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Abstract In order to build the multibody system dynamic model of the tower crane, the absolute nodal
coordinate formulation cable element is used to model the steel wire rope in the hoisting system. As a
characteristic of the absolute nodal coordinate formulation, the mass matrix is constant while the tangen-
tial stiffness matrix is varying. The whole process of the rope motion is divided into several subdomains.
The first order Tylor expansion is applied on the dynamic equation of the rope within each subdomain.
Therefore, the order reduction based on modal truncation can be performed. The kinetic constraint is
used to integrate the structural vibration equation and the large-deformation equation of the steel wire
rope to form the multibody system dynamic equation of the entire tower crane system. The local linear-
ization formulation of the constraint equation is also given. Numerical results demonstrate that the
multibody system dynamic modeling and order reduction method proposed in this investigation can effec-

tively reduce the size of the problem and improve the simulation efficiency without losing accuracy.
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HIGE X ec \Mc Kc Fe 730l g 56 ALY 25 1
A BRICHN A ) SCAR bR | o B L W B 5 A
J1. WAL Z AR RGE ) 1705 B

0wl Lo el

LC(eC,eR):ZO
(1)
Horb, €, 23 O AL 5 AR i 6] SR S i 49 A
F AR, A g hi ks I H 3T X 3h g Ir B
PRI C LA SHATE AL B AT A5

AR A - B AR LRI & 28 RGBS W U7 14 61
ac?
CIA=Cl A, +—7 A, 0e+C! M) (12)

TEARWTTE A HRT7 B2 o, o 20 (12) Kk
XA MG 00N, WAL Z AR RT3l I 27 5 2k
PEALAL 25 1 2B 20 0T DL X 1D # R () 1A%
FMALE WU S5 44 50 0 35 ) 15 31

MC AeL K(‘ Aec
+ +
M| |Aéy K Aey
F. 0
c! Alz{ (} [Q }CHM
m FR RI” m

C(ec, ex ) —Q—Cem Ae =0

(13)

3 SR BN 45 K AR 22 28 A T B B B, 34

@ D 53 G T X ] YIS A R 22 48

WS p =[pc.pe ] M ERIRE R, N

BEHLS SCARARTE Y AT F X [B) N 03 B 5 AR AR
MHXR:

Ae D Pc
= =T,p (14)
Aey QRW R

KAD TR I LA R G 8 T2 B S
JH AR AR R IR I 5L

{MP +Kmp +CEAlp :me

(15)
C+C, Ap =0
K
B DM D
M = T
(DRMMR@RW
_ QEKCQC
K, = T
@R,,,KR,”@RW
. J[F LT Tt
| — T — T”, - Tmem)’ P,
Fy R,
(16)

A5, LYy AR 3 A B A A A5 LR
C, AT L% IR OR G 19 i 2k U 70 R
_ac [ac ac} _ {ac aC }

C
de Jdey

p

S Iap pe Ipe
an

AR S i T ALK S A 4 R T A%

Ge A7 BTy B e B il HL TR o R O B R 4 Oh S R
MEHR ANCF (1945 5, 5K 22 26 Jon 5 [ A A il 1 (7]

