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Rotary cranes are widely used for heavy-load handling in various worksites; however, controlling loads
remains challenging, and safe operation continues to rely heavily on skilled operators. Although the
lattice boom—the primary structural component—offers high lifting capacity, its complex truss structure
makes it susceptible to localized stress concentration, leading to fatigue damage or even buckling under
inappropriate operation or excessive load sway. Accordingly, many studies have conducted research to
improve safety and work efficiency through advanced load-sway suppression. However, most prior
research has primarily focused on positioning accuracy and residual load sway suppression, while
comparatively few studies have addressed the dual objectives of enhancing work efficiency through high-
speed motion and reducing the mechanical stress induced during rapid operations. This study aims to
generate optimal motion trajectories that simultaneously improve operational efficiency and reduce
mechanical stress during high-speed crane motion.

Chapter 2 investigates high-speed operations performed by skilled operators using an actual-scale
rotary crane. Detailed measurements of load-sway behavior, stress responses in the lower region of the
lattice boom, and rotational motion trajectories were conducted. The analysis identifies characteristic
motion patterns unique to skilled operators and clarifies the mechanism by which tangential load sway
increases boom stress, thereby highlighting critical issues that arise during high-speed operation.

Chapter 3 develops a dynamics model that describes the motion of the load and confirms its validation
through comparison with lab-scale crane experiments. The results confirm that the model accurately
reproduces the load sway characteristics observed in actual crane motion.

Chapter 4 generates an optimal motion trajectory based on a two-stage S-curve trajectory derived from
skilled-operator motion patterns. Based on machine performance limits and residual load sway
suppression constraints, the motion trajectory is minimized in total motion time. Simulations and lab-
crane experiments demonstrate that the generated trajectory effectively suppresses residual load sway not
only during single rotation but also during multiaxial motions involving rope-hoisting and boom-luffing
motions.

Chapter 5 generates an optimal motion trajectory for reduction of mechanical stress during high-speed
motion by focusing on the lattice-boom stress increase caused by tangential load sway. Through
comparative analysis of multiple motion trajectory candidates in prior studies, effective features for
reducing tangential load sway were identified, and a trajectory tailored to the structural characteristics of
lattice-boom rotary cranes was designed. The proposed motion trajectory reduces tangential sway by
30.6% relative to the two-stage S-curve trajectory. In addition, it decreases maximum stress amplitude
by 17.7% relative to the skilled trajectory, as verified through finite element analysis based on actual
crane specifications. Additionally, fatigue evaluation based on ISO 4301-1 indicates a 2.7-fold increase
in mechanical lifespan, demonstrating the trajectory is effectiveness for long-term crane operation.

Chapter 6 proposes a real-time trajectory modification method that accounts for small variations in
desired rotational angle. By linearizing the crane dynamics model and applying quadratic programming
to generate modified motion trajectories, the generated motion trajectory maintains high load sway
suppression performance while relying on only a single reference motion trajectory.

Chapter 7 concludes the study and outlines future research directions.
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Fig. 1-1 Schematic and component nomenclature of crawler crane [4] © KOBELCO CONSTRUCTION
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Boom-luffing Handling

Fig. 1-2 Basic operation patterns of rotary crane
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Fig. 2-1 Exterior view of the experimental crane and the load-monitoring camera

Table 2-1 Specifications of the crane used in experiment

Parameters Variable [unit] Value
Boom length L [m] 26.0
Boom offset distance a [m] 1.1
Load mass m [t] 3.84
Rope length l [m] 18.2
Boom angle 05 [deg] 40
Rotational angle 044 [deg] 100 - 120

REFRCTIE, 71— VEBEIPEA L — Xk L, BEEOIER AL ok o filfiz 175 2 &
EHIRRIC, BhER RN & B R 3 RS IC T 23 2 BURE o 2 — v &, BhETR o R R BT L
BB OLIE L T ZEM S 2 B E 2 —v o 2 lEE& 34 70 GHEE) EiiLiz. 7L—vo
TERAE S X OCAERE BN R, 71— ViERRTOSZ ICIY ffiFbhiin—2 )z va—-2%
FCTHIE L 72, 72, BERICHEAET 2 ERTmofiRILE, RS2 X 7 oG e b i, N7
v b EESICHUY T & iz = — F1 — OALIE & HGRLECEBR L T, % O L ZENT L 72, Fig. 2-2 IC M
B X T DG %R
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Fig. 2-2 Footage of load captured by the load-monitoring camera
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=AY AR

/ Strain gauge

Fig. 2-3 Strain gauge position of lower lattice boom [70] © 2026 Elsevier
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(b) Load sway, stress of lower boom and rotational angle
Fig. 2-4 Evaluation of dynamic characteristics of actual rotary crane under skilled operation
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Fig. 2-5 Forward and return motion trajectories in three-cycle experiments

14



52 F R L — VIS X A RnEEE), 7 — 200 s K OB ERE ORI

150 150

100 100
"on
3
° 50 50 =
O o
§ 0 0 g
7 E
g -50 50 .S
« — Stress rate: Aggressive motion g
-100 — Rotational angle: Aggressive motion| -100 2

Stress rate: Smooth motion
150 — Rotational angle: Smooth motion 150
0 30 60 90 120 150 180

Time [s]

Fig. 2-6 Characteristics of lower boom stress and rotational angle during fast and slow operations
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Fig. 3-1 Schematic model and geometric variables of rotary crane [70] © 2026 Elsevier
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EEZ L —v Dy a2l —3va vEER Table3-1 IRT. K87 A — &3, EEFER LK TX 3 &
KT 5720, Bk 3 7R -V EBEOHRICEOWTHEL 2. £/, KEIZ L —v o7 -4k
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Table 3-1 Simulation parameters for validation of crane dynamics model

Parameters Variable [unit] Value
Boom length L [m] 2.0

Boom offset distance a [m] -0.368
Load mass m [kg] 1.0

Desired Rotational angle 044 [rad] 1.571
Initial rope length [y [m] 2.0
Desired Rope hoist distance lq [m] -1.0

