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Abstract: Taking Special Vehicle as an example, the research is mad#ymamic virtual prototyping modeling and simulation
of complex mechanical, electrical and hydraulic integiadgstem. Based on hydro-pneumatic spring model, "maginidéa” tire
model, road spectrum model, flexible body model of key corepts) and vehicle control-hydraulic model, a mechanidaktecal
and hydraulic coupling dynamic virtual prototyping modéISpecial Vehicle is built capitalizing on dynamic simuéatianalytical
software ADAMS and control system simulation analyticdtware MATLAB/Simulink, and the virtual prototyping modisl validated
and verified by the physical test data. On the basis of the prototyping model, the virtual tests are carried out inoas typical
working conditions, which include vehicle driving stabjlivehicle unfolding and folding stability, etc. The coraf@ data are obtained
from virtual tests and the performance indexes achiewghiind adaptability to the environment of Special Vehicle avaluated.
The correlation of the main design parameters and the peafioce indexes is established, which provides basic teghsipport
for optimizing its overall design parameters. The reseagshlts have important significance for the simulation apiihtization of
complicated mechanical, electrical and hydraulic integgiaystem.

Keywords: Special Vehicle, Dynamic Virtual Prototyping, Modelingp-Gimulation

1 Introduction coordinated overall design concept between the various
subsystems, and may even lead to the unbalance of the
Special Vehicle is one of the most important developmentrisk between the various subsystems, which

equipment in the weapon system, the main function ofwill affect the development process of Special Vehicle.
which is to transport, erect and launch another importantfhe —application of virtual prototyping technology
equipment to ensure its stable work. provides an effective way to solve the above technical
Special Vehicle, a kind of typical complicated probl'ems. Virtual prototyping technology is a high-tech
mechanical, electrical and hydraulic system, integrates §0Iutlo_n to the tradlfuonal design defects from the angle of
mechanical subsystem, a control subsystem and &nalyzing and solving thg product’s ove(all performance
hydraulic subsystem, etc. The research and developme@d related problems, which enables designers to simulate
of each subsystem and the integration and test of thé€al working state of the product in a variety of virtual
entire system have a decisive impact on realization ofénvironments, and even can conduct those tests which are
performance indexes of Special Vehicle. The traditionaldifficult orimpossible for physical prototyp&]
design of Special Vehicle is a process of iterative design  In order to solve the technical problems in the Special
which can be described as follows: each subsystem i&ehicle’s development process, this paper presents the
designed independently and integrated into the wholeapplication of virtual prototyping technology to Special
system which is evaluated, and then subsystems ar®ehicle for system-level and multi-domain coupling
redesigned and reintegrated based on the evaluatiomodeling and simulation. Based on hydro-pneumatic
results. Because the coupling relationship between thepring model, "magic formula” tire model, road spectrum
various subsystems is not considered in the process of themodel, flexible body model of key components and
independent design, it is difficult to quickly find a fully vehicle control-hydraulic model, the mechanical,
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electrical and hydraulic coupling dynamic virtual
prototyping model of Special Vehicle is built using
ADAMS——-a mechanical system dynamic simulation
analytical software and MATLAB/Simulinrk—a control

system simulation analytical software. Through the
virtual simulation tests under all kinds of typical working

3 Virtual Prototyping Modeling of Special
Vehicle

The virtual prototyping model of Special Vehicle

conditions, more complete virtual test data are obtainetkgntains two main parts: the mechanical subsystem and

and the evaluation on Special Vehicle's capability to

the vehicle control-hydraulic subsystem. The mechanical

achieve the performance indexes and ability to adapt tarycture, as the framework support, is an important visual

the environment is made. The correlation establishedp

art of the virtual prototyping model; the vehicle control

between the main design parameters and the performanG§stem as the controller and the hydraulic system as the

of the overall design parameters of Special Vehicle.

2 Dynamic Virtual Prototyping Platform of
Special Vehicle

With the application of existing commercial
software, the dynamic virtual prototyping platform of
Special Vehicle is built, which integrates a number of
CAE simulation software and can achieve the
co-simulation between multi-domains such as the
mechanical system, the control system, the hydrauli
system, etd, 3,4,5,6]. Its block diagram of framework is
shown in Figure 1.

