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A mobile crane equipped with a lattice boom system is widely used to lift the heavy load on construction sites.
Even though the lattice structure can provide strong support with limited mass, the inertia force of the lattice
boom is still not neglectable, so is the heavy lifting load. Therefore, the dynamic response of the lattice boom
is important but also time-consuming due to a large number of degrees of freedom. In engineering, the truss
beam is often simplified as a continuous beam, but because of the noncontinuity of the truss, this direct
modelling method cannot truly reflect the actual dynamics of the truss. In this paper, a detailed Super Truss
Element formulation for nonlinear truss elements is proposed to reduce the number of degrees of freedom.
The formulation uses nonlinear spatial Timoshenko Beam based on co-rotational coordinate and dynamic
condensation approach with three assumptions. After parameterizing the characteristics of the Super Truss
Element, a nonlinear method for the calculation of the mass matrix and force vector in a large displacement
and rotation is developed. A dynamic simulation of the spatial motion of the lattice boom crane is performed

and the results are analysed.

1 INTRODUCTION

Among the large number of cranes developed for
various tasks, mobile cranes are particularly flexible
in their application possibilities. Truck-mounted
cranes, mobile cranes, railway cranes, and crawler
cranes are different cranes equipped with a boom
system, their booms can be designed as telescopic or
truss booms. Compared with the continuous boom
structure, the crane with a truss boom has a higher
load capacity under the same mass due to the
optimization of its structure. It is suitable for lifting
tasks with special requirements for lifting height and
radius. It is mainly used for large-scale factory
construction, steel, and building construction.
(Kleeberger 1996)

The form of cranes is diverse and complex. In the
design process, simulation and proofreading for
different types of cranes under different load cases are
required, which causes many calculations. As a kind
of engineering machinery, mobile cranes need to lift
a large load and move. Considering the mass of the
hoisting cargo and the boom structure, dynamics
calculations should be done, especially for some
extreme conditions in the holistic capacity sheet. The
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dynamic modeling of lattice boom becomes difficult
due to the unevenness of cross-section and a large
number of nodes and elements. Previously there are
mainly two modeling methods:

1. Modeling of each element of the lattice boom.
The model will be closer to the actual lattice boom,
but due to a large number of nodes, the overall model
has a large number of degrees of freedom (Giinthner
und Kleeberger 1997). This decreases the solution
speed and efficiency.

2. Modeling the entire lattice boom with a
continuous flexible beam element. This method can
greatly reduce the number of degrees of freedom and
accelerate the calculation of the system, but without
the necessary theoretical basis, the accuracy of the
model will be decreased.

Therefore, a scientific reduction method that
accelerates the model calculation and makes the
number of degrees of freedom small is urgently
needed.

For truss boom, there is a static condensation
method, which condenses the stiffness and gravity of
the truss beam to the nodes on the end section. This
method is only suitable for the static reduction of
linear models (Kleeberger und Hiibner 2006).
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For dynamics reduction, the Craig-Bampton
method is often used. It converts the dynamic
equations from the time domain into the frequency
domain to obtain information such as the natural
frequency of the system (Koutsovasilis und
Beitelschmidt 2007). However, for nonlinear models,
it is very difficult to convert them to the frequency
domain (Kammer et al. 2015).

In this paper, a super truss element with only two
nodes is proposed based on three assumptions. Under
the premise that the total energy of the super truss
element is the same as the actual truss model, this
element can condense the mass matrix and force
vector of each flexible body, normally each pipe, in
the truss. Therefore, the number of degrees of
freedom of the entire truss can be reduced to 12 and
solving speed of dynamic calculation can be
increased.

2 SUPER TRUSS ELEMENT

2.1 Spatial Timoshenko Beam based on
Co-rotational Formulation

The large deformation of the truss element is caused
by the cumulative effects of small deformation from
elements in the truss. Therefore, we model each
element in the truss as a short beam with small linear
deformation. Here spatial Timoshenko beam based on
co-rotational formulation is used to model the beam
element of the truss.

2.1.1 Co-rotational Coordinate

The co-rotational coordinate describes the position of
the element without deformation. The deformation of
any point on the element is based on the co-rotational
coordinate.

The co-rotational coordinate qg can be defined by
the coordinates of the two ends of the element, where
the script “B” represents the co-rotational coordinate
system (base coordinate system), the script “e”
represents the element coordinate system and the
script “I” represents the inertial coordinate system.