FAG RET A A PR, 7R AR~ 12 Bl DX ] i 2 T A



62 g h % 5 o OH ¥ M 2024 1E4 22 %

L R 2 4 U R W B K O T AT 5 — .
LB T — X PO @ T S5 AR 4 ™ | N
Jr ISR MBI T 05 bR — 3 B — RO I
LA A B NewMark ¥ 17 3 o 35 55 % H 5 ?E - "; e 17 ’/' \»_
— (BT R A7 VR AT 1 b \
3 BESH IS R A
V'v‘,‘ ,‘.f F ® - R-ANCF-2.3°
DAPE 2 7 7% B R T8036 %13 3k 3 35 HL e ot AN
{51 P ML RE DL SO0 TE . %70 75 15 HL I, KRR T 0 5 10 15 20
JE 2k 66m, & L Ek S A 410t m, R M 12. 5t s A 1 FREN . 8
B T I 80m . L B 5 T 3. 6t %00 Fig.3 displacem-‘e-zm of the payload under Combination 1
BLR I 35W * 7-20-1960/(GB8918-2006) I #{ 24 o ;’fif}\ . 1
46, HAE 20mm. 173E/NE S ) A S 3. 044 . ,_,w ASRRR S fi
BB 32, 60, BT 0 T 4 22m, 3 HLAS K S AR 1
= 0 D) T L BRI 701 A, BT ERES I A Y A S
1500 /v, 5 Y9 1 B B B R BT 100 B B IO S \ 7Y
A5, 22 8 B T 43 K FE 60m , R 120 4~ ANCF \/ (%
LT B AR B 50 20 GBS Y . N 4R o FeFAGET o R
5EEMNHEN HE 1 —80m-3.6t;HH 2— 0 5 10 15 20
Time/s

- H A 2 14 % (7 3%
32.8m-12.5t. R4l & F A 2248 YR 1 2 5 %R B4 441 Fabl=m . ik
. 12 B ﬂﬁ‘{}ﬁ%ﬁ ﬁj\%lj 2. 3°F1 3°. /fjjj;‘:[ﬂvj‘ [6] 15 Fig. 4 « displacement of the driver’s room under Combination 1

b 20s, FURVARITALA T R o (025 5 e
xRS LA S AR A3 8 L RS el 3~ [ 8 R ol BT
R 9 10 H 7 A (RMS) 525 , it 87 = i N
A i A5 18 PR A R 50 B0 B3 B9 4 ol L W *K w by
2 L N A |

Busis = |30 | rewer — b | (18) VA Y Yy i i
R-ANCE il E-ANCE 4 45 X B A5 4505 15 P 42 o] Y P rincran
O P JE 57 1545 . o g |

L 9 I 10 7T LUt Sk 401 22 M8 i el
0. 1o IR BRI A 0. 2570 HAT e 9 T 534 Fig.5 = diiliccfci ii}ikfb*tiﬁfiigcijgfmbination 1
I T 1L Sl 8 BLAE B 0 4145 T 0 9 55 1
b BT L SIS LKA 4B 5 T+ T T
s, HCP R R IF 60 90 B A6 T LA A ST U L]
35l 5 2 B 4 R RS [ 1 168 4 0 85 eI\ N
WU 1 B . 08 L TR 7] 0 48 787 41 7T DR o P A s / X
K 7 L T 4 R R 1 AR . T R 4 g \e. / i :
F L AL AR (B i 2 L4 Ta WL
2 TR A AL, % PR Ay ok B e 3 AR A s LA g /) 314 gl - o RANCE2Y
2 TR 025 0 4 1T S . {7 256 sl [ 1 | | [bwmvens
SR A ST th 7 K T B 1 ) B et e
T RUA B ISR E. T8 12 3 BLAE B M6 ARG A 2 R o R

