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Vehicles will face diﬀerent working conditions during the use, and diﬀerent working conditions have diﬀerent requirements for
vehicle functions, which results in many subdivided models. An oﬀ-road vehicle is a subdivision model produced to adapt to
complex road conditions. In order to adapt to complex road conditions, vehicles should have a good passing ability, small size, and
good ﬂexibility. The six-wheeled vehicle has both good passing ability and small volume, which is the best choice for oﬀ-road
vehicles. The design of the steering system becomes the key step to improve the ﬂexibility of the six-wheeled vehicle. This paper
mainly designs an independent steering system for a six-wheel electric vehicle with higher ﬂexibility. The system is designed for
six-wheel electric vehicles driven by six in-wheel motors. It mainly includes mechanical steering system and electronic control
steering system. Both mechanical steering systems and electronic control steering system have multiple steering modes. Firstly,
this paper introduces the various steering modes of the mechanical steering system and the electronic control steering system.
Secondly, a CAD model is established by using the software Solidworks, and the system structure is introduced in detail combined
with the CAD model. Finally, a kinematics model is established and calculated. The calculation results showed that the steering
system can signiﬁcantly improve the ﬂexibility of the vehicle, so that the vehicle can complete the steering stably and quickly on
complex road sections.

1. Introduction
With the rapid development of the automobile industry,
automobile technology has made comprehensive progress.
Among them, electric vehicles have developed rapidly with
their excellent environmental performance, and the development of electric vehicles has alleviated the energy problem.
In an electric vehicle, the steering system is one of the important subsystems, and the steering system has a great inﬂuence on the maneuverability and ﬂexibility of the vehicle.
Although the traditional steering system can achieve steering,
in some cases, the vehicle cannot achieve steering easily. For
example, the vehicle needs a small turning radius to pass
through a narrow space or requires zero-radius steering to
pass through a curve with a large turn angle. With the rapid
development of the automobile industry, automobile

practitioners have proposed several new types of steering
systems, which improve the ﬂexibility of vehicles. Relevant
documents introduced a new type of electric vehicle steering
system, including four-wheel steering system [1–4], in-wheel
motor drive system [5], control of steering system [6–10],
kinematics model, and calculation of four-wheel steering
[11–13]. The above system is applied to the four-wheel
steering system to improve the handling and ﬂexibility of the
four-wheel steering vehicle. The four-wheel steering system
includes a four-wheel independent steering system and a
four-wheel linkage steering system. The four-wheel independent steering system generally uses the steering motor to
drive the wheels to steer independently, so that the steering
angle of each wheel can be controlled separately, which
improves the ﬂexibility of the vehicle, but the stability is
relatively poor. The four-wheel linkage steering system is
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generally mechanical linkage steering. In this way, the fourwheel linkage steering has better stability but less steering
modes that can be achieved, and the vehicle’s ﬂexibility is
relatively poor. Therefore, a steering system that combines
mechanical steering and electronic control steering is needed
to achieve the combination of stability and ﬂexibility.
However, four-wheeled vehicles have a poor passing
ability when passing through potholes. In order to improve
the passing ability of the vehicle on the complex roads, it is
necessary to increase the number of axles. And the length of
the four-axle and the eight-wheeled vehicle is too large,
which is not conducive to passing through narrow sections
during oﬀ-road conditions. The three-axle six-wheel vehicle
not only has a strong passing ability when passing potholes
but also can ensure that its vehicle length is short enough to
pass through narrow sections. It is the best choice of axle
number for oﬀ-road vehicles. Based on the above reasons,
this paper proposes a new type of steering system. This
steering system is a steering system designed for a three-axle
six-wheel in-wheel motor-driven vehicle, which realizes the
combination of mechanical steering and electronic control
steering. The vehicles driven by in-wheel motors can achieve
greater steering angles, and the vehicles can achieve more
steering modes. Due to the adoption of a new steering
structure, this system has the following advantages:
(1) It can realize multiple steering modes such as the
front two-wheel steering mode, the six-wheel inphase steering mode, the six-wheel reverse-phase
steering mode, lateral parking mode, and the zeroradius steering mode. The multiple steering modes
make the steering system more ﬂexible.
(2) The electronic control six-wheel steering system has
high ﬂexibility, and the mechanical six-wheel
steering system has high stability. This steering
system realizes the combination of the electronically
controlled six-wheel steering system and the mechanical six-wheel steering system so that the system
has both the advantages of the electronic control sixwheel steering system and the advantages of the
mechanical six-wheel steering system, which makes
the steering system have high ﬂexibility and high
stability.
(3) The mechanical steering system and the electronic
control steering system can work independently.
Without the electronic control steering system, the
mechanical steering system can realize the three
steering modes of the front two-wheel steering, sixwheel in-phase steering, and six-wheel reverse-phase
steering. The mechanical steering system can ensure
the stable operation of the steering system. The
electronic control steering system can also work
independently without the use of a mechanical
steering system. The electronic control steering
system can realize ﬁve steering modes to improve the
ﬂexibility of the vehicle.

(4) The electronic control steering system can execute
the steering command issued by the automatic
driving module to realize the steering of automatic
driving. Thanks to the multiple steering modes of the
system, the driver or the automatic driving module
can select the steering mode to control the vehicle, so
that the vehicle can adapt to diﬀerent road conditions with a more appropriate steering mode, and
improve the ﬂexibility and passing ability of the
vehicle.
The ﬁrst section of this paper introduces the steering
modes of the system [14, 15] and introduces the application
scenarios of each steering mode. In the second section, the
six-wheel steering system structure is described, and its main
components are introduced brieﬂy. The third section
combines the CAD model to introduce the working principle of the steering system components in detail and explains the switching principle of the mechanical steering
mode of the system. The fourth section mainly introduces
the electronic control steering system including system
hardware and control methods. The ﬁfth section calculates
the steering system, which veriﬁes the performance of the
system and provides the necessary data for the electronic
control system.

