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Abstract: At present, the wheel loaders on the market have steering vibration problems, which can
be summarized as follows: the front frame and the cab vibrate violently at the beginning and at the
end of steering. This paper analyzed the steering vibration mechanism by collecting the pressure at
different positions of the hydraulic steering system and AMESim simulation. A cushion valve was
designed to solve the problem of steering vibration. Finally, the prototype test was carried out and it
was concluded that the cushion valve reduced the steering pressure starting shock by 50%, the stop
vibration was reduced by 75%, and the suction problem no longer occurred. Further, the analysis
provides theoretical and experimental basis for research on the steering system of loaders, and also
provides new ideas for the design and optimization of vehicle steering systems.

Keywords: wheel loader; hydrostatic steering system; AMESim; cushion valve

1. Introduction

A wheel loader is a kind of earth and stone construction machine widely used in
highways, buildings, mines, and other construction projects. Different auxiliary work
equipment can be used for different loading and unloading operations [1–3]. Because
the loader steers frequently when loaded and unloaded, there are high requirements for
the stability and safety of the steering system. At present, the loaders on the market
have the problem of loader steering vibration, which affects the driver’s operation of the
machine [4–6]. Therefore, it is very necessary to optimize the steering system of the loader.

At present, there are many studies on the full hydraulic steering system [7–10]. Bing-
wei Cao studied the influence of the position of the hinge point of the steering cylinder
of the wheel loader on the pressure fluctuation of the steering system, and optimized the
position of the hinge point to reduce the pressure fluctuation [11]. Barbara Zardin proposed
a lumped parameter model to simulate steering behavior, and optimized the system
through a parameter sensitivity analysis [12]. Many researchers have reduced pressure
fluctuations by adding pressure relief holes in the hydraulic steering system, but they have
not fundamentally solved the problem [13,14]. Taotao Jin designed a PID controller based on
genetic algorithm which controls the electro-hydraulic proportional valve and hydraulic oil
flow through pressure fluctuations, which can restrain the pressure fluctuations during the
steering process of tracked vehicles well [15]. Dell’Amico simulated the electro-hydraulic
power steering system and found that the high response of the pressure control loop is
ideal for a good steering feel, but instability may occur at higher steering wheel torque
levels [16]. Based on the theory of fractional calculus, Xu Feixiang and Liu Xinhui designed
a fractional proportional integral derivative controller to control the movement of the
steering cylinder in the SBW system. The optimized controller has a better transient
response, tracking performance, and robustness than the traditional PID controller [17].
Kwangseok Oh, Salem Haggag, Mattia Rigotti-Thompson and others improved steering
performance and reduced energy consumption by adding control algorithms to hydraulic
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steering systems [18–22]. The theories put forward by the above-mentioned researchers
provide theoretical support for the optimization of hydraulic steering systems. These
methods suppress pressure fluctuations by changing the system structure or adding control
algorithms, but these methods are difficult to apply to wheel loaders.

This article focuses on the vibration problem of the wheel loader during the steering
process. In this paper, a key point pressure test was carried out on the original prototype of
the hydraulic steering system, the test data were processed and analyzed, and the prototype
steering system was modeled and analyzed by AMESim to determine the causes of the
steering stop vibration. The system was optimized by designing the cushion valve, and
simulation and loading tests were performed on the cushion valve. Using a combination of
theoretical analysis, simulation, and experiment, the impact of the cushion valve on the
performance of the hydraulic steering system was analyzed. Results showed that that the
analysis provides a reliable theoretical and experimental basis for the optimization of the
hydraulic steering system and new ideas for the design of vehicle steering system.

