoxp2011@163.com; Tel.: +86-02982334596







Citation: Zhu, W.; Zhao, Z.; Zhou, X.; Cao, X.; Ye, M.; Cao, C.; Alam, M.M. Research on Damping Hole Optimization of Hydro-Pneumatic Suspension for Mining Trucks under Variable Load Conditions. Actuators 2024, 13, 163. https://doi.org/10.3390/act13050163



Academic Editor: Cristina Morel



Received: 27 March 2024 / Revised: 27 April 2024 / Accepted: 27 April 2024 / Published: 1 May 2024



Abstract

:

The hydro-pneumatic suspension, known for enhancing vehicle ride comfort and stability, finds widespread use in engineering vehicles. Presently, the majority of mining trucks employ hydro-pneumatic suspension with a fixed damping hole, underscoring the critical importance of selecting appropriate damping hole parameters. Initially, an equilibrium mathematical model of the ¼ hydro-pneumatic suspension is established, and the influencing factors of the damping characteristics are analyzed. Subsequently, the simulation model and experimental bench for the hydro-pneumatic suspension are constructed. Sinusoidal signals with different frequencies and amplitudes serve as the excitation signals to analyze the variation trend of the force on the rod with displacement changes. The simulation and experimental results demonstrate a high degree of consistency, validating the rationality and validity of the simulation model. Building upon this foundation, various damping apertures are then selected to study the damping characteristics of the hydro-pneumatic suspension. The research indicates that as the damping aperture increases, the setting time of the hydro-pneumatic suspension system after excitation extends, accompanied by a decrease in the acceleration overshoot. As a result, a comprehensive evaluation index is developed, considering various factors, such as different weight setting times and peak longitudinal accelerations to assess the ride comfort of the suspension. This approach is then employed to determine the optimal damping aperture under both full-load and no-load conditions. The findings of this research offer valuable insights for the development of adaptive variable damping hydraulic suspensions, especially under variable load conditions.
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1. Introduction


In the 1980s, hydro-pneumatic suspension began to be used in heavy vehicles [1]. Damping characteristics play a crucial role as a performance indicator for hydro-pneumatic suspension systems. Their nonlinear features are particularly well suited to meet the requirements of most construction vehicles [2,3]. As a result, the analysis and research on the damping characteristics of these suspension systems hold great significance and application value. The principle of the commonly used hydro-pneumatic suspension involves the combined action of the compressibility of inert gas, vibration reduction through the use of oil, and friction between components within a certain flow area. This combination aims to alleviate ground impact, reduce vehicle vibration, and enhance driving smoothness, vehicle safety, and ride comfort.