2. Steering Mode and Its Application
This system is a steering system of a six-wheel electric vehicle
driven by six in-wheel motors independently. Due to the use
of the in-wheel motor drive, the vehicle can achieve largeangle steering easily, which can also achieve more steering
modes. Moreover, this steering system adopts a combination
of mechanical steering and electronic control steering. Both
the mechanical steering system and the electronic control
steering system have multiple steering modes.
Figure 1 is a schematic diagram of the steering mode,
where Figure 1(a) indicates the vehicle is not steering,
Figure 1(b) indicates the front two-wheel steering mode,
Figure 1(c) indicates the six-wheel reverse-phase steering
mode, Figure 1(d) indicates the six-wheel in-phase
steering mode, Figure 1(e) indicates the zero-radius
steering mode, and Figure 1(f ) indicates the lateral
parking mode. Figure 2 is a schematic diagram of the
application scenario of the steering mode, where
Figure 2(a) represents the application of the six-wheel
reverse-phase steering mode, Figure 2(b) represents the
application of the six-wheel in-phase steering mode,
Figure 2(c) represents the application of the zero-radius
steering mode, and Figure 2(d) represents the application
of the lateral parking mode, because the application of the
front two-wheel steering mode is relatively simple, so it is
not marked in Figure 2. The steering mode is introduced
in combination with Figure 1, and the application of
steering mode is introduced in combination with
Figure 2.
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Figure 1: Schematic diagram of steering mode.

(a)
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Figure 2: Schematic diagram of the application scenario of the steering mode.

2.1. Front Two-Wheel Steering. When the steering system is
in the mechanical front two-wheel steering mode, the mechanical steering mechanism of the rear four wheels is
locked. Only the front-wheel steering mechanism is linked
with the steering wheel, and the steering operation is relatively light at this time, which can reduce the labor intensity

of the driver. When the front two wheels are steered electronically, only the steering motors of the front two wheels
need to be controlled independently, and the control
strategy is relatively simple. The vehicle can adopt front twowheel steering mode when driving at medium or low speeds
on a generally straight road.

4
2.2. Six-Wheel Reverse-Phase Steering. When the steering
system is in the mechanical six-wheel reverse-phase steering
mode, the steering wheel is linked with the steering
mechanism of the ﬁrst and third axle. At this time, the
mechanical steering mechanism of the intermediate axle is
locked, and the steering gears of the ﬁrst and third axles are
linked reversely. When in the electric control six-wheel
reverse-phase steering mode, the four steering motors of the
ﬁrst axle and the third axle drive the four wheels to steer
independently. The six-wheel reverse-phase steering mode
has a smaller steering radius and better ﬂexibility. As shown
in Figure 2(a), the six-wheel reverse-phase steering is suitable for working conditions when steering in a narrow space
such as an S-shaped curve. Even in a narrower and more
tortuous S-shaped curve, the vehicle can pass quickly.
2.3. Six-Wheel In-Phase Steering. When the steering system
is in the six-wheel in-phase steering mode, all six wheels
steer in the same direction, which can ensure that the tires
receive less lateral force when the vehicle is steering, and
increase the steering stability of the vehicle. When the
steering system is in the mechanical six-wheel in-phase
steering mode, the steering wheel and the three axles are
linked. When the steering system is in the electronic control
six-wheel in-phase steering mode, the steering controller
controls the six steering motors independently, and the
motors drive the six wheels to steer independently. This
mode is suitable for high-speed vehicle operating conditions.
As shown in Figure 2(b), when the vehicle changes lanes at
high speed, the six wheels steer at the same time, which
makes the vehicle more stable and has better
maneuverability.
2.4. Zero-Radius Steering. The mechanical steering system of
this steering system cannot realize the function of zeroradius steering, and the zero-radius steering mode can only
be realized by an electronic control steering system. In the
zero-radius steering mode, the steering center of the vehicle
is located at the center of the second axle, and the wheels of
the second axle do not steer when the vehicle is steering. The
steering controller controls the four steering motors of the
ﬁrst and third axles to drive the wheels to steer independently. The zero-radius steering mode is mainly used to
realize a zero-radius U-turn of the vehicle and is suitable for
steering the vehicle in a narrow space. As shown in
Figure 2(c), when a vehicle passes a Y-shaped intersection in
a narrow space, it can turn directly to the target direction by
zero-radius steering mode, so that the vehicle can pass the
intersection quickly.
2.5. Lateral Parking. The mechanical steering system of this
steering system cannot realize the function of lateral parking,
and the lateral parking mode can only be realized by the
electronic control steering system. When moving laterally,
the steering controller controls the six motors to drive the six
wheels to rotate 90° independently. At this time, the wheels
are parallel to the Y direction of the vehicle coordinate
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system, and the vehicle can move laterally easily. The main
design purpose of lateral parking is to facilitate parking on
the side of the city. As shown in Figure 2(d), the lateral
parking space is only slightly larger than the vehicle. If it is a
car equipped with a traditional steering mechanism, it
cannot park in the parking space. However, the steering
mode of lateral movement allows the vehicle to move laterally into the parking space directly, making the parking of
the vehicle more convenient.

