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ABSTRACT

Lifting objects with extra weight and large spareanore and more common in large-scale lift projestsl it
becomes more and more difficult for a single craoesidering the limit of its lift capacity, whicihges the wide use
of dual-crane who can deal with the large-scaledtisily by the cooperation of two cranes. Howeuesgl-cranes’
cooperation may be much more dangerous compared sifigle crane lift. To identify and avoid the putal
danger during lifting, this paper focuses on 3D dimtion of typical dual-crane cooperative lift am#scribes its
model and basic motion expression. An effectivalaimg approach which follows the principle of spageometric
constraints is put forward and an actual lift casdidates the feasibility of the developed approach
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INTRODUCTION

Lifting objects with extra weight and large spae amore and more common in large-scale lift projeatsd for a
single crane, some problems, such as the limitatiamane’s lift capacity and the load’s turningyays lead to the
task too hard to complete. Maybe there are soneesraapable of performing these erections, but stenfies are
not always available in the construction sites Hrelcost of rental is usually very high. Therefdres use of two
cooperative cranes available on-site is a wiserglteve [1]. However, compared with single crarfg dual cranes’
cooperation may be much more dangerous [2]. Evdittla improper collaboration may lead to collisjon
overturning, boom crash, casualties and so on.

3D simulation is an effective and low-cost wayderitify potential danger in actual lifts. The plamcan observe
the overall lift process by simulation and identifgtential risks in advance. So lots of scholarsehdeeply studied
the lift simulation in the past. Some of them reskad on tower cranes lifting process [3,4] andower simulation
and visualization tools have been developed to giiancrane’s location or optimize the lifting segoe. Others
cared about the lift simulation of mobile cranesm® researchers [5,7-8] proposed some approachieb wire
implemented in simulating systems based on CADgS34dyeok Han, et al. utilized of 3d visualization mbbile
crane operations for modular construction on-sgeembly [10]. Hermann U. R., et al. [6] improvee fifting
sequence for single crane by simulation. Amin Hammet al. [9] Improved lifting motion planning and
re-planning of cranes. Mohamed Al-Hussein, et fidied a methodology for mobile crane lift path][1These
approaches are mainly concerned with single criftse |

There are many studies of handling a single olfjganultiple mobile cooperative manipulators in rbb® domain

[12-16]. The system of multiple mobile manipulatbedling a single object is analogous to that okiple mobile

cranes lifting the same object, but they are naicx the same. The connection between mobile méatiqrs and
the object handled is a rigid bar that can supiartioad, while the connection between mobile saara payload
is a group of cables that can be pulled but nopsttghe load.
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However, only a few studies have focused on codpperdift simulations for two or more cranes. Saiist al.
developed a model for the closed chain motion af tetary cranes holding a rigid object in a two-dirsional
workspace [17]. Zhang et al. proposed a simulatiethod based on agent [18] to enhance communichétween
two cranes. But lifting processes simulated bydhm&thods can not always live up to expectationshi® agents’
autonomy and the cranes’ traveling is always neégtein these researches.

Also existing methods for dual-crane simulation faideal with typical cooperative erection. Askiéd by heavy
load, the two cranes usually act according to ay eperated mechanism rather than moving arbigradlthat the
object can be transported to the expected locatisatessfully. And we call such lift as typical doehdne
cooperative lift. This cooperative strategy derifesn engineers’ experience in long-term practiod & widely
used in actual lift. Since it is difficult to vislladetermine which motions of the two cranes n&edarry out with
the expected path of lifting object given, and gxgsapproaches always cope with this problem withhelp of the
‘cut-and-try’ method. So it is impossible to simel@uch dual-crane lift for these methods.

Therefore, this paper develops a feasible stratefggual-crane cooperation which is easily operaged can
simulate the typical dual-crane lift process exadti our research, we first build a dual-crane eiahd give an
expression of the lifting state. And then a novehlecrane lift simulating method based on spec&bdngetric
constraints is presented in this paper.

DUAL-CRANE MODELING AND EXPRESSION OF LIFTING STATE

Dual-crane Modeling. Two cranes and single lifting object can be regdrds a complex lift system. Previous
research usually treats cranes and loads separatelygiscusses their motions respectively. Inresearch, we take
the system combined with two cranes and liftingeabps an integral whole which is linked by flegilifting cables.
And it is a rigid-flexible coupling and single ckx$-loop system which consists of two cranes, a &atithe ground,
as shown in Fig. 1. At a time, one of the cranexcates a motion with a small step length while baobne needs
to do the cooperation by carrying out another nmtibhen the load was transported from the formatesto next
one, in which process, the cranes'’ lifting capanityst not be over their rated loads respectively.

