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The multi-vehicle combined transportation of large-scale equipment or goods is studied, and various combined transportation
modes are obtained. The research on four-vehicle combined transportation is studied, the four transport vehicles must ensure
synchronization in the process of running, and the steering must be coordinated, otherwise major accidents may occur. Aiming at
the stability control of multi-vehicle running synchronization, the system transfer function of pump-controlled motor in driving
system is established, and the PID control is added. The simulation results show that adding the PID control algorithm can improve
the speed stability of the transport vehicle. And the geometric model of the steering mechanism is established, the functional
relationship between the steering angle and the stroke of the steering cylinder is obtained, and the relationship between the electric
signal of proportional valve and the steering angle is deduced. On this basis, the coordinated control system of four-vehicle running
synchronization and steering coordination based on CAN (controller area network) bus is designed. The master-slave synchronization
control strategy and the PID control are applied to the four-vehicle combined transportation. According to the data collected from
the test, it is proved that the control strategy fully meets the transportation requirements, and can provide theoretical basis and

design method reference for the safe and reliable combined transportation of various types of transport vehicles.

1. Introduction

The size and weight of super-large equipment or goods are
very large. In order to reduce transportation cost and improve
efficiency, it is necessary to use combined transportation of
multiple large hydraulic trucks [1]. The coordinated control
among multiple transport vehicles will greatly improve the
safety of combined transportation, this transport method can
complete the work easier than using a super large transport
vehicle, and have the advantages of high efficiency and low
cost. Multi-vehicle communication can achieve coordinated
control of speed consistency and cooperate with each other to
accomplish tasks, and it has broad application prospects [2-8].
Now, the transport vehicle is intelligent equipment, and the
combined transport vehicle system belongs to a multi-agent

system, multi-agent coordinated control has many applica-
tions, such as multi-robot system [9, 10], unmanned aerial
vehicle system [11], satellite formation [12], and so on.

The coordinated control of multiple vehicles belongs to
the high-precision hydraulic control. In the aspect of high-pre-
cision hydraulic control, a novel sliding mode control based
high-precision hydraulic pressure feedback modulation is
proposed [13], that is based on linear pressure-drop modula-
tion in valve critical equilibrium state. And the practices
proved that the closed-loop modulation method is effective
and has superior performance. The cooperative control of
multiple vehicles is similar to the technique of autonomous
vehicles. And an automated vehicle with an optimized plant
and controller can perform its tasks well. Recently, a
cyber-physical system-based framework is proposed for
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FIGURE 1: The common combined modes of multi-transport vehicles.
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FIGURE 2: The common combined modes of four transport vehicles.
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FIGURE 3: The combined transportation of the four vehicles.
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FIGURE 4: Principle diagram of driving system of transport vehicle.
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FIGURE 5: The model of pump-controlled motor system.
codesign optimization of the plant and controller parameters
for an automated vehicle [14]. The results validate the feasi-
bility and effectiveness of the approach. The Intelligent vehicles
I can make right decisions without taking the driver-intended
L maneuver into consideration [15].
| In this paper, the synchronous running and steering of
combined transportation are studied. According to the syn-
i chronous technical requirements, the electro-hydraulic closed
- loop control system and the “master-slave” control scheme are
L designed. The research results can improve the synchroniza-
| tion accuracy for combined transportation. The populariza-
tion and application of the research results can effectively
0o 1 2 3 4 5 6 7 8 9 10 achieve the rapid and safe transportation of large-scale equip-
(s) ment or goods. At the same time, the research results also have

FIGURE 6: The step response curve of hydraulic motor.

the guidance significance to the synchronization control of
other multiple equipment.
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FIGURE 8: The displacement curves.

This paper is organized as follows. The multi-vehicle com-
bined transportation is analyzed in Section 2. The scheme of
four-vehicle combined transportation is designed in Section 3.
The synchronous running of the transport vehicles is studied,
and the principle of synchronization is described, on the basis
of the above research, the synchronization simulation and anal-
ysis are carried out in Section 4. The synchronous steering of
combined transportation is studied in Section 5. The control
system based on CAN bus is designed in Section 6. In order to
verify the synchronization performance of the control system,
the field debugging of the combined transportation is carried
out in Section 7.

