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Abstract
Load-sensing steering systems for articulated loaders are prone to large pressure shocks and oscillations during
steering operations, affecting the system stability. An optimized structure of the redirector with bypass damping is
proposed to improve this phenomenon. In this structure, orifices and throttle grooves are added to the traditional
redirector. To control the steering load and working conditions, the steering load of the loader is replaced by a pressure regulating valve. Simulation and experimental results reveal that the redirector with bypass damping has better
load-sensing characteristics than the traditional redirector. The peak output pressure shock caused by the load unit
step signal decreases from 6.50 to 5.64 MPa, which means the pressure oscillation of the hydraulic system is reduced
by 13.4%. The pressure fluctuation time can be reduced from 2.09 to 1.6 s, with a decrease rate of 23.4%. The output
pressure oscillation decays swiftly, and the smoothness of the steering operation is improved significantly.
Keywords: Articulated vehicle, Redirector, Load-sensing steering system, Pressure oscillation
1 Introduction
A loader is mainly used to load and unload materials and
shovel work within a certain range, and frequent steering
operations are required in its working conditions [1, 2].
Researchers have conducted comprehensive studies on
steering systems for articulated vehicles using numerical analysis and simulations [3–5]. More accurate steering performance and the main parameters affecting the
performance have been obtained. During the steering
operation of existing articulated loaders, some unstable
situations, such as shocks and oscillations in the hydraulic system, have occurred, resulting in poor machine stability of the machine when steering starts and stops. The
higher the steering wheel speed, the more obvious the
shaking or shimmy of the fuselage [6, 7].
The optimization of steering system performance has
also become a focus of research. In Ref. [8], the NSGA-II
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algorithm was used to optimize the steering system to
improve the performance of the system further. A novel
steering system was developed to improve the driving
performance during steering [9]. Other researchers [10,
11] optimized the articulated frame to obtain a more
compact articulated frame steering system and improve
the steering flexibility.
For an unstable hydraulic system, the introduction of
a steering system with independent control of the inlet
and outlet ports was found to improve the steering stability and sensitivity under high torque [12]. Load-sensing
[13], proportional variable [14], and other variable displacement pumps have been used to replace the fixed
displacement hydraulic pump for single-rod [15–17] and
double-rod [18] hydraulic cylinder steering systems and
to build a closed-loop steering system. The displacement
of the pump was controlled by the rotation speed of the
steering wheel, which means that oil could be supplied on
demand. This reduced the loss and improved the stability
of the steering system. Yang et al. [19] proposed an automatic steering system in which a DC motor is directly
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connected to a full hydraulic redirector. It improves the
steering accuracy and simplifies operation. To ensure
steering operation safety, frequency conversion speed
regulation technology was combined with a full hydraulic redirector system [20, 21] to develop and improve
a frequency conversion hydraulic redirector [22–24].
Appropriate structures and control strategies have been
designed to overcome the nonlinear factors that affect
the power performance of redirectors. Furthermore, a
more effective use of the redirector energy was realized,
and the robustness of the system was improved [25–27].
A steering scheme for installing a bypass proportional
throttle valve on the outlet of a fixed displacement
hydraulic pump was proposed [28].
To some extent, previous research has alleviated the
pressure shock, oscillation, and other instabilities of
articulated vehicles during steering caused by oil supply pressure. However, it remains difficult to control the
pressure shock caused by sudden flow changes, and the
steering system still exhibits large oscillation under highspeed conditions. To address the problems of the hydraulic system, a redirector structure with bypass damping
was designed in this study.
The remainder of this article is organized as follows. In
Section 2, the working principle of the redirector with
bypass damping is introduced. In Section 3, the relationship between the valve port area and the control spool
displacement of the redirector is deduced, and a mathematical model is established. Moreover, the interaction
among the flow rate, pressure, and rotation speed of the
redirector is described in detail. In Section 4, a simulation model of the redirector with bypass damping established to verify the performance is described, and the
simulation results obtained are presented. An experimental simulation platform is described in Section 5, and
the effectiveness of the redirector with bypass damping
is evaluated based on the experiments. In Section 6, the
dynamic characteristics and oscillation are analyzed,
along with the differences and similarities between the
novel and traditional redirectors. Finally, Section 7 concludes the article.