Y
liting cables
¥ X
: (x3,y3,23)
"\ a3 h E hz/\
/%
i
T
liting objedt DX
777777 TIT7T (x2,y2,22)
ground constraint ground constraint
Fig. 1: Geometrical model of dual-crane system Fi@: Configuration space of dual-crane system

Therefore, from a macro perspective, the movemémbgect is an internal motion of system driven thg two
cranes, and dual-crane’s cooperation is the moveofehe system itself. That is, dual-cranes’ coafiag lift can
be described as the complex system’s own movervMmtement of a system is often accomplished by #réept
combination of several basic motions. For examplear accomplishes its running by going straightuaming, and
a crawler crane accomplishes its single erectioriréyeling, turning, slewing, luffing, or liftingAs a result, to
simulate dual-crane erection, we should descrilsechmaotions conformed to the system’s cooperatieghanism.

Lifting State Expression of Dual-crane SystemLifting state is a basis in the study of dualr@aooperation and
simulation. To express the lifting state with calesation of actuality, the following simplified asaptions are
made (1) All the crane components are assumed to bd tgidy so that they have no shape changing during
erection. (2) Since the cable’s swing is much niofleential to cranes [2], both the two cranes’lestare assumed

to be vertical.

Al the state of dual-crane system in erection bardescribed as XL, y1,z1,al, 81, y1,hl,x2,y2,22,a2,
B2,y2,h2,x3,y3,2z3,a3, y3,h3), which is also referred to as configuration of Bystem. Interpretation of
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each variable is shown in Fig. 2, whed€l( y1, z1)is coordinate value of main crane’s slewing cen®lis angle
between main crane’s crawler direction and posivaxis which ranges from -1800 to 180¢31lis angle between
main crane’s upper part and positive X-axis whiahges from -1800 to 1800)lis main crane boom’'s angle

which ranges from 0o to 90dhlis height from pulley block center of main craniesom head to the lifting points
of object. (X2,Yy2,22) is coordinate value of tailing crane’s slewingiee. a2, 32, y2 and h2 of tailing

crane are same as main craneX3(Yy3, Z3) is coordinate value of lifting object geometricanter. @ 3is angle
between object and positive X-axis which rangemfr@800 to 1800.)3is object’s angle which ranges from -900

to 900. h3is height of object geometrical center which ranfyem the height of the lowest point during liftitg
the tailing crane’s limited height.

BASIC MOTION DESCRIPTION OF DUAL-CRANE SYSTEM CONSI DERING SPACE GEOMETRIC
CONSTRAINTS

Analysis of Dual-crane Lift Cooperative Strategy.As analyzed above, it is critical to define basiations for the
system to describe the dual-crane lift procesdadt the problem is seeking for some motions fétig with not
only cranes’ kinematics constraints but also sggmemetric constraints under cranes’ capacitiené&x'&inematics
constraint involves that movement relating cranesstrfollow the rules of single crane, such as oeawl
differential traveling etc. Space geometric constraf dual-crane system involves the keeping aflased loop
which formed by the end to end connection of the¥ang three: two cranes, load and ground, ah@s in Fig.
1. Also in the loop the cables is always plumb.

To meet the two constraints mentioned above, wi/amaual-crane system movement from another pafirtew.

The movement of mechanic system aims to changstdte and for the dual-crane system we are diswysis
movement aims to change the position or configomatiAnd what it only focuses on is the results rafiate
changing. So there is no fixed driving part or driypart in dual-crane system and any motion thatacaomplish
expected state changes will be a feasible one.é{déaca specific motion, we can select an appadrdriving part
for it and then the driven parts’ movement can kgressed with consideration for the two constraiaferred to
above.

In actual lift process, large numbers of typicablderane cooperative ways have been found during-tone

practice. And these ways follow some special gedmebnstraints different from both the two mengdnabove.
As a result, dual-crane system’s basic motion @andfined as these cooperative ways and then aspmmndence
between basic motions and system states can bgigistal. Particularly, to move object along an etpé path
exactly, object and crawler have prior opporturitybecome driving parts and other parts’ movememt be

expressed by the variation of driving parts.

Dual-crane System Basic Motion Descriptionln order to transform basic motions into systeatesand visualize
it, we describe basic motions of the system matlieaily in this subsection.