Initial boom angle 050 [rad] 1.047

Desired boom-luffing angle O34 [rad] -0.262

K(3.10) ChElhl s X 07 — s REEOHE, X@.1)ice —7EfFolEZ /"3, £72, £ OKFDE)
PEBEIEE % Fig. 3-2 (SRS, BIfEHUEONLE S X OE X< 12 =ABIRIC X 2 S TG % 30E
L, 2% 2 L — v HiEEE%Z# 8 L 7. Table3-2 IC ANBEDHREMZ RS, BEIE D RARE
7 RAT —VEEOMRESEICRE L. £, SEEPEONMRGEX B ORI 2 BIcEE L,
T X[ D W BE R D R AGHE & HAEME IO WTHIR® NG, 2 TlE, &TOEERFRKHICE
IEF2L9EING,

. t
0; max (1 - cosnt—) t €10, t]
1
0, ={260; max t €[ty t; +t,] (3.10)

. T-t
Bimax(l—cosn 6 ) t €[ty +ty T]

. t
L ax (1 — cosm —) t€[0, t1]
t
[ =120 t € [ty, t; + t,] (3.11)

. T—t
lmax(l_“’s” ts ) t €[ty +ty, T]
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(b) Case 2-2: Multiaxial motion trajectories
Fig. 3-2 Motion trajectories for validation of crane dynamics model [71] © 2025 Elsevier

Table 3-2 Input parameters of motion trajectories for validation of crane dynamics

Parameters Variable [unit] Value
Acceleration phase t; [s] 2.0
Deceleration phase t3 [s] 2.0

Maximum rotational velocity 04 max [rad/s] 0.4
Maximum boom-luffing velocity 63 max [rad/s] -0.13
Maximum rope-hoisting velocity imaX [m/s] -0.25

Desired rotational angle 044 [rad] 1.571
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Fig. 3-3 Overview of iab-scale rotary crane [71] © 2025 Elsevier
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Fig. 3-4 Geometrical parameters of lab-scale rotary crane [71] © 2025 Elsevier
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Fig. 3-5 System configuration of lab-scale rotary crane [71] © 2025 Elsevier
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Table 3-3 Specification of rope hoisting motor

Specifications / Value

Parameter
Model SGMJV-01ADAHI12C
Rated output 100 [W]
Voltage 200 [V]
Rated current 0.84 [Arms]
Rated torque 0.318 [N - m]
Rated speed 3000 [rpm]
Insulation class B
3

Number of phases

Table 3-4 Specification of rope boom luffing cylinder

Specifications / Value

Parameter
Model SGMJV-08A3A21
Rated output 750 [W]
Voltage 200 [V]
Rated current 4.7 [Arms]
Rated torque 2.39 [N - m]
Rated speed 3000 [rpm]
Insulation class B
3

Number of phases

Table 3-5 Specification of rotational motor

Specifications / Value

Parameter
Model SGM7G-03A7A21
Rated output 300 [W]
Voltage 200 [V]
Rated current 4.7 [Arms]
Rated torque 1.96 [N - m]
Rated speed 3000 [rpm]
Insulation class F
3

Number of phases
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Fig. 3-7 Markers for motion capture attached to the lab-scale crane [71] © 2025 Elsevier
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Fig. 3-8 Screen display during motion capture measurement of lab-scale crane [71] © 2025 Elsevier

Table 3-6 Specifications of motion capture camera

Parameter Specifications / Value
Model OptiTrack PrimeX 13
Resolution 1280 x 1024 [pixels]
Frame rate 30-240 [fps]
Shutter type Rolling shutter
Shutter time 0.25 [ms]
Minimum exposure time 0.01 [ms]

Maximum exposure time

3.9 [ms] (at 240 [fps])

Distortion correction

Supported

Field of view (Standard lens)

Horizontal: 56[deg], Vertical: 46[deg]

Filter 850 [nm] IR band-pass, etc.
Automatic brightness adjustment Supported
Range (14 [mm] spherical marker) Max. 16 [m]
Range (Active marker) Max. 25 [m]
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(b) Case 2-2: Multiaxial motion

Fig. 3-9 Validation of the crane dynamics model by comparison between simulation and experimental

results
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Fig. 4-1 Proposed two-stage S-curve motion trajectory based on the skilled operation
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N IV P
64| < O4max t €10,T] 4.7)

frélnlEhE b D KR ALl (—HRStE D @) -

1611 < 61 max t €[0,T]
(4.8)

621 < O2max t €[0,T]

Table 4-1 Parameters of constraint conditions in optimal motion trajectory generation for two-stage S-
curve trajectory

Value
Parameters Subscript [unit]
max min
i=1357 [s] 5.0 ~ 0.5
ti maxs ti min i
i=246 [s] 5.0 ~ 0.0
7j max»7j min j=12 [s] 0.9 ~ 0.1
Parameters [unit] Value
64 max [rad/s] 0.6
04 max [rad/s?] 0.4
017 max [rad] 0.003
051 max [rad] 0.003
01 max [rad] Half of 64 2 in Case R1
05 max [rad] Half of 6, 1,5 in Case R1

T 2T, 2 B S FHARILE o 5 X R LM b, e o fEEE, AN B X R 0 R IR
MICBET 2%, RTCOEFICEMAT 2. £7-, Case R4 113, BifFh oL EE X OHERRT A O R
NAD Case R1 TE LN KRN A DR IC 2 5 X 5 BMOHIFIZEEZ#HEL, BfEhofifkh%
Mz 2LAICEEL 7227 L — v EIEUE A LR ATREAIRGEE S 5. % 72, Fig 4-2 I EOEBEIFPLEER D 7
H—F % —F, Table 4-2 IC¥ I 2 b— a vB X UERSEMALFMA T L OFZ/RT.  Table 4-2 IT/R
T EHIE, KRETIRZ L— v ERREEEST 2 L ¥, BEORREACe - 7FENRA 5568100 T
BIFEE EKT 5.
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Define Initial Conditions for Optimization
+* Specifications of a rotary crane
*Initial values
*Provisional motion of a rotary crane
(Jib rotation, rope-hoist, jib-luffing)

Define Optimization Problem
*» Objective function
» Constraints of velocity and acceleration
* Range of trajectory parameters
* Allowable residual load-sway angle

¥

e ™
Generate Two-Stage S-Curve Trajectory
(from Equation (4.1))

'

Obtain Results of Load Dynamic

Iteration
(Change trajectory parameters

To:‘ Characteristics
b= L (from Equations (3.7) and (3.9)
N
E )
a
o s . N
2 Evaluate Optimization

— * Objective function

* Constraints
\_ J

|

Display Optimal Trajectory

J

Fig. 4-2 Block diagram of optimal motion trajectory generation based on two-stage S-curve trajectory [71]
© 2025 Elsevier