2 Working Principle
The research object in this study is a coaxial flow rate
amplification redirector, whose structure is shown in Figure 1(a). It is mainly composed of three parts: housing,
metering motor, and rotary valve (including the control
spool and control sleeve). The control spool of the redirector is connected to the steering wheel, and rotates
thereby turning the steering wheel. There is a relative
angular displacement between the control spool and the
control sleeve. The input P opens after the control spool
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Figure 1 Schematic of the redirector: a structure of the redirector
and b working principle diagram of the redirector

rotates at a certain angle. The fluid enters through the
input and pushes the metering motor to rotate.
The metering motor is mainly used to ensure that the
flow rate of the oil delivered by the redirector is proportional to the steering wheel angle when the steering
pump is working. If the steering pump is not working, the
motor directly sucks oil from the oil tank and supplies it
to the steering cylinder when rotating the steering wheel.
The relative angular displacement of the control spool
and control sleeve increases when the rotation speed of
the steering wheel increases. The flow rate and steering
speed both increase in the meantime.
Figure 1(b) shows a diagram of the working principle
of the redirector. When the redirector is in the medium
position, port P and the bypass damping hole are disconnected from ports R and L. The oil enters the channel
through ports P and LS and returns to the tank through
port T. The left and right position switches of the redirector are consistent with the rotation direction of the
steering wheel. When the steering wheel rotates at high
speed, the steering rod drives the control spool to rotate
at a large angle. The oil enters the channel through flow
rate amplification holes and is directly output from parts
L and R of the redirector of the steering cylinder to
complete the steering. Port R or L is connected to port
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T through the bypass throttle hole K when the steering wheel rotates; thus, the pressure shock and oscillation caused by the displacement of the cylinder can be
reduced by bypass damping to achieve smooth steering.

3 Methodology and Model
3.1 Calculation of the Opening Area

The rotary valve comprises a control spool with four groups
of grooves and a control sleeve with 10 groups of through
holes. When the control spool rotates, the direction and flow
rate of the oil are changed by the on–off and opening areas of
different grooves and through holes, as shown in Figure 2(a).
The through holes on the control spool are evenly distributed along the circumference, and 12 holes in each of P and
H are distributed along the same centerline. Holes H are
numbered from left to right, odd columns are aligned with
the centerline of holes L, and even columns are aligned
with the centerline of holes R. The positions of the bypass
damping holes K, holes LS, and flow rate amplification
holes are shown in Figure 2, and the other through holes
are T. There are six channels in each of A, B, C, and D on
the control sleeve distributed along the circumference.
Channel A controls the on–off of L-T or R-T. Channel C
controls the on–off of P-T and feedback of LS. Channel B is
evenly distributed between channels A and C to control the
on–off of R-H or L-H and realize flow rate amplification
performance. Channel D controls the on–off of L-K or R-K.
It is necessary to calculate the opening area of each
port and channel when examining the performance of the
redirector. For the convenience of calculation, the assembly of the control spool and control sleeve along the axis
is expanded, as shown in Figure 2(b). The channel portion of the control sleeve is indicated by solid lines, and
the control spool portion is indicated by dotted lines.
The oil flow path of the redirector is divided into seven
modules. The opening area of the inlet module, P-C, is
 2
3r (θ − sin θ) (0 < x < 2r),
AP =
(1)
6πr 2
(2r < x),
where θ = 2 arccos r−x
r , r is the diameter of the hole, and
θ is the angle corresponding to the opening area.
The opening area of the flow rate amplification module
A-C is
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Figure 2 Structure of the rotary valve: a solid model of control spool
and sleeve and b expanded view of control spool and sleeve—(1)
inlet module, (2) flow rate amplification module, (3) metering motor
module, (4) load sensor module, (5) working module, (6) return
module, and (7) bypass module

where x1 and x2 are displacements of two limit positions.
The opening area of the metering motor module when
the oil passes through inlet and outlet H of the metering
motor is