In recent years, with the growing demand for engineering vehicles, research on hydro-pneumatic suspension has gained prominence. For instance, Zhang Di et al. conducted a comparative analysis of the ride performance of a vehicle equipped with hydro-pneumatic suspension and the original vehicle. They evaluated the performance under two conditions: random road excitation and triangular pulse excitation. The conclusion drawn was that the vehicle employing hydro-pneumatic suspension exhibited significantly superior performance compared to the original vehicle [4]. You Zhuan et al. analyzed the response characteristics of hydro-pneumatic suspension to road excitation under both normal driving conditions and obstacle-crossing conditions through simulation [5]. Andrzej Zuska et al. investigated the influence of changes in stiffness and damping of tire wheels on the outcome of the condition assessment of motor vehicle shock absorbers [6]. Verros et al. analyzed the elastic and damping characteristics of the suspension under different road classes by building a nonlinear quarter-vehicle model and proposed an optimization method [7]. Cao Ruiyuan et al. selected the WC5 articulated mining vehicle as the research object and analyzed the changing trends in stiffness and damping characteristics of hydro-pneumatic suspension. This analysis was conducted after altering the initial conditions of various parameters, including the accumulator, inner diameter of the suspension cylinder, check valve, and hole diameter [8]. Tao Wei et al. introduced a semi-active seat suspension system for a loader, incorporating a damping multi-state switching shock absorber. Their analysis focused on identifying the recovery and compression damping coefficients of the shock absorber across four distinct damping states. The findings from this investigation significantly contributed to enhancing the vehicle’s ride performance [9]. Wang Shaohua et al. introduced a novel structure and control methodology for a rigidity-damped, multistage, adjustable pneumatic suspension system, leveraging a high-speed switching solenoid valve. They applied the particle swarm optimization algorithm to optimize and align the stiffness and damping characteristics of the oil–gas suspension system across various driving conditions. Additionally, they devised a mode-switching control approach to determine the optimal sequence for switching stiffness damping modes of the oil–gas suspension under diverse driving scenarios [10]. Goga employed a genetic algorithm to optimize both the damping and stiffness coefficients of the suspension system, with the evaluation criteria of passenger comfort and driving stability as the primary optimization objectives. The results indicated a substantial reduction in model amplitude following parameter optimization [11]. Sang et al. developed a two-chamber hydro-pneumatic suspension structure and employed both nonlinear vibration theory and fractional calculus theory to analyze its characteristics [12]. Han Shousong introduced a multi-system co-simulation methodology, utilizing particle swarm optimization, aimed at optimizing the damping parameters of semi-active oil–gas suspension systems. This approach addresses the segmental discontinuity inherent in damping force control and the challenges associated with accurately resolving dynamic performance indexes of suspensions [13]. Yuan Jiaqi et al. developed a mathematical model to characterize the stiffness and damping properties of the hydro-pneumatic suspension. Their simulations demonstrated that varying the throttle aperture resulted in changes to the damping force of the hydro-pneumatic suspension [14]. Wang Xu et al. utilized a mathematical model of a hydraulic system for interconnected oil–gas suspension to compare the stiffness and damping properties between interconnected and independent suspension, considering both vertical and roll conditions. Additionally, they conducted a parametric analysis to examine the damping characteristics of the interconnected suspension [15]. Liu Qihang investigated the output characteristics of interconnected suspension across various parameters and analyzed the evolving trends of body vibration characteristics. Their findings revealed a significant impact of damping hole diameter on the vibration state of the body [16]. Liu Yan et al. analyzed the working process of hydro-pneumatic suspension, the system’s response after excitation, the hole parameters of the check valve, and the characteristics of gas dissolved in oil. They reached the conclusion that, under continuous sinusoidal excitation, the change in hole size has a more significant impact on the external characteristics of hydro-pneumatic suspension compared to the size of the check valve [17]. This also highlights the importance of studying the influence of hole size variation on the specific performance parameters of hydro-pneumatic suspension.



In this paper, the damping characteristics of the hydro-pneumatic suspension system of a 90 ton heavy-duty truck are analyzed and studied. The working environment of heavy-duty vehicles is inherently hazardous, and there exists a substantial gap between full-load and no-load working conditions. Based on the structure and working principles of the hydro-pneumatic suspension system in heavy-duty vehicles, a mathematical model is established. A 1/4 simulation model of the front suspension of a heavy-duty car is constructed using AMESim, and its force conditions and performance are thoroughly analyzed. The validity of the simulation model is confirmed through comparison with experimental data. In conclusion, we utilize the simulation model to investigate the damping characteristics of the suspension with various hole sizes. This research offers theoretical guidance for selecting the optimal hole size and designing a suspension system with variable damping.




2. Modeling Analysis of Hydro-Pneumatic Suspension


As depicted in Figure 1, the single-chamber suspension is partitioned into two chambers: rodless chamber I and rod chamber II. These two chambers are interconnected through hole 4 and check valve 3. During the suspension’s stretch stroke, check valve 3 remains closed, allowing the hole to function independently. Conversely, during the compression stroke, check valve 3 opens and collaborates with hole 4.



Before establishing the mathematical model for a theoretical analysis of the structure and working principle of the single-chamber hydro-pneumatic suspension, several assumptions were made to facilitate the analysis [18]. The air–gas suspension system demonstrated excellent sealing performance, and oil leakage was disregarded in the analysis. Considering the brief travel change time of the hydro-pneumatic suspension, the heat generated by the alteration in gas volume was insufficient for effective heat exchange with the external environment. As a result, the inert gas within the suspension underwent an adiabatic process. The schematic diagram illustrating the forces acting on the hydro-pneumatic suspension is presented in Figure 1.