Table 4-2 Simulation and experimental conditions for two-stage S-curve motion trajectory generation

Boom Rotational Rope Boom

Case No. length angle length angle Remarks
[m] [rad] [m] [rad]
Case R1 2.0 1.571 2.0 1.047 Base condition
Case R2 2.0 2.094 2.0 1.047 Rotational angle is larger than Case R1
Case R3 2.0 1.571 1.0 1.047 Rope length is half of Case R1
Constraint added: Max. load sway angle is
Case R4 2.0 1.571 2.0 1.047
half of R1 during rotation
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Table 4-3 Parameters of two-stage S-curve optimal motion trajectory for Cases R1-R4

CaseNo. | T [s] | ty [s] | ta [s] | t3 [s] | ta [S] | ts [S] | Ee S| | ty [S] | 74 [-] | 72 [-]

Case R1 5.58 1.25 0.58 0.95 0.02 0.94 0.59 1.25 0.58 0.58

Case R2 6.05 1.65 0.00 1.23 0.27 1.25 0.02 1.64 0.70 0.70

Case R3 5.11 0.71 0.00 1.37 0.95 1.40 0.00 0.68 0.34 0.32

Case R4 6.42 0.54 0.26 1.76 1.38 1.67 0.23 0.57 0.35 0.37

DIF e SR ic s 0 2R ORHE L L0 5.

CaseRl: - AT NBEPUE ZBIERE Db i 2 dul & L Z2mER 2R 7.
- FIGEREE IR (6) 3 X ORGHIXRE (¢,) CHIFEICEES 5.
- B (ty) ZizIEEE T, AEEEERIHEOEE RS,
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- HEEALIE IS B0 2 R Rk o iciifl 2 5.

CaseR2: - B lx R1 & [FERICHIFRZIR 2R 3
- FIGEREE IR (¢, t3) 3 X OPERIXE (¢, t,) CTHIFIMEICERES 5.
- X (¢,) X R1 XY EREL, MAEEHKICERES 2.
- AR E RN T ERXER ARV Lic kY, EEH M OMEIRASEERT 5.
- BEELIE IS B0 2 R Rk o iciiil 2 5.

Case R3: - BE(I RI1 & [FERICHIZIK 2R T
- AR 1L R2 & [RIRRIC, o - RGO X I 35 CHRIFMEICEE S 2.
- ERIXRE (ty) ZFEET 225, Z OMEEIHAIMEICEREL 22w,
- B=TREMEWCEICLY, RO,
- HELE CoORBMIRIIM O 7 — X FRE, o iciifl T .

Case R4: - BE(Z RI1 & [FBRICHIZIK 2R3
- FIGEREE IR X (6) 3 X ORGHIXRE] (¢,) CHIFIEICEES 5.
- FHEAIIR D 7200, SEEXEIC B 2 RAKMEE X R X DKL,

Z OFER, 2EOBIERTAIE R1 X VT 14%R < 2 5.

- Biffh s X O BEEIE IC B T S AHRALIZ TR ZERICIfl S 0 5.
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Fig. 4-4 Multiaxial motion trajectory of two-stage S-curve considering boom-luffing and rope-hoisting
motions
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422 HAEBEICE T 2 REHFEPLELER DRI

BoBficid 4.1.2 fiFRERICHER OB ERR/IMEARE ST 2. co b &, 77— LR LN w —7H)
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HET D, Ebic, T—AlERB XN u—TEER, BBE X OEIRT 3 24 2 v 72 el EifE & Rk
I % X9, EHEXMEREICHIFISE 2T 2. EABRERA TR, 4.1.2 8TI0R L Z2## 5022 &
G (4.13) &8N L CRIBEL 21T 5. BEHERUT 4.1 SilFIRk, TERIBIE#E 2 IRE T 5t, 1, TH 5.
¥ 7z, HfIfE%Z Table 4-4, BH{FSelF% Table 4-5 1T 3

CEVIEIEOESED

T = th const _

> =t (4.13)

Table 4-4 Additional constraint parameter of multiaxial optimal motion trajectory generation

Parameters [unit] Value

th [s] 2.0

Table 4-5 Simulation and experimental conditions of multiaxial optimal motion trajectory

Boom Rotational Rope Boom
Case No. length angle length angle Remarks
[m] [rad] [m] [rad]
Case C1 2.0 1.571 2.0to 1.0 1.047 Rotation + Rope-hoisting
Case C2 2.0 1.571 2.0 1.047 to 0.785 Rotation + Boom-luffing
Case C3-1 2.0 1.571 20to 1.0 1.047 to 0.785
Case C3-2 2.0 1.571 2.0to 1.0 0.785 to 1.047 Rotation + Rope-hoisting
Case C3-3 2.0 1.571 1.0t0 2.0 1.047 t0 0.785 + Boom-luffing
Case C3-4 2.0 1.571 1.0to 2.0 0.785 to 1.047
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Fig. 4-5 Simulation and experimental results for multiaxial optimal motion trajectories
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Table 4-6 Parameters of multiaxial optimal motion trajectory for Cases C1-C3

CaseNo. | T [s] | &y sl | ta [s] | €3 [s] | Ca ISl | Es [s] | Ee [S] | 7 S| | 74 [-] | T2 ]
CaseCl | 524 | 1.19 | 0.8 118 | 002 | 086 | 0.02 1.69 | 0.53 0.76
CaseC2 | 5.67 | 1.18 | 039 1.43 0.00 124 | 023 1.19 | 0.63 0.64
CaseC3-1 | 524 | 113 | 0.3 149 | 016 | 0.66 | 0.02 1.65 | 052 | 0.77
CaseC3-2 | 527 | 1.17 | 0.18 139 | 000 | 062 | 022 1.70 | 0.53 0.78
Case C3-3 | 527 | 171 0.23 0.60 | 0.00 132 | 020 120 | 078 | 0.54
Case C3-4 | 523 | 1.71 0.00 | 0.66 | 0.02 1.67 | 0.06 111 | 078 | 0.50

IFiC, £ I sRoRME L0 3.
- TR EEfLE X IEXFRZ 3 (N & J0E O - S b2 E R %),
- iﬁi*ilzﬁﬁ (t5~t7> ﬂiﬂﬂ:‘t*ilzﬁzﬁ (t1'\’t3) c]: D%_\ELII).