Fig. 6 x displacement of the payload under Combination 2



%8 M TR PR AR B =R B ALNIZE M & 2R R o i 5 R T ik 63
22 T 107
oaef oo 2 18 : ' 22 F-ANCF RN R-ANCF
2.0 I .
ﬁm A 15 J149249 wens  lgsng | 1OLT
[t A % f
g 184 IR\ v 0§ { (] A
5 ¥ { RLR a "
5 i i » f 3 ] g §§
Es] pl oy MR i % : P:
I Naa e ] g ; i
2 144 ! 3 { § I - £
2L h ST 5 / g
* 4 W b S 2
\ / z
&
M-
0 2 4 6 8 10 12 14 16 18 20
Timel's Combination Combination ~ Combination Combination
M7 2 FAbEm - (e B o
HA Gl o L N N
Fig. 7z displacement of the driver’s room under Combination 2 Fig. 11 E%—]O;lpar;jo% i?i?j [:lk"ltion time
. E alcula
71 4 J ~—m—F-ANCF-2.3°- @« R-ANCF-2.3°
F-ANCF-3° ---¥-:- R-ANCF-3°
70! § R oy
& 69| |
E | |
o
5ol | |
N | |
66 |
(@) HAT TR ERPABEL ) HETTFRERREEMBEL
65 (a) Maximum horizontal dis.pla?ement of the driver’s  (b) Maximum vertical displac.ement of the jib tip
room under Combination 1 under Combination 1
ol e . W
0 | -
Time/s
B8 HAE2TmERGN 2
Fig. 8 = displacement of the jib tip under Combination 2
0.15 T T T |
(©) HA T RN ERPABEL (&) HETAERREEMBEK
(©) Maxim!;:’)r:) l::ﬁjg::% g;rslg:ﬁ;gg:r; of the driver’s  (d) Maximumux;%r;cglot‘i’ii}ilr?;;g;egt of the jib tip
0.12 4 B
g 12 BHLRGHA
Fig. 12 Configurations of the tower crane system
& 0,090
g ' , L, no =
Z V Mh';w A VRIS A 3T &, Al L= KR
% 0064 i Ul gy e
g ALR R P 5 5 0 53 903 G 20
vl e
0.03 ﬁ' k, ' 1 .
Pl
’,‘-.‘,I" ——RMS-3°
000 4L2* . ; el 4 it
0 5 10 15 20
Time/s
S F 4 s 73S
o e s (1) R FR 40145 15 M b XU 34 LR T L
Fig. 9 RMS error of Combination 1 FA AR 22 9 AT ARSI T A9 B U0 4 W1 B B
10"
e ' i ' JE AL A R L R MZIKLZJJL?’FIliFﬁLQﬁ?E
5 ' [ 0] 43 o I AE B> DX [R) N XT3 g 2% 5 F
p #Mﬁ%ﬁ%%%ﬁ%ﬁﬁ%ﬁ@ﬁ&uwﬁﬁ
c i
g ERI RO G E VA R T S R IR DR AL B o o ek
g 31 ' . % NI
: b 4l u T X 1] S 4 .
[ 1 - N - o — YT,
2] AL (2) SR e e A B G ot S7 S WL 45 40 19 Bl 1) 2% 4
[N & - - \ a0
n : ' ] R GIAZERRGE I S Eh AL AR T
RMS 2. 6 45 LRSS I8 0 5 199 H55 L% g 09 22 48 508 e A O
o5 T T T B 6 R 030 41 B S T AR R
me/ s

E 10

A 2 1 RMS iR

Fig. 10 RMS error of Combination 2

2R A Al 35 T O A2 Al A 0 R 4% LU R B 3 ik 5L
(30 2R FHA SCHR /9 053k % 56805 3k 303 50



64

8 %

5 &

E

2024 45 22 4

A HE ALV A AT T B A T L
S AmAE AR 2. 3°H 3T AP 4R 45 1 R, 80m-3. 6t
1 32.8m-12. 5t AR BE — B G 45 )R],
M TATE /N A B A AE . 80m IR AL R AT
B B A A, DTG S B80T R A A AR AR T
MAE 32. 8m WEBE N .l T/ B B &l >R iy 59 ) o
KA T G50 T i Wi 0y 4 8. 7R AR B —2F 4N
22 AR RS R B Y A5 OF T R B A B AR AR 4 3 T
VLI AN S AR R W] T A SO 2 10 09 JU AT 46
PE R 58 oy BeA AR B 7 v 2 T AT Y.

S 2% 3k

(1]

(2]

[3]

(4]

L6]

B, mE, FAHE, F O ERIERZEIHE
praEaE dl et e (1], P E AL T, 2015, 26(5):
606—611.

CAO X Y, YUAN J, LI W L, et al. Load anti-
sway control of luffing motion for cranes [J]. China
Mechanical Engineering, 2015, 26 (5): 606 —611.
(in Chinese)

CHEN H, FANG Y C, SUN N. An adaptive track-
ing control method with swing suppression for 4-
DOF tower crane systems [ J]. Mechanical Systems
and Signal Processing, 2019, 123, 426 —442.
OUYANG H M. TIAN Z. YU L L, et al. Adap-
tive tracking controller design for double-pendulum
tower cranes [J]. Mechanism and Machine Theory,
2020, 153: 103980.

