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Abstract—Folding-boom aerial platform vehicle is a type of
construction vehicle used to hoist personnel to the appointed
location in the aerial. As for aerial platform vehicle, the flexible
deformations of the arm system cannot be neglected. Therefore,
the flexible multi-body dynamics equations of the arm system of
folding-boom aerial platform vehicle are established based on
flexible multi-body dynamics theory and Lagrange’s equation.
Following, the simulation is carried out. The simulation results
show that the moving beams exist high frequency vibrations,
which caused by the elastic deformations of them. As a result,
the vibrations cause the work platform of aerial platform
vehicle to shake, and at the same time, the deflections of the
beams lead to small deviations of the trajectory of the work
platform. Therefore, the establishment of the equations lays the
basis of vibration controlling and accurately controlling the
trajectory of the work platform of aerial platform vehicle.

1. INTRODUCTION

ERIAL platform vehicle is a kind of construction vehicle
which can hoist personnel to the appointed location in
the aerial for installation or maintenance.

There are several types of aerial platform vehicle,
including telescopic-boom, folding-boom and mixing-boom
styles.

Presently, some researches were carried out on the
telescopic-boom aerial platform vehicle [1, 2]. But for
folding-boom aerial platform vehicle, few published
literatures are found for its design and control. The research
of folding-boom aerial platform vehicle could lay the basis
for the aerial platform vehicle with the more complex arm
system, such as mixing-boom style, the beams of which have
the function of folding and extension. And what’s more, the
amount of folding-boom aerial platform vehicle occupies
80% of aerial platform vehicle used in China. Therefore, the
research of it has its practical significance. In this paper, we
focus on the folding-boom aerial platform vehicle, which
could cross barriers easily. As is shown in the Fig.l,
Folding-boom aerial platform vehicle has two beams, each of
which is driven by a hydraulic cylinder.

As an apparatus with the human working on the platform,
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aerial platform vehicle requires very high safety. Therefore,
the steady movement and accurately positioning of work
platform should be ensured. As for the long beam of aerial
platform vehicle, elastic deformations of them are not be
neglected, so the dynamics of the arm system of aerial
platform vehicle cannot be depicted accurately by the rigid
model without considering the flexible deformations. In this
paper, the two beams are seen as flexible and the flexible
multi-body dynamics equations of the arm system are
established based on flexible multi-body dynamics theory and
Lagrange’s equation. The theory of flexible multi-body
dynamics is introduced in [3], and the theory has been used
for the bridge detection vehicle and concrete pump truck in
[4,5,6].

Based on the flexible dynamic model set up, the
experimental study is carried on. By analysis of the
simulation results, the model derived by the method of
flexible multi-body dynamics seems more plausible by
contrast with the rigid model.

The equations established by flexible multi-body dynamics
theory lay the foundation of controlling vibration and
accurately positioning the work platform of aerial platform
vehicle.

This paper is organized as follows. In section II, the arm
coordinate system is created and the kinetic energy and
potential energy of the arm system are calculated based on the
coordinate system. Following, the flexible multi-body
dynamics equation of folding-boom aerial platform vehicle is
derived. Then, the experimental study is carried on in section
III. Finally, the concluding remarks are provided.
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Fig.1 Scheme of folding-boom aerial platform vehicle



II. MODELING OF ARM SYSTEM BASED ON
FLEXIBLE MULTI-BODY DYNAMICS

Based on the physical model of folding-boom aerial
platform vehicle, we create the schematic diagram of arm
coordinate system, as is shown in Fig.2.
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Fig.2 Schematic diagram of arm coordinate system

A. Calculation of Kinetic Energy of Arm System

In Fig.2, XOY is inertial coordinate system and X, 0,7,

is moving coordinate system of beam k (k4 =1,2). The

rotating transformation matrix from X ,0,Y, to XOY is

described by 7, , which can be defined as:
—sin 6,

cos 6, }’

cos 6,
T;( - .
sin @,
where 0, is the included angle between the axis X . and axis
X .
Suppose P, is any point of beam k and 7, is the position

)

vector of point P, in the moving coordinate system X, 0,7,

, then 17,( can be described as:

= [xk Vk]T (2)

where X, is the x-coordinate of I7k in X L0.Y, and v is
the deformation of the point P, of beam £ .