@mal Prototyping Platform of Special Vehicle
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Fig. 1: Dynamic virtual prototyping platform of Special Vehicle

The dynamic virtual prototyping platform of Special

generally called vehicle control-hydraulic system.

3.1 Mechanical dynamic modeling

The 3D solid model of Special Vehicle is built using
Pro/E software with powerful 3D modelling function, and
then is imported into ADAMS simulation platform by
means of the seamless interface program Mechanism/Pro,
and finally the mechanical dynamic model of Special

Gvehicle is built by defining a variety of constraints and

applied force in ADAMS.

All the data of the components’ mass, center-of-mass
and moment of inertia in the mechanical dynamic model
of Special Vehicle can be calculated automatically by
Pro/E software according to the 3D geometry model
offered by the designer. The built multi-rigid body
dynamic virtual prototyping model of Special Vehicle has
28 Degrees of Freedom (DOF). The mechanical dynamic
model of Special Vehicle includes the following relatively
important models-hydro-pneumatic spring model, tire
model, road spectrum model and flexible body model of
key components.

3.1.1 Hydro-pneumatic spring modeling

The suspension of Special Vehicle is that of

Vehicle is quite systematic because it fully considers thehydro-pneumatic spring. The model of hydro-pneumatic

interaction between multi-domains such as mechanical
control and hydraulic systems to achieve their concurren
design and integrated simulation analysis; this platfam i

spring is a kind of nonlinear spring-damping model and
fts schematic diagram is shown in figure 2. With the
several assumptions of the hydro-pneumatic spring

also technically advanced because it capitalizes ortheoretical modelT], the relational expressions between

high-quality common commercial software integration

pressures can be obtained based on thin-walled pinhole

through its own interface or secondary development, withmodel, pipe flow model and local pressure loss model due
full consideration of current advanced and sustainabldo variable diameter of pipelines. Meanwhile, with the gas

developing technology in related domains.

state equation of the energy accumulator, the
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mathematical model of hydro-pneumatic spring can bethe 12 hydro-pneumatic springs of the independent

expressed as:

1 Agx 2 .

P2—P1= sz{ [CdlleFCdZSz(l*Sigr(X))/z]} sign(x)

_1 P1A1—P2Az 2 i
Ps—Pr=3(Pl1+ 2P1(21){ WX} sign(x)

oA 2
Pa—Pa = (A} + {22) x (ps+ pa) | BEL2L2) Y "sign(x)
2

Ps— pa= %Ps(a{ %X} sign(x)

_ _ r
Ps[Vgo + (Vho — %ﬁlpzkz)x)] = pgoV

1)

Wherep;i(i=1,---,5) is pressurepi(i=1,---,5) is
density;A; is inner cavity area of hydraulic cylindef,
is ring cavity area of hydraulic cylinde§ is orifice area;
S, is check valve areaS; is pipeline area;&; is

cross-sectional area of the junction between hydraulicthe

pipeline and hydro-pneumatic spring cavity;is the
length of pipelined is the diameter of pipelind/y is gas
volume in the energy accumulatquzg is gas pressure in
the energy accumulatopy is the density of hydraulic oll,
Vo is oil volume in the energy accumulat@y; andCyo
are flux coefficient of thin-walled pinhol€},{>1, {22 and

{3 are local resistance coefficient;is frictional resistant
coefficient;r is gas exponentx and X are position and
velocity of piston of hydro-pneumatic spring hydraulic

cylinder respectively.
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Fig. 2: Schematic diagram of hydro-pneumatic spring

suspension in Special Vehicle.

3.1.2 Tire modeling

The tire model of dynamic virtual prototyping of
Special Vehicle is built based on the "magic formula” tire
modelP] which is in the form of sine-arctangent
combination to fit tire test data and obtain a set of tire
models which can simultaneously express the
longitudinal force, the lateral force and the aligning
torque. The mathematical expression of "magic formula”
tire model is shown as follows:

Y (x) = Dsin{Carctg[Bx— E(Bx— arctgBx)] } (2)
WhereY is the longitudinal force, the lateral force or
aligning torquex is independent variable, which can
be used to express lateral angle or longitudinal slip rate of
tire in different conditionsD is called the peak factor,
which determines the peak of the tire’s characteristic
curve;C is called the shape factor, which determines the
used part of the sine and, therefore, mainly influences the
shape of the tire curve is called stiffness factor, which
stretches the tire curvE is called curvature factor, which
can modify the characteristic around the peak of the tire
curve.