Case Cl1:

Case C2:

Case C3:

- PR L LTI X [ (¢ 5 & DN X[ (¢,) Tl LRRIciz-o <.
- BEEICHWT, v—73HHRO¥rEcEE LT on, REGRAIE 2

flxs.

- C1[FIBE, el B g 13 IE iR 2 g,

- WENER O 7 — LERIIE X, BEE REE AR N S X 2 5.

- IR 7 — R AR BRI ICE L, BRI AR sl T 5.

-Cl1 - C2 & [AIRRICEMFILE IXFIENFRZ R T,

- 7—LiERBI e - LT 0@z -y (B2 L, Re/&ETF, BT ick

o> THERINZEFPE X — v I3ET 5.

- TRTOEMNT T, (FILROREFERAIE i T 5.
- 7= LR E v — TEES IR o8 & — v (C3-1 & C3-4,
eI B EBLE b R FR & 22 0, FHRIVERE S 5t %2 w3

C3-2 & C3-3) T,
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Fig. 4-6 Time-varying characteristics of load sway velocities and motion trajectory in case R1 and case R4
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Fig. 5-1 Three-stage S-curve trajectory for verification of motion trajectory generation
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11 10
é4max=64d/< z T +2 Z Ty

even k=2

odd k=1

(Tl =n (tl - tilsin n)
T; = nt,
T3 =(rp, —1y) (t3 — %sin n)
Ty =1ty
Ts=(1-ry) (ts — —sin n)
where { Tg = tg
T, =(1—-r13) (t7 — ;T—751n n)
Tg = 13tg
Ty =(r3—1) (tg — %smn
Tio = natyo
an =1 (t11 — —sin n)
m = Ya — Yo
Xa — Xo

= - L
O3 str = sin {(m —tan 0,(t) cosf, a)/

(5.2)

(5.3)

(5.4)

Table 5-1 Parameter settings of time of sections, stage velocities, rope-hoisting and boom-luffing motions in
verification of motion trajectory generation [70] © 2026 Elsevier

Boom- Rope-
Case tl tz t3 t4 t5 t6 t7 t8 tg tl() t11 ri Iy T3 T34
luffing hoisting
Two-stage
= - t3 t4 t5 t6 t5 t4 t3 = = = ) ) = = =
trajectory
Three-stage
th ty t3 ty ts tg ls by t3 tp 4 T T, T, T - -
trajectory
STT - -tz bty tsg tg tg ty t3 - - - T T, - use -
Skilled
) - -tz bty ts g t; - lg - Uy - T T3 T | - -
trajectory
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Table 5-2 I S B FRUE S ICOWIG T 2 BolBLE A R D HIBE R 3. TIREIERH, 0, amp (2 EEHRTT
A D RAFHRNRIEZ R L T2, REICIE, EEER L2 EE L -l B ERHE o RHE 2 3E T 5
728, 2B S FHifiuE Ic s CEifER o s M 2 HRIBBICEROES 5. 2T, 135 Nz moEBIfE
B D EHERFH 2 BLE & L €, ORRHIRAUIRIE % i/ MU S 2 Bod B ERE 2 B L 72 & 2 5, KATR
MWRIEDOZ1ZD T2 036%TH o7, L7doT, KT, BERFR/NMUICEET 2 2 B S Filifio
FOHBIEHE 2 M L 5. 3B S TGS X O STT 1%, 2 Bt S FRliRIuE & Rk o Bh{ER R % i
RIEFICEoE L, mAMHRNRIEOR/MEZ BN e § 2 i % B+ 2. 20 LT, S8
EHE IS &, BIfEh o IRIVIRIE Z EH 2. 2o OBIENLEIC 3 2 B AHHR IRIE % ok L
<, BfffhofiRIVER, 2%, BEMAmoKBICERZEIFEOHE ZHL 2 ICT 5. T 561,
AL — ZGEEHEREE & L TZE D, WIRIVRIES X OBIERF OMEEZ O 2 1c T 2720, B)
e o R/IMbE BB & U /- il % A3 5.

i e o HIWEE S X CHili&tE 2 (5.5 ~ AR d. 22T, RGO ARE-RIRA X
O1rmaxs  TEARST ] DERA TR AR AUIX Oy max TH 5. F 72 Table 5-3 IR B X CEIESE, Table5-4 iC
FFBRGIRIME, Table 5-5 ICAEXBIRMEL T, SHEMHEIZ, EEZ L — v otkRICE SR, Fls X
PIRRT —VEBICET 2 BRMORBEHO LA ERBL C, T+ CREREERIEL 2. 2, &K
PR 13 FAE S Ic s LTl S B X 5 ICEE L 7=,

H 7 A — 2%, BOEGE % RE T 2 720 O XK ¢ , BIGEEEL r 72 & ORGEHERC, &K
P CHIREE & v o Z2BIERIK), BIFEEILROFFAREFIRNA R EAE TN 5. AR IR 1L
BRI D W CIRIEI N D 720, 2 —FPEET 57 A — 2%, FESMHFICE U CEYNCERE &
N RAKFRBEHAMRNADATH %, Fig. 5-2 KREPUEAEKD 7 v v 7K ERT.

ol

Table 5-2 Objective function for verification of motion trajectory generation [70] © 2026 Elsevier

Case Objective function
Two-stage trajectory minimize T
Three-stage trajectory minimize 6 3mp
STT minimize 6 ymp
Skilled trajectory minimize T
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Table 5-3 Lab-scaled crane specifications for verification of motion trajectory experiment [70] © 2026

Elsevier
Parameters Variable [unit] Value
Boom length L [m] 2.0
Boom offset distance a [m] -0.368
Load mass m [kg] 1.0
Rope length Linitial [m] 2.0
Boom angle 03 initial [deg] 50
Rotational range 044 [deg] 90

Table 5-4 Constraints of time sections and stage velocities for verification of motion trajectory generation
[70] © 2026 Elsevier

Variable Subscript min max [unit]
t; i=1-11 0.0 5.0 [s]
7 j=1-4 0.0 1.0 [-]

Table 5-5 Inequality constraints for verification of motion trajectory generation [70] © 2026 Elsevier

Variable Value [unit]
64 max 0.60 [rad/s]
04 max 0.60 [rad/s?]
011 max 0.001 [rad]
02r max 0.001 [rad]
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[ B rRa%4]
11
minimize  _ Z £ (5.5)
tirTj i=1 l
EQ
fimize 0, amp — 02 max — 02 min (5.6)
ti, 7}

TZT tn FRETERT, i=12,.,1011 HXL j=1234 TH2.