T T
qg = [IrB @B ] = qp(qe) 1)
- T
q.=la7 q3]

where 1B is the position vector of the origin point of
co-rotational coordinate expressed in inertial
coordinate, and @B is the Cartesian vector for co-
rotational coordinate.

The relationship between the generalized velocity
dqg and acceleration dgg of the co-rotational
coordinate and the generalized velocity dq. and
acceleration dg, of the end-point coordinates can be
expressed as

dqg = [ﬂ"BT BwBT]T = Tgdq.

. . : 2
dgqg = Tgdq. + Tpdq.

qg, Ty and Ty can be determined according to the
definition of co-rotational coordinate system.

2.1.2 The Formulation of Deformation

According to the Timoshenko beam assumption, the
deformation of any point on the section c is caused by
the centroid translational deformation of the section
gU¢ and the section rotational deformation gip©. The
actual deformation of this point gu can be obtained
by the difference between the position vector before
deformation |r* and the after deformation ;r,

=B+ Rg(grc + &)
i = 7% + Rg(gr® + gu’ + Ry t) 3)
where g€ is the relative position of cross-section ¢
to the original point of co-rotational coordinate, and
AT =[0 v z]is the relative position of any
point on cross-section c to the sectional centre. gre¢
and .t are constant for each cross-section.

Here we use the hypothesis of small rotational
deformation. The subscript “d” represents the
deformation coordinate. The rotation matrix Rq for
axis-angle rotation vector gip¢ can be written as:

Rac ~ I+ g9 “

where @ represents the skew symmetric matrix of the
corresponding vector a.
Thus, the deformation can be approximated as

gU = RE(;r — ) ~ guS + gPc.t )

The deformation coordinate of the end point
Gdend can be expressed by the following formula

{ pu® = Ry(jr® — r®) — pr°

sY° = B‘I)e(RERe) = B‘I)e(Rd,e) (6)
5T

22Tl

T T
Qaend = [put’ ' pu
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The velocity and acceleration of the deformation
at the end point can be expressed by element
coordinate.

dqd,end = Td,enddqe

1T LoT

7
= [BulT 1@ BU 2132T]T @

d‘IId,end = Td,endd‘.Ie + Td,enddQe (8)

where ;@' represent the angular velocity of the
angular deformation g¥'. Tqeng and Tgenq can be
obtained through equation (6).

The deformation coordinate q4 . is defined as

T
Qac = [BucT B'PCT] )
2.1.3 Kinematics of Points on the Beam

The velocity and acceleration of the point on the beam
after the deformation is depend on the generalized
velocity and acceleration of co-rotational coordinate
and deformation coordinate, which can be written as

qu]

dq.d,c

qu]

de,c
dq

+ (D¢ + D) [ dqu ]

,C

Ii' = (Ht + Hr,t) [

= (H¢+Hy,) [ (10)

where H; and D; provide the translational velocity
and acceleration of the beam cross-section. They can
be formulated as

H. = [Ht,B
Dt = [Dt,B

th c]
Y 11
Dt,d,c] ( )

in which

Hyg =[1 —Rg(sF° + )]

D p = [0 —RBB?DB(BT”C + Bﬁc)]

Higc = [Rg O]

D,y = [2Rgp@® 0]

And H,; and D, provide the rotational velocity
and acceleration of the beam cross-section around the

axis where t is located

Hr,t = Hr(ct) = [Hr,t,B Hr,t,d,c] (12)
Dr,t = Dr(ct) = [Dr,t,B Dr,t,d,c]
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in which

Hr,t,B = [0 _RCCZR’(;C]

Hr,t,d,c = [0 _Rccz]

Dr,t,B = [0 _RBB(’DBRd,CCzRg,cCE]

Dr,t,d,c = [0 _(ZRB B‘T)BRd,c + Rccﬁ'c)ci]
2.1.4 The Formulation of Strain and Stress
The strain at this point is defined using linear Green-

Lagrange strains, which is defined as the derivative of
the deformation with respect to the coordinate.

1 aBui aBu]-
BEij = E(acxj + .x; (13)
in details
BExx = BuC’ - BHC’cy + BlpC’cZ
1 ! !
Béxy = 5 (gv¢" — g9z — g0°)

1
Béxz = 5 (W + g%y + g¥©)
B€yy = BEyz = BEzz = 0
where

C C

pU’ = [gu¢ pgv° pwe]"
¢ = [pp° ¥° pO°I"
and () =0d()/0x.