Under the assumption that the compression stroke of the suspension is considered positive, while the stretching stroke is negative, and building upon the previously mentioned assumptions and force analysis, the mathematical model of the hydro-pneumatic suspension was formulated.



Suspension force balance equation:


  −   p   1   ·   A   1   +   F   h z   −   F   f   s i g n     x  ˙    +   p   2   ·   A   2   = 0    



(1)







In the formula,   s i g n     x  ˙    =       1     x  ˙  ≥ 0         − 1     x  ˙  < 0        ,     p   1       is the pressure of the rodless chamber,     A   1       is the area of the rodless chamber,     p   2       is the pressure of the rod chamber,     A   2       is the area of the rod chamber,     F   f     is the motion resistance of suspension,     F   h z     is the sprung force, and x is the piston displacement.



The motion resistance of the suspension comprises kinetic friction, static friction, and viscous resistance, which can be synthesized using the following equation [19]:


    F   f   =   1 −     F   j   −   F   d       F   j     ·   min ⁡ (     x  ˙    ,   v   s   )     v   s         F   j   + c   x  ˙   



(2)







In the formula,     F   j     is static friction,     F   d     is kinetic friction,     v   s     is the set speed when kinetic friction is fully achieved, and   c   is the viscous damping coefficient.



The spring load force and the output force of the hydro-pneumatic suspension constitute a pair of action and reaction forces. The output force of the hydro-pneumatic suspension can be obtained as follows:


        F = −   p   1   ·   A   1   +   p   2   ·   A   2   −   F   f   s i g n (   x  ˙  )  



(3)







By employing the flow continuity equation for the check valve and the damping hole, the total oil flow through both the damping hole and the check valve can be determined as:


  Q = n     C   z     A   z   +   C   d     A   d       1   2   +   1   2   s i g n (   x  ˙  )        2   ρ   ∆ p · s i g n (   x  ˙  )  · s i g n (   x  ˙  )  



(4)







In the formula,   ∆ p   =     p   1   −   p   2    ,   n   is the number of holes and check valves,       C   z       is the flow factors of the hole,     A   z       is the overflow area of the hole,     C   d       is the flow factor of the check valves,     A   d     is the overflow area of the check valves, and   ρ   is the density of the oil.



Taking into account the compressibility of the fluid, the total volume change of the fluid can be determined using the bulk modulus of elasticity:


  d V =     V   10   d   p   1   −   V   20   d   p   2     K    



(5)




where     V   10       is the initial volume of the rodless cavity,     V   20       is the initial volume of the rod cavity, and   K   is the volumetric modulus of elasticity of the oil.



According to the hydro-pneumatic suspension flow equation, the alteration in the flow rate within the two oil chambers can be represented by:


  Q =   A   2     x  ˙  −   d V  /  d t    



(6)







According to Equations (4) and (6):


    p   1   −   p   2   =   ρ ·   (   A   2     x  ˙  −   d V  /  d t   )   2   · s i g n (   x  ˙  )   2 ·   n   2   ·   {   C   z     A   z   +   C   d     A   d       1   2   +   1   2   s i g n (   x  ˙  )   }   2      



(7)







Considering nitrogen gas dissolved in an oil liquid, according to Henry’s law, the concentration of a gas in a solution at a given temperature is directly proportional to the equilibrium pressure of that gas above the liquid surface. Therefore, the volume of nitrogen dissolved in the oil liquid is [20]:


    V   r   = 7.8 δ (   p   1   −   p   0   )   V   0    



(8)







In the formula,   δ     is the gas solubility,     p   0       is the initial-state gas pressure inside the gas chamber, and     V   0       is the initial-state gas volume inside the gas chamber.



By applying the ideal gas equation, the rodless cavity pressure can be determined in the hydro-pneumatic suspension system. The ideal gas equation, considering an adiabatic process with a gas variability index of 1.4, is used to satisfy the following equation:


      p   1   =     p   0       V   0     γ       (   V   0   −   (   A   1   − A   2   x ) +   f   δ , k   )   γ      



(9)






    f   δ , k   =   V   r   +     V   10   (   p   1   −   p   0   )   K    



(10)







In the formula,     f   δ , k     are variables related to gas dissolution and oil compression.