1.5r 2 (θ − sin θ ) + 3xl (0 < x < 2r),
AH =
(3)
3r(l + πr)
(2r < x),
where l is the side length of the motor hole.
The opening area of the working module H-R\L is

3r 2 (θ − sin θ) + 6xl (0 < x < 5r),
AR\L =
(4)
6r(2l + πr)
(5r < x).
The opening area of the return module R\L-T is
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 2
 r (θ − sin θ) + 2xl (0 < x < a),
AT =
r 2 (θ − sin θ ) + 6xl
(a < x < 2r − a), (5)

+2r 2 (θ1 − sin θ1 )

where θ1 = 2 arccos r−x+a
r .
The opening area of the load sensor module when oil
passes through L-S is
ALS


6πr 2



6πr 2 − 32 r 2 (θ − sin θ )
=

3πr 2 − 32 r 2 (θ − sin θ )


0

(x < a),
(a < x < a + l),
(a + l < x < a + l + 2r),
(a + l + 2r < x),

(6)

where a is the transverse distance of opening area.
The opening area of the bypass module R\L-D is

3l(a − x) + 23 r 2 (θ − sin θ) (0 < x < a),
AD =
0
(a < x).
The opening area of the bypass module D-K is
1 2
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1 2
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Figure 3 Relation between the opening area of each module and
the control spool displacement

(7)

the structure and working principle of the redirector is
shown in Figure 4.
The combination of the metering motor seal oil cavity

(0 < x < a),
(a < x < 2r),
(2r < x < l),
(1 < x < 2r + a),
(2r + a < x < a + l),
(a + l < x < l + 2r),

x−a−r−l
where θ2 = 2 arccos x−r−l
.
r , and θ3 = 2 arccos
r
The opening area of the bypass module K-T is
 3 2

2 r (ϕ1 − sin ϕ1 )

(0 < x < 2r − l2 ),
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3
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ϕ
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2
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where ϕ1 = 2 arccos r+x−l
,
,
and
2
r
r
ϕ3 = 2 arccos x−lr3 −r . Here, l1 and l2 are the distances
between two limit positions and two holes, and l3 is the
distance between the two holes.
The relationship curves between the opening area
of each module and the control spool displacement are
shown in Figure 3.

and the hole and channel structure of the rotary valve
realizes the oil distribution relationship of the redirector.
The flow rate continuity equation of the metering motor
without considering leakage is

L
PL
PFD
PH 2

qs

LS

R7
R5
R4

R1

PLS

PEF

R
PR

R8

R6

PH 1

3.2 Mathematical Model of the Redirector

To further analyze the dynamic characteristics of the
redirector with a bypass damping structure, a mathematical model of the redirector is established. The following assumptions are accepted, ignoring the pipeline
loss, internal leakage, friction, and hydraulic force of the
redirector, which have little effect on the steering performance. A schematic of the equivalent damping based on

(8)

PCF

PS qs
Figure 4 Schematic of the equivalent damping
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(10)

qm = Dm θ̇m ,

where θ̇m is the angular velocity of the motor, and Dm is
the displacement of the motor.
The redirector is mainly subjected to pressure distributed uniformly in the radial direction while working [29].
Because the control sleeve of the redirector is rigidly connected to the rotor of the motor, the force condition of
the redirector is the same as that of the metering motor.
According to the working principle of the redirector,
the viscous friction and drag torque between the control sleeve and control spool of the rotary valve are the
main loads of the motor. Viscous friction can be ignored
because it is much smaller than the drag torque. The
force balance equation of the motor is

(11)

Tl = Dm (PH 1 − PH 2 ),

where Pi is the pressure between the orifices in the rotary
valve.
According to their axial direction, the control spool
and control sleeve of the redirector are expanded into a
planar structure. The displacement of the control spool is
 t

�
�t
� �
qm 
d
ωf dt − 2π
dt = xz ωf , (12)
xz ==
2
Dm
0

When the redirector is in the medium position,
medium damping holes R2 and R3 are working. Other
damping holes are in a negative opening state, and PLS is
low pressure.

qz =q2 = q3 .