2. Multi-Vehicle Combined Transportation

The coordinated control of driving and steering of multiple
hydraulic vehicles in the process of transportation must be
needed to reduce the synchronous error and realize safe trans-
portation. Therefore, the study of coordinated control of mul-
ti-vehicle combined transportation has important scientific
research value and practical application value. Multi-vehicle
combined transportation can be used as an important method
in the transportation of the large equipment or goods. In order
to ensure the safety in the transportation process, the distance
between the transport vehicles must be fixed. The asynchro-
nization will lead to the increase of the route deviation and
even serious construction accidents, and this finally will cause
personal and property losses.

The multi-vehicle combined transportation has more
advantages than the single-vehicle transportation in large-
scale transportation. It is easier and cheaper to use multi-ve-
hicle combined transportation than to design and manufacture
single large hydraulic truck. The combined transportation of
multi-vehicle can save construction time and improve effi-
ciency greatly because of its convenient combination and var-
ious modes. According to the shape and characteristics of the
goods transported, multi-vehicle combined transportation is
usually realized by mechanical or contactless connection, and
controlled by cab operation or wireless remote control oper-
ation [16].

When the multi-vehicle mechanical connection is a fixed
connection, the operation is tedious and the utilization rate is
low, it can only be used in special occasions. The contactless
connection uses data communication lines to communicate

and control between transport vehicles. The multiple com-
bined modes of transport vehicles are shown in Figure 1,
which can be used in many occasions.

Taking the four-vehicle combined transportation as the
research objective, according to the shape characteristics of
common cargo, the common combined modes of four trans-
port vehicles is shown in Figure 2.

3. The Scheme of Four-Vehicle Combined
Transportation

Four-vehicle combined transportation can adopt mechanical
rigid connection on the structure, but sometimes according
to transportation needs, the contactless connection and the
centralized control must be adopted [17]. The transport vehi-
cle is fully hydraulic drive, so the stability of the combined
transportation depends on the synchronization of multiple
transport vehicles.

The contactless connection mode requires higher control
accuracy of each transport vehicle. All transport vehicles must
keep a fixed distance, the distance between any two vehicles
can be detected by draw-wire displacement sensor or laser
displacement sensor. The transporting mode of heavy goods
is shown in Figure 3. A vehicle and B vehicle, C vehicle and D
vehicle are equipped with crossbeams, and the goods trans-
ported are mounted on the two beams.

4. Research on Synchronous Running
of Combined Transportation

Because of manufacturing errors, different wear and leakage
of hydraulic components, and different road conditions, it is
difficult for the four hydraulic transport vehicles to achieve
synchronous and coordinated control, so it is necessary to
study the driving system.

4.1. Speed Measurement and Skid Prevention. The transport
vehicle has many wheels, and the friction coefficients between
the tire and the ground cannot be the same. If the driving force
of the wheel is greater than the friction force, it will lead to
skidding [18]. If the problem is not solved in time, the oil from
the hydraulic pump will completely enter into the hydraulic
motor of the skid wheel, the other wheels will lose the drive
power, resulting in the vehicle not running normally [19]. So
it is of great significance to adopt an effective antiskid scheme
for safe transportation.

A rotating speed sensor is installed on the driving hydrau-
lic motor of the transport vehicle, which can realize the closed-
loop control of the speed and effectively prevent the wheel
from skidding. The method of calculating the vehicle speed is
to convert the hydraulic motor rotating speed measured by
the rotating speed sensor into the wheel rotating speed, and
to get the average wheel rotating speed, which can be con-
verted into the speed of the vehicle.

When the transport vehicle is running, the average value
of wheel speed n is set as the reference value. If the rotating
speed of a wheel is greater than 1.3#, that means the wheel is
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FIGURE 9: The principle diagram of master-slave synchronization control.
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FIGURE 10: The synchronization adjustment principle diagram of A
vehicle and B vehicle.

skidding. When the wheel is skidding, the detection signal will
be fed back to the control system, which will quickly cut oft
the motor-pump oil path, and turn the skidding wheel into a
driven wheel, thus wheel skidding is eliminated.