From the coupling equations, (2) to (10), it can be obtained that the output force   F   of the oil–air suspension is satisfied:


  F =   −   p   0   (   A   1   −   A   2   )     V   0     γ       (   V   0   −   (   A   1   − A   2   x ) +   f   δ , k   )   γ     −   ρ   (   A   2   −   d V  /  d t   )   2     A   2   · s i g n (   x  ˙  )   2 ·   n   2   ·   {   C   z     A   z   +   C   d     A   d       1   2   +   1   2   s i g n (   x  ˙  )   }   2     −   F   f   s i g n (   x  ˙  )  



(11)







Considering the sprung mass of the hydro-pneumatic suspension system when the hydro-pneumatic suspension reaches equilibrium:


    p   0   =   m g   (   A   1   −   A   2   )   ,   h   0   =     V   0       A   1      



(12)







In the given formula,   m   represents the mass of the spring load borne by the hydro-pneumatic suspension at unloaded static equilibrium, and     h   0     denotes the height of the gas inside the airbag at static equilibrium.



Substituting Equation (11) into Equation (10) yields the output force of the oil–air suspension, as:


  F =   − m g     h   0     γ       A   1     γ       (   h   0     A   1   − (   A   1   −   A   2   ) x +   f   δ , k   )   γ     −   ρ   (   A   2   −   d V  /  d t   )   2     A   2   · s i g n (   x  ˙  )   2 ·   n   2   ·   {   C   z     A   z   +   C   d     A   d       1   2   +   1   2   s i g n (   x  ˙  )   }   2     −   F   f   s i g n (   x  ˙  )  



(13)







Equation (13) indicates that the output force of the hydro-pneumatic suspension is comprised of three components: the elastic force,     F   k    , the damping force,     F   c    , and the friction force,     F   f    . The total output force can be expressed as follows:


  F =   F   k   +   F   c   +   F   f    



(14)







The elastic force is obtained by deriving the displacement, providing a model for calculating the stiffness,   k ,     of the hydro-pneumatic suspension cylinder:


  k =   d   F   k     d x   =       m g     h   0     γ       A   1     γ   { − r       h   0     A   1   −     A   1   −   A   2     x +   f   δ , k       γ − 1         ∗ (   A   1   −   A   2   ) }         {       h   0     A   1   −     A   1   −   A   2     x     γ   +   f   δ , k   }   2      



(15)







The damping force is determined by deriving with respect to velocity, yielding a model for calculating the damping coefficient,   c  , of the hydro-pneumatic suspension:


  c =   d   F   c     d   x  ˙    =   − ρ   A   2   (   A   2     x  ˙  −   d V  /  d t   ) (   A   2   −   d V   d t d   x  ˙    ) · s i g n (   x  ˙  )     n   2   ·   {   C   z     A   z   +   C   d     A   d       1   2   +   1   2   s i g n (   x  ˙  )   }   2        



(16)







Equation (15) highlights that the stiffness,   k  , of the hydro-pneumatic suspension exhibits a nonlinear relationship with the piston displacement, x. Additionally, the stiffness is influenced by various factors, including the initial filling height,     h   0   ,   of the hydro-pneumatic suspension, structural parameters of the suspension, the volume of dissolved gas, and the volume of oil compression.



Equation (16) indicates that the damping coefficient,   c  , of the hydro-pneumatic suspension demonstrates a nonlinear relationship with the piston speed. The damping coefficient is not only dependent on the piston speed but is also influenced by various factors, including the number of check valves,   n  , the through-flow area of the check valves,     A   d    , the through-flow area of the hole,     A   z    , and other parameters [21,22]. Additionally, the amount of oil compression plays a significant role in determining the damping coefficient.



The primary focus of this paper was to investigate the impact of different damping hole diameters on the damping characteristics of hydro-pneumatic suspension using a simulation-based approach to obtain the optimal damping aperture for hydro-pneumatic suspension under different loads.