The position vector 7, of point P, in X,0,Y, can be
transformed into inertial coordinate system XQY by rotating
transformation matrix 7, .

R, is used to denote the position vector of point P, in
XOY , which can be written as

Rl =15

= - . 3)
R, =Ti1, + 1)1,
Therefore, the velocity of R and R, are given by
R =T+ STr6, @

1;22 = STIFOIQ.I +Tz’72 +ST2’729.2
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. . 0 -1
where T, = ST,6, and S =L O}

In addition, P denotes the ending point of beam 2 and ﬁp

is used to describe the position vector of point P in XOY ,
which is written as Ep =T,7), + T,7,, » SO the corresponding

velocity of RF is given by

Rp = STl’_’;ne.l + STz?ozéz ®)

where, i =1l 0]" represented the position vector of the

k
ending point of beam k in X L0.Y, when there is no
deformations.

The coordinates of the ending point P in XOY can be

expressed as:

R, =1 cos6 +1,cos6, ©
R, =1sing +1,sin6,
Assume that the two beams are homogeneous rods and the
mass length density of the beam k is defined by Py = ny
lk
where m . and I, denote the mass and the length of beam £

respectively .

Therefore, the kinetic energy of beam system of
folding-beam aerial platform vehicle is given by the
following equation

K=K +K,+K, , (7)

where, K, is the kinetic energy of beam £, and can be

. 1 ¢ S . I
described as g, = J'O pRIR.dx, - K, is the kinetic
energy of work platform, and can be describe as

1 S
K, = EmR R,
B. Calculation of the Potential Energy of the Arm System

v, can be expressed as

ny

Vi (X, 0) = qup(pp (%), 3

where ®,(x,) is the p-order primary function of beam k
and 9 is the generalized coordinate corresponding to
, (x,) - n, is the order number of the Ritz function of beam
k , and generally is taken as n=2 . Therefore, v, is

written as

Vi (X, 1) = 4,0, (x,) + 4,0, (x,)
where ¢ (x,) and ¢, (x,) are the two former model function,
which is defined as

X, X,

> @,(x,)=sin 2
k k
Therefore, considering the deformation potential energy,
the potential energy of the beam system is given by the
following equation

¢,(x,) =sin



1 . 1 .
P= (—m1 +m, +m)gl, sin g, +(5m2 +m)gl, sin G,

+= ZE],(I‘(

where the last term is deformatlon potential energy and the
former two terms are gravitational potential energy. In
equation (9), m is the mass of load, g is acceleration of

v, > ©)

gravity, £ is the modulus of elasticity of the beam material,
and /, is the moment of inertia of the beam £ cross-section.

C. Calculation of the Generalized forces

In Fig.2, a hydraulic cylinder is mounted between A4 and
B where 4 is a fixed point in the vehicle body, and B is
fixed atbeam 1. C and D represent the fixed point of beam 1
and beam 2 respectively, and another hydraulic cylinder is
mounted between C and D .

In inertial coordinate system XQY , assume that the
coordinates of 4 are (-a,,,—a,) - OB=a, > 0,C =a,,
and 0,D =a,, -

Therefore, piston displacement y and y, of the hydraulic

cylinder can be expressed as

v, =[(a,,cos6, +v,sin 6 +a,)’
+(a,,sin @, —v, cos 6, + am)z]%

v, =[(-v.sin @, + a,, cos b, + a,, cos @, —v, sin B, )’
+(v.cos, +a, sin +a,,sinb, +v, cos 92)2]%’

where v,

B . C and D ,respectively.

Hydraulic cylinder force F is given by
Fo=m,j, +dy, +cy, + f, (10)
where d is damping factor, c is spring stiffness coefficient,
Lok is the initial value of elastic force and m, is the mass of

-+ v, and vy, are the deformations of the points

piston rod of hydraulic cylinder.