As is known from previous analysis, the state chan@f dual-crane system is its movement. So isdaotion
can be formalized as follows

CS.=fUuCs) D

where C§, CS,, is lifting state of dual-crane system at time+,.tThatis CS (X1, yl;, 2,01, 5L, V4,
hL , x2 ,vy2 ,22,,02 ,62 ,y2,h2, ,x3,y3,23 ,a3 ,)3,h3 ), i={t,t+1} . Vector U is the
motions’ variation from time t to time t+1f is space geometric constraint of the motion. Tdheal-crane system
basic motion is converted into the function expi@ssf and vectotl . And we can getCS,, fromCS.

MOTION SET BUILDING OF DUAL-CRANE SYSTEM

This section describes basic motion definition andtion set building in detail. In actual lift, egpaly for
petrochemical construction lift, it is common tertiand raise tower equipment from level to vertmaéntation by
using two cranes, and then to locate it on foundatior frames by using main one of the two craimesyhich
process, the two cranes’ close cooperation is sacgsAnd to accomplish this task, there are magperative
strategies drawn from engineers’ practice. For g@tanthe two cranes finish the object’s vertic#l by raising or
dropping motion simultaneously. Another exampléhit the two cranes finish the object’s parallelveraents by
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slewing or luffing motion, etc. From these stragsgiwe conclude that trajectory of the object campledicted
intuitively and each strategy follows a special metric constraint. The rest of this section gives definition of
dual-crane’s motion which includes hoisting, lewgbving, tailing traveling, non tailing travelingné main hook

rotating on its vertical axis. And also every matiofunction expressionf and its vectoru are described.

Hoisting. Hoisting is that two cranes complete the objee#dical lift by raising or dropping hook simul@ously.
It is always used when unloading lifting objectrfreransport vehicle or before turning and raisibgeot to vertical
orientation, as shown in Fig. 3.

Fig. 3: Hoisting of dual-crane system  Fig. 4: Téing traveling of dual-crane system

In this cooperation, none variables have changkdrdhan the cable length and the height of liftifgect above
ground. So this height is selected to be drivingalde of this motion which causes the change dlecdength.

Here, the movement of lifting object iAh, while the motion inputs vector il =[Ah3], and the function
f can be expressed as Eq. (2).

h2,,, =h2, + Ah3

., = hd, +Ah3

h3,., =h3, +Ah3

other vambleof CS,, = corresponithg variable®f CS

@)

Level Moving. In actual lift, the load often needs to be mowedizontally to the final destination of a frame or
concrete foundation by two cranes’ slewing, luffioiglifting cooperation. This cooperative stratégynamed level
moving in this paper, and it is often used in iliistg, unloading or uninstalling objects.

In this cooperation, all the following variables yntae changed, including the object’'s X-coordinat& @oordinate
value, the two cranes’ slewing angle, their booneand cables length. For convenience of degmnipive select

object’s X-coordinate and Z-coordinate values asvecvariables. Their variations arAx3 andAz3, and the

motion inputs vector isU =[AX3, AZS]T . Since dual-crane system abides the space georetrstraint of closed
loop, a crane’s slewing or boom angle and cablgtkeat time t+1 can be obtained as following: Fitisé object’s

position is determined accordingAx3 and AZ3, then the coordinate of its two lifting pointsget. Second, the
cranes’ slewing angle is determined accordingg@dsition and the coordinate value of the objddtiag points,
then its boom angle is got. Last, the length of¢ables can be obtained. The expression of geameiristraint

function f is shown as Eq. (3).
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X3, = X3, + AX3

z3,,, = 23, + AZ3

BL.,, = arctan((z3,,, — 09.3sina3,) + 1,) /((x3,,, — 0.9 Xosa3)) - x1,))

Vdr = Arccos(RL,,; — Xlyee) /L) 3)
hliy = Yl + LISINYL,; — Y3y

B2,,, = arctan(-(z3,,, + 0.8.3sina3,) + z2)) /((x3,,, + 08 Xosa3,) - x2,))
Y21 = arccos(R2,,, = X24ee) /L2)

h2,., = Y2, T L2SINY2,,, — V3,4

other variablesof CS,; = correspondhg variablesof C§

where L1 and L2 are boom length of main crane and tailing craspeetively. X1 .., is longitudinal offset
between main crane’s boom pivot and its slewingterenX2 ., of tailing crane is same as the main crane’s.
Yl otset (YZoieer) IS Vertical offset between main (tailing) crandssom pivot and its slewing centet3is

longitudinal distance between two lifting pointsaifject. Rl,,;, and R2,,, are work radius of main and tailing
cranes at time t+1 which are calculated as thevidtig equations:

Rl = (G — 08 B0os23)-x4,)° + (~(z3.,— 0A.3ina3) +21,)°
R2., =y (@, + 08 30w13) —x2)* + (-(B3,, + 0L Fina3) +2)°

Tailing Traveling. Among all of them aiming at object’s turned araised to a vertical orientation, the most
common one of cooperative strategies is that th@ grane attaches to the top of the object and difbwly while
the tailing crane attaches to its bottom to keep distance between tailing lifting point and grouindd. By
traveling along the object’'s projection, the tajlinrane moves it forward cooperating with the mai@ne. This
strategy is defined as tailing traveling of duadse system in this section, as shown in Fig. 4.

This cooperation turns and raises the object tertical orientation by tailing crane’s travelingdamoving forward
on condition that the tailing crane is a crawlane that can travel with main crane and whose eraslitection is
in accordance with the direction of object’s londinal axis. This motion can bring the change fiihlj object’s
configuration, main cable length and tailing crangosition. We select the main cable length aveatariable in

this motion and its variation ig€Ahl while the motion inputs vector isl =[Ahl] . Since the system abides space
geometric constraints, the other states’ variatan be determined by the following steps: 1) to thet main
hoisting point’s coordinate value according f8hl, 2) to get object’s angle and location by its kngnd 3) to get
the tailing crane’s location according to tailingimt’s location. The expression of geometric castrfunction f

is shown as Eq. (4).

hl,., = hl, +Ahl

X2,,, = X2, —Ad cosa3,

z2,,, =72, +Adsina3,

3., =arcsin(L 3sin 33, —Ah1)/L3) 4)
X3,,; = X3, —Ad cosa3,

z3,,, =23, +Adsina3,

Y31 = ¥3, + 05LdsinB3,,, -sin £3,)

other varablesof CS,; = corresponihg variablesof CS

where Ad is the variation of tailing lifting point along ehdirection of object’s longitudinal axis after ning,
which is calculated as follows:

Ad = L3(cos 53, —cosS3,,,)
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Non Tailing Traveling. Although it is easy for the last motion to accoisiplthe object’s turning or erecting, it
requires the tailing crane’s traveling. For a tajlicrane that can not travel when lifting objeotatcomplish the
object’s turning or erecting, it can move the obfecward by its slewing, luffing or lifting motioto cooperate with
the main crane. Such a strategy is named nondditaveling in this section, which can avoid trawvgldynamic
impact. This motion can bring change of the configion of lifting object, the main cable lengthethailing’s
slewing angle, boom angle and cable length. Wecs#te main cable length as the active variableitndariation

isAhL, while the motion input vector is1 =[AHL]. The determination of the other variables is simib that of
tailing traveling except tailing slewing angle, moangle and cable length. According to the geomethstraint of
dual-crane system, we can get the expression ofimf , as is shown in Eq. (5).

hl,., = hl, +Ahl

X2,,, = X2, —Ad cosa3,

z2,,, = z2, +Adsina3

B3,,, =arcsin(L 3sin 83, —Ahl)/ L3) (5)
X3,,, = X3, —Ad cosa3,

z3,, =23 +Adsina3,

y3.,, = ¥3, + 05L3sin 3, —sin53,)

other varablesof CS,; = corresponihg variableof C§

where R2,,; is working radius of the tailing crane at time t+{X z,.) is coordinate value of the tailing

ass? yass'

lifting point of the object. R2,,,and (X

ser Yase Zase)  @re calculated as follows:

R2.. =4((0@,+ 08 2083) 2 ) +(~(3,,+ 08 Fin3) +2,)?
Xoss = X3, + (05L3c08£33,,, Joosa3,
Yass = Y3,y + 05L 35in 83,
Z,4. = 23, + (05L3c0sf3,, )sina3,

Main Hook's Rotating. In some actual lifts, it's difficult for limitedocation of tailing crane to finish turning or
erecting lifting object directly without main crdsénook rotating around its vertical axis. And thtsategy, which is
called main hook’s rotating in this paper, is cosgm two steps. One is main hook’s rotating so amaée
applicable location relationship between object &ilihg crane by tailing’s slewing, luffing or lihg, as is shown
in Fig. 5. The other is the two cranes’ cooperatioth tailing traveling,. This motion can bring atge of lifting
object’s location or angle and the tailing crarsésving angle, luffing angle or cable length. Wea$e the slewing

angle of tailing crane as the driving variable #sdariation is A2 while its motion input vector isu =[AS2] .
The other changed variables can be got in theviitig process: First, the tailing crane’s slewinglenis got
according td\$32, which determines its boom direction. Second,dication of tailing lifting point is determined

by drawing arc whose center and radius are maindifpoint and lifting object's length respectivelphird, the
tailing crane’s luffing angle and cable length go# according to tailing lifting point’s locatioff.he expression of

the geometric constraint functiorf is shown in Eq. (6).