3. System Structure
The advantage of traditional mechanical steering technology
is to maintain kinematic constraints through the mechanical
connecting rods of the front wheels. The traditional vehicle
steering system has good stability, which can ensure the
safety of vehicle driving. However, in order to achieve zeroradius steering and lateral parking, each wheel needs to steer
independently, and each wheel is equipped with an independent steering motor, which can realize the independent
steering of the wheel. The independent steering system of the
wheels has better functionality, but its control is more
diﬃcult. Although each wheel can achieve the kinematic
constraint in a steady state independently, it can not
guarantee the kinematic constraint in a transient state. Based
on the problems of the traditional vehicle steering system
and independent steering system, a new steering system is
proposed in this paper. The system is composed of a mechanical steering system and electric control steering system.
The system combines the advantages of a mechanical
steering system and electric control steering system and has
good stability and function. Both the mechanical steering
system and electric steering system have many steering
modes, which can choose more appropriate steering mode in
diﬀerent scenarios.
The mechanical steering system of this system is pure
mechanical steering in essence. The mechanical steering
system mainly includes the steering wheel, the transmission
device of the steering wheel and the steering mechanism, the
steering mechanism on the three axles, and the longitudinal
linkage rack. The driver controls the steering system through
the steering wheel, and the transmission device of the
steering wheel and the steering mechanism can transmit the
steering wheel angle to the steering mechanism of the ﬁrst
axle. The steering mechanism of the ﬁrst axles is linked with
the steering mechanism of the other two axles through the
longitudinal transmission rack to realize the three-axle
linkage steering. The longitudinal movement of the longitudinal transmission rack can realize the linkage of three
steering mechanisms, and the lateral movement of the
longitudinal transmission rack can switch the steering mode.
The electronic control steering system and the mechanical steering system can work independently, but they
are not two completely independent systems in the design
scheme, and some parts are shared. The electronic control
steering system also drives the wheels to steer through the tie
rod, and the steering motor is installed on the sliding base.
When the steering motor drives the tie rod to achieve
steering, the sliding base is ﬁxed, and each sliding base is
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equipped with two steering motors, and the steering motor
drives the corresponding wheels to steer independently. And
when the motor drives the tie rod to move, the screw
transmission mechanism is adopted, which makes it produce
a self-locking eﬀect. In this way, the steering motor can drive
the tie rod to move, but the tie rod cannot drive the steering
motor to move, which improves the accuracy of motor
control.

4. CAD Modeling
The structure of the steering system is relatively complicated.
In order to analyze the steering system comprehensively, this
paper uses the software Solidworks to establish a three-dimensional CAD model. Figure 3 is the overall model of the
steering system. From the ﬁgure, the overall structure of the
steering system can be seen. The following is a detailed
introduction of this structure combined with a three-dimensional CAD model.
4.1. Steering Mechanism. The steering system has three
steering mechanisms; each axle has a steering mechanism. The
structures of the steering mechanism on the three axles are
roughly the same. However, in order to realize diﬀerent
functions of the steering mechanism on each axle, the parts on
the steering mechanism are diﬀerent to a certain extent. The
sliding sleeve of the steering mechanism of the ﬁrst axle is
connected with the transmission shaft, the steering mechanism
of the second axle needs to have a locking device, and the
steering mechanism of the third axle needs to have a gear
locking device and a reverse steering function. The following
takes the steering mechanism of the second axles as an example
to introduce. As shown in Figures 4 and 5, it includes a sliding
base, a ﬁxed base, a sliding sleeve, a gear set, and a steering rack.
The composition of the sliding base is shown in Figures 6
and 7. Two steering motors are ﬁxed on the sliding base, and
the steering motor drives the driving gear and the driven
gear to rotate. There is a threaded hole in the center of the
driven gear, the D-type screw is matched with the threaded
hole of the driven gear. The axial displacement of the driven
gear is ﬁxed and can only be rotated. Then, the D-type screw
and the driven gear form a spiral transmission mechanism.
In this way, the rotation of the motor can be converted into
the lateral movement of the D-type screw to drive the wheels
to steer, and the screw transmission mechanism can be selflocking, so the D-type screw cannot drive the motor in
reverse, which reduces the diﬃculty of controlling the
motor, and also improves control precision. In the electronic
control steering mode, the sliding base is in the initial position and locked. At this time, the sliding base cannot slide.
The two steering motors drive the D-type screw to move
independently, thereby driving the tie rod to achieve
steering. In mechanical steering mode, since the screw
mechanism can be self-locked, the D-type screw will not
move relative to the sliding base when the steering motor is
not working, so the D-type screw and the sliding base are
relatively ﬁxed, and the movement of the sliding base can
directly drive the tie rod to realize steering.
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4.2. Linkage Mode of Steering Mechanism. This system can
realize six-wheel steering, and six-wheel steering needs to
realize the linkage of the steering mechanism on the three
axles. The steering mechanism linkage diagram is shown in
Figure 8. The longitudinal linkage rack realizes the linkage of
the steering mechanism on the three axles. The longitudinal
linkage rack has longitudinal and lateral movement relative
to the ﬁxed base. The longitudinal movement of the longitudinal linkage rack will drive the steering mechanism to
linked steering, and the lateral movement can switch the
steering mode. The installation of the longitudinal linkage
rack and the sliding sleeve is shown in Figure 9. This paper
uses the sliding sleeve to connect the longitudinal linkage
rack and the ﬁxed base. The sliding sleeve can slide left and
right within a certain range on the ﬁxed base, and the
longitudinal linkage rack can move longitudinally relative to
the sliding sleeve. There is a linkage gear set on the ﬁxed base,
and the linkage gear set has a driving gear, which drives the
steering rack to move when the driving gear rotates. The
steering rack drives the sliding base to move left and right,
which drives the wheels to steer. The longitudinal linkage
rack meshes with the driving gear on the three steering gears
to realize the linkage of the steering gear, and the meshing
situation varies according to the steering mode.
4.3. Switching the Steering Mode. This system has two
steering modes: the mechanical steering mode and the
electronic control steering mode. The conversion of electronic control steering mode can be realized in the control
strategy. The switch of mechanical steering mode will be
introduced ﬁrst. For the stability of mechanical steering
mode switching, there is an initial state of the mechanical
steering system. The initial state of mechanical steering is
that all wheels are not steering. The steering system needs to
be in the initial state when switching the steering mode.
The meshing conditions of the longitudinal linkage rack
and the driving gears on the three steering mechanisms are
diﬀerent under diﬀerent steering modes. The longitudinal
linkage rack changes the meshing with the driving gear
through lateral movement and realizes the conversion of the
steering mode. The switching of the steering mode is shown
in Figure 10. Figure 10(a) is the front two-wheel steering
mode. In this mode, only the steering gear of the ﬁrst axle
meshes with the longitudinal linkage rack. Figure 10(b) is a
six-wheel reverse-phase steering mode. In this mode, the
steering gear of the ﬁrst axle and the reverse-phase steering
gear of the third axle mesh with the longitudinal linkage
rack. Figure 10(c) is the six-wheel in-phase steering mode. In
this mode, the steering gear of the ﬁrst axle, the steering gear
of the second axle, and the in-phase steering gear of the third
axle mesh with the longitudinal linkage rack. When the gear
and the rack are disengaged, there is a corresponding
mechanism to lock it, so that the next time it is engaged, it
can be engaged in the correct position. The mode switching
joystick drives the sliding base to move by pulling the wire,
thereby driving the longitudinal linkage rack to move
horizontally. The parts in Figure 10 are only schematic
diagrams and do not reﬂect the size of the parts.
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Figure 3: General diagram of the steering system.