When the redirector rotates, R2 and R3 are closed. The
flow rate of each damping hole is

qz = q7 = q1 + q6 = q9 = qL−R + q8 ,

(17)

qm = q1 = q4 = q5 .

(18)

As Figure 4 shows, the differential pressure of oil through
each damping hole is P2 = P, P3 = PLS − PT ,
P4 = PLS − PH 1, P5 = PH 2 − PFD, P6 = P − PFD, P7 =
PFD − PL, PL−R = P8 = PL − PR, and P9 = PR − PT .
The flow-rate–pressure relationship of the redirector
can be transformed into

(13)

P = P − PLS ,
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where ωf is the angular velocity of the rotary valve.
The differential pressure and flow rate of the redirector
inlet are

(16)

q62

=



A6 (xz )
A1 (xz )

+

2

+



A6 (xz )
A4 (xz )

2

+



A6 (xz )
A5 (xz )

2Tl
(Cd )2 (A6 (xz ))2 .
ρDm

(14)

where Cd is the flow coefficient and ρ is the fluid density.
According to previous research on and analysis of priority valves and redirectors [30], the differential pressure
of the redirector orifice is basically a constant value. The
flow rate through the inlet is relevant to the opening area
of the rotary valve. In other words, it only depends on the
rotation speed of the redirector control spool, not the
electromotor speed or steering load.
The flow rate of the redirector through each damping
hole can be expressed as

2�Pi
qi = Cd Ai (xz )
,
(15)
ρ
where Ai is the area of the orifice, and Pi is the pressure
drop through each orifice.

(19)

2 

2
qm

(20)

4 Simulation Method and Related Settings
4.1 Simulation Method

Research efficiency can be greatly improved by simulation verified by experiments [31]. Figure 2 shows that
the circumferential movements of the redirector are
converted into translational movements. A meter cylinder replaces the metering motor with an inlet and outlet
instead of seven closed chambers to simplify the model
structure. Only six inlet holes are considered during
the translation in the same direction. In addition, the
seven holes of the valve body corresponding to port H
and the metering motor are equivalent to an inlet and a
return port. The magnitude of the input force signal in
the model represents the rotational speed of the steering wheel. The steering load is equivalent to the setting
pressure of the two regulating valves.
Figure 5 shows the simulation model of the redirector. To improve the precision of the model, the physical
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Figure 5 Simulation model of the novel redirector

structures of the priority valve and redirector were
split, and measurements were performed. The important parameters obtained are shown in Table 1. The
hydraulic pressure acting on the control spool can be
offset, so the acting area of the two relative valve blocks
should be kept equal, and all parameters of the valve
port area must be consistent. The initial position overlaps of the seven modules are calculated from the 2-D
expansion diagram, and the specific parameter settings
are listed in Table 1. The opening area changes owing
to the relative movement of the control spool, and the
control sleeve is set according to Eqs. (1)–(9) in Section 3.1. The remaining unlisted parameters have the
default values of the model.
A metering cylinder is used to replace the metering
motor, and the displacement of the motor calculates the
effective area of the cylinder.

d=

4V
.
πD2

(21)

If n is the input signal of the steering wheel speed, the
translation speed is defined as

v = 2πrn.

(22)

4.2 Validation of the Model

To verify whether the simulation model can accurately reflect
the working principle and dynamic performance of an actual
structure, the properties of a redirector with bypass damping
under different working conditions were studied.