The 6 tire models of Special Vehicle are established
making use of PAC2002 tire template in the ADAMS/Tire
template library in the modeling process. Tire coefficient
B, C, D and E are obtained from the fitting results of test
data via the tool provided by ADAMS.

3.1.3 Road spectrum modeling

Road model is an important part of the driving state
simulation study, and the road roughness is mainly
expressed via road power spectrum density. In 1984
International Standard Organization (ISO) issued the
standard draft of road roughness representation in the file
TC108/SC2N67, and in 1986 China also issued a national
standard (GB7031-86)"vehicle vibration input—the
standard of road roughness representation”. For the road
power spectrum density , both documents have suggested
the fitting expression a4d.(J:

n

Ga(n) = G - ©)

Wheren is spatial frequency, which is the reciprocal

Under the Integrated Development Environmentof the wavelength, its unit isx; ng is spatial reference
VC++, capitalizing on the above built hydro-pneumatic frequencyng=0.1m1; Gqy(no) is called road roughness
spring mathematical model and the user-defined interfaceoefficient, which is power spectrum density under the

program SFOSUB{] provided by ADAMS/solver, the

spatial reference frequenay, its unit ism®; w is called

user subroutine of the hydro-pneumatic spring can berequency exponent, which is oblique line slope under the

built, compiled and linked to generate Dynamic Link
Library (DLL) which can be used in ADAMS to define

double logarithmic coordinates and determines frequency
structure of road power spectrum density.
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According to the standards or tests, different The generalized mass and stiffness matrices
corresponding level values can be chosenGg(n). The  corresponding to the Craig-Bampton basis are obtained
road roughness is divided into eight classes in the nationalia a modal transformation. The two matrices are shown
standard GB7031-86 according to road power spectrain the following expression:
density. This paper selects the road roughness of class 2 L
as per the design requirements for Special Vehicle and g7 _ Tmop — T |:MBB MBI:| o [Mcc MNC] ©6)
adopts software MATLAB to generate the required Mis My Mcn M
random road spectrum model file based on the white
noise method11].

T aTres T | Kes Kai _ [Kee O
K=o'Ko=0 {Km K”]qa_{ < KNN:| (7)

3.1.4 Flexible body modeling _ _ ) ]
where M and K are generalized mass matrices and

In order to build a more accurate virtual prototyping 9€neralized stifiness matrices respectivéfyandK are
model and simulate the performance of Special VehicleMass matrices and stiffness matrices of finite element for

i P ; ; ; the flexible component; the subscripts B, N , andC

more realistically, it is required to build the flexible body .
model for the key components like the vehicle frame, dénote internal DOF, bqur;dary DOF, normal mode and
erecting arm, and rack container etc. constraint mode respeciively. . .

The building process of the flexible body model is: The equation of motion of flexible body, in terms of
through components grid discretization and a series ofhe mode coordinates is:
relevant definitions in the finite element modeling
software Patran, the finite element model input Til.esm"+K [ Mcc Mnc| [ 68
(*.bdf) are generated, which are submitted to the finite™ 4" 9= | g My | | 6
element solver Nastran for mode calculation to . _
automatically generate the required MNF modal neutral 4 Kee O | _ |Fe|_ f 8)
file which is finally read to define the flexible body model 0 Knn|[O Fi

via ADAMS/Flex interface in ADAMS. h fis th de load ¢ hich is th
The expression method of flexile body in ADAMS is where T 1S the mode load vector, which 1S the
projection of the nodal force vector on the model

the modal synthesis method, which is a partiCUIarlycoordinates Its expression is shown as:
effective method to reduce DOF. The linear elastic ) P :
structure’s vibration deformation can be approximated as

-
a linear combination of mode shapes whenever in free or f=o'F ©)

forced vibration, that is: whereF is the force vector in the physical coordinates.