Through the constitutive relationship between
stress and strain, we can get

_ [Es&,i=] 14
59 = {Goey i (149

2.1.5 The Virtual Power of Beam Element

The virtual internal power of the element can be
expressed as

OPint = —fff Z_Z_aBéijBaij dv
y b e

L
—_ f SqT (Hyqle + Hyqo)ds  (15)
0

L
+ f 8% (Hyqhe + Hogac)ds
0
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The integration by parts is used to deal with the
first part of the integration

. , L
6pint = _6qg,c(H1qd,c + H2qd,c)|0
L
+ [ Sa(-Haie+ By~ Hahe (16
0

+ H4qd,c)ds

The virtual inertial power of the beam element
can be expressed as

®m=—ﬂ6Whmv
174

L dqg T dqg
- 5[ ] (M . ] 17
fo dqq.c B dqq.c (17

The mass matrix and damping matrix regarding to
co-rotational coordinate and deformation coordinate
of cross-section ¢ can be formulated as

Mg, = pAHTH, + pI,HT H,,
+pIZH’I!:ZHr,Z 18

Dy = pAHTD, + pl,HT,D,., (18
+ pIZH'II‘:ZDr,Z

in which

Hl”‘y = Hr(cygy) 'Hr,z = Hr(czgz)

D, = Dr(Cygy) Dy, =D.(c29,)
where

gy=1[0 1 0" g,=[0 0 1]

The virtual external power of the beam element
caused by gravity ;g can be expressed as

Pextg = J-f 511"Tplng
14

19)
b o [dgs T (
“on [[o[ 2] e

p -[o dqq. tds g

2.1.6 Discretization

To avid shear lock, one complex shape function is
proposed (Bazoune et al. 2003).

qac = NcGgend (20)

With this shape function, the integration part of
internal power become zero (Luo 2008). So that the
internal power can be written as

6pint (21)
. , L
= _6q5,enng(H1Nc + H2Nc)|0qd,end

Additionally, using the relationship between
deformation coordinate of end point, co-rotational
coordinate and generalized coordinate of the beam,
we can get

dq
dqdi] = NB,endTB,enddqe
dq . 22
dqdi] = NB,endTB,enddqe ‘ (22)
+NB,endTB,enddqe
in which
I 0
NB,end = [0 N,
[ Ts : [ T
TB,end - [Td,end] TB,end - [Td end]

The virtual total power of Spatial Timoshenko
Beam can be written as

0pe = _qug(Medqe +F.) (23)

The mass matrix regarding to generalized
coordinate of beam element can be written as

L
M, =T§epq f NEendMp cNpenads Tgeng (24)
0

The force vector regarding to generalized
coordinate of beam element can be written as

F,= Dedqe + Fint,e + Fext,e,g (25)
in which

L
—_ 7T T ¥
De - TB,endJ- NB,end(MB,CNB,endTB,end
0

+ DB,CNB,endTB,end)dS
Fint,e = Tg,endNE(HlNé + HZNC) |éqd,end

L
Fexteg = _Tg,end f N E,endH {pAds 1g
0
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2.2 Super Truss Element
2.2.1 Assumptions

In order to reduce the number of degrees of freedom
of the truss element, we propose three assumptions so
that each beam in the truss element can be expressed
by the coordinates of the two end sections. These
assumptions can be acceptable when the truss is long
and the deformation is uniform and small.

Assumption 1: Rigid End Section. When the truss is
long, the deformation is mainly along the length of
the truss, while the deformation of the end section is
relatively small. In reality, the truss is often
strengthened on the end section, making the stiffness
of the end section larger, so we can consider the end
section of the truss to be rigid (Wang et al. 2015). The
rigid end section of the truss means the position
vector from the section node to any point on the end
section in this section coordinate is constant

Assumption 2: Geometric Continuity of Main
Beam. We assume that after the main beam is
deformed, the position vector of its cross-section
centre is continuous. Moreover, the arc-length
derivative of position vector remains parallel to the
normal direction of the cross-section.

Assumption 3: Rigid Connection. The rigid
connection hypothesis refers to the relative rotation
angles of different beam elements connected to the
same node in the local coordinate of this end point of
the beam, which remain unchanged before and after
deformation. In reality, riveting or welding is often
used to connect the beam element, and the stiffness of
the nodes will be strengthened, so this assumption is
in line with the actual situation.