Sliding base

Fix base
Sliding sleeve
The dirving gear of gear set

Figure 4: First view of the steering gear.

Steering rack
Sliding base

Fix base
Sliding sleeve

Figure 5: Second view of the steering gear.

Figure 6: General composition of the sliding base.

4.4. Transmission of Steering Wheel and Longitudinal Linkage
Rack. The steering wheel drives the longitudinal movement
of the longitudinal linkage rack to drive the corresponding
sliding base to move to achieve steering. The schematic diagram of the steering wheel and longitudinal linkage rack
transmission is shown in Figure 11. The steering wheel drives

the steering column, the universal joint, the transmission
shaft, the gear set on the sliding sleeve, and ﬁnally the pinion
of the gear set to rotate. The pinion meshes in the longitudinal
groove of the longitudinal linkage rack. The gear set on the
sliding sleeve is ﬁxed on the sliding sleeve of the ﬁrst axle, and
the sliding sleeve can only slide laterally, so when the pinion
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Steering motor
Driving gear
Driven gear
D-type screw

Tie rod
Sliding base

Figure 7: Enlarged view of sliding base.

The steering
mechanism of
the first axle

The steering
mechanism of
the second axle

Longitudinal
linkage rack
The steering
mechanism of
the third axle

Figure 8: Steering mechanism linkage diagram.

rotates, it drives the longitudinal linkage rack to move longitudinally and will not cause lateral movement of the sliding
sleeve. The power-assisted motor in Figure 11 plays the role of
assisting the driver when steering and restoring the initial
state of mechanical steering when the electronic control mode
is activated.

5. Control of the Electronic Steering System
5.1. Operation of Electronic Steering. The operation of the
electronic control steering system can be controlled directly
by the driver, and it can also be controlled by the automatic
driving module. The automatic driving module does not
need to operate the panel, and the driver needs to have an
operation panel when operating, and the operation panel of
the steering system is integrated into the steering wheel. The
steering wheel control panel is shown in Figure 12.
The power button is used to activate and deactivate the
electronic control steering system. In Figure 12, the ﬁve
buttons 2FWS, 6WRS, 6WIS, LP, and ZRS are the selection
buttons for the ﬁve steering modes of the front two-wheel

steering mode, six-wheel reverse-phase steering mode, sixwheel in-phase steering mode, lateral shift parking mode,
and zero-radius steering mode. The two buttons of the left
and right arrows are used to control the steering direction,
and the reset button is used to reset the electronic control
steering system.
The driver presses the power button for 3 seconds to
enter the electronic control mode. After the green light
ﬂashes, press the corresponding steering mode button to
select the steering mode. After the green light is always on, it
enters the corresponding steering mode. At this time,
pressing the two buttons of the left and right arrows will turn
the steering system in the corresponding direction and release the button to stop the steering system.

5.2. Realization of Control. In order to realize the functions
of this system, the hardware of the electrical system needs to
cooperate to realize cooperative work. Figure 13 is the
hardware diagram of this system. The system hardware
needs a corresponding control method to realize the control

8

Mathematical Problems in Engineering

Longitudinal
linkage rack
Sliding sleeve
Fix base

The dirving
gear of gear set

Figure 9: Installation diagram of the sliding sleeve of longitudinal linkage rack.