Therefore, generalized force
o=[o 0, 0, 0, O, Q] s given by the
following equation:

0=J'F (11)
where, Jacobian matrix
_al ai 9y, 9y, 9y, 9y,
J= 06, 960, dq,, dq,, 9q, 9q,,
aﬁ a& dy, 9y, dy, Iy, |>
_891 06, dq,, 9q, 99, 99,
_ I Jl 1 O J13 J14 O 0 :|
_J21 "]22 "]23 J24 JZS J26

andF={Fl]
F2
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D. Establishment of the flexible multi-body dynamics
Equations of aerial platform vehicle

Lagrange equation is described by

d JOL_. OL
—(—)———Q (j=12--6), (12)
dt a zj
where L=K —P Generalized  coordinates  are
z=[z, z, z, z, z; z,]' , which can also be

expressed as where

z= [9 q]T s
9=M9 9, 9n 49» I

Taking (7)« (9) and (11) into (12), the flexible multi-body
dynamics Equations of folding-beam aerial platform vehicle
become as follows:

9=[91 92]7 >

GO+UO* +Hij+R=0Q, (13)

Mi+Nqg+H 6+V76* =Q,
In equations (13), 0, =0, Qz]T ’
0,=[o, 0. o o) . §=[4 4] .

q= [qn di, 492 qzz] 6% = [912 9;} :
G , M , H are mass matrix, which are expressed as

follows:

(%m1 +m, +m)l} (%m2 +m)ll, cos(6, —6,)

G =
(%m2 +m)l,l, cos(6,—6,) (%m2 +m)l,’
%ml 0 0 0
1
0 —m 0 0
2
M = .
0 0 5™ 0
1
0 0 0 Emz
mh o _Lmb o Zmhos6,-6,) 0
H=| 7 2
0 0 m,l, _1myl,
L V4 2
N is the coefficient matrix of generalized coordinate g ,
which is described by
- ) .
ELx 0 0
21,
0 SEQE 0 0
N = h
4
0 o ELZ 0
21,
0 0 0 8E123ﬂ'
L L]




In addition, U and V' are coefficient matrix of &2, and
R is the matrix including the terms which are not related
with § , G , 6% and .

In the process of deriving equations (13), the terms with
respect to the generalized coordinates g are neglected

considering the deformations are negligibly small.
The equations of rigid model can be obtained without
considering the deformation v, .

III. SIMULATION RESULTS

Equations (13) can be written as

—  d
M) Z = r(n0), (14)
dt
. I, 0 0
where mass matrix M(y)=| 0 G HI
0 H!' M

v=[6 ¢ 6 ¢]-

The equations (14) are differential-algebraic equations
(DAEs) of'index 1[7], ode15s solver in matlab can solve these
problems.

Parameters used for the simulation are selected as follows:
[, =75m , [,=85m , m =650kg , m,=550kg ,
m=150kg , d=005 , k=0.03 , m, =20kg
EI,=6x10°N-m*> , EI,=5x10°N-m" , a,,=09m ,
a,=09m , a,=1.8m , a,,=1.8m, a,, =0.9m » the
initial angles of the two beams are @ =2.09rad and

6, = 0.52rad , the initial angular-velocity @ is zero.

The numerical solutions of equations (13) are shown in
Fig.3~ Fig.6.
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Fig.3 the comparison of angular rotation ¢,

between flexible and rigid model
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Fig.4 the comparison of the X -coordinate of endpoint P
between flexible and rigid model
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Fig.6 the angular velocity ¢, changed over time

As can be seen from Fig.3, the angular rotation of flexible
model has small vibrations, which shows that elastic
deformations have an effect on the rigid angular rotation.
Therefore, vibration control should be studied.

Fig.4 shows that there exist small deviations of the
trajectory of the work platform due to the deflections of the
beams in the flexible model. Similarly, the accurate control of
the trajectory need be studied further.



Fig.5 and Fig.6 show that the moving beams exist high
frequency vibrations, which are caused by the elastic
deformations of the beams. In order to realize the steady
movements of the work platform, the vibrations should be
suppressed.

IV. CONCLUSIONS

Flexible multi-body dynamics equations of the arm system
of folding-boom aerial platform vehicle are established.
Based on the dynamics equations, the experimental study is
carried on. Simulation results show that the vibrations
associated with the flexible beams are significant and there
exist small deviations of the trajectory of the work platform
which caused by the beam deflection. Therefore, the control
of vibrations will be carried on in order to attain the steady
movements, and at the same time the control of reducing the
trajectory deviation will be studied further in order to realize
accurate positioning.
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