GHEOESED |
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(5.7)
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e K TE [B] A
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5@ EIEED IBE YR
64| < 04 max t €10,T] (5.10)
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BhE (]
T = Tyt

T T, Ther 12 BS FhMREMFHLEOBIERFEICH 2. £72, Z OfilfyZMFIE 3 B S Filhiftiug
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Specifications of Optimization Problem

Initial Conditions for Optimization * Objective functions
« Specifications of a rotary crane * Operation time
+Initial values * Maximum load-sway amplitude (MLSA)
st (i=12,...,11) * Constraints
* 7 (f=1234) + Crane dynamics
+Provisional motion of a rotary crane * Velocity and acceleration
(rotation, rope-hoist, jib-luffing) » Time phases and stage-ratio

* Allowable residual load-sway angle

\ 4

—)[ Generate Trajectory based on Eq. (5.1) }

Iterative Optimization Y
(Adjust trajectory parameters to
search for the optimal solution)

Calculate Crane Load Motion
with Eqs. (3.7) and (3.9)

A\ 4

Evaluate Objective Function and
Constraints in Egs. (5.5) — (5.11)

\ 4

Optimal Trajectory

Fig. 5-2 Block diagram of verification optimal motion trajectory generation [70] © 2026 Elsevier
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FERZREICITE I e FEZ2 N5, I 510, REMEIRZ WEEICE, 7L — v OREER 7l
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Fig. 5-3 Simulation results of verification optimal motion trajectories
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Table 5-6 Motion time, radial and tangential load sway angles of the verified motion trajectories and load
sway angle ratios relative to the two-stage S-curve trajectory [70] © 2026 Elsevier

T 0, 0,

Case
[s] [rad] [%o] [rad] [Yo]

Two-stage trajectory 5.184 0.0620 100.0% 0.1465 100.0%

Three-stage trajectory 5.184 0.0625 100.8% | 0.1372 93.6%

STT 5.184 0.0255 41.2% 0.0626 42.7%
Skilled trajectory 5.158 0.0628 101.2% | 0.1588 108.4%
120% 100.0% 108.4% 65
100% 3.6% 6.0
Z 80% 5.16s 55 o
2 600 g
§ jg; 5.18s 427% ig g
20% 4.0
0% 3.5
2-stage  3-stage STT Skilled
mm 0 amp raTE —©— Time

Fig. 5-4 Tangential load sway rate and motion time for verified motion trajectories [70] © 2026 Elsevier
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TENFLEDOME Z/R L, 2 b oiE %2 KT E X (5.12), XG.13)IRT. 2oL %, 77— LR
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Fig. 5-5 Proposed multiaxial motion trajectory for reducing maximum load sway amplitude during crane

motion [70] © 2026 Elsevier

E 03 min (1 - cosni> t; € [0,t4]
2 ty
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503 min t € [t1n, Xi=q tul
; : 1, ¢
b3 =4 03 min + 5463 (1 - COS”i) t € [ZF i Xy tu (5.12)
1 -
563 max tl € [Z?:l tli: Z‘ilzl tli]
: 1 ¢
93 max {1 - 5(1 - COST[i)} i € [Z?:l Ly, Tl]
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Fig. 5-6 Projected boom-tip trajectories of rotary crane for simple rotation, STT, and proposed motion
trajectory [70] © 2026 Elsevier
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FHE 7 L — v~ oA E O 2 BEEIC O W T D, 3 R ABIESAF(Case 5-4) THHRAUVRIEEIK D %)
REutild 5.
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(5.15)
thk min < thk < thk max (kK = 1,2,3,4,5)
ti = ts, tip =t
(5.16)
th1 = trs, the = the
Th =T, =Tosr (5.17)
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7' — LB X N a — TEEEE:

63 min < 93 < 93 max

(5.18)
lmin <l < lmax
93 min = _93 max
(5.19)
Imin = —lmax
7' — LR B X o — FEIENSRE:
65| < O3 max  t €10,T]
(5.20)

| <Tpae  te[0T]

Table 5-7 Maximum and minimum parameters of constraint conditions in proposed optimal motion
trajectory generation for reducing maximum load sway amplitude during crane motion

Variable Subscript min max [unit]
tuk k=1-5 0.0 5.0 [s]
thi k=1-5 0.0 5.0 [s]
6, - -0.03 | 0.03 [rad/s]

I - -0.16 | 0.16 [m/s]

for reducing maximum load sway amplitude during crane motion [70] © 2026 Elsevier

Variable Value [unit]
03 max 0.05 [rad/s?]
'l'max 0.20 [IIl/Sz]

Table 5-8 Parameters of inequality constraint conditions in proposed optimal motion trajectory generation
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Table 5-9 Parameter settings of time of sections, stage velocities, rope-hoisting and boom-luffing motions in
proposed optimal motion trajectory generation for performance verification [70] © 2026 Elsevier

Boom  Rope-
Case tl tz t3 t4 t5 t6 t7 tg tg t10 t11 r{y r, T3 T4
luffing hoisting
Case 5-1 ty ty t3 ty tg tg tg ty tz3 t, t1 4 T, B, T use -
Case 5-2 ty ty t3 ty tg tg tg ty tz3 t, t1 4 T, B, T - use
Case 5-3 ty tp t3 ty ts tg ts ty t3 t, t1 4 1, B N use use
Case 5-4 - - t3 t4_ t5 t6 t5 t4_ t3 - - - ) 3 - use use
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Bt T 17 O Fe RAHIR AU A FE & AR % 7R 5

Fig. 5-7 X U Table 5-10 i</~ 3 & 91, FEMEIEIC 7 — 20 REIE £ 7213 v — 7" T EIE %2 @) i/l
HEDETLTXTOEMITE T, ERITRORKMEIRNVIRIEMEIK T 2 2 & AR T 7z, Case 5-2
DfiEhl & v — TEEOEEEED ST, FIRIVIRIE 2 (KR 2 2031315 b 7z 3, Case5-1 D7 —
LEROEEENE XX — VTR 2 LIRS o7z D AHRIVURIEZ AR L 72 01k, fiEgll, 77—
LRI Lo — TEEZFRFICTT 9 Case 5-3 DSAFT, HUED 2 B S FRliHRIE I H~ T 30.6% DK
AR I L7z, X 51T, Case 5-4 DRERIBIED 2 Bl o 4 fF € & iR 2 AKIH 3~ 2 SR 035 & 1,
FH~OBEAELFET 2 LTI AEFHUECTH 5 2 L AR TE /-,