According to Craig-Bampton methodology, the built

u= @q (4)  vehicle frame and erecting arm flexible body models in

o ) ADAMS are shown in figure 3.
Where the column matrixi is the vector of linear

physical nodal deformation; the modal shape ma®iis

the transformation from the smaller set of modal
coordinates to the larger set of physical coordinates; the
column matrixq is the vector of modal coordinates.

The modal synthesis method has a variety of theories
and calculation methods. ADAMS takes the
Craig-Bampton method1P] which builds the structure
Ritz-basis from kinematics views. The structure is divided
into several substructures of which any interior node’s
displacement can be expressed as follows:

-4l o

Where ug is the boundary DOFy, is the interior
DOF; | and 0 are identity and zero matrices respectively;3.2 Vehicle control-hydraulic system modeling
®c is the physical displacements of the interior DOF in
the constraint modespyy is the physical displacements The vehicle control system of Special Vehicle
of the interior DOF in the normal modeg; is the modal  appears "independent” relative to the hydraulic system., |
coordinates of the constraint modegy is the modal identifies the working progress status of the hydraulic
coordinates of the fixed-boundary normal modes. circuit by reading the feedback signals on the pre-sensor

Fig. 3: Flexible body of the vehicle frame and erecting arm
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of Special Vehicle, obtains output control parameter ,</;e;i;;m;\>
values by solving pre-set control strategies, and achieves i ~—
control of the hydraulic system by adjusting the spool Fmﬁ“g$>
position of electromagnetic hydraulic valves. The
hydraulic system completes Special Vehicle body leveling " ¥ b 1%
and rack container erecting under the command of vehicle <T0<E e O <O < 0290
control system. In the virtual prototyping model of \f T \l/ \f
Special Vehicle, the integrated modeling of vehicle y
control-hydraulic system utilizes the two systems’ highly ?56}&- i’ﬁ;}_l}l fﬁ'félfz b
interdependent relationship. p=13MPa fogﬁf};ﬁ p=4MPa
|
\\\ system /,,’ \\ system Y
Notes: 0 erecting angle dv :drectional control valve
v : regulating valve P pressure of system

Fig. 5: The control flow chat of erecting circuit

3.3 Mechanical, electrical and hydraulic
integrated virtual prototyping model of Special
Vehicle

Based on the mechanical system modeling and
vehicle control-hydraulic system modeling, the
mechanical electrical and hydraulic integrated virtual
prototyping model of Special Vehicle is built in
MATLAB/Simulink, importing the nonlinear mechanical
system model and hydraulic model Adams into
MATLAB via  seamless interface program
ADAMS/Controls and combining the vehicle control
model. The mechanical dynamic virtual prototyping
model built in ADMAS is shown in figure 6. The block
Fig. 4: The hydraulic schematic diagram of erecting circuit ~ diagram of the mechanical, electrical and hydraulic
integrated virtual prototyping model is shown in figure 7.
The relationship between input and output interface of
Adamssub model is shown figure 8.

Vehicle control-hydraulic system simulation adopts
"co-simulation”, in which the vehicle control system
model is built by MATLAB/Simulink, the hydraulic
system model is built by ADAMS/Hydraulics, and their
software interface is realized by ADAMS/Controls.
According to the schematic diagram of hydraulic system
of Special Vehicle, hydraulic system circuit model of
Special Vehicle is established by revising the hydraulic
component parameters in the block diagram modeler
provided by ADAMS/Hydraulics. Per the control circuit
flow chart of Special Vehicle, the vehicle control system
model can be built in MATLAB/Simulink through
designing control block diagram and correspondingFig. 6: Mechanical dynamic virtual prototyping model of Special
control programs. The hydraulic schematic diagram andvehicle
the control flow chart of erecting circuit are shown in
figure 4 and figure 5 respectively.
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Fig. 7: Diagram of integrated mechanical, electrical and hydcatitiual prototyping model of Special Vehicle
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4 Model Verification of Special Vehicle 036 G Toet Roouk
T o3
2 025
To accurately predict the performance of Special £ .02
Vehicle under various typical working conditions, the 3 o
built virtual prototyping model of Special Vehicle is E °§%
required to validate and verify. The verification method is ° T epem 0o
that parameters of the dynamic virtual prototyping model 05 Physical Test Resul
of Special Vehicle are repeatedly adjusted to enable the ¥ oos
multi-group performance indexes of virtual test results to i
conform to the physical test results. g oas
2 005
0'%.0 125 25.0 375 50.0