B2, = B2 +17B2
y2,., = arccot((d cosd -/ L3*-d?*sin* )/ L2)

2 2 _ 2 2 2 _ 2 (6)
0’3“1 = a3t + arCCOSM) - arccosM)
2L3d 2L3d

h2,,, =h2, +L2(siny2,,, —-siny2,)
other variablesof CS,,, = correspondng variablesof CS
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where d is distance between the main crane’s slewing ceatel the tailing crane’sR2, and R2,,, are

working radius of the tailing crane at time t ard.t R2,, R2,,,, dand @ are calculated as follows:

R2, =x2
R21+1
=00~ +(y2 VL) +@22 -2 )

2 + 2
6= arccosu‘%gzd) -AB2

+L2siny2,
+L2siny2,,

offset

=Xx2

offset

In the flow, the key parts are motion sequenceargetind state sequence generating of lift prodesgihich the
basic motion as well as its geometric constrainushbe defined in advance.

CASE STUDY

To illustrate the effectiveness and usability of froposed approach, an actual case is presertedcase here
involves the lift of propylene tower in petrochealiconstruction project in Beihai, Guangxi, Chifiae propylene
tower weighs 500t and has 4.0m diameter and 84gtHeRestricted by the site size, the propylenestaw located
as Fig. 7 before lifting. The task of lifting is taise the propylene tower to a vertical orientatiy two cranes, and
to move it to the final destination by a main crahkere, we select CC8800 crawler crane as maineceant
LR1400-2 crawler crane as tailing crane. The leratf dual-crane system is shown in Fig. 7, in \Wwhice grid
areas of foundation are strengthen to bear thehigigf dual-crane system, and cranes can travél ebfect in
these areas.

Fig. 7: Location of dual-crane system

In this actual case, because of limitation of sit, the tailing crane is located not along thgcits longitudinal

axis (Fig. 7), which is difficult to plan motionrategy. By analyzed, the tailing crane shouldlfirairn the tower to
the tailing crawler’s longitudinal direction by slang, and secondly travel with the main crane8ng. Finally, the

two cranes can raise the propylene tower to acartirientation successfully. For this procesis &asy to simulate
the lift by using the modeling method developedhis paper. The lifting process description is @ltofvs: The

system carries out hoisting by 1m, and carriesnoaih hook’s rotating by 600, and carries out tgiltraveling by

89m.

After that, we integrate the modeling method int8CaLifting Simulation System which is developed duyr team
and simulate the lift process. The comparisons éetwthe photos of real scene and the screen shsithaation
are shown as Fig. 8-10.

CONCLUSION

For the problem of dual-crane lift simulation witte lifting object’s expected trajectory given, stipiaper focuses on
the cooperation of the two cranes, A dual-crandesysmodel is built, and its basic motions are dafirand
described. After that, a simulation flow facing iggd lift is designed. At last, we validate the posed approach’s
feasibility by an actual lift case.

The major contributions of this research are deWohg: (1) Two cranes and single object are treéa@e an integral
complex lift system. Then, dual-crane’s cooperaiodeeply analyzed, and a new prospective forratbeperative
strategy is proposed. (2) Dual-crane system’s basittons are defined with using space geometricsitamt, by
which lifting process with object’s expected pathdescribed.
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(a) Photo of real scene (b) Screen shsimulation
Fig. 8: State of dual-crane system during hoistingnd main hook's rotating

(a) Photo of real scene (b) Screext shsimulation
Fig. 9: State of dual-crane system during tailingraveling

(a) Photo of real scene (b) Scid®at of simulation
Fig. 10: State of dual-crane system when completirtgrning and erecting the object

It is necessary to be noted that the simulatiow flitroduced in this paper is mainly for common ayyical lifting
problems. For some special issues, some new mosibosld be added to accomplish its special simardatin
addition, some cooperative strategies’ descriptioheyond certain space geometric constraint, sostimulating
flow in this study may fail to simulate such duasioe lifting. Those are our future research.
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