Table 1 Important parameters of the simulation model
Definition

Item

Value

Priority valve

Spool diameter (mm)

25

Rod diameter (mm)

14

Mass (kg)

0.3

Preload (N)

458.8

Stiffness (N/mm)

28.3

Pump

Displacement (L/rev)

0.08

Signal

Input

0.001675x

Redirector

Spool diameter (mm)

10

Rod diameter(mm)

5

Mass 1 (kg)

0.284

Mass 2 (kg)

0.301

Mass 0 (kg)

0.6

Piston diameter (mm)

79.6

Fluid

Density (kg/m3)

850

Working module H-R/L

Underlap corresponding
to zero displacement
(mm)

−0.58

Metering motor

Return module R/L-T
Bypass module R/L-D
Inlet module P-C
Module H
Load sensor module LS
Bypass module D-K
Flow rate amplification module
A-C

−0.72

−0.545
−0.89
−0.33
0.38

−0.545
−1.22

Figure 6 shows the displacement curve of the control
spool and control sleeve under a certain rotating speed
signal. The curves illustrate that the control spool begins

12

n (r/min)

10
8
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Figure 6 Displacement of control spool and sleeve

Figure 7 Relation between speed signal and P,�PR/L−P

to move immediately when the force signal is applied,
whereas the control sleeve does not move because of the
dead zone between the control spool and control sleeve.
The opening area and displacement gap between the control spool and control sleeve expand with increasing rotation speed and opening port P. When the rotation speed
is 0, the opening area is reduced to 0, and the control
sleeve has a slight lag in the stop movement relative to
the control spool. The simulation results show that the
control spool and control sleeve of the redirector ensure
good follow-up performance when the steering wheel
speed increases.
Figure 7 shows the differential pressure P and pressure loss �PR/L−P of the redirector under a constant
increasing speed signal. It is clear that �PR/L−P gradually increases with the increase in the redirector opening area, whereas P remains constant. The overflow
area and flow rate of the redirector both increase while
turning the steering wheel quickly. However, �PR/L−P
increases as the overflow area increases because the overflow area gradient of each orifice is smaller than that of
the flow rate.

Based on the simulation results, the model completely
represents the actual structure of the redirector, which
reflects the working principle well and obtains good following characteristics.
4.3 Simulation Results

The dynamic characteristics of the redirector with bypass
damping are analyzed for different steering wheel speeds,
different electromotor speeds, and different steering
loads.
Figure 8 shows the simulation results of the redirector
under different steering wheel speeds with a speed of 708
r/min under a no load condition. The simulation curves
reveal that the flow rate of the redirector increases with
an increase in the steering wheel speed. The flow rate has
a linear relationship with the opening area A1 when P
remains stable, and the redirector has good operating
performance. The flow amplification holes are opened
at rotation speeds of 20 and 30 r/min, and the flow rate
increases rapidly. In addition, this part of the flow rate
directly reaches the outlet of the redirector without passing through the metering motor.
Figure 9 displays the simulation results of the redirector under different electromotor speeds with a no load
condition and a steering wheel speed of 20 r/min. When
the electromotor speed changes, the flow rate into the
redirector and the pressure of ports P, LS, and L/R remain
constant. This is because the flow rate required by the
steering system is constant and is not affected by the electromotor speed when the steering wheel speed is fixed.
Figure 10 shows the simulation results under no load
and heavy load conditions with the steering wheel speed
and electromotor speed fixed. The output pressure and
pressure shock of the redirector under a heavy load are
higher than under no load, but the oil return pressure in
both cases is the same. According to an analysis of the
simulation results, the change of load has no effect on the
flow rate and differential pressure of the redirector with
the same steering speed.
Figure 10 shows that with the input of the step signal,
the rise time under no load is 0.23 s, which is shorter than
0.49 s under a heavy load. The steering system response
slows when the load becomes heavy.

5 Redirector Experiment
5.1 Experiment Simulation Platform

Although the simulation model was set according to the
actual structural parameters, the influence of the pipeline was ignored. Therefore, it was necessary to verify
the correctness of the equivalent load and model experimentally. According to the simulation system model
in Figure 5, the experiment simulation platform of the
bypass damping redirector was established, as shown in
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Figure 8 Simulation results under no load condition and electromotor speed of 708 r/min: a P , b PLS , c PR/L, and d Q