Frequency (Hz)

4.1 Static verification of the model

Fig. 10: Contrast of frequency spectrum density of virtual and
Under static conditions, the axle-load distribution of physical test

Special Vehicle is one of the most important design

specifications. The simulation result of dynamic virtual

prototyping model of Special Vehicle indicates that

Special Vehicle's axle-load ratio is 29:71, which meets5 Virtual Tests of Special Vehicle

the design requirements.

_ o 5.1 Virtual tests of driving stability
4.2 Dynamic verification of the model

At the speed of 4km/h and under the class-2 road The virtual tests of driving stability include the
roughness condition, both time domain and frequencystability of quick start-up, high-speed driving and brakin
domain methods are taken to compare the virtual tesand the stability of low-speed across trench and low-speed
results with the physical ones. . Figure 9 is the contrasiover obstacle, and so on. Virtual tests of driving stability
curves of acceleration time history of virtual tests andcan be easily achieved by defining different driving
physical tests measured in the mass center of importannotions on the driving shaft of Special Vehicle.
equipment. Figure 10 is the contrast curves of
acceleration frequency spectrum density. From figure 9
and figure 10 it can be concluded: whatever the time
domain or frequency domain, the data consistency of.1.1 Virtual tests of quick start-up, high-speed driving
virtual test results and physical test results is good ehoug and braking stability
to effectively prove the modeling accuracy of the virtual
prototyping model of Special Vehicle.

Special Vehicle frequently accelerates and
decelerates in the driving state. Under the extreme
conditions, it assumes that the Special Vehicle accekerate
at 0.4 m/s’> from rest to start, 6 seconds later, and
accelerates at 2n/s* until velocity of Special Vehicle
reaches 22m/s (about 80km/h), and drives at a steady
speed of 22.4n/sfor 30 seconds, and then decelerates to
8.4 m/s (about 30km/h) at -1.6m/s” in 10 seconds, and

a Virtual Test Result

-5'?0.0 125 15.0 175 200 . .
Time (sec) finally comes to brake test at acceleration of -n@s?
& Physical Test Result until a complete stop.

Figure 11 shows the response curve of vertical
vibration acceleration in the mass center of important
equipment at a period of time, which indicates: when
sl e nE nE 1 Special Vehicle is at the state of start-up, acceleration,

' ' Tirse (s6¢) ' ' high-speed driving and braking, the vertical acceleration
of the mass center of important equipment is less than
Fig. 9: Contrast of time history curves of virtual test and physical 5m/s? in the whole process, therefore, Special Vehicle

test meets the corresponding dynamic environment
requirements under the class-2 road roughness driving
conditions.
(@© 2015 NSP
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Fig. 11: Response curve of vertical vibration acceleration in the

mass center of important equipment

5.1.2 Virtual tests of low speed across trench and over
obstacle

Special Vehicle is driven at ¥n/h on the flat road.

Fig. 13: Virtual test of low speed over obstacle

5.2 Virtual tests of vehicle unfolding and folding

The hydraulic executive system of Special Vehicle
carries out vehicle unfolding and folding under the

When the vehicle comes to a certain position, it crosse§ommand of vehicle control system. In this vehicle
over a 0.7m-wide and 1m-deep trench, after that, it returnd!Nfolding and folding process, the dynamic topology of
to flat road. Figure 12 shows the virtual test results of lowSP&cial Vehicle has significant changes; ending state of

speed across trench.

15.0

8.75
2.5
0.0

-3.78

1090

Acceleration (meter/sec**2)

14.0 16.0

Time (sec)

18.0 20.0

Fig. 12: Virtual test of low speed across trench

Special Vehicle is driven atkdn/h on the flat road.
When the vehicle comes to a certain position, it climbs
over a 0.6m-high vertical obstacle, after that, it retums t
flat road. Figure 13 shows the virtual test results of low
speed over obstacle.