2. Working Principle of Hydraulic Steering System

The research object of this paper is a 5-ton wheel loader. The hydraulic steering system
of the loader is shown in Figure 1.
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The hydrostatic steering unit body has 5 ports to communicate with the outside, P
port, A port, B port, T port and LS port. The five annular grooves connect the hole of the
valve sleeve with the outside, and the seven radial holes on the valve body connect the P
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port, A (B) port and the metering motor. The relationship between the hole and groove on
the valve core and valve sleeve is shown in Figure 2. The thick solid line in the expanded
view is the orifice on the valve sleeve, and the thin solid line is the groove of the valve core.
The relative sliding of the expanded view is the relative rotation of the valve core and the
valve sleeve.
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As shown in Figure 3, the A port of the hydraulic steering unit is connected with
the right chamber, and the B port of the hydraulic steering unit is connected with the
left chamber. When the driver turns the steering wheel counterclockwise, the hydraulic
steering unit A port provides oil and B port returns oil, the right steering cylinder extends,
the left steering cylinder retracts. Then, the loader performs counterclockwise steering. On
the contrary, the loader performs a clockwise steering action. The angle α between the front
frame and the rear frame is the steering angle.
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A right turn was taken as an example to illustrate the working principle of the hy-
drostatic steering unit. The steering wheel rotates clockwise to provide torque to the



Energies 2022, 15, 805 4 of 15

hydrostatic steering unit. The spool and the valve sleeve are relatively displaced, the P
port of the hydrostatic steering unit is opened, the oil enters the metering motor through
the P port, and the metering motor starts to rotate. The high-pressure oil is input to the
right steering cylinder through the A port of the hydrostatic steering unit to push it out to
perform the right steering action of the loader, while the left steering cylinder is retracted
in the process, and the oil flows back to the fuel tank through the T port of the hydrostatic
steering unit. At the same time, the metering motor drives the valve sleeve to rotate to-
gether through the linkage shaft to become a follow-up system. Only when the steering
wheel continues to rotate, the valve port of the hydrostatic steering unit can maintain a
certain degree of opening. When the steering wheel rotates fast, the valve opening of the
hydrostatic steering unit is large, and the steering is fast; the steering wheel rotates to the
limit position, the cylinder extends (retracts) to the limit stroke, the steering angle of the
loader reaches the maximum, and the position feedback control is formed. The relative flow
area of the valve core and valve sleeve corresponding to each valve port of the hydrostatic
steering unit is shown in Figure 4.
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3. Analysis of Vibration Mechanism

The steering vibration of the loader not only affects the comfort of the driver, but also
affects the normal operation of the loader by the driver, thereby reducing the safety of work.
At the same time, vibration also affects the hydraulic system, causing the low-pressure
cavity of the hydrostatic steering unit to be emptied, reducing the life and stability of the
hydraulic system. In order to analyze the steering vibration mechanism better, a steering
emergency stop test was carried out. The test site is a flat asphalt road. During the test,
the pressure signals at the A and B ports of the hydrostatic steering unit and the lateral
acceleration signal of the cab were collected and recorded synchronously.

The steering emergency stop test refers to turning the steering wheel 120 degrees at
the fastest speed (80 r/min), then releasing it. The test results are shown in Figure 5, and
the first emergency stop test in the figure was used as an example for analysis. At 18.2 s,
the loader performs a left steering action, the pressure at port B of the hydrostatic steering
unit rises to 180 bar, at the same time, the lateral acceleration of the cab rises. When the
steering action is completed, the pressure at port B of the hydrostatic steering unit drops.
The front frame of the loader continued to rotate, and the reverse acceleration of the cab
increased to 8 m/s2, causing the left steering cylinder to be squeezed. When turning to



Energies 2022, 15, 805 5 of 15

the end, the pressure at port A of the hydrostatic steering unit rises to 150 bar. Since the
impact energy cannot be changed instantaneously, the front frame of the loader moves in
the reverse direction, and the lateral acceleration of the cab rises up to 10 m/s2. At the
same time, the pressure of the left steering cylinder drops, the pressure of the right steering
cylinder rises, and the peak pressure of the right steering cylinder is 130 bar. The previous
movement of shaking the frame from side to side was repeated twice and ended. The peak
pressure of the first sloshing is 150 bar, and the peak pressure of the second sloshing is
100 bar. The cab acceleration changes 5 times (the cab swings back and forth 5 times). After
1.8 s, the pressure of the steering cylinder returned to a stable state, and the frame of the
loader and the driver’s cab no longer shake.
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For the processing and analysis of the test results, the steering vibration mechanism
can be summarized as follows:

1. Striving to reduce the effort of the operator and the time wasted on turning the
steering wheel, as well as to shorten the time of the working cycle and to increase the
efficiency, causes the use of ever greater gain in the steering system. A side effect is
the formation of ever greater lateral accelerations;

2. When the steering starts, the opening speed of the rotary valve port is faster. Then,
the hydraulic oil output by the pump quickly flows into the system, causing a start-
up shock;

3. The ports of the hydrostatic steering unit closes quickly when the steering stops
suddenly, and the deformation of the elastic components such as the tires and the
shock absorber pad of the cab will produce a large inertial impact. The pressure shock
could not be released, causing the front frame and cab to swing repeatedly.

4. System Simulation Model Verification

In the previous research of hydraulic components or systems, it was necessary to
establish a mathematical model of the research object, and then establish the model in
Matlab/Simulink according to its transfer function, and finally simulate and analyze its
dynamic characteristics. However, in the research of this article, on the one hand, due
to the complex structure of the hydrostatic steering unit, it was difficult to convert the
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relevant physical quantities into a mathematical model; on the other hand, the pressure-
flow characteristics of the hydrostatic steering unit are non-linear. It takes a long time and
is not accurate enough to analyze the dynamic characteristics of the anti-reverse valve
through the linear simplified transfer function in Matlab. AMESim is based on physical
model modeling, and performs physical modeling of components or systems from the
bottom instead of refining mathematical models. Through its powerful analysis capabilities,
the simulation accuracy of hydraulic components is greatly improved. Therefore, according
to the structure and working principle of the full hydraulic steering system of the loader,
the simulation model was built through the HCD library of AMESim.

In order to establish the dynamic model of the hydraulic steering system, the hy-
drostatic steering unit was transformed into a sliding slide valve through the AMESim
software. The valve core and valve sleeve along the axial generatrix of the mating surface
are unfolded, so that the rotation becomes translation. The spool and sleeve of the spool
valve in the AMESim model are the spool and sleeve of the rotary valve. The parameters
in the model remain the same as the actual structure size, and the working process of the
model is consistent with the actual working conditions. The expanded view is shown in
Figure 2: the thin solid line is the groove on the valve core, and the thick solid line is the
hole of the valve sleeve. The translation of the spool valve is equivalent to the relative
rotation of the spool and sleeve of the rotary valve. The parameters of equivalent metering
motor are calculated from the displacement of the motor, the stroke of the steering cylinder
and the number of turns of the steering wheel. The calculation process is as follows:

n =
π(D2 + D2 − d2)l

4V

dis = nπd1

dm =

√
4V

π2 × 32

where n is the maximum steering wheel rotation in one direction; D is the steering cylinder
diameter; d is the steering cylinder piston rod diameter; l is the cylinder stroke; V is the
rotary valve displacement; dis is the slide valve displacement; d1 is the hydraulic steering
unit diameter; dm is the piston cylinder diameter of equivalent metering motor.

In order to accurately model the load, the components in the 2D Mechanical library
of AMESim were used and the hinge point coordinates were set to determine the relative
position of the cylinder and the front and rear frames. In the simulation, the tire stiffness
and force are equivalent through mass and spring damping [23,24]. The AMESim model of
the loader’s hydraulic steering system is shown in Figure 6. For the study of the dynamics
of the system, the gain in the system is extremely important. The system gain is described
as follows: The loader turns from the left end to the right end corresponding to 5 turns of
the steering wheel. The key component parameters of the hydraulic steering system are
shown in Table 1.

Table 1. System key component parameters.