4.2. Modeling of Pump-Controlled Motor System. Hydraulic
transmission is used in the driving system of transport
vehicles. The variable hydraulic pump is driven directly by
the engine, the variable motor is driven by the variable pump,
and the tire is driven directly by the wheel reducer. Therefore,
the volumetric speed control is adopted in the speed regulation
of the transport vehicle. The principle of the pump-controlled
motor drive system is shown in Figure 4.

The leakage of the hydraulic pump and motor is relatively
small and can be regarded as ignored. According to the rele-
vant parameters of transport vehicle, the transfer function of
pump-controlled motor is obtained as follows.

_ nm(s) _ kP

U@) 1wl s* + 28w, s+1
~ 1009

9.53 x 107*s* + 0.00239s + 1

G(s)

1

where K, is the coeflicient of proportionality, w, is the natural
frequency, & is the damping coefficient.
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FIGURE 11: The synchronization adjustment principle diagram of the
A vehicle and C vehicle.

According to the transfer function, the simulation model
of the system is established as shown in Figure 5. By adjusting
the parameters of the PID controller [20], the step response
curve of the hydraulic motor is obtained as shown in Figure 6.
It can be seen from Figure 6, the maximum overshoot value of
the system is about 3%, and the time for the system to reach
stability is about 4 seconds.

4.3. PID Simulation of Pump-Controlled Motor System.
According to the need of research, converting the speed of
the motor into the displacement of the vehicle can more
directly reflect the research content. According to the
designed PID controller, the model is established as shown
in Figure 7.

The displacement comparison curves with PID control
algorithm and without PID control algorithm are obtained in
the simulation, as shown in Figure 8.

From the simulation results, it can be seen that the dis-
placement of the vehicle is relatively stable when the PID con-
trol algorithm is added. The displacement curve without the
PID control algorithm has obvious oscillation, and the devi-
ation between the two curves is getting larger as time goes on,
it can be concluded that adding the PID control algorithm can
improve the stability of vehicle speed.

4.4. Selection of Synchronization Control Strategy. At present,
there are two main methods of hydraulic synchronization
control. One is the open-loop control method, which
consists of a dividing-combining valve or synchronous
motor. Its characteristics are simple principle, low cost, but
low precision. The second method is to use electro-hydraulic
servo valve or electro-hydraulic proportional valve to form
a closed-loop control system. And the master-slave control
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FIGURE 18: The geometric model of steering mechanism.

strategy is commonly used. The control strategy can meet the
requirement of high precision synchronization control [21].

In the synchronization control scheme, the master-slave
control strategy is adopted, and one of the vehicles is used as
the leader vehicle. The displacement deviation between the
vehicles is taken as the control objective, so that the displace-
ment errors of the four vehicles can be reduced so that they
can run synchronously. The control of the leader vehicle is by
manual driving or remote control [22]. The speed of the
hydraulic motor is taken as the feedback signal, and the control
principle is shown in Figure 9.

4.5. Principle of Synchronization Adjustment. The synchronous
adjustment principle of A vehicle and B vehicle is shown in
Figure 10. Take A vehicle as the leader vehicle, B vehicle can
adjust its speed according to the PID output of encoder angle .
Only when & = 0, the A vehicle and B vehicle is synchronized.

When the four vehicles are driving forward, if a > 0, it
means that the B vehicle is faster than the A vehicle, and the

PID output is a negative value, the B vehicle will adjust to
decelerate. And if & < 0, it means that the B vehicle is slower
than the A vehicle, and the PID output is a positive value, the
B vehicle will adjust to speed up.

When the four vehicles are driving backward, if o > 0, it
means that B vehicle is slower than the A vehicle, and the
output of PID is a negative value, the B vehicle will adjust to
speed up. And if « < 0, it means that the B vehicle is faster
than the A vehicle, the output of PID is a positive value, the B
vehicle will adjust to speed up. The adjustment of the C vehicle
and D vehicle is the same as the A vehicle and the B vehicle.

The adjusting principle of A vehicle and C vehicle is shown
in Figure 11. Based on A vehicle, C vehicle can adjust its speed
according to the length of the draw-wire displacement sensor
and the PID output.