2.2.2 Parameterization

Truss Elements and Truss Order. In this paper, the
truss is defined by nodes (cross section nodes, internal
nodes), planes (cross section, sub-beam planes) and
beam eclements (cross section beams, main beams,
sub-beams).

The configuration of the sub-beams is defined by
the connection form and the truss order. The sub-
beam connection form refers to the position of the
internal nodes connected by the sub-beam. Truss
order refers to the ratio of the total length of the main
beam to the minimum element length divided by the
sub-beams.
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Figure 1: Definition of truss elements and truss order.

Parameters of Cross Section Nodes. According to
the rigid end section assumption, we only need to
define the position vector from the section node to
any point on the end section in this section coordinate.

Moreover, the posture of the section node can be
expressed by the angle of the end section.

Parameters of Cross Section Beams. The cross
section beams of a certain cross section s can be
defined by the cross-section nodes.

According to the definition of beam element
above, it is required that the x-axis of the beam must
be parallel to the line connecting the two ends of the
beam when there is no deformation.

The generalized coordinates of the section node
can be expressed by the generalized coordinates of
the end section

My = Ars /| A

k_ gl (26)

AITS = Ir

inwhichs € §,k,1 € C.

In addition, we define that the z-axis of cross

section beam is perpendicular to the cross section,

that is, the same as the x-axis of the cross-section
coordinate.

m; = 27

in whichi € €.
Therefore, the rotation matrix of the nodes at both
ends of the end beam can be defined as

R, =[ny my mnj] (28)

According to assumption of rigid end section or
rigid connection, the relative rotation angle between
the coordinate system of the nodes at both ends of the
cross-section beam and the coordinate system of the
end section is constant under deformation.

RTR, — " = constant (29)
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Parameters of Main Beams, Sub-beam Planes and
Internal Nodes. Main beam is defined by the two
cross section nodes of different end section.

The x-axis of the main beam is along the length
of the main beam

me =Ar™/||Ar™ 30
A =k — (30)
in whichm € M
The sub-beams must be located on the surface
formed by the two main beams. We only discuss the
situation where two main beams form a plane, which
is basically the same in practical applications. The
direction of the sub-beam plane and the z-axis of the
main beam in this sub-beam plane is defined by its
normal vector.

k& = ny' X my

My & = m,® = ke 20

in whichn € M, g € P.

The main beams belonging to different sub-beam
planes will have different directions defined in each
sub-beam plane.According to the rigid connection
assumption, the relative rotation angle between the
end node of the main beam and the cross-section node
is constant.

i(pm,g = i(pm'g(R’irRm,g) (32)

With the assumption of geometric continuity of
the main beam, the direction of the internal nodes on
the main beam is the same as the direction of the main
beam when it is not deformed.

Parameters of Sub-beams. The sub-beam is defined
by the main beam and the location of end nodes on
the main beam.

The x-axis of the sub-beam is defined as the unit
vector from the internal node on main beam 1 point
to the internal node on main beam 2.

m = ot /[lart|

inwhichh € B,p,q € 7.
The z-axis of the sub-beam is defined as the
normal direction of the sub-beam plane.

Inlzl = k& (34)

According to the rigid connection assumption, the
relative rotation angle between the end point
coordinate of the sub-beam and the corresponding
main beam coordinate is constant and must be along
the normal direction of the sub-beam plane.

RLR, = o™ = "™ k8 (35)
2.2.3 Calculation

The dynamics calculation of the super truss element
is composed of the following modules: cross section
node, internal node, cross section beam, main beam
and sub-beam.

Q Start D
uper Truss Element Mass&Forc

qe,dqge +
| I Calculate cross section node coordinatel |

Cross Section Nodes%
| l Calculate Internal Node coordinate l |

y ;

Internal Nodes

Calculate Calculate Cr(;;lslcséiﬁon
Main Beam Sub-Beam Beam
Mass&Force| | Mass&Force Mass&Force

T

T
MainBeamMass, SubBeamMass, CrossSectionMass,
MainBeamForce  SubBeamForce CrossSectionForce
L

v

Mass = MainBeamMass + CrossSectionMass
+ SubBeamMass

Force = MainBeamF orce + CrossSectionForce
+ SubBeamForce

Mass,Force

Q End D
uper Truss Element Mass&Forc

Figure 2: Flow chart of dynamic calculation of super truss
element.