Both virtual test results indicate that the vertical

acceleration of the mass center of important equipment is

less than 16)/s> when Special Vehicle is driven at low

vehicle unfolding as the beginning state of the important
equipment working state undoubtedly has a significant
impact on normal operation of vehicle equipment. The
virtual tests of vehicle unfolding and folding are
important tools to verify the design quality of the control
and hydraulic system and the operation platform of
design improving. The total time of vehicle unfolding and
folding is about 300 seconds. Figure 14 shows the virtual
test results of vehicle unfolding and folding. From figure
14 it can be concluded that the change of the support leg
force is stable in the whole process.

tyd  Time= 75 4581 Frame=03774

1.5E+005

1.0E+005 [M—o\
| ‘

o0 1600 2400
Time (sec)

500000

Force (newton)

D'ﬁ!lﬂ 3200

Fig. 14: Virtual test of unfolding and folding vehicle

speed across the trench or over the vertical obstacle.
Therefore, excessive impact acceleration is not generated

on the important equipment which meets
corresponding dynamic environment requirements.

the

The virtual tests of unfolding and folding processes

indicate that at each process, the vehicle body is very
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stable and has no instability phenomenon, and thg6] Ma Changlin, Li Feng, Hao Lin, Zhang Zhili. Modeling

hydraulic system has no excessive jitter, seizure or and simulation for Electro-hydraulic systems based onimult

oscillation phenomenon. Therefore, Special Vehicle software collaboration. 2008 Asia Simulation Confereiite-

meets the corresponding dynamic environment International conference on system simulation and sdienti

requirements. computing, (2008) November 17-19, Chengdu, China, 110-
113.

[7] Zhuang De-Jun, Liu Jiang, Yu Fan, Lin Yi. The Nonlinear
Mathematical Model and Characteristics of Hydro-
Pneumatic Spring. Journal of Shanghai Jiao Tong University

. . . . 9, (2005), 1441-1444.
Taking Special Vehicle as the prototype, this paper[8] Zheng Jianrong. ADAMS-Introduction and Improvement

carries out res.earCh on dynamic virtual prototyplng of Virtual Prototyping Technology (China Machine Press,
modeling and virtual tests of the complex mechanical, Beijing, China, 2002).

electrical and hydraulic system. In the modeling processyg) | in vi, Lj Sheng. Study on The Bifurcation Character
the visible mechanical system and the vehicle o Steering Wheel Self-excited Shimmy of Motor Vehicle
control-hydraulic system are elaborated, and the \jth Dependent Suspension. Chinese Journal of Mechanical
mechanical, electrical and hydraulic integrated virtual  Engineering12, (2004), 187-191.

prototyping model of Special Vehicle is built. Based on [10] Zhou Yunbo, Yan Qingdong, Li Hongcai. Road Roughness
the model, the dynamic characteristics of the large Research of Tracked Vehicle Compliance Simulation
dynamic system composed of Special Vehicle and relative Experiment. Journal of System Simulati@n(2006), 95-100.
dynamic environment is studied. The correlation [11] Chen Jieping, Chen Wuwei, Zhu Hui, Zhu Maofei.
established between the main design parameters and the Modeling and Simulation on Stochastic Road Surface
performance indexes lays the foundation for optimizing Irregularity Based on MATLAB/Simulink. Transactions of
its overall design parameters. The comprehensive virtual the Chinese Society for Agricultural Machine, (2010),
simulation tests of Special Vehicle are carried out. The 11-15. N _ _
results of virtual tests quantitatively evaluate the apttp ~ [12] Craig Wood. Integrated Durability Analysis a Vehicle
achieve performance indexes and ability to adapt to the Through Virtual Simulation (Windsor University Publisker
dynamic environment of the important equipment in  Canada, 2003), 52-67.

various typical conditions, meanwhile estimate the overal
design of Special Vehicle fully and systematically. The
research results have important significance for the
simulation and optimization of complicated mechanical
electrical, and hydraulic integrated system.

6 Conclusion
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