When the four vehicles are driving forward, if the actual
distance is longer than the set distance, it shows that C vehicle
is slower, and the PID output is a negative value, the C vehicle
will adjust to speed up. And if the actual distance is less than
the set distance, it shows that C vehicle is faster, and the PID
output is a positive value, the C vehicle will adjust to deceler-
ate. When driving backward, if the actual distance is longer
than the set distance, it shows that C vehicle is faster, the PID
output is negative, and the C vehicle will adjust to decelerate,
when the actual distance is less than the set distance, it shows
that the C vehicle is slower, when the PID output is positive,
the C vehicle will adjust to speed up. The adjustment of B
vehicle and D vehicle is the same as the A vehicle and C vehi-
cle, and the set distance is related to the length of the goods.

4.6. Synchronization Simulation and Analysis. On the basis
of the above research, the synchronization of two transport
vehicles is further analyzed. After adding PID control, the
simulation model of the master-slave control of A vehicle and B
vehicle is established as shown in Figure 12. The displacement
deviation curve of A vehicle and B vehicle is obtained in the
simulation as shown in Figure 13. From the result, it can be
seen that the two vehicles can achieve a good synchronization
effect, and the displacement deviation is about 28 mm.
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Similarly, the displacement deviation curves of C vehicle
and D vehicle, A vehicle and C vehicle, B vehicle and D vehicle
are shown in Figures 14-16. The maximum displacement devi-
ation is about 30 mm, and the deviation curves are all within
the required displacement deviation range.

5. Research on Synchronous Steering of
Combined Transportation

5.1. Transport Vehicle Steering System. The steering system
of the transport vehicle is a connecting rod system as shown
in Figure 17, which is driven by a hydraulic cylinder. There
are four steering hydraulic cylinders in one transport vehicle.
Each hydraulic cylinder can control 10 groups of wheels. The
synchronous steering of these 10 groups of wheels can be
realized simultaneously by controlling the steering cylinder,
and the range of steering angle is +30 degrees [23, 24].

There are 16 steering hydraulic cylinders in the four vehi-
cles. In theory, the synchronous control of these hydraulic

cylinders can make the wheel groups achieve the same steering
angle. However, due to manufacturing errors and leakage, the
steering angles of the groups of wheels may be different. In
serious cases, it may cause damage to the mechanism, or even
a major overturning accident.

According to the steering mechanism of the transport
vehicle, it is simplified to the geometric model as shown in
Figure 18.

According to the geometric model, the following equation
can be obtained.

L+x, = \/az + b - 2abcos(0 + «), (2)

where L is the length of AB, x, is the extension length of the
hydraulic cylinder piston rod, a is the length of OB, b is the
length of OA, 0 is the steering angle, and « is the initial angle.

The torque equation of the steering actuator is as
follows.

M = Fd, 3)
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where M is the driving torque of hydraulic cylinder, F is the
output force of hydraulic cylinder, and d is the arm of force.

According to the area equation of the triangle, the follow-
ing equation can be obtained.
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1 . 1
Eab sin(a + 0) = E(L +x,)d. (4)

According to Equation (4), the following equation can be obtained.
absin(a + 0)

d= .
\/a2 +b* = 2abcos(a + 0)

(5)
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Through Equations (3) and (5), the equation can be obtained
as follows.
ab sin(« + 09)

M=F- .
\/a2 +b* = 2abcos(a + 0)

(6)

Through Equations (2) and (5), the equation can be obtained
as follows.

- ab sin(a + 09) L 7

d
The required flow Q of the steering hydraulic cylinder can be
obtained from the extension length of the hydraulic cylinder
piston rod.

Q= xA (®)
According to the required flow, the corresponding opening of
the proportional valve can be obtained, and the corresponding
control signal can be obtained by referring to the manual of
the proportional valve. Finally, the relationship between the

steering angle and the required current signal of the propor-
tional valve can be obtained as follows.

absin(a + 0) )
oY L),
d

where I is the current signal, and k is the proportional coeffi-
cient of the valve opening and current signal.

kI = A( 9)

5.2. Synchronized Steering Control Mode. In order to realize
the steering synchronization of all wheels, it is necessary
to realize by the control system [25]. Through the study of
hydraulic synchronization control modes, the master-slave
control mode is selected, the control principle is shown in
Figure 19.