Figure 11. The experiment simulation platform mainly
consisted of a priority valve, redirector, and equivalent
load to form a load-sensing steering system. The main
function of the priority valve was to ensure that the
fluid in the main circuit was preferentially supplied to
the steering system, and the excess fluid was unloaded
through port EF of the priority valve.
When the platform is assembled, the bending degree
of the pipelines should be reduced as much as possible
to reduce the influence of pressure loss on the measured
data. Sensors should be installed as close as possible to
the pressure point. In the experiment, the angular velocity of the steering wheel was measured using a speed
measuring instrument. Figure 11 shows the relevant
data acquisition and measurement devices used during
the experiments. The output pressure of the hydraulic
pump was measured using pressure sensors with a range
of 0–60 MPa. The pressures of the redirector inlet, outlet, and port LS were measured by pressure sensors with
a range of 0–40 MPa. The accuracy of the pressure sensor was 0.1%. Flow meters were used to collect the flow

rates of the redirector inlet and outlet. The sensed data
were transmitted to the HMG 3000 data acquisition
device with a sampling frequency of 200 Hz, and then
a computer was used to store, display, and play back the
collected data. The detailed parameters of the experimental instruments are given in Table 2.
5.2 Experimental Results

The performance of the redirector with bypass damping
was tested and analyzed under three steering conditions
with different steering wheel speeds, different electromotor speeds, and different steering loads. The steering
conditions in the experiment were consistent with the
simulation steering condition to ensure the accuracy of
the experimental results.
Figure 12 shows the experimental results of the redirector with bypass damping under no load with an electromotor speed of 708 r/min when the steering wheel
speeds are 8, 20, and 30 r/min. There is a significant
positive correlation between the steering wheel speed
and flow rate through the redirector, which leads to an
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Figure 9 Simulation results under no load condition and steering wheel speed of 20 r/min: aP , b PLS , c PR/L, and d Q

increase in the pressure fluctuation of ports LS and L/R.
The steering wheel speed is the main factor that affects
the flow rate of the steering system. At a high steering
speed, the inlet flow rate of the redirector improves dramatically with an increase in steering wheel speed.
Figure 13 shows the experimental results under no load
with a steering wheel speed of 20 r/min when the electromotor speeds are 708, 1200, and 1870 r/min. When the
electromotor speed increases, the flow rate through the
redirector and the pressure at ports P, LS, and R/L remain
constant. Therefore, the required flow rate of the steering
system is determined by the steering wheel speed rather
than the electromotor speed.
Figure 14 shows the experimental results under no
load and heavy load with a steering speed of 8 r/min and
electromotor speeds of 708 and 1200 r/min. The pressure at ports P, LS, and R/L builds up significantly with
the increase in steering load, whereas the pressure variation of port R is not obvious. The results, combined with
the previous simulation analysis, show that the pressure
of the steering system increases and the response slows
down when the steering load increases.

Table 3 shows a comparison between the simulation
and experimental results of the flow rate and pressure
of each port of the redirector under different working conditions. The main reason for the difference
between them is that the friction of the redirector
model and the metering motor resistance in the simulation are estimated values that differ from the real values. The maximum error between the simulation and
experimental results is 11.1%, proving that the simulation model is accurate. The model demonstrates that
further research on steering performance is justified.

6 Analysis of Dynamic Characteristics
and Oscillation
According to the force equation and flow continuity
equation of the redirector and steering load during the
steering process,
AL PL − AR PR = m

du
+ Bu(t) + F (t),
dt

(23)
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Figure 10 Simulation results under steering wheel speed of 8 r/min and electromotor speed of 708 r/min: a P , b PLS , c PL, and d PR

Figure 11 Photograph of the redirector experimental platform: (1) steering wheel, (2) pressure sensor, (3) data acquisition, (4) redirector, (5) pump,
(6) electromotor, and (7) controller
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Table 2 Main parameters and size of the experimental platform
Definition

Parameters

Pump

Displacement: 80 cc/rev
Max. rotation speed: 2350 r/min

Data acquisition

Signal: 1–5 V, Accuracy: 0.02%, Channels: 8

Pressure sensor

Range: 0–60/40 MPa, Accuracy: 0.1%, Voltage: 12 VDC

Flow meter

Range: 300 L/min, Accuracy: 1%

Tachometer

Range: 0–3000 r/min, Accuracy: 1%

V dPL (t)
+ c [PL (t) − PR (t)],
E dt
(24)
where V is the chamber volume of the equivalent load, E
is the effective bulk modulus of oil, F is the external load,
u(t) is the speed of the equivalent load response, B is the
viscous damping, and c is the leakage coefficient of the
equivalent load.
qL−R (t) = AL u(t) +
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The redirector with bypass damping has the following
pressure–flow-rate linearization equation of the steering
load.