From the dynamic calculation flow chart, it can be
found that the calculations of the cross-section beam,
the main beam and the sub-beams do not affect each
other. Parallel calculation can effectively reduce the
single-step calculation time of the super truss
element.

Cross Section Nodes. According to the assumption
of rigid end section, the position of the cross-section
nodes can be calculated. Moreover, the posture of the
section nodes can be expressed by the angle of the end
section. Therefore, the generalized coordinates of the
section node can be expressed by the generalized
coordinates of the end section
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qx = k = i
@ X
R; = R(¢")

(36)

The generalized velocity and acceleration of the
cross-section node can be expressed as

dgy = [Ii'kT kwkT]T = Tydq,

] _ . (37
dqy = Tydqe + Ty dq.

in which
Ty = Ti.T; Ty = TT;
where
Ti = [1 —R; ¥
0 I

Ti = [0 _Riia’iif”i‘k]
0 0

and T; is the selection matrix of the end section.

_(lr 0, i=1
Ti_{[o 1, i=2

Internal Nodes. Here the main deformation of the
main beam is considered to be caused by bending.
Thus, the deformation in axial direction is ignored
(Zhang et al. 2015). The global position vector of
centreline is obtained by employing the Hermite
interpolation. The velocity and acceleration of the
centroid can be expressed as

P =T.d
= T (38)
P =T dqm + Trdqn
In order to determine the angle coordinates, we
use the cardan angle to describe the angle change
relative to the end of Section 1

Zy X Z y X
k= > —p kK-> - -
10 19 10 1‘91211,[’1214’12

So that the rotation matrix of cross section can be
formulated as

R, = R(R,(;60)R,(;)R,(100) (39)
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According to Hermite Interpolation, the unit
normal vector of the cross-section can be expressed

by
my = P/l (40)

The unit normal vector of the cross-section can
also be expressed through the relative rotation angle
to end section 1

my; = RiR,(;0)R, (1) g« A1)

Since the relative rotation angle is small,
according to the monotonicity of the sin-function near
zero position, two parameters of the cardan angle can
be obtained by the following formula

1 = —sin~! (g7 Ry my)

5 = it (gEREmE) (42)
10 = sin —_—
cos (Y

The torsion angle in the x direction is obtained by
linear interpolation

19 = 3;1(/’12 19 = 519‘.’12 43)

The torsion angle from end section 1 to end
section 2 can be obtained by solving following
equation

R, = RyR,(16")R, (1 "*)Ry(10"?) (44)

The solution is

12 =1 (ggREngX)
1@ % = sin —
cos 4y
W' = —sin"* (g7 RER\gy) (45)
912 _ Sin_l (g;REngX>
1 - 12
cos 1Y

inwhichg, =[1 0 0]".
Angular deformation vector related to cardan
angle can be written as

9=l 1 1017 (46)

According to the relationship between rotation
matrix and the Cartesian rotation vector, the
rotation vector ¢@P of cross section can be
obtained by

R, > P (47)
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The angular velocity and angular acceleration
of section ¢ can be written as

p@P =T,dqy, = Ry 0"+ Ty 19
p@P = RY @" — @PRY 0" + Ty, (48)
+T(p1¢ = Ta)diIm + deqm

in which the rotation matrix and angular velocity with
subscript ¢ should be calculated using cardan angle

The generalized coordinate and generalized
velocity of internal node of main beam can be
obtained by

T
0% =" ¢*']
dgy = [T ,wP"]" = Thdqy, (49)
dq, = T9dqy, + TRdqp,

where

Ty =[17 ToI"  Tp=I[17 741"

According to the definition of the main beam, the
coordinate of end point of the main beam can be
represented by the end node coordinate of super truss
element.

dg, =T.,d
| Ddm ™ e (50)
dqy = Twdqe + Trhdqe

where

T, =[Ty T{]" Tw=I[Ty T

Therefore, the internal node coordinate can be
written by the coordinate of the super truss beam
element.

dq, = T,dq
PP 1)
dq, =T,dq. + Tpdq.
where
T, =TyT, T, =TyT, + TPT,,

Cross Section Beam Elements. According to the
parameters of the definition of cross section nodes,
the coordinate of the end point of the cross-section
beam is depend only on cross section node.