When the running is oblique, it is required that all wheels
of the four vehicles achieve the same steering angle. Each
wheel group is equipped with an angle sensor to monitor the
actual steering angle of the wheel group. The corresponding
control instructions are sent to the controller. This controller
will drive all the steering hydraulic cylinders until the wheels
turn to the synchronous angle [26], and the control strategy
is shown in Figure 20.

5.3. Simulation and Analysis of Synchronous Steering. During
the combined transportation steering process, overshooting and
frequent adjustment under slight deviation will cause system
oscillation, which will affect the stability of the transportation [27].

In order to ensure the stability of the transportation, exces-
sive overshooting and frequent adjustment under slight devi-
ation should be avoided. Therefore, according to the functions
of the proportional element, differential element, and integral
element of the PID controller, the best parameter values can
be obtained by using trial and error [28, 29].

In the simulation, the combined mode of the four trans-
port vehicles is adopted as shown in Figure 4. The mas-
ter-slave synchronization control strategy is used to the
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synchronous steering, and the steering angle is set to 30
degrees. The internal and external steering angles of the four
vehicles are collected in the simulation, the steering angle
errors are shown in Figure 21. It can be seen that the reference
wheel groups steering angle errors of A vehicle are 0.5
degrees, while the steering angle errors of other wheels are
about 1 degrees. And after four seconds, the steering angle
errors of all wheels are eliminated, that is, all wheels achieve
synchronous steering. The results show that the master-slave
synchronous control strategy can achieve high synchronous
steering precision.

6. The Control System Design Based
on CAN Bus

The synchronous control accuracy of the four vehicles should
be guaranteed in the process of transportation.
The electro-hydraulic proportional control is adopted in the
transport vehicle, so the CAN bus technology can be applied
to complete the communication between the controllers of the
transport vehicles, thus the synchronous control of the four
vehicles can be realized [17].

The control system is designed as shown in Figure 22. The
speed signals and steering angle signals of each vehicle are
collected by the sensors and sent to the main controller
through the CAN bus. The main controller can analyze and
compare the preset input signals with the feedback signals,
and control the output electric current of each sub-controller
to achieve closed-loop control. The speed of each vehicle can
be changed by controlling the displacement of the hydraulic
pump or motor, which can realize the synchronous control of
the four vehicles [30, 31].

7. The Actual Test Results

The purpose is to transport the goods to the destination safely
and effective. All the vehicles have their own controllers, vehi-
cle A will be operated or remotely controlled by a driver, and
its output displacement signal or the steering signal is tracked
as the input signal of the other vehicles to keep the four vehi-
cles synchronized through the CAN bus.

In order to verify the synchronization performance of the
four vehicles and the practicability of the control system, the
field debugging of the combined transportation is carried out.
The speeds of the four vehicles are collected in the debugging
as shown in Figure 23. It can be seen that the speeds of the
four vehicles are basically the same, that is, the synchroniza-
tion accuracy can meet the transport requirements.

In the construction, the running direction of the combined
transportation is generally straight, lateral, and oblique, that
is to say that all the wheels must turn at the same angle. The
steering angle is set to 27 degrees in the test, and the steering
angle curves of the inner and outer wheels of the first axle of
the four vehicles are collected. The steering angle curves are
shown in Figure 24. It can be seen that the four transport
vehicles can finally achieve the same steering angle.

Journal of Advanced Transportation

8. Conclusion

(1) The fixed distance between vehicles is used as the
control target. The master-slave control strategy and PID
controller are adopted. Through simulation analysis and
field test, the synchronous control accuracy of the control
strategy is verified. It is proved that the PID controller
plays an important role in the multi-vehicle cooperative
control.

(2) According to the steering mechanism, the mathe-
matical model of steering system is established and the
appropriate control strategy is selected. Through the
simulation and test, the steering process angle curves
of the inner and outer wheels of the four vehicles are
collected, and the correctness of the control strategy is
verified.

(3) The driving system and the steering mechanism of
multi-vehicle combined transportation are analyzed and
studied. The control system based on CAN bus is designed,
which can achieve high precision synchronization in the
running and steering process of the four vehicles.