Longitudinal
linkage rack

Longitudinal
linkage rack

Longitudinal
linkage rack

The steering gear
of the ﬁrst axle

The steering gear
of the ﬁrst axle

The steering gear
of the ﬁrst axle

The steering gear
of the second axle

The steering gear
of the second axle

The steering gear
of the second axle

The reverse-phase steering
gear of the third axle

The reverse-phase steering
gear of the third axle

The reverse-phase steering
gear of the third axle

The in-phase steering
gear of the third axle

The in-phase steering
gear of the third axle

The in-phase steering
gear of the third axle

(a)

(b)

(c)

Figure 10: Schematic diagram of steering mode.

of the system. The control method of this system will be
introduced combined with the system hardware.
In the default state, the electronic control steering system
is not started. When entering the electronic control steering
mode, the electronic control steering system should be
started ﬁrst. Firstly, when starting the electronic control
steering system, the steering controller will receive the signal
of starting the electronic control steering system from the
control button or the automatic driving module. After receiving this signal, the wheel angle sensor will detect whether
the wheel is in the initial steering state. If it is in the initial

steering state, the mechanical steering locking motor will
lock the mechanical steering system. If it is not in the initial
steering state, the red light on the control panel will ﬂash,
and then the power-assisted motor will restore the steering
system to the initial steering state. The red light no longer
ﬂashes after returning to the initial state. At this time, the
locking motor of the mechanical steering will lock the
mechanical steering system, and the green light will ﬂash
after the mechanical steering system is locked. Then, the
corresponding steering mode is selected according to the
steering mode signal input by the automatic driving module
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Steering column
Fix base
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Power-assisted motor
Sliding sleeve
Cogging on the
longitudinal linkage rack

Universal joint
Transmission shaft
Universal joint

Longitudinal linkage rack
The gear set of sliding sleeve

Figure 11: Schematic diagram of the steering wheel and longitudinal linkage rack transmission.

or the driver. After conﬁrming the steering mode, the green
light is always on, and the steering system enters the electronic control steering state.
The control input of the system has two input modes: the
input of the automatic driving module and the input of the
driver. When the automatic driving module inputs the
control signal, the automatic driving controller analyzes the
data collected by the automatic driving sensor and then
calculates the steering angle of the front inner wheel and
then inputs the steering angle signal of the front inner wheel
to the steering controller. When the driver inputs the control
signal, the driver inputs the front inner wheel angle signal to
the steering controller by pressing the button. After the
steering controller receives the input signal of the front inner
wheel angle, it compares the steering angles of the remaining
ﬁve wheels in the database according to the steering mode
and then controls the steering motor separately according to
the steering angle of each wheel. After the steering motor
generates the steering angle, the wheel angle sensor detects
the wheel angle, corrects the error of the angle in time, and
realizes the closed-loop control of the steering angle. The
steering controller individually controls the steering angle of
each steering motor to realize the independent steer of the
wheels by a certain angle. In order to satisfy Ackerman’s
theorem [16, 17] under diﬀerent steering modes, the steering
angle of each wheel is diﬀerent. In the steering kinematics
model, the relationship between the wheel steering angles in
various modes is calculated.

6. Modeling and Analysis
When a vehicle is steering, it will be aﬀected by the tire slip
angle, and the tire slip angle aﬀects the vehicle’s steering
center. Since there are many factors that aﬀect the tire slip
angle, and it is diﬃcult to accurately determine, the following is to analyze the steering problem of the vehicle
under the inﬂuence of ignoring the slip angle. Since the
vehicle has diﬀerent steering modes, this section will analyze
the diﬀerent steering modes and compare the steering states
under diﬀerent steering modes.
6.1. Kinematics Analysis of Diﬀerent Steering Modes. The
steering system has ﬁve steering modes, including the front

two-wheel steering mode, six-wheel reverse-phase steering
mode, six-wheel in-phase steering mode, and zero-radius
steering mode, which are all steering around a steering
center. This paper mainly analyzes the kinematics of these
four steering modes. In the lateral parking mode, the vehicle
moves horizontally, and the kinematics model is relatively
simple, so the kinematics analysis is not needed.
(1) Front two-wheel steering mode: for the general
steering system, the axes of all wheels should intersect at the instantaneous steering center. The
system has three axles, and the wheels of the rear two
axles do not steer in this mode. In this mode, not all
the axes of the wheels intersect at the instantaneous
steering center, and the instantaneous steering center
is located in the middle of the rear two axles.
As shown in Figure 14, the inner wheel steering angle
of the ﬁrst axle is α1, the outer wheel steering angle of
the ﬁrst axle is β1, the wheelbase L1 � 1350 mm, and
the kingpin distance K � 1225 mm. Usually, the
maximum steering angle of the wheel is 35°; although
the system can achieve a large steering angle, it
cannot make the steering angle too large in this
mode. The maximum wheel’s steering angle of the
system is controlled at 35°, and the minimum
steering radius is calculated.
When the minimum turning radius is calculated, the
outer wheel steering angle is required. And when the
vehicle is steering, the inner wheel steering angle is
greater than the outer wheel steering angle. Therefore, the steering angle of the inner wheel is limited
by a maximum of 35°. In order to obtain the degree of
outer wheel steering angle when the inner wheel
steering angle is 35°, the relationship between the
steering angle of the inner wheel and the steering
angle of the outer wheel is required. The relationship
between the inner wheel steering angle α and the
outer wheel steering angle β is as follows:
cot β − cot α �

K
.
L

(1)

According to formula (1), the calculation formula of
β is obtained:
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Figure 12: Steering wheel control panel.
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Figure 13: Hardware diagram of the electronic control steering system.

1
.
(K/L) +(1/tan α)

β � arctan

(2)

And, the steering radius of the vehicle can be calculated by
r�

L
+r .
sin β S

(3)

When formula (2) is brought into formula (3), we
can get the relationship between r and L, K, α, and rS
which is shown in
r�

L
+r .
sin(arctan(1/((K/L) +(1/tan α)))) S

(4)

From formula (1) to formula (4), r is the steering
radius, β is the outer wheel steering angle, α is the
inner wheel steering angle, K is the kingpin distance
and K � 1225 mm, rS is the kingpin oﬀset distance,
and rS � 165 mm. For general vehicles, L is the
wheelbase, but for multiaxle vehicles, L is the distance from the steering axle to the horizontal straight
line where the steering center is located. So, in this
system, L is diﬀerent in diﬀerent steering modes.