Parameter Value Parameter Value

piston diameter 80 mm rod diameter 55 mm
length of stroke 0.57 m Steering unit displacement 1000 cc

pump displacement 80 cc/r pump speed 2000 r/min
dm 221.1 mm Valve port flow area Figure 4

Spool quality 0.285 kg Sleeve quality 0.32 kg
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In order to verify the correctness of the simulation model, an emergency steering action
experiment (same as the experiment in Section 3) was performed, in which the steering
wheel was turned 120 degrees at the fastest speed and then released. The comparison
between simulation and the test results is shown in Figure 7. T1 is the steering process of
the loader, and T2 is the pressure fluctuation process at the end of the steering. It can be
obtained from the figure that the actual steering action time is 1.5 s, the pressure fluctuation
time after the steering is completed is 1.5 s, and the corresponding simulation time is
1.2, 1.7 s. The simulation of the steering process has the same movement trend as the
test pressure curve. The pressure of port A first rises, then drops, and finally rises. The
difference is that the actual steering pressure amplitude is 125 bar, and the corresponding
simulated pressure amplitude is 135 bar. After the steering is completed, the simulation
result shows that the pressure fluctuates 6 times with a fluctuation range of 0–125 bar.
The actual prototype test pressure fluctuates 6 times with a pressure fluctuation range of
0–100 bar. And in the simulation and actual prototype test, the phenomenon of air suction
has appeared. After comparing the results, the simulation results are consistent with the
prototype test in trend, and there are some differences in numerical values. In summary,
the accuracy of the simulation model has reached 80% and can be used for subsequent
simulation experiments.
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5. The Structure and Principle of the Cushion Valve

The hydraulic steering system of the loader is complex and the structure is difficult
to modify. In order to solve the problem of steering vibration, an electro-hydraulic pro-
portional valve is added between the A and B ports of the hydrostatic steering unit. This
method uses hydraulic means connecting A and B ports to quickly consume energy during
the stop process. In the actual work process, pressure fluctuations are difficult to determine,
electro-hydraulic proportional valves are difficult to control, and the steering system does
not have a corresponding pressure acquisition and processing system. Therefore, a cushion
valve was designed to solve the problem of steering stop vibration.

The control strategy of the cushion valve: (1) When the steering action is completed,
the high-pressure chamber oil is led to the low-pressure side through the cushion. The
cushion absorbs the pressure shocks and effectively suppresses the repeated swing of the
front frame and the cab of the loader; (2) When the low-pressure cavity of hydrostatic
steering unit is negative pressure caused by vibration, the oil is supplemented from the
tank through the one-way valve; (3) At the beginning of the steering, when the starting
shock is too large, the starting shock will be reduced by the secondary relief valve. The
structure principle of the cushion valve is shown in Figure 8. The A(B) port of the cushion
valve is connected with the A(B) port of the rotary valve, and the T port is connected with
the oil tank. The key component parameters of the cushion valve are shown in Table 2.

Table 2. Cushion valve key component parameters.

Parameter Value Parameter Value

Plunger area 150 mm2 Valve seat area 21 mm2

Valve seat spring stiffness 1.6 N/mm Plunger spring stiffness 14.3 N/mm
Plunger spring preload 127.5 N Valve seat spring preload 8.7 N/mm
Damping hole diameter 0.3 mm
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The structure and working principle of the anti-vibration valve are complex, and its
structure is shown in Figure 9. The working principle is as follows: Port A and port B of
the anti-vibration valve are respectively connected to the A and B ports of the steering
gear. The high-pressure oil at port A and the low-pressure oil at port B were used as an
example for analysis. The pressure oil enters the action chamber of the piston 8 through
the hole in the valve seat 2, the ball valve 5 and the hole in the plunger 6. Overcoming the
force of springs 1 and 7, the valve seat and plunger move to the left together. When the
pressure reaches PS, the steering action is completed and the pressure drops. If there is
no anti-vibration valve, recoil and oscillation will occur due to the energy storage effect of
the hydraulic system. When P < PS, the plunger moves to the right under the force of the
spring 7, and the valve seat is delayed due to the damping effect of the orifice 3. At this
time, A is connected to B, and the high-pressure oil in A flows to B, causing the oil pressure
in A to drop quickly.
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6. Simulation and Prototype Test

In order to better verify the optimization effect of the buffer valve on the steering
performance of the wheel loader, the following simulation and prototype tests were carried
out. The simulation and prototype test are comparison tests between the initial system
and the system equipped with the cushion valve for steering emergency stop and swing
steering wheel.