Data Availability

The data used to support the findings of this study are available
from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (51675461, 11673040), Key Research and
Development Program of Hebei Province (19273708D) and
the Scientific Research Project Foundation of Anhui Education
Department (KJ2019A1161).

References

[1] O.Bedair, “Relocation of industrial facilities using self-propelled
modular transporters (SPMT’S),” Recent Patents on Engineering,
vol. 8, no. 2, pp. 82-94, 2014.

[2] Q. Chengming, D. Jun, and J. Ming, “Consensus based speed
control strategies for multi-agent car with state predictor;
in IEEE 2013 11th International Conference on Electronic
Measurement & Instruments, pp. 536-541, IEEE, Harbin, China,
2013.

[3] L.YangandY.Jia, “An iterative learning approach to formation

control of multi-agent systems,” Systems & Control Letters, vol.
61, no. 1, pp. 148-154, 2012.



Journal of Advanced Transportation

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

R. Olfati-Saber, J. A. Fax, and R. M. Murray, “Consensus and
cooperation in networked multi-agent systems,” Proceedings of
the IEEE, vol. 95, no. 1, pp. 215-233, 2007.

Y. Liu and X. Hou, “Event-triggered consensus control for
leader-following multiagent systems using output feedback,”
Complexity, vol. 2018, Article ID 6342683, 9 pages, 2018.

S. Y. Li, C. S. Chen, L. M. Tam, and S. H. Tsai, “Novel fuzzy-
modeling-based adaptive synchronization of nonlinear dynamic
systems,” Complexity, vol. 2017, Article ID 5017127, 8 pages, 2017.

M. Dimian, L. Chassagne, P. Andrei, and P. Li, “Smart
technologies for vehicle safety and driver assistance,” Journal
of Advanced Transportation, vol. 2019, Article ID 2690498,
2 pages, 2019.

J. M. Armingol, C. Olaverri-Monreal, F. Garcia, V. Milanés,
and D. Martin, “Cooperative systems for autonomous vehicles;’
Journal of Advanced Transportation, vol. 2018, Article ID
8714549, 1 page, 2018.

H. T. Zhang, Z. Chen, L. Yan, and W. Yu, “Applications of
collective circular motion control to multirobot systems,”
IEEE Transactions on Control Systems Technology, vol. 21, no. 4,
pp. 1416-1422, 2012.

Z.1i,]. Li, and Y. Kang, “Adaptive robust coordinated control
of multiple mobile manipulators interacting with rigid
environments,” Automatica, vol. 46, no. 12, pp. 2028-2034,
2010.

W. Xiaohua, V. Yadav, and S. N. Balakrishnan, “Cooperative
UAYV formation flying with obstacle/collision avoidance,” IEEE
Transactions on Control Systems Technology, vol. 15, no. 4,
pp. 672-679, 2007.

R. W. Beard, J. Lawton, and E. Y. Hadaegh, “A coordination
architecture for spacecraft formation control,” IEEE Transactions
on Control Systems Technology, vol. 9, no. 6, pp. 777-790, 2001.

C. Lv, H. Wang, and D. Cao, “High-precision hydraulic pressure
control based on linear pressure-drop modulation in valve
critical equilibrium state,” IEEE Transactions on Industrial
Electronics, vol. 64, no. 10, pp. 7984-7993, 2017.

Hu X. Lv C,, A. Sangiovanni-Vincentelli, Y. Li, C. M. Marinez,
and D. Cao, “Driving-style-based codesign optimization of an
automated electric vehicle: a cyber-physical system approach,”
IEEE Transactions on Industrial Electronics, vol. 66, no. 4,
pp. 2965-2975, 2018.

Y. Xing, C. Lv, H. Wang et al., “Driver lane change intention
inference for intelligent vehicles: framework, survey, and
challenges,” IEEE Transactions on Vehicular Technology,
vol. 68, no. 5, pp. 4377-4390, 2019.

C. Wei, G. Weizhong, and G. Feng, “Grouping modeling for
hydraulic suspension system of powered modular vehicle
groups,” Chinese Journal of Mechanical Engineering, vol. 48,
no. 5, pp. 108-115, 2012.