3. Simulation Modeling and Validation of Hydro-Pneumatic Suspension


Initially, a simulation model of the hydro-pneumatic suspension was constructed. Experimental data were then utilized to identify the main parameters. The reasonableness and validity of the simulation model were subsequently verified by comparing its results with those obtained from experiments.



3.1. Simulation Model of Hydro-Pneumatic Suspension


The AMESim-2021.1 software was employed to establish a 1/4 oil–pneumatic suspension simulation model, as illustrated in Figure 2 [23,24]. The oil–pneumatic cylinder comprises two sets of parallel hole and check valves, and an accumulator was utilized to replicate the cylinder air chamber. The parameters of the simulation model are detailed in Table 1, facilitating easy configuration for each structural parameter of the oil–pneumatic suspension, motion resistance, air chamber parameters, oil properties, displacement signals, and other relevant factors.




3.2. Hydro-Pneumatic Suspension Test Bench


Drawing inspiration from established hydro-pneumatic suspension experimental methods, we constructed an experimental bench utilizing an existing oil–air suspension system with a hole diameter of 5.3 mm [25,26]. The experimental bench is illustrated in Figure 3.



For ease of loading, a dedicated fixing bracket (8) was designed to mount the hydro-pneumatic suspension (7) in reverse on the experimental bench. The upper computer (1) was responsible for configuring the mode and parameters of the input displacement excitation signal. Real-time displacement feedback was obtained through the displacement sensor (4) on the loading cylinder [27]. The electro-hydraulic servo valve (3) ensured that the loading cylinder moved in accordance with the displacement signal, while the tension sensor (6) provided feedback on the force exerted on the rod of the hydro-pneumatic suspension.



The hydraulic schematic diagram of the experimental bench is depicted in Figure 4. This experimental setup allowed for both force control and motion control [28]. Motion control was primarily achieved through the electro-hydraulic servo valve, which regulated the flow into the rod cavity and rodless cavity of the loading cylinder, thereby controlling the displacement and speed of the rod.



To simulate pavement excitation, sinusoidal signals with varying frequencies and amplitudes were carefully chosen. The parameters of these displacement excitation signals are outlined in Table 2, and the signals themselves are illustrated in Figure 5. These displacement excitation signals, possessing identical parameters, were then input into the simulation model.



The accuracy of the simulation model was validated by meticulously comparing the curves of force and displacement of the rod obtained through both experimentation and simulation.




3.3. Validation of Hydro-Pneumatic Suspension Model


The force–displacement curve of the rod of the oil–air suspension was generated with the rod displacement as the horizontal coordinate and the force on the rod relative to the equilibrium position as the vertical coordinate. The variations in force–displacement relative to the equilibrium position under displacement signals with amplitudes of 2.7 mm, 6 mm, and 15 mm, and frequencies of 1 Hz, 2.5 Hz, and 4.5 Hz, are depicted in Figure 6.



A comparison of the theoretical curve, simulation, and experimental curves indicated some differences. The primary reason for this variance was attributed to the larger size of the loading cylinder in the experimental platform, leading to fluctuations in the oil flow rate. These fluctuations were particularly notable when high-frequency displacement signals were applied. Furthermore, the oil leakage from the experimental platform had some impact on the experimental results. While the simulation could broadly capture the theoretical and experimental trends, notable discrepancies existed, particularly in the displacement limit position, where significant errors were observed. Specially, the simulation model overlooked the effects of oil leakage and flow rate fluctuations in the loading cylinder, resulting in a smoother simulation curve.



Comparing the force–displacement curves of the rod obtained from both the experiment and simulation indicated that under identical parameters, the rod experienced nearly equal magnitudes of force at the end of each positive and negative stroke. As the frequency increased at the same amplitude, the force fluctuation and the area enclosed by the curve both increased, indicating a rise in damping force generated by the hole. For an amplitude of 2.7 mm, the maximum force of the rod was approximately 3.8 KN. With an amplitude of 6 mm, the maximum force increased to about 5.1 KN, and for an amplitude of 15 mm, the maximum force rose to about 8 KN. Notably, as the amplitude increased, compression of the gas also increased, resulting in a rapid escalation of the maximum force.