PITiC 7 — A2k & & 0w — ZE{EA R UIRIR IR KIS I Ic oW Tid~ %

© 7 — LERIREME DRIR

fEEBIE R IC 7 — L% 2 T, ERZ L — v OEEREEEH/INTE S, 2hick Y, BEfIclE
M3 2008 X OCEED IR S, BRREIRVRIEOIIHICEH G532, 361, 77— AEREIER
PR ROFEIRNICESEEE* 52 5720, 7L — v ORERIFEENIEICADE T T — LR ZEF X
#35ZET, FRAMOERNEZNEMICa Y b a— L CE, FHE L 7o 2 &8 A B ERES - o 1 o JE i
ZAREICT 5. IO DR, il 7 — LRREIER S L — v OfEEMEm LicHFS5 35 2 L H
NI Tz,
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- v —7EEORE

v — ZEE, FORBEMICEEREY 52 2. EE@fEhice -7 2% % FFCECT 22 LT,
FHRNEIIZNE K20, 26, FRHT2BEENDMZ ON2720, EEBIFZEE L 2203 b iR
RIEZEMCTE L EEZDL 2 5. COfErL, v—TRERBEICHIEIT 2 2 L, FiRIVERICERD
HFEERTHL LRI NT.

Table 5-10 Motion time and maximum load sway amplitude in radial and tangential directions of proposed
optimal motion trajectories [70] © 2026 Elsevier

Case No. T [s] 01 max [rad] 07 max [rad]
Two-stage trajectory 5.18 0.062 0.147
Case 5-1 5.18 0.050 0.108
Case 5-2 5.18 0.064 0.121
Case 5-3 5.18 0.051 0.102
Case 5-4 5.18 0.049 0.109

62



% 5 & ERMEA L2 BRE L BB RHEIE D 72 © O BB FEE D 4K

Angle [rad]

Angular acceleration [rad/s?]

Angle [rad]

Angular acceleration [rad/s*]

24

1.8

1.2

0.6

0.0

0.6

0.3

0.0

24

1.8

1.2

0.6

0.0

0.6

0.3

0.0

|
<
(V]

1
<
(o))

2.5
B 2.0 E
15 5
5
1.0 7
---G,81m —B4exp &
---94sjm —faexp|| 05 &
sim r exp
0.0
0 2 4 6 8 10
Time [s]
- 0.8
B4sim o
fssim|| 0.4 &
[ sim a
: 0.0 2
/ 5
i 0.4 8
<
-0.8
0 2 4 6 8 10
Time [s]
(@)
2.5
] 20 F
15 %5
5
1.0 7
---G,81m —B4exp &
/ ---94sjm —H;exp 0.5 &
sim exp| o
0 2 4 6 8 10
Time [s]
0.8
j 04 &
A 5
H - 0.0 %
i g
04 3
<
-0.8
0 2 4 6 8 10
Time [s]
(b)

= 0.6 — :

= ---Q4s1m —Q4exp
‘i 0.4 '"B_as%m —6;0Xp
£ j sim — ]exp
Q

= 02

=

Et

L; 0.0 Promeiese

B

=)

< -0.2

0 2 4 6 8 10
Time [s]

= 0.10

)

o 0.05

=1]

g Am-m

5. 0.00 Vi

=

?Z—0.0S = ---@;sim — B, exp
Q ---f,sim — B,exp
—-0.10

0 2 4 6 8 10
Time [s]

Case 6-1

= 0.6 — -

= ---Q4s1m —Q4exp
=04 --—BBS%m —64exp
z [ sim — jexp
Q

§ 0.2

o

g 00 foriin

gl p——

< -0.2

= 0.10

£ -

5 a

% 0.00 v VA

3 A

?Z-0.0S et Hls?m — 6 exp
S ---f,sim — B,exp

-0.10
0 2 4 6 8 10
Time [s]

Case 6-2

0.9
0.6 =@
E
03 2
8
0.0 2
0.3
0.9
0.6 =@
E
03 2
8
0.0 2
0.3

63



75 5 B AFFERNEIA L2 ERE L B B IR D 7 80 D B BN FifE O K

2.4 2.5 = 0.6
- B
—_ - 20 § X
g 1.8 d = 2 04
= 15 & 3
o 12 5 S 02
20 107 =
< ---0,sim —H,ex & s
0.6 ---94sim _94@(15 05 2 5 0.0
sim lsexp g
0.0 0.0 < .02
0 2 4 6 8 10
Time [s]
% 0.6 : 0.8 — 0.10
E Gusim o E
= 03 O3sim 04 & 5 0.05
3 [ sim e 2
5 00 0.0 2 £ 000
52
S 0.3 048 Z-0.05
= < 8
§° -0.6 -0.8 —=.0.10
< 0 2 4 6 8 10
Time [s]
(¢c) Case6-3
2.4 25 Z 06
- B
— L 20 g =
= 18 —_~ = 2 04
g 1.5 % 5
o 12 § S 02
2D 1.0 5 >
< 0.6 ---04s1m —6,exp & = 00
---94sgm —ngxp 05 & z,
0.0 S PSP p 0 < .02
0 2 4 6 8 10
Time [s]
©w 0.6 0.8 — 0.10
3 =
E Y &
= 0.3 04 &8 o 005
S = o
g § §
B 00 foe e 0.0 2 £ 0.00
8 5 2
Q wa
g 03 -0.43 E-O.OS
B 0.6 08 =.0.10
< 0 2 4 6 8 10
Time [s]
(d) Case6-4

---6,sim —0,exp
---f,sim —f,exp
[ sim — jexp
Lo
0 2 4 6 8 10
Time [s]
A N

~---fBysim — @4 exp
=== B,81m — G,exp

0 2 4 6 8

10
Time [s]

---6,sim —@,exp
---f,sim —f,exp
[ sim — jexp

v =--@1sim — 6, exp

---fB,81m — B,exp

0 2 4 6 8

10
Time [s]

0.9
06 @
E
03 2
8
0.0 2
0.3
0.9
0.6 @
E
03 2
8
0.0 2
0.3

Fig. 5-7 Simulation and experimental results of proposed optimal motion trajectories for performance

verification
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Table 5-11 |

Table 5-11 Simulation conditions for optimal trajectory generation for applying skilled and proposed
trajectories to actual crane [70] © 2026 Elsevier