W. Changging, Y. Bianhua, and X. Junwei, “Synchronous control
technology for two or more flatbed tricycles based on CAN bus
technology,” Railway Standard Design, no. 3, pp. 52-53, 2008.

7. Xingxin, “Solution for electrical control anti-spin system
of hydrostatic propel vehicle,” Hydraulics Pneumatics ¢ Seals,
vol. 31, no. 10, pp. 67-68, 2011.

Z. Jingyi, S. Bingyu, and L. Pengfei, “Principle analysis and
power match of hydraulic travelling system of 900t girder
machine,” Chinese Hydraulics ¢ Pneumatics, vol. 12, no. 2,
pp. 39-41, 2007.

[20]

13

G. Rui, Y. Shi, W. Chao, T. Yaya, and Z. Jingyi, “Research on
adaptive anti-rollover control of kiloton bridge transporting
and laying vehicles,” High Technology Letters, vol. 23, no. 2,
pp. 203-211, 2017.

G. Gong, G. Hu, and H. Yang, “Synchronization control
analyses of thrust system for shield tunneling machine,” Chinese
Hydraulics ¢ Pneumatics, no. 7, pp. 56-58, 2006.

Q. Han, L. Hao, H. Zhang, and B. Wen, “Achievement of chaotic
synchronization trajectories of master-slave manipulators with
feedback control strategy, Acta Mechanica Sinica, vol. 26,
no. 3, pp. 433-439, 2010.

Y. Huang and C. Yu, “Development of China’s large tonnage
wheel type beam carrier and its innovation road,” Railway
Construction Technology, no. 12, pp. 1-12, 2015.

L. Naisheng, “Large-scale full-hole box beam transportation
scheme-technology research of TE1600 cross-double-frame
tire-type beam truck,” Engineering Machinery of Today, vol. 39,
no. 5, pp. 108-113, 2009.

G. Hu, L. Liu, and G. Gong, “Simulation and experimental
analyses of synchronization control for shield thrust system,”
China Mechanical Engineering, vol. 19, no. 10, pp. 1197-1201,
2008.

Z. Jing-yi, Large Self-propelled Hydraulic Truck, Chemical
Industry Press, China, 2010.

J. Zhao, Z. Wang, Y. Qin, and J. Wang, “Simulation and
experimental analysis of electro-hydraulic steering control
system for TLC900 transporting girder vehicle,” Chinese Journal
of Mechanical Engineering, vol. 43, no. 9, pp. 65-68, 2007.

D. Lixue, “Category and summarization of PID parameters
tuning methods,” Modern Computer, no. 7, pp. 23-26, 2012.

R. R. Sumar, A. A. R. Coelho, and L. dos Santos Coelho,
“Computational intelligence approach to PID controller design
using the universal model,” Information Sciences, vol. 180,
no. 20, pp. 3980-3991, 2010.

L. V. Jiuzhi, “Application of CAN bus in special equipment,’
Machine Tool Appliance, vol. 39, no. 6, pp. 42-43, 2012.

S. Jiachun, “Application of CAN bus technology in construction

machinery;” Construction Machinery Design, vol. 25, no. 4,
pp- 62-63, 2007.



	Research on Cooperative Control of the Hydraulic System of Multiple Intelligent Vehicles Combined Transportation
	1. Introduction
	2. Multi-Vehicle Combined Transportation
	3. The Scheme of Four-Vehicle Combined Transportation
	4. Research on Synchronous Running of Combined Transportation
	4.1. Speed Measurement and Skid Prevention
	4.2. Modeling of Pump-Controlled Motor System
	4.3. PID Simulation of Pump-Controlled Motor System
	4.4. Selection of Synchronization Control Strategy
	4.5. Principle of Synchronization Adjustment
	4.6. Synchronization Simulation and Analysis
	5. Research on Synchronous Steering of Combined Transportation
	5.1. Transport Vehicle Steering System
	5.2. Synchronized Steering Control Mode
	5.3. Simulation and Analysis of Synchronous Steering
	6. The Control System Design Based on CAN Bus
	7. The Actual Test Results
	8. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	References