In different displacement signals at the limit of displacement, the phenomenon where the displacement remains unchanged, but the force on the rod undergoes changes, is termed hysteresis. This hysteresis is primarily attributed to the lag in gas pressure from the hydro-pneumatic suspension accumulator behind the displacement changes caused by the opening and closing of the check valve during the conversion of the two strokes. Additionally, the alteration in the direction of friction also contributes to the hysteresis phenomenon. The trend of the rod force with displacement in the simulation closely aligned with the experimental results. Notably, altering the parameters of the displacement signal did not affect the consistency between the simulation and experimental results. This observation reinforces the validity of the simulation model.





4. Effect of Damping Aperture under Step Signals of Road Displacement


4.1. Step Response under No-Load Conditions


Damping characteristics of hydro-pneumatic suspensions were investigated through simulation models. The input road displacement signal is a step signal, and various sizes of holes were selected in the step response of the oil–air suspension under two distinct working conditions: no load and full load of the mining truck. This analysis encompassed the examination of the velocity and acceleration profiles of the rod of the oil–air suspension as they changed over time in response to excitation.



The setting time and peak longitudinal acceleration of the suspension following excitation serve as key indicators for assessing the damping and buffering performance of the suspension. In no-load conditions, the vehicle body often experiences vigorous shaking, with a more pronounced impact from acceleration. Conversely, under full-load conditions, enhanced setting is imperative, necessitating a minimal setting time for the system [29,30]. Hence, we proposed the introduction of a weight Table 3 and a comprehensive evaluation index that take into account both the setting time and acceleration.


  s =     k × T   i   × B     ∑  i = 0   k      T   i       +     k × a   i   × C     ∑  i = 0   k      a   i        



(17)







To assess the damping and buffering performance of the suspension, key indices include the setting time required by the suspension after excitation, the peak longitudinal acceleration of the sprung mass, and the root-mean-square value of the weighted acceleration. Setting time,     T   i    , is defined as the duration necessary for the piston speed to decrease by 90% from the peak speed following suspension excitation, ‘    a   i    ’ represents the value of piston acceleration, and ‘  k  ’ denotes the number of discrete times simulated during the setting time, with a simulation step of 0.001 s. The through-flow diameter of the hole was treated as a variable, and simulations were conducted with different hole diameters under no-load conditions. The results of these simulations are presented in Figure 7, Figure 8 and Figure 9.



Under no-load conditions, simulation results indicate the following characteristics for different damped hole sizes, as presented in Table 4.



Due to the intense body-shaking phenomenon of the car under no-load conditions, acceleration had a significant impact. As a result, enlarging the damping hole diameter resulted in an increase in the setting time and a decrease in the peak longitudinal acceleration. As illustrated in Figure 9, the comprehensive evaluation value reached its lowest point.




4.2. Step Response under Full-Load Conditions


The simulation was conducted under full-load conditions, and the corresponding results are presented in Figure 10, Figure 11 and Figure 12.



Under full-load conditions, simulation results indicate the following characteristics for different damped hole sizes, as presented in Table 5.



In pursuit of enhanced stability for mining trucks under full-load conditions, minimizing the setting time of the system is crucial.



In a similar vein, when the vehicle operated under full-load conditions, an increase in the diameter of the damping hole resulted in a corresponding rise in the setting time and a decline in peak longitudinal acceleration. As depicted in Figure 12, the comprehensive evaluation value reached its minimum at a damping hole diameter of 5.0 mm, specifically measuring 0.949.



Taking into account the cushioning and vibration damping performance, the 5.0 mm hole was deemed more suitable for full-load working conditions.