q8 = q7 − qL−R = Kq A8 (s) + Kc (PL − PR ),
(25)

∂q8
PL −PR
8
√ Cd A8
where Kq = ∂q
∂x = Cd 2 ρ ,Kc = ∂PL = 2ρ(PL −PR ).
A block diagram of the dynamic characteristics of the
two redirector structures is obtained by Laplace transformation, as shown in Figure 15. The variables inside
the dotted line represent the influence of the bypass
damping structure.
When the right outlet pressure PR (s) = 0 and flow
rate q7 (s) = 0 , the dynamic transfer function with
a load input and left outlet pressure output can be
denoted as
AL E
PL (s)
mV
=


F (s)
B
s2 + Vc E + m
s+

Bc +A2L
mV E

Figure 12 Experimental results under no load condition and electromotor speed of 708 r/min: a P , b PLS , c PR/L, and d Q

=

s2

2
KA1 ωn1
.
2
+ 2ξ1 ωn1 s + ωn1

(26)
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Figure 13 Experimental results under no load condition and steering wheel speed of 20 r/min: a P , b PLS , c PR/L, and d Q

Combining Eqs. (23)–(25), the dynamic transfer function of the redirector with bypass damping is
AL E
PL (s)
mV
=


F (s)
B
s2 + E(cV+Kc ) + m
s+

=

(c +Kc )B+A2L
E
mV

2
KA2 ωn2
.
2
s2 + 2ξ2 ωn2 s + ωn2

E
(Bc + A2L ),
mV

(30)

ωn2 =



E
(Bc + BKc + A2L ).
mV

(31)

,

(27)

The gains of the two structure redirectors are

KA1 =

AL
,
Bc + A2L

(28)

KA2 =

AL
.
(c + Kc )B + A2L

(29)

The undamped natural frequencies are

ωn1 =



The system damping ratios are


BV
ωn1
,
m
+
ξ1 =
c
E
2A2L

ξ2 =



BV
ωn2
.
m
+
mK
+
c
c
E
2A2L

(32)

(33)

The outlet characteristic equations of the two structure
redirectors are
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Figure 14 Experimental results under steering wheel speed of 8 r/min and electromotor speed of 708 r/min: a P , b PLS , c PL, and d PR

Table 3 Part of the simulation and experimental results
Working
condition
708 r/min
8 r/min
No load
708 r/min
30 r/min
No load

Category

P(MPa) PLS(MPa) PR/L(MPa) Q(L/min)

Simulation

2.01

0.95

0.75

4

Experiment 2.04

1.00

0.83

3.6

Error (%)

1.6

4.9

Simulation

3.68

2.66

1.78

31.53

Experiment 3.94

2.97

1.93

30.22

8.2

4.3

11.1

Error (%)

6.5

Simulation

2.96

1.89

1.33

16.91

Experiment 3.02

1.95

1.36

15.86

Error (%)

1.8

2.9

0.5

6.6

1870 r/min

Simulation

3.02

1.91

1.34

16.56

20 r/min

Experiment 3.12

1.97

1.38

15.97

No load

Error (%)

3.2

2.6

3.7

1200 r/min
20 r/min
No load

3.2

10.4

10.6

Figure 15 Schematic of redirector mathematical model

s2 +




B
E
c E
+
s+
(Bc + A2L ) = 0,
V
m
mV

(34)
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B
E
(c + Kc )E
+
s+
(Bc + BKc + A2L ) = 0.
V
m
mV

The pressure overshoot is


ξn π
.
Mpn = exp − 
1 − ξn2

(35)

(36)