k k

k _ |iTs| _ r
= = . . 52
1 [fp‘s‘] [¢‘+Rntps"] (52)

The generalized velocity and acceleration of the end
point of the cross-section beam can be expressed as

l.r'.s,k

dqls( = [k 5] = Ts,kdqe
sWi

dq]s( = Ts,kdqe + Ts,kdqe

(53)

where

Ty = T5, Ty Tgy = T&, Ty

eely i)
*=lo R"(o™)

According to the definition of end beam, the
generalized coordinates of end beam can be expressed
as

T i
0 =g qi']
T
dgqs = [dqls‘T dqlsT] =Tdq. (54)
dqs = Tdq. + Tsdq.

where

T, = [TsT,k TE.I]T
To= [0 T7]

The mass matrix and force vector of the cross-
section beam need to be calculated through the
generalized coordinates of the cross-section beam,
and then converted to the super truss element
coordinate. The virtual power of the cross-section
beam can be written as

5ps = —8dql (M3dg, + FS) s
= —8dqT(M3dq, + FS) (53)

where

MS = TTMST,
Fs =TI (MsTgdq, + F3)

Main Beam Elements. Considering that internal
nodes will transmit force and moment, it is necessary
to segment the main beam according to the position
of the internal nodes (sub main beam), in order to
meet the virtual power principle. The generalized
coordinate of sub main beam can be obtained directly
using the generalized coordinate of internal nodes.
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dqy, = Trdqe

. . . 56
dqy, = Twdqe + Trdqe (56)

T . . . T
T,=[Ty Tt Tn=[Ty T] (57)
The virtual power of sub main beam can be written as

8pd = —8dqmn(MRdq,, + Fi)

= —8dqT(MPdq, + F™) (58)

where

M =TI M™T,
F? =TT (MR2T,dq. + F%)

Sub-beam Elements. According to the internal
nodes connected by the sub-beam and the constant
relative rotation between the end points of the sub-
beam and the internal nodes, the generalized
coordinates of the end points of the sub-beam can be
obtained through the internal nodes.

The generalized velocity and acceleration of the
sub-beam endpoint can be expressed as

dl]ﬁ = Th,pdqe (59)
dqﬁ = Th,pd':Ie + Th,pdqe
where
_ b no_mD i
Th.p - Th.pTP Th.p - Th.pTP
s [ 0
= RT(pwh'P)]

Therefore, the generalized coordinates of sub-
beam can be written as

dqy = Tndq.

. . . 60
dqy = Tndq. + Tydq. (60)

where
T T T . T =T T
Th=[Thp Thal Th=[Thp Thal
The virtual power of sub-beam can be written as

Sp¢ = —6dqy (Mhdgy, + Fi)

] (61)
= —8dqs(Madg, + Fh)
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where

M: = TIMET,
F¢ =T} (M}Tydq. + F})

3 SIMULATION AND ANALYSIS

3.1 Model of a Lattice Boom System

This lattice boom system of a mobile crane consists
of a main boom, a derrick boom, strut tie rods and
ropes. The model is created using rigid-flexible
multibody dynamics method.

The configurations of body model type and joint
are shown in Figure 3.

ioi . Strut Tie _
Rigid Body Model Spherical Joint | ¢ 16 Bodies
Fixed Joint @ 15 Joints
Super .
Trg; Revolute Joint y @ 3 Drives
Element Revolute Joint z @
(Type 3) .
Cubic
I __Spline
s Rope w
Y W
), | us
Su H 4 | Super Truss
Tnf: /= Element
Element~_ | (Type 6)
(Type2)  ™n Super Truss
S Element
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Figure 3: Element Type (left, real model) and Joint
Configuration (right, calculation model).

The lattice boom system has now three drives: 1.
crane rotates along z-axis. 2. lift rope changes its
length. 3. angle of main boom changes.

The types of the truss elements are shown in
Figure 4.
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Figure 4: Different Types of Super Truss Element.
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3.2 Dynamics Tests for Truss Element

If we fix one end of the super truss element and apply
force or torque on the other end, the displacement of
the free end can reflect the stiffness of the truss beam.
Here in Figure 5 only the curves of external force or
torque and strain of Type 2 are shown as an example.

velocity change of the super truss element can be used
to determine the mass parameter.