WOR L, R AHLIE TR WO R A A T R 4 ik
[D]. Fgat: ARE R, 2016.

CAO Y Q. Design of condition monitoring and fa-
tigue life prediction system for crane [D]. Nanjing:
Southeast University, 2016. (in Chinese)

2 Ry, B L G R A ) 003 o o
(T W 7R B TR K2 %4, 2006, 27(3): 345 —
348.

LAN P, LU N L. Dynamic analysis of tower belt in
case of changing conveyer direction [J]. Journal of
Harbin Engineering University, 2006, 27 (3): 345
—348. (in Chinese)

ERAE XU, Bk, % RENESTFEBES
BTN 2 A i )], H PR 24l
2011, 34(8): 114—120.

WANG W J, LIU CY, ZHONG W, et al. Apply-
ing hybrid dynamic substructure synthetic method to

dynamic analysis for tower crane [J]. Journal of

[7]

(8]

[9]

[10]

[11]

[12]

[13]

Chongqing University, 2011, 34(8): 114—120. (in
Chinese)

ik, AR, WIHH, % BIEW 28 LI E
KEHERIOTERGEIT RO HHHEHL LR, 2015, 41
(9): 303—310.

WANG X, LVY L, CAOXY, etal. Development
of tower crane simulation system considering flexi-
bility of wire rope [J]. Computer Engineering,
2015, 41(9): 303—310. (in Chinese)

EW, G, LB, &I AR R H AL R
HEBRGHILMAEL M [T]. TR IG%,
2015, 32(7): 210—218.

WANG G, QI Z H, KONG X C. Geometric nonlin-
ear analysis for crane main and sub-boom structures
with mechanism displacements [ J]. Engineering
Mechanics, 2015, 32(7): 210—218. (in Chinese)
RAUSCHER F,SAWODNY O. An elastic jib model
for the slewing control of tower cranes [C]//20th
World Congress of the International Federation of
Automatic Control (IFAC).
lands: Elsevier 2017,
SCHLOTT P, RAUSCHER F, SAWODNY O.

Amsterdam, Nether-

Modelling the structural dynamics of a tower crane
[C]//2016 IEEE International Conference on Ad-
vanced Intelligent Mechatronics (AIM). New York:
IEEE, 2016: 763—768.

b, B, s ERXE RN EME 3
SERMATSELT ], ML Sl . 2018(1): 79—
82.

YANG Y, CAO X Y, GAO S D. Rigid-flexible
coupling dynamic modeling of a tower crane [J].
Machinery Design & Manufacture, 2018(1): 79 —
82. (in Chinese)

kP, IR, BB, . HUREN TR E ALY
FRERS Sk By B w2 ()], TR o4, 2021, 38
(7). 183—196.

ZHANG A Q. SU L, LING X Z. et al. Influence of
crane on dynamic response of pile-supported wharf
during earthquake [ J]. Engineering Mechanics,
2021, 38(7): 183—196. (in Chinese)

TRRRR, EEE, BROCHT, SFE. ORI RN
F, i BR AT GRS L M R R A e A AT LT ] AR A
2022, 39(4) . 39—52.

ZHANG X G, WANG HM, YAO W L, etal. Nu-
merical investigation on seismic transient response of
nuclear polar crane considering stick-slip effect [J].

Engineering Mechanics, 2022, 39(4). 39—52. (in



EE

RLDCAE 85 SR EHLRI RS & 2 1k R GRS BB i ik 65

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Chinese)

REBH, FTE . AR, 45 A5 B BB R
W o7k KR LT 3 2 S s %4k, 2021, 19
(4): 32—38.

ZHAO Y, XUBQ, LI X B, etal. A dynamic mod-
el reduction method of beam-type structures and its
application [ J]. Journal of Dynamics and Control,
2021, 19(4): 32—38. (in Chinese)

XUSEAT . AT 9 5 g8 ik T o $0 J5E 20y 2 Oy 2 A (T .
g Ji 5 ES2EH, 2018, 16(4) ; 289—294.,

LIU Y Z. Dynamical modeling of a net system of
rods based on Gauss’s principle [J]. Journal of Dy-
namics and Control, 2018, 16(4): 289 —294. (in
Chinese)

W, D, XK, S B BN A RS
ZRE RS G5 B AT ] dh i 5
e, 2022, 20(5): 34—40.