In the front two-wheel steering mode, the relationship between the inner wheel steering angle α1
and outer wheel steering angle β1 of the ﬁrst axle can
be calculated according to formula (2), and the result
is shown in Figure 15. According to formula (4), the
turning radius can be calculated. And in the front
two-wheel steering mode, the distance from the
steering axle to the horizontal straight line where the
steering center is located is L1, so in this mode,
L � L1 � 1225 mm. When the inner wheel steering
angle is the maximum, the steering radius is the
minimum, and the maximum inner wheel steering
angle is 35°. Putting L � 1350 mm, α � 35°,
K � 1225 mm, and rS � 165 mm into formula (4), we
can calculate the minimum turning radius, and the
minimum steering radius in front two-wheel steering
mode is about 3595 mm calculated by formula (4).
(2) Six-wheel reverse-phase steering mode: in this mode,
the steering center is on the extension line of the
second axle, the wheels of the second axle do not
steer in this mode, and the wheels of the ﬁrst and
third axles steer.
As shown in Figure 16, the inner wheel steering angle
of the ﬁrst axle is α2, the outer wheel steering angle of
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Figure 15: The relationship diagram of the ﬁrst axle inner wheel angle for the outer wheel angle.

the ﬁrst axle is β2, the inner wheel steering angle of
the third axle is α3, the outer wheel steering angle of
the third axle is β3, the wheelbase between the ﬁrst
axle and the second axle is L2, and the wheelbase
between the second axle and third axle is L3. In the
six-wheel reverse-phase steering mode, the ﬁrst axle
and the third axle are steering axles, so the inner
wheel steering angle is α2 or α3, and the outer wheel
steering angle is β2 or β3. And L2 � L3 � 900 mm,
K � 1225 mm, α2 � α3, and β2 � β3. According to
formula (2), the relationship between the α2 and β2 is
calculated, and the result is shown in Figure 17.
Because of α2 � α3, β2 � β3, the relationship between
α3 and β3 can also be represented by Figure 17.
In the six-wheel reverse-phase steering mode, the
ﬁrst and third axles are steering axles, and the
steering center is on the extension line of the second
axle. So, the distance from the steering axle to the
horizontal straight line where the steering center is
located is L2 and L3, and L2 � L3 � 900 mm, so in this
mode, L � L2 � L3 � 900 mm. In this mode, α2 and α3
are both inner wheel steering angles and α2 � α3, so in
this mode, α � α2 � α3 � 35°. When the inner wheel
steering angle α is the maximum, the steering radius

is the minimum, and the maximum of α is 35°.
Taking L � 900 mm, α � 35°, K � 1225 mm, and
rS � 165 mm into formula (4) can calculate the
minimum turning radius, and the minimum steering
radius in six-wheel reverse-phase steering mode is
about 2832 mm calculated by formula (4).
It can be seen from the calculation results that when
the maximum in-wheel steering angle is 35°, and the
minimum turning radius in the six-wheel reversephase steering mode is approximately 763 mm
smaller than that in the front two-wheel steering
mode. The main reason is that in the front two-wheel
steering mode, only the two wheels of the ﬁrst axle
are responsible for steering. In this mode, the
steering center is located in the middle of the rear
two axles. So the wheelbase L is bigger in this mode.
In the six-wheel reverse-phase steering mode, two
wheels of the ﬁrst axle and two wheels of the third
axle are responsible for steering. The steering center
is located on the extension line of the second axle,
and the wheelbase L is small in this mode. When the
wheelbase L of the vehicle is larger, the turning
radius of the vehicle is larger. When the wheelbase L
of the vehicle is smaller, the turning radius of the
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vehicle is smaller. Therefore, the minimum turning
radius in the front two-wheel steering mode is bigger
than that in the six-wheel reverse-phase steering
mode. The ﬂexibility of the six-wheel reverse-phase
steering mode has been improved signiﬁcantly.
(3) Six-wheel in-phase steering mode: in this mode, the
wheels on all three axles are steered, and the steering
center is located behind the third axle.
As shown in Figure 18, the steering angle of the inner
wheel of the ﬁrst axle is α4, the outer steering angle of
the ﬁrst axle is β4, the steering angle of the inner
wheel of the second axle is α5, the outer steering
angle of the second axle is β5, the steering angle of the
inner wheel of the third axle is α6, the outer steering
angle of the third axle is β6, the lateral distance from
steering center to kingpin joint is X, the longitudinal
distance from the ﬁrst axle to the steering center is
L4, the longitudinal distance from the second axle to
the steering center is L5, and the longitudinal distance from the third axle to the steering center is L6.
We calculate the relationship between the ﬁrst,
second, and third axle inner wheel steering angles by
formula (6). Then, we calculate the steering angle of
the outer wheels of each shaft according to formula
(2), and the corresponding steering angle relationship is shown in Figure 19. In Figure 18
L4 � 3600 mm, L5 � 2700 mm, L6 � 1800 mm, and
K � 1225 mm.
The following can be drawn from Figure 18:
tan α4 �

L4
,
X

tan α5 �

L5
,
X

tan α6 �

L6
.
X

(5)