6.1. Function Verification Simulation Experiment of Cushion Valve

The simulation is a comparative test between the initial system and the system
equipped with the cushion valve to simulate the emergency stop of the steering and
swing steering wheel test. The steering emergency stop test refers to turning the steering
wheel 120 degrees at the fastest speed, then releasing it. The swing steering wheel test
refers to a test in which the torque applied to the steering wheel is: 0.5 s clockwise −0.5 s
counterclockwise −0.5 s clockwise −0.5 s counterclockwise. The result is the steering angle
of the loader and the pressure at the A and B ports of hydrostatic steering unit. The steering
angle refers to the angle between the axis of the front frame and the rear frame of the loader.

The emergency stop of the steering simulation result is shown in Figure 10. The
cushion valve greatly reduces the vibration of the loader’s steering stop. The performance
is: The range of pressure fluctuation is reduced from 50 bar to 30 bar, and the number of
pressure fluctuations is reduced from 6 times to once. When the steering is completed, the
front frame is reduced from vibration 6 times to 0, and the vibration time is reduced from
1.5 s to 0.
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test site is a flat asphalt road. For the severity of vibration, on the one hand, the driver’s 
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angle curve; (b) partial enlarged view of the steering angle.

The swing steering wheel simulation result is shown in Figure 11. After analyzing the
simulation results, the cushion valve greatly reduces the pressure start shock and steering
stop vibration of the loader. The main performance is: the starting impact pressure is
reduced from 190 bar to 80 bar, the pressure fluctuation range is reduced from 130 bar to
30 bar, the number of pressure fluctuations is reduced from 9 to 2, the number of vibrations
of the front frame is reduced from 9 to 1, and the vibration time is reduced from 2.1 s is
reduced to 0.4 s. The original system still had pressure fluctuations and cab vibration during
5–6 s, but the optimized system no longer had pressure fluctuations and cab vibrations
for 5–6 s.
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In summary, the comparative simulation test verifies that the cushion valve has a
significant improvement effect on pressure start shock and pressure fluctuation. The cushion
valve can be used to optimize the hydraulic steering system of the wheel loader.

The swing steering wheel simulation result is shown in Figure 11. After analyzing the
simulation results, the cushion valve greatly reduces the pressure start shock and steering
stop vibration of the loader. The main performance is: the starting impact pressure is
reduced from 190 bar to 80 bar, the pressure fluctuation range is reduced from 130 bar to
30 bar, the number of pressure fluctuations is reduced from 9 to 2, the number of vibrations
of the front frame is reduced from 9 to 1, and the vibration time is reduced from 2.1 s is
reduced to 0.4 s.

In summary, the comparative simulation test verifies that the cushion valve has a
significant improvement effect on pressure start shock and pressure fluctuation. The cushion
valve can be used to optimize the hydraulic steering system of the wheel loader.

6.2. Prototype Comparison Test

In order to accurately analyze the impact of the cushion valve on the steering system
of the loader and study the optimization function of the steering stop vibration, it was
necessary to install the cushion valve on the steering system of the loader to conduct a
prototype test. The test prototype is still the 5-ton loader used in the previous test, and the
test site is a flat asphalt road. For the severity of vibration, on the one hand, the driver’s
feeling is subjectively judged; on the other hand, it is objectively judged by data. Since the
driver’s subjective feelings cannot be quantified, this article uses pressure and acceleration
to evaluate the steering effect. Therefore, pressure sensors are installed on the A and B
ports of the hydraulic steering unit, and an accelerometer is arranged in the cab to measure
and record the lateral acceleration of the loader. The sample vehicle test site and sensor
installation location are shown in Figure 12. The test records, processes and analyzes the
data by synchronously collecting the A and B port pressures of the hydraulic steering unit
and the lateral acceleration signals of the cab. Through the observation results, the effect of
the buffer valve on the optimization of the steering system of the loader is demonstrated.
That is, the greater the pressure fluctuation of the steering cylinder, the greater the vibration
amplitude of the loader frame, and the greater the lateral acceleration fluctuation of the cab,
the more intense the vibration of the cab. Conversely, small pressure fluctuations and small
accelerations prove that the vibration impact is small and the optimization effect is obvious.
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Figure 12. Layout of the test device.