5. Discussion and Conclusions


In this paper, we investigated the impact of the damping hole diameter on suspension damping characteristics and determined the optimal damping hole diameter under both no-load and full-load conditions by introducing comprehensive evaluation criteria. Our study utilized a test bench to analyze the influence of the damping hole diameter on suspension output characteristics, aligning with previous research findings [3,4]. However, unlike other studies, which typically discuss the optimal damping aperture range under a single working condition [16], or only outline the variation trend of damping force with aperture [14], our paper introduced a novel approach. By conducting research under various working conditions, we precisely determined the specific value of the optimal damping hole diameter, thus contributing a unique perspective to the field. We drew the following conclusions:




	(1)

	
The equilibrium mathematical model of the hydro-pneumatic suspension was established, yielding expressions for the damping force and damping coefficient. The damping characteristics of the hydro-pneumatic suspension were not only dependent on piston speed, they were also influenced by structural parameters, including the number of holes and check valves, as well as the flow area of the check valves and holes. A simulation model for the hydro-pneumatic suspension and an experimental bench were constructed. The variation of force relative to the equilibrium position with the displacement of the rod was analyzed under different displacement excitation signals. The simulation and experimental results exhibited convergence, thereby validating the accuracy of the simulation model.




	(2)

	
Utilizing the simulation model, the impact of the hole diameter on the damping characteristics of the hydro-pneumatic suspension was investigated. With an increase in hole diameter, the system’s setting time after excitation extended, accompanied by a corresponding decrease in peak longitudinal acceleration. A weight table and comprehensive evaluation index, which take into account both ride comfort and vehicle stability, were proposed. This methodology offers a systematic approach for selecting the optimal damping hole size under various working conditions. Furthermore, we determined the optimal damping hole diameter under both no-load and full-load conditions. Our study not only contributes to the optimization of damping hole selection for mining trucks but also provides a valuable methodology and insights applicable to other types of vehicles.




	(3)

	
The optimal hole diameter for the hydro-pneumatic suspension was found to be 6.2 mm under no-load conditions, while the optimal diameter was 5.0 mm under full-load conditions. The results suggested the possibility of designing a variable damping hydro-pneumatic suspension with a hole diameter ranging between 5.0 and 6.2 mm to supply to various loading conditions. However, further research is needed to explore the variation trend of the damping hole flux area with piston displacement.
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Nomenclature