GAOY M, MA Z Q, LIU Z Y, et al. Multibody
dynamics modeling and simulation analysis of off-
shore alongside replenishment system [J]. Journal
of Dynamics and Control, 2022, 20(5): 34—40. (in
Chinese)

tRa I, g, EIs, & —MEnERNIL
e Pt 3 7 vk [T, HUBR TR % 4. 2022, 58
(9): 147—156.

XUJS, QlZH, ZHUO Y P, et al. A geometric
nonlinear calculation method for spatial suspension
cable [J]. Journal of Mechanical Engineering, 2022,
58(9): 147—156. (in Chinese)

SUGIYAMA H, MIKKOLA A M, SHABANA A
A. A non-incremental nonlinear finite element solu-
tion for cable problems [J]. Journal of Mechanical
Design, 2003, 125(4) . 746 —756.

ERVLVE, MpRl, BIL3C, 55 ST 2R
OB 0 B i W EE O k[ ], TR J1 5%, 2021, 38
(6): 246 —256.

QIUJ Y, MEI G M, WANG J W, et al. Form-
finding method of railway catenary based on the
flexible multibody dynamics theory [J]. Engineering
Mechanics, 2021, 38(6): 246—256. (in Chinese)
WANG Q T, TIAN Q, HU H Y. Dynamic simula-
tion of frictional multi-zone contacts of thin beams
[J]. Nonlinear Dynamics, 2016, 83 (4); 1919 —
1937.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

GU Y Q, LANP, CUL'Y Q, et al. Dynamic inter-
action between the transmission wire and cross-
frame [J]. Mechanism and Machine Theory, 2021,
155: 104068.

ZHANG H, GUO J Q, LIU J P, et al. An efficient
multibody dynamic model of arresting cable systems
based on ALE formulation [J]. Mechanism and Ma-
chine Theory, 2020, 151: 103892.

XIE, Bk, HEEE, 4. A5 )R AR I 4 R A 3R R
Gegh Iy RS AT, DL TR =4, 2018, 54
(22): 145—152.

LIU H, WEIC, TIAN J, et al. Dynamics modeling
and analysis of the inflatable net system for space
capture [J]. Journal of Mechanical Engineering,
2018, 54(22); 145—152. (in Chinese)

SRR, IMINSE, B HRT. R A T S 3 R IT )
HEE g L], g i S A, 2022, 2006) : 85
—93.

CAIZ7Z, SUN]J L, JIN D P. Deployment dynamics
of a hypersonic folding wing [J]. Journal of Dynam-
ics and Control, 2022, 20(6): 85—93. (in Chinese)
TANG Y X, HU H Y, TIAN Q. Model order re-
duction based on successively local linearizations for
flexible multibody dynamics [J]. International Jour-
nal for Numerical Methods in Engineering, 2019,
118(3): 159—180.

TIAN Q L, LAN P, YU Z Q. Model-order reduc-
tion of flexible multibody dynamics via free-interface
component mode synthesis method [J]. Journal of
Computational and Nonlinear Dynamics, 2020, 15
(10): 101008.

KRR, TiEE. BB BERMZIRRG ) %
W — BT RT]. g% 55|, 2021, 19
(2): 85—90.

ZHANG X X, DING ] Y. Firefly algorithm for
multi-body system dynamics differential-algebraic e-
quations [ J]. Journal of Dynamics and Control,
2021, 19(2): 85—90. (in Chinese)

W, V. 2R RS 8 J) %05 R4 a8 58 1
(1. #hy2 Sabl 4R, 2021, 191 1—28,
REN H. ZHOU P. Implementation details of Dae
integrators for multibody system dynamics []].
Journal of Dynamics and Control, 2021, 19(1);: 1—
28. (in Chinese)