The test results are shown in Figure 13. Compared with the test results of the original
steering system loader, the pressure start shock at the beginning of the steering is reduced
from 180 bar to 80 bar, and the pressure fluctuation after the sudden stop of the steering is
reduced from twice to 0. The vibration amplitude of the cab is significantly reduced, and
the acceleration range is reduced from 10 m/s2 to 2 m/s2. That is, the front frame of the
loader stops shaking after swinging in the reverse direction after the steering stop action
ends. It is verified by experiments that this hydraulic method has solved the problem of the
loader’s steering vibration and suction. Also, it greatly reduced the start-up shock without
affecting other operations.

In order to test the cushion valve’s ability to absorb pressure shocks, a swing steering
wheel comparison test was carried out. The swing steering wheel test refers to a test in
which the torque applied to the steering wheel is: 0.5 s clockwise-0.5 s counterclockwise-
0.5 s clockwise-0.5 s counterclockwise, so that the hydraulic steering unit performs multiple
open-close-open tests. This test is different from the emergency stop test in that it will
quickly open and close the steering gear many times. It can make the energy of multiple
pressure pulses unable to be released, causing the system to vibrate violently, which can
better reflect the function of the cushion valve to absorb pressure shocks and its dynamic
characteristics.

The test results of the swing steering wheel are shown in Figure 14. Swing the steering
wheel four times, the oil pressure in the steering gear rises up to 100 bar, and the lateral
acceleration of the cab is up to 5 m/s2. After the operation is completed, the front frame of
the loader stops swinging after a reverse reversal, and the pressure at the A and B ports
of the steering gear fluctuates once, and the fluctuation duration is 0.3 s. That is, the front
frame of the loader stops shaking after swinging in the reverse direction after the steering
stop action ends. Compared with the test results of the original steering system loader,
the buffer valve reduces the pressure start shock at the beginning of the steering from
250 bar to 100 bar, the pressure fluctuation after the steering emergency stop is reduced
from 4 times to 1 time, and the vibration amplitude of the cab is significantly reduced. The
main performance is: the acceleration change range is reduced from 14 m/s2 to 5 m/s2.
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7. Discussion and Conclusions 
1. Through system theory analysis, modeling simulation and prototype test, it is found 
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7. Discussion and Conclusions

1. Through system theory analysis, modeling simulation and prototype test, it is found
that the loader steering stop vibration mechanism: when the steering stops, the
hydraulic steering unit oil port opens and closes quickly. The deformation of elastic
components such as tires and cab cushions produces large inertial shocks, and the
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pressure shocks cannot be released, causing repeated swings of the vehicle body and
the cab;

2. Design a cushion valve that solves the problem: the secondary relief valve reduces the
start-up shock, the anti-vibration valve reduces the impact of pressure fluctuations,
and the one-way valve replenishes the oil to solve the problem of air suction;

3. The simulation analysis of the cushion valve and the loader shows that the loader’s
steering start shock is reduced, the steering stop pressure fluctuation is reduced, and
the body vibration is weakened;

4. The prototype test and analysis show that the buffer valve has a significant effect
on the optimization of the full hydraulic steering system of the loader. The main
performance is: the pressure start shock at the beginning of the steering is reduced by
50%, the steering stop vibration is reduced by 75%, and the phenomenon of suction is
no longer present.

In summary, the pressure fluctuation suppression strategy of the hydraulic steering
system proposed in this paper is extremely innovative and effective. The wheel loader
vibration problem was reliably solved, which greatly improved the steering stability of the
loader. The strategy will provide technical support and guidance to the field of hydraulic
steering, and can be used for the design and optimization of the hydraulic steering systems
of engineering vehicles.
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