	     a   i     
	Value of piston acceleration



	     A   1     
	Area of rodless chamber



	     A   2     
	Area of rod chamber



	     A   d     
	Overflow area of check valves



	     A   z     
	Overflow area of hole



	   B   
	Weight of setting time



	   c   
	Damping coefficient



	   C   
	Weight of peak longitudinal acceleration



	     C   d     
	Flow factor of check valves



	     C   z     
	Flow factor of hole



	     f   δ , k     
	Variables related to gas dissolution and oil compression



	     F   c     
	Damping force



	     F   d     
	Kinetic friction



	     F   f     
	Friction force



	     F   j     
	Static friction



	     F   k     
	Elastic force



	     F   h z     
	Sprung force



	   g   
	Acceleration of gravity



	     h   0     
	The height of the gas at static equilibrium



	   k   
	Stiffness



	   K   
	Volumetric modulus of elasticity of the oil



	   m   
	Mass of the spring load



	     p   0     
	Initial-state gas pressure



	     p   1     
	Pressure of rodless chamber



	     p   2     
	Pressure of rod chamber



	   Q   
	Hydraulic oil flow



	     T   i     
	Setting time



	     v   s     
	Speed



	     V   0     
	Initial-state gas volume



	     V   10     
	Initial volume of the rodless chamber



	     V   20     
	Initial volume of the rod chamber



	     V   r     
	Volume of nitrogen dissolved



	   ρ   
	Density



	   δ   
	Gas solubility



	   γ   
	Gas variability index
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Figure 1. Structure diagram of hydro-pneumatic suspension. 1. Rod, 2. cylinder, 3. check valve, 4. hole, and 5. air chamber. 
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Figure 2. 1/4 Simulation model of hydro-pneumatic suspension. 1. Displacement signal, 2. tire model, 3. sprung mass, 4. piston and rod mass, 5. piston cylinder, 6. check valve, 7. hole, and 8. air chamber. 
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Figure 3. Test bench of hydro-pneumatic suspension. 1. Upper computer, 2. test controller, 3. electro-hydraulic servo valve, 4. displacement sensor, 5. load cylinder, 6. tension sensor, 7. hydro-pneumatic suspension, and 8. fixed trestle. 
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Figure 4. Schematic diagram of the hydraulic principle of hydro-pneumatic suspension. 
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Figure 5. Displacement signal. 
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Figure 6. Displacement–force curves of a rod under different excitation signals. 
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Figure 7. Sprung speed with different diameters of the damping hole under no-load conditions. 1. Diameter 6.7 mm, 2. diameter 6.5 mm, 3. diameter 6.2 mm, 4. diameter 5.6 mm, and 5. diameter 5.3 mm. 
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Figure 8. Sprung acceleration with different diameters of the damping hole under no-load conditions. 1. Diameter 6.7 mm, 2. diameter 6.5 mm, 3. diameter 6.2 mm, 4. diameter 5.6 mm, and 5. diameter 5.3 mm. 
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Figure 9. Setting time, peak value of acceleration, and complete review under different diameters of the damping hole under the no-load condition. 
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Figure 10. Sprung speed under full-load conditions with different damping diameters. 1. Diameter 6.2 mm, 2. diameter 5.6 mm, 3. diameter 5.3 mm, 4. diameter 5 mm, and 5. diameter 4.5 mm. 
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Figure 11. Sprung acceleration under full-load conditions with different diameters of the damping hole. 1. Diameter 6.2 mm, 2. diameter 5.6 mm, 3. diameter 5.3 mm, 4. diameter 5 mm, and 5. diameter 4.5 mm. 
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Figure 12. Setting time, peak longitudinal value of acceleration, and complete review under different diameters of the damping hole under full-load conditions. 
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Table 1. Simulation parameters of hydro-pneumatic suspension.






Table 1. Simulation parameters of hydro-pneumatic suspension.





	Parameter
	Numerical Value





	Oil density/kg·m−3
	850



	Bulk modulus of elasticity/MPa
	1000



	Saturation pressure/MPa
	100



	Number of check valves and holes
	2



	Flow factors of holes and check valves
	0.62



	No-load static equilibrium height/mm
	105



	Hole diameter/mm
	5.3



	Oil cylinder bore/mm
	180



	Cylinder rod diameter/mm
	150



	Cylinder stroke/mm
	800



	1/4 Front suspension no-load sprung mass, mk/kg
	4430



	1/4 Front suspension loaded with sprung mass, mm/kg
	9430



	Kinetic friction force/N
	1800



	Accumulator volume/L
	8



	Initial charging pressure of accumulator/MPa
	1.8










 





Table 2. Parameters of the displacement signal.
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Displacement Signal

	
Amplification/mm

	
Frequency/Hz






	
1

	
2.7

	
1




	
2

	
2.5




	
3

	
4.5




	
4

	
6

	
1




	
5

	
15

	
1











 





Table 3. Weight table.
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	Load
	Weight of Setting Time (B)
	Weight of Peak Longitudinal Acceleration (C)





	No load
	30%
	70%



	Under-load
	40%
	60%



	Medium load
	50%
	50%



	Heavy load
	60%
	40%



	Full load
	70%
	30%










 





Table 4. Conclusion.
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	Damped

Hole
	Setting

Time
	Peak Longitudinal

Acceleration
	Complete Review





	6.7 mm
	3.831 s
	1.197 m/s2
	0.952



	6.5 mm
	3.617 s
	1.210 m/s2
	0.939



	6.2 mm
	3.443 s
	1.396 m/s2
	1.013



	6 mm
	3.121 s
	1.454 m/s2
	1.017



	5.6 mm
	2.354 s
	1.625 m/s2
	1.032










 





Table 5. Conclusion.
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	Damped

Hole
	Setting

Time
	Peak Longitudinal

Acceleration
	Complete Review





	6.2 mm
	4.318 s
	1.742 m/s2
	1.071



	5.6 mm
	3.898 s
	1.846 m/s2
	1.013



	5.3 mm
	3.828 s
	1.854 m/s2
	1.002



	5.0 mm
	3.528 s
	1.866 m/s2
	0.949



	4.5 mm
	3.481 s
	1.991 m/s2
	0.960
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