Parameters Variable [unit] Value
Boom length L [m] 26.0
Boom offset distance a [m] 1.1
Load mass m [t] 8.1
Initial rope length l [m] 18.2
Initial boom angle 05 [deg] 40
Rotational angle 044 [deg] 90

Table 5-12 Objective functions for generating mechanical stress reducing trajectories

Case Objective function

Skilled trajectory minimize T

Two-stage multiaxial trajectory minimize 603 ;mp

Three-stage multiaxial trajectory minimize 60 ;mp
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Table 5-13 Maximum and minimum constraints on parameters for optimal motion trajectory generation
for actual crane [70] © 2026 Elsevier

Variable Subscript min max [unit]
t; i=1-11 0.0 20.0 [s]
7 j=1-14 0.0 1.0 [-1
tik k=1-5 0.0 20.0 [s]
tu k=1-5 0.0 20.0 [s]
65 - -0.01 0.01 [rad/s]
I - -0.50 | 0.50 [m/s]

Table 5-14 Inequality constraints parameter for optimal motion trajectory generation for actual crane

Variable Value [unit]
017 max 0.0025 [rad]
027 max 0.0025 [rad]
64 max 0.2094 [rad/s]
04 max 0.06 [rad/s?]
03 max 0.01 [rad/s?]

[ ax 0.20 [m/s?]

Fig. 5-8 (a) ~ (c)ICEMfEml 7 v — v R Ic O g AR S - B EILUED > I 2 L — > 3 ViER%
Y. RETIEAEEHE XA R L — ZE L L, RREIRIVRIESS 2 BOiE T 24.3%, 3 B
BB T 28.8% M) 35 L AR I Nz, TR S, REMEIE T RA T —LD I L— V2T Th
$, FEHI L — Vit 0w T mAFIRIVRIEDIKIICHRITH 5 Z L AR I T,
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(c) Two-stage trajectory
Fig. 5-8 Simulation results of the proposed optimal motion trajectories for performance verification using
actual rotary crane specifications

5.4.2 SOEBNFHLEICED < HIRERMNT &2 F\ 72 7 — 257 DTl

5.4.2.1 ARERMENTE 7 v O

541 HiTHEKLZARL —2HuE s X IRE L 2EABEOREEFHFIEICE T 2 77— L5 &Lt
W3 570, fEbl 27 L — v BN EREREET L (FEM €7 V) %53 5. FEM @I I3 EME 2
L—VEBRORBFEL LT, 7L — v OREHCL, ICIFHEOFHEICHEH 5. #EEL 7= FEM £
7 V% Fig.5-9 127" 3. FEM €7 VI3E 7 L — v OWEREFEZ KL 72U T D 3 DD E 7 AT E L
%,

e TRAYFAVEIETIL: TFRAT — LA
e u—7EFN:FEu -7, T—rlfRue—7, T—LHAT4V
o KfEEFA:HFVEY, fERTZL—L4

TEyF AV PETABILONE =TT ITHMER, RikeT Vidllike LCeETEL T3,
fidESE L CETMEE N, =T EROKN/ — VICHEXR 53 nE, 7okl e -7
BEIX, EEFEFKOY —T7B8L U0V A vFoEErET ML TWE, ok, RIS TITYEE

68



75 5 B AFFERNEIA L2 ERE L B B IR D 7 80 D B BN FifE O K

TERINDG., 7FAT—LE7FAEEORMIC, — FEEEL, 25 %130 BHE Tt L TR
TN, T—LBLXUHAA T4 v oW L MBI, EROMARRICE S TEREI LTS, v
— 7T, EEOu—-TROK 2~3 FFoRS cHEIESE SN, #EURYEEES L LT, Hh
Ry WA UREOEEO T - TOFMEERIL T b, 7 — A MR IFER 7 L — Al e
VERIINTE Y, Thick Y T - LBREWESFIREIC R 5. TEEEIE L, FER 7 L —AicR S 7
gl o ) — FicflEr 525 2 L cEBEE NS, T2 BRE LU - TEIFI, EEOV AL v
FEMYEEEEREL, v —TROZMICK > THEIN TS, EETIR, EEOEBHEESICXY
ETFEHRAT Ly X7 =2ty TF~7 v 7RO 22 I 2T, 7—LERD 2 izmaos LT
ZfTo T35 2%, FEME7 AT, IR X P 2HRIT 5720, 1RKHFTcETAMLIN TS, v —
7NV )y FERCHBLEh, o —TET ALY — T ETAOERMEIC ZEMEGERERI N TS
72, B—=TRBy—=TENL CET 2ERORHSHEITE S, 5, BRAR—T DN/ —F
LA T A Vi — F ORI RS, 2hd oEBRAREIE X 2 X 5 ICHEL T
Wb, ETARMRIT 15278 / — F & 8224 EEL LMK I N T2,

69



75 5 B AFFERNEIA L2 ERE L B B IR D 7 80 D B BN FifE O K

=7 —

T—=LHAZ74

7—LEk0—7

=7 —

H by
BEE 7 L — LA
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Fig. 5-9 Structural overview of FEM model of rotary crane
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Fig. 5-10 Evaluation elements for stress analysis in FEM simulation model validation [70] © 2026 Elsevier
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Fig. 5-11 Rotational motion trajectory used in FEM for load sway validation
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Fig. 5-12 FEM results of boom stress and tangential load sway angle ratio during rotation
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(c) Two-stage S-curve trajectory
Fig. 5-13 Stress of lower boom and load sway evaluation using FEM for performance verification [70] ©

2026 Elsevier
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Fig. 5-14 Stress ratio of proposed optimal motion trajectory relative to skilled trajectory
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Fig. 5-15 Load profile during crane operation for skilled and proposed trajectories in crane lifespan
evaluation [70] © 2026 Elsevier
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Nonlinear optimal nonlinear motion trajectory generation

Desired rotational angle : 90 deg (only 1 trajectory)

Linear optimal modified motion trajectory generation

Modified angle : -20, -10, +10, +20 deg
| | [ I
Trajectory Trajectory Trajectory Trajectory
: 70 deg : 80 deg 1100 deg 1110 deg