According to the Routh–Hurwitz stability criterion,
both systems formed by the two redirectors are stable.
Based on the above equations, when the steering load
F increases, the load pressure PL increases, the throttle
pressure–flow coefficient Kc decreases, the undamped
natural frequency ωn and the system damping ratio ξ
decrease, and the pressure overshoot MP increases.
The number of system oscillations increases, stability
decreases, and adjustment time increases. Therefore, a
sudden increase in the steering load leads to system oscillation. If the opening area A8 of the orifice R8 increases,
Kc increases, ξ increases, and the pressure overshoot MP
decreases. The number of oscillations decreases, and the
corresponding stability of the system increases. In this
study, ξ1 < ξ2, MP1 > MP2, and the overshoot of the
redirector with bypass damping is relatively small.
The severity of the system oscillation is determined
by the damping ratio ξ . The smaller ξ is, the more
severe the oscillation. The decay speed of the oscillation
process is determined by |ξ ωn |. The larger |ξ ωn | is, the
faster the decay. According to the above analysis,

|ξ ωn |1 < |ξ ωn |2 .

(37)

Therefore, compared with the traditional redirector,
the output pressure oscillation decays more quickly,
and the system is more stable when a step signal is
added to the redirector with bypass damping.
Figure 16 shows the flow rate curve through the bypass
loop under different steering wheel speeds under no load
with an electromotor speed of 708 r/min. The bypass

Figure 16 Flow rate through bypass orifices

loop flow rates are 0.66, 3.15, and 6.03 L/min when the
steering wheel speeds are 8, 20, and 30 r/min, respectively, accounting for 16.5%, 18.6%, and 19.1% of the total
flow rate into the redirector, respectively. The simulation
results prove that the flow rate through the bypass loop
increases with the increase in steering wheel speed, but
the increase rate decreases. The proportion of flow rate
through the bypass loop is relatively stable.
Figure 17 shows the equivalent load inlet pressure
simulation curves of the two redirectors under no load
and heavy load with an electromotor speed of 708 r/
min. Under no load and a steering wheel speed of 20 r/
min, the equivalent load inlet pressure overshoot of the
redirector with bypass damping reduces from 0.86 to
0.79 MPa compared with the original redirector. Under
a heavy load, the pressure overshoot reduces from 6.50
to 5.64 MPa, with a decrease rate of 13.4%. The pressure oscillation duration is reduced from 2.09 to 1.6 s,
with a decrease rate of 23.4%. The research presented in
this article can contribute to the stability optimization
of articulated vehicle steering technology.

7 Conclusions
To reduce the pressure oscillation and enhance the stability of an articulated vehicle steering system, a novel redirector with bypass damping was proposed. The steering
load was equivalently replaced to make the research conditions more convenient to control. Simulation, experimental research, and analysis of the novel redirector
under different working conditions were conducted. The
main conclusions of this work are as follows.
(1) For the redirector with bypass damping, the
peak value of the equivalent load inlet pressure is
reduced from 6.50 to 5.64 MPa under a heavy load
condition during steering. Compared with the traditional redirector, the overshoot is reduced by

Figure 17 Pressure of the equivalent load inlet
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13.4%, decreasing the number of system oscillations.
(2) The output pressure oscillation duration caused by
the load change of the redirector with bypass damping is reduced by 23.4% compared with the traditional redirector. The pressure oscillation decays
faster, and the system is more stable.
(3) For the redirector with bypass damping, the flow
rate through the bypass loop increases with the
increase in steering wheel speed, but the rate of
increase decreases. The proportion of flow rate
through the bypass loop is relatively stable. Therefore, the bypass damping structure has little effect
on the flow rate supply during steering.
Although the redirector with bypass damping improves
steering system stability, it has a negative impact on
steering sensitivity, which increases the steering response
time to a certain extent and causes steering lag. In future
research, it is necessary to coordinate the contradiction between the stability and sensitivity of the bypass
damping structure to achieve the optimal relationship.
The experimental simulation platform used in this study
could not fully reflect the change in the steering load.
In subsequent research, the novel redirector should be
applied to a performance test of a prototype vehicle to
improve the accuracy of the experimental test further.
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