From Figure 7, the angular velocity change can be
seen as linear to time. However, only the translational
velocity change in x-Axis is linear to time. In fact, due
to the discontinuity and asymmetry of the truss, it is
difficult to express the mass matrix of the truss
through a continuous beam model. Especially for
non-rectangular trusses, the determination of its
equivalent mass will become very difficult.
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Figure 5: Strain-stress curves under different deformation
states for super truss element Type 2.
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Figure 6: Deformation in different states for super truss
element Type 2.

It can be seen from the curve in Figure 5 that the
stresses and strains by axial force and bending are
linear. The torsion in the x-axis will cause the strain
in the axial direction, which is caused by the main
beam rotating around the axis of super truss element
instead of its own axis. This also makes the equivalent
torsional stiffness in x-axis of the truss not constant.
The continuous beam model cannot express this
phenomenon. The state after the deformation of the
super truss element under various conditions is shown
in Figure 6.

If we let the both end of the super truss element
free and add same force or torque on both ends. The
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Figure 7: Time-Velocity curves under different force or
torque states for super truss element Type 2.

3.3 Load Lifting

(a) Static State (b) Final State

Figure 8: Start State (a) and Final State (b) for lifting.

The actual motion of the crane must be relatively
smooth. In order to simulate smooth motion, we will
use the motion function in (Gao et al. 2020) to lift the
load. The start state and final state for lifting is shown
in Figure 8.

The translational displacement and velocity in z-
axis are shown in Figure 9.
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Figure 9: translational displacement and velocity in z-axis
for lifting.

3.4 Combined Motion

In practice, the motions of the mobile cranes in the
operation can be specified as three kinds, lifting,
slewing, and luffing. The slewing means the boom
system and the turntable (super-structure) rotates
along the vertical slewing axis. The luffing means to
change the distance between the payload and the
slewing axis by changing the elevation angle of the
boom. In this section, we also designed the lifting
state under the simultaneous action of multiple drives.
The combined motion can be divided into 4 stages:
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Figure 10: Combined Drive Function.

1.  0- 25s: lifting stage

2. 25- 50s: lifting + slewing stage

3. 50- 75s: lifting + slewing + luffing stage
4. 75-100s: lifting + luffing stage
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(a) Static State

(b) Final State

Figure 11: Start State (a) and Final State (b) for combined
motion.

During the movement, the position and speed of
the load are shown in Figure 12. From the figure, we
can find that in the only lifting stage, the position of
the load changes smoothly, and the speed has only a
small vibration. The slewing of the crane has little
effect on the vertical motion of the load. The position
of the load changes smoothly in the horizontal
direction, but speed begins to fluctuate greatly. The
luffing motion of the crane has a greater influence on
the vertical direction of the lifting, the fluctuation of
the speed in the vertical direction becomes larger, and
there is a big vibration in the horizontal direction.
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Figure 12: Translational Position and Velocity of the Load.

For some kinds of loads, the stability of its posture
is also very important. Therefore, in addition to the
position change of the load, we also need to consider
the angle change when it is moving. The angle change
is shown in Figure 13. We can find that in the overall
movement, the angle of the load does not change
much (the maximum angle change is less than 1
degree). Among them, the angle change caused by the
forward motion of the crane is relatively the largest,
and the angular velocity of the load vibrates violently.
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Figure 13: Posture and Angular Velocity of the Load.

4 CONCLUSION AND OUTLOOK

In order to reduce the complexity of truss beam
modelling in this paper a super truss element for
dynamic calculation is proposed. Based on three
assumptions, a parameterization method for truss
beams is established, and a dynamic calculation
method for super truss elements is proposed.

Through the stiffness experiment of super truss
elements, a reasonable method to determine the
properties of truss beams is given, and the problem of
using continuous beam elements to simulate truss
beam elements has been discovered. Finally, through
the crane movement, the feasibility of using super
truss element modelling was confirmed.

The following topics are considered as further
research:

1) Although the super truss element can greatly
reduce the number of degrees of freedom, it is still
needed to calculate each member of the truss beam in
each time step. This makes the single-step calculation
time of the ODE solver very large. Parallel computing
and other methods of accelerating computing to
reduce computing time will be studied in the future.

2) The parameterization method in this paper is
only suitable for general simple truss models. At
present, in the direction of lighter and miniaturized
machinery, more complex truss models are widely
used. These trusses may no longer meet the three
assumptions in this paper when they are deformed.
Therefore, a completer and more general truss model
is urgently needed.
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