As shown in Figure 20, the wheel diameter is D, the tire
width is W, the radius of the circular space required for
steering is R, the ﬁrst axle left wheel steering angle is n1, the
third axle left wheel steering angle is n2, the third axle right
wheel steering angle is n3, the ﬁrst axle right wheel steering
angle is n4, the wheelbase between the ﬁrst axles and the
second axles is L7 � 900 mm, the wheelbase between the
second axles and the third axles is L8 � 900 mm, and the
distance between the kingpin joint of the ﬁrst axle and the
steering center is F. The distance between two kingpin joints
is M � 1225 mm. In this mode, n1 � n2 � n3 � n4. The tire
speciﬁcations selected by this system are 205/50 R16 95H.
According to formula (10), the space required for the vehicle’s zero-radius steering can be calculated.
To calculate the space required for zero-radius steering,
the tire diameter D should be calculated ﬁrst.
D�

2WV
+ d × 25.4.
100

(6)

1
α6 � arctan tan α4 .
2
As can be seen from Figure 19, the relationship between the inner wheels steering angle of the three
axles is ﬁxed, with the change of the steering angle, the
proportion of the steering angle of each axle also
changes, but it is always stable in a range. The steering
ratio of the mechanical steering system is ﬁxed, so it is
necessary to choose a more appropriate transmission
ratio. According to the angle relationship in Figure 19
and considering the design of the steering gear set, this
paper selects the transmission ratio between the three
axles as 1 : 0.75 : 0.50 in the mechanical six-wheel in-

(7)

Then, according to Figure 20, it is concluded that
���������
M 2
(8)
F � L27 +   ,
2
������������������
W 2 D 2
R � F + rS +  +   ,
2
2

Then, there is
3
α5 � arctan tan α4 ,
4

phase steering mode, which can ensure that the three
axles steer at the appropriate angle ratio.
(4) Zero-radius steering mode: in this mode, the vehicle
has the minimum steering radius, and the steering
center of the vehicle is located in the center of the
vehicle, that is, at the midpoint of the second axle of
the vehicle. At this time, the wheels of the ﬁrst axle
and the third axle steer, and the wheels of the second
axle do not steer. And the vehicle revolves around the
steering center in the vehicle; only a small circular
ﬁeld is needed to realize the U-turn or steering.

�����������������������������
 ���������
2
2
M
W
D 2
2
⎝
⎠
R � ⎛ L 7 +   + rS + ⎞ +   ,
2
2
2
n1 � n2 � n3 � n4 � arctan

2L7
,
M

(9)

(10)

(11)

where tire aspect ratio V � 50 and the distance between two
kingpin joints rs � 165 mm. We put L7 � 900 mm,
L8 � 900 mm, M � 1225 mm, rs � 165 mm, and V � 50 into
formula (10) to calculate the required steering space in this
mode. It is calculated that the steering radius required in this
mode is about 1390 mm, and the wheel steering angle is
n1 � n2 � n3 � n4 � 55.76°. Compared with the steering radius
of 2834 mm in the six-wheel reverse-phase steering mode, it
is reduced by 1444 mm, and the ﬂexibility of the vehicle is
signiﬁcantly improved [18].
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Figure 16: Schematic diagram of each wheel angle under the six-wheel reverse-phase steering mode.
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Figure 18: Schematic diagram of the steering angle of each wheel in the six-wheel in-phase steering mode.
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6.2. Kinematics Analysis of the Steering Trapezoid. The vehicle matched with the steering system is an oﬀ-road vehicle,
and the design of the steering system is more inclined to the
oﬀ-road performance. The six-wheel reverse-phase steering
is more suitable for oﬀ-road conditions. Therefore, the
steering trapezoid is designed according to the theoretical
Ackerman steering angle of six-wheel reverse-phase steering
[19]. The suspension of the vehicle matched with this
steering system adopts independent suspension, so a segmented steering trapezoid mechanism is needed. The kinematics model of steering trapezoid is shown in Figure 21.
According to experience and vehicle parameters, the
parameters of the steering trapezoid of this system are selected [20], the software Solidworks is used for simulation,
and the parameters are adjusted. The parameters of the
steering trapezoid are ﬁnally determined as shown in Table 1.
The Ackerman ratio is the ratio of the actual angle
diﬀerence between the inner and outer wheels and the
theoretical angle diﬀerence between the inner and outer
wheels. According to diﬀerent situations, the steering
Ackerman ratio will aﬀect the tire wear and steering return
performance, so it is necessary to calculate the steering
Ackerman ratio. According to the actual outer wheel angle
and formula (12), the steering trapezoid is veriﬁed, and the
Ackerman ratio satisfaction of the steering system is shown
in Table 2.
RAC �

θi − θor
× 100%.
θi − θo

(12)

Here, RAC is the Ackerman rate, θi is the inner wheel
steer angle, θor is the actual outer wheel steer angle, and θo is
the Ackerman theoretical outer wheel steer angle.
The Ackerman rate is 100% for standard Ackerman
steering because the tire is a nonrigid body, the steering

where

t1 � 24h2 + 4(b + c + s)2 h,

(14)

������������������������������������������������������
2
t2 � 44h2 + 4(b + c + s)2 h2 +(a + b + s) + l22 − l21 − 4(b + c + s)2 l22 ,