(a) Linear optimal modified motion trajectory generation

Nonlinear optimal nonlinear motion trajectory generation

Desired rotational angle : 60 ~ 120 deg (7 trajectories)
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:60,80deg | | :70, 90 deg | |:90, 110 deg| |:100, 110 deg
Interplolation Interp!)lation Interp!)lation Interp!:lation
¥ ¥ ¥ v
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(b) Linearly interpolated motion trajectory generation
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Nonlinear optimal nonlinear motion trajectory generation

Desired rotational angle : 90 deg (only 1 trajectory)

Scale modified motion trajectory generation

Basic trajectory X scale rate

Trajectory Trajectory Trajectory Trajectory
: 70 deg : 80 deg : 100 deg 1110 deg

(c) Scale modified motion trajectory generation
Fig. 6-1 Modified motion trajectory generation procedures

Table 6-1 Simulation parameters for original and modified optimal motion trajectory generation

Parameters Variable [unit] Value
Boom length L [m] 2.0

Boom offset distance a [m] -0.368
Rope length l [m] 2.0
Load mass m [kg] 1.0

Rotational angle 0.4 [deg] 60 - 120

Rope length l [m] 2.0
Boom angle 05 [rad] 50
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Table 6-2 Constraints conditions for basic optimal motion trajectory generation

Value
Parameters Subscript [unit]
max min
i=1,3,57 [s] 5.0 ~ le-5
ti max’ ti min
i=246 [s] 5.0 ~ le-5
Tj max»7j min j=12 [s] 1.0 ~ le-5
Parameters [unit] Value
0, max [rad/s] 0.6
64 max [rad/s?] 0.6
01+ max [rad] 0.001
031 max [rad] 0.001
T [s] 6.0

Table 6-3 Constraints for optimal modified motion trajectory generation

Parameters [unit] Value
AG, [rad/s] -20, -10, +10, +20
0, max [rad/s?] 0.6
01+ max [rad] 0.001
05 max [rad] 0.001
T [s] 6.0

Fig. 6-2 I T M ICEE D W TAERK L 72 60 ~ 120 FE (10 FEZIA) OREEEIELXRT. Zhbd
DOEEPIE % B IR IEBIEHUE % B L, FHRAVERE 2 353 5.

Fig. 6-3 (a) ~ (d) ICHE[EBEMA 70, 80, 100, 110 FEoOKiOMIE#OBIFIE L, Z OBfFHLEICEH T
ZEHRNDY I 2L —v 3 VEERZIIRT. X 5IC Fig. 6-4 3 X UF Table 6-4 I 13 B EEHE ORI
BT R L0 5.

BAHEBEHLE 2 ZE L -8ELEIC DO W Ty T a b —Y a Y 2fTo 4R, & & VR HHR I
H DR %ETR L7 0ix, BHAEHEE AR O # O BIFPE %2 H» CHuE % #i1E 5 2 BUBHiEEuE £ K ©
of. L Led s, ZoMflosh R, %3 2 5ol EBFPEA K & 1ZIEFR%ETH o7, —I7 T,
MRIGARIOE 2R B X, JifR 0 2 D D REBIFPLEA LI L 32 DIk L, Folfi EBF#uE Ic X3
G oIz i— D ROEPE D O IEHUESERRATRECTH 5. 2 F 0, REFHRIILAEIEL, 2ot
SR ARSI OEREE L T2 2 & b, ARhRmEEFHuEERETH D L vwx b, 275 L,
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0 2 4 6 8
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Fig. 6-2 Optimal motion trajectories generated based on the basic trajectory nonlinear model for target
rotational angles from 60° to 120°
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(a) Desired rotational angle: 70 deg
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(b) Desired rotational angle: 80 deg
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(d) Desired rotational angle: 110 deg
Fig. 6-3 Comparison of simulation results between nonlinear optimal motion trajectory and modified
trajectories
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Fig. 6-4 Comparison of residual load sway between nonlinear and modified motion trajectories

Table 6-4 Comparison parameter of residual load sway between nonlinear and modified motion trajectories

Rotational |Load sway Residual load sway [rad>x107]
angle | direction | Noplinear Opt |Linear Opt (Mod)| Linear Interp Scaling (Mod)
Radial || 072 L 200 L
70 deg -
Tangential | | 1.03 e 1S
Radial ||| 104 LSS 1S
80 deg
Tangential || 0.77 L8 L 16s
Radial || 101 063 L 18
100 deg
Tangential | | 0.86 063 s
o4 Radial | | 1.00 R R
c
® [Tangental || 138 L 1s0 L e
Average L 097 L 160 L s
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Rope Boom Load
Case No. Motion length angle mass Input
m] | [degl | [t
Maximum acceleration: 0.06
Case A-1 Boom rotation 0 40 4.05
[rad/s?]
Maximum acceleration:
Case A-2 Boom-luffing 0 40 4.05
-0.01 [rad/s?]
Maximum acceleration:
Case A-3 Rope-hoisting 18.2 40 8.1
-0.2 [m/s?]
Initial load sway angle:
Case A-4 Radial load sway 18.2 40 8.1
0.15 [rad]
Initial load sway angle: 0.15
Case A-5 Tangential load sway 18.2 40 8.1
[rad]
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Table B-1 FEM conditions for proposed optimal trajectory generation for actual crane

Parameters Variable [unit] Value
Boom length L [m] 26.0
Boom offset distance a [m] 1.1
Load mass m [t] 8.1
Initial rope length l [m] 18.2
Initial boom angle 05 [deg] 40
Rotational range 044 [deg] 90
Boom luffing motion O34 [deg] 40 — 30
Rope hoisting motion l4 [m] 18.2 - 9.1

Table B-2 FEM constraints for verification of optimal motion trajectory generation

Value
Parameters Subscript [unit]
max min
i=1357 [s] 20.0 ~ 1.0
ti max> ti min i
i=246 [s] 20.0 ~ 0.0
7j maxs7j min j=12 [s] 0.9 ~ 0.1
Parameters [unit] Value
0, max [rad/s] 0.2094
04 max [rad/s?] 0.06
O1r max [rad] 0.003
021 max [rad] 0.003
th [S] 5.0
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(b) Case of multiaxial motion
Fig. B-1 Simulation results of the proposed optimal motion trajectories using FEM for actual rotary crane
specifications