(15)

t3 � 4hh2 +(a + b + S)2 + l22 − l21 ,

(16)

t4 � 2(b + c + s)4h2 + 4(b + c + s)2 ,

(17)

t5 � 2l2 4h2 + 4(b + c + s)2 ,

(18)

where b and c are as follows:
b � cos θ1 ,
c�

performance of the vehicle in the standard Ackerman
steering mode is not the best, and the tire wear is more
serious. Generally speaking, when the inner wheel angle is
less than 20°, the Ackerman rate is more appropriate in the
range of 40–60. And when the inner wheel angle is 20° to 35°,
the Ackerman rate is more appropriate in the range of
60–80. From the data in Table 2, it can be seen that the
Ackerman rate of the mechanical steering system meets the
requirements, and the performance of the steering trapezoid
is better.
The steering controller controls the rotation angle of the
steering motor. The steering motor drives the lateral
movement of the D-type screw, and the lateral movement of
the D-type screw drives the tie rod, which in turn drives the
wheels to steer. In the transmission process, the distance
between the motor rotation angle and the lateral movement
of the D-type screw has a ﬁxed transmission ratio. However,
there is no ﬁxed transmission ratio between the moving
distance of the D-type screw and the wheel steer angle. It is
necessary to calculate the relationship between the moving
distance of the D-type screw and the wheel steer angle so that
the motor can be controlled more quickly during the control
process. Combining the parameters of the steering trapezoid, the relationship between the moving distance of the
D-type screw and the wheel steer angle is analyzed. The
kinematics model is shown in Figure 22.
The parameters of the steering trapezoid are shown in
Table 1. According to the parameters of the steering trapezoid, the relationship between S and θ can be derived, and
the relationship is shown in
t + t2 − t3
1�����������
�,
θ3 � θ1 − arctan
(13)
2
t4 + t25 − t2 − t3 

����������������
2
l22 − l1 sin θ3 − h .

(19)
(20)

As shown in Figure 22, taking the left half of the steering
trapezoid as an example, the D-type screw moves to the left

to drive the wheels to turn right, and the D-type screw to
move to the right drives the wheels to turn to the left. The left
wheel can turn right up to 90°, the left turn can turn left up to
35°(the right wheel is the opposite), and the value range of θ3
is −35° to 90°. In order to distinguish the moving direction of
the D-type screw and the steering direction of the wheels, it
is assumed that the left shift of the D-type screw is negative
and the right shift is positive, and the left steer of the wheel is
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Figure 19: The relationship between the steering angle of each wheel and the internal rotation angle of the ﬁrst axles in the six-wheel inphase steering mode.
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Figure 21: Steering trapezoid kinematics model.

negative and the right steer is positive. We put the value
range of θ3 into formula (13) to obtain the relationship
between s and θ3 as shown in Figure 23.

According to Figure 23, it can be seen that S and θ3 are
not proportional. When the steering motor drives the
steering wheel to steer, the motor angle can be quickly
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Table 1: Steering trapezoid parameters.

Parameter name
Distance between two kingpin joints (K)
Length of steering arm (l1)
Length of the tie rod (l2)
Distance of steering mechanism and the ﬁrst axle (h)
The universal joint of the steering mechanism (M)

Numerical value (mm)
1225.00
105.00
130.00
74.41
869.00

Table 2: Check calculation of the Ackerman rate.
θi (°)

θo (°)

θor (°)

RAC

1
5
10
15
20
25
30
35

0.98
4.47
8.09
11.11
13.68
15.92
17.92
19.72

0.99
4.77
9.09
12.96
16.36
19.24
21.54
23.20

50
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77
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Figure 22: One-sided steering kinematics model.
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Figure 23: The relationship between S and θ3.
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controlled according to this diagram, and then, the angle of
steer is corrected according to the angle signal fed back by
the wheel angle sensor, so that the wheel angle can be
controlled quickly and accurately.

7. Conclusions
The steering system is one of the key subsystems of the
vehicle. A steering system with good performance is the
guarantee for the safe operation of the vehicle. Six-wheeled
oﬀ-road vehicles need to pass complex roads. A good
performance steering system can improve the passing and
ﬂexibility of the vehicle. Therefore, this paper studies the
steering system of three-axle six-wheeled vehicles. And the
steering system of a three-axle six-wheeled vehicle is
designed, modeled, and simulated. The main research
contents and conclusions of this paper are as follows:
(1) Combining the design goals of the oﬀ-road vehicle,
the steering mode and the application scenarios of
the steering mode are established. Considering the
application scenarios of oﬀ-road vehicles, the
steering mode of the steering system is designed, and
the speciﬁc application scenarios of the steering
mode are introduced. Since the vehicle has ﬁve
steering modes, the vehicle can adapt to more usage
scenarios. For example, the application scenarios of
lateral parking, zero-radius steering, and six-wheel
reverse-phase steering can signiﬁcantly improve the
ﬂexibility of the vehicle. It can be seen that the
performance of the steering system is superior.
(2) The structure of the system and the working principle of each main component are analyzed combined with the CAD model. Among them, the
longitudinal linkage rack is the key to the mechanical
steering system, which can realize the linkage of the
three steering mechanisms on three axles and the
switching of the steering mode. The sliding base is
the key part of the combination of mechanical
steering and electronic control steering. Through the
design of the structure, the ingenious combination of
mechanical steering and electronic control steering is
realized, and the performance of the steering system
is improved.
(3) The hardware and control method of the electronic
control system are combined to realize the control of
the electronic control steering system. When controlling the wheel angle, the wheel angle controller
determines the target angle of other wheels
according to the input front inner wheel angle signal,
and then, the wheel angle controller controls each
steering motor according to the target angle of each
wheel. Then, through the feedback of the angle
sensor to correct the wheel angle to form a closedloop control, this can control the wheel angle more
quickly and accurately.
(4) The construction of the kinematics model and the
calculation of related data were carried out. The
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calculation results showed that the six-wheel inphase steering can signiﬁcantly reduce the steering
radius, and the zero-radius steering can also achieve
U-turn steering in a narrow space. This will ensure
the ﬂexibility of the vehicle. Through the calculation
of the steering trapezoid, it is found that the design of
the steering trapezoid can better meet the Ackerman
rate, and the steering trapezoid has good
performance.
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