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ARTICLE INFO Abstract

Keywords: This paper presents a novel self-tuning anti-sway control system for shipboard cranes that
anti-sway control provides full, six degree-of-freedom (DOF) motion compensation with respect to both the world
shipboard crane (ocean) coordinate frame and the ship deck coordinate frame. The system can either manually or
knuckle boom crane automatically switch between compensation modes during operation, and is capable of providing
self-tuning control anti-sway action while tracking a time-varying operator input. Rather than requiring the operator
double pendulum to provide individual joint control, the entire system can track a simple three-axes Cartesian
wind disturbances input from the operator, while simultaneously provi full anti-sway compensation in either

coordinate frame.

High-fidelity simulation case studies were
boom crane, which included double pendul een the hook and payload, in the
presence of full six-DOF ship motion at sea-st uning anti-sway system showed
at least a 92.70% reduction in paylo; i r when the corresponding compensation

ease in performance of up to 101%, indicating
he effect of wind disturbances.

1. Introduction

Shipboard cranes are an important part e operations; however, as the payload is under-actuated, they
can are also be extremely hazardous. S i se unexpected payload behaviour, which, for an operator
standing on the deck, can be difficult to pre 0. Additionally, high degree-of-freedom (DOF) cranes in use

can cause further difficulty cont [ d motion in the presence of ship motion. Therefore, this work focuses on
the development of an anti- to limit unexpected payload motion for a 9-DOF shipboard knuckle
boom crane, with the i aneously provide both full motion compensation and intuitive control for the
operator.

The study and design i-sway control systems for cranes have been of great interest to researchers over the past
several decades. Ramli et al.-\¢enducted a thorough review of general crane control systems in 2017 [20], where over
seventeen different types of crane controllers were discussed. The control strategies used by researchers have varied
from the industry-standard proportional-integeral-derivative (PID) controllers to more advanced nonlinear sliding-
mode controllers, fuzzy logic controllers and neural networks. Conclusions made by Ramli et al. were that the majority
of existing research has focused on gantry and overhead cranes with limited work on tower or rotary cranes, and that
the consideration of the hook and payload as a double-pendulum system has received little consideration.

In the past few years, the focus of much shipboard crane research has been on adaptive and robust controllers,
often applied to simplified, low-DOF systems. Considering a planar offshore container crane, Ismail et al. [5] in 2015
developed a robust sliding mode controller designed to handle uncertain disturbances such as wind gusts. A 3-DOF
offshore container crane was considered by Ngo et al. [16, 15], who developed a fuzzy-tuned sliding mode controller
to provide anti-sway control. Qian and Fang [17, 18] also considered the planar offshore boom crane and developed a
nonlinear learning controller. Qian [19] later considered the 3-DOF container crane and developed an adaptive learning
controller for anti-sway control. In 2017, Kim and Park [6] designed a linear controller for a linearized 5-DOF container
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crane. In 2018, Sun et al. [21] considered a planar boom crane and developed an energy-based nonlinear controller,
while Lu et al. [9] developed a nonlinear controller for the 3-DOF boom crane. Once again considering a simplified
model of a knuckle boom crane, both Wang et al. [27] and Tysse and Egeland [24] developed anti-sway control systems,
where the simplified model only considered the mass and inertia of the crane base, boom, jib and payload, and none
of the other crane components.

In 2019, Sun et al. [22] considered the three-DOF container crane and implemented a controller that used a observer
to obtain velocity feedback. Also in 2019, Sun et al. [23] included double-pendulum dynamics in a control system for
the planar container crane. Kim and Hong [7] considered a 4-DOF offshore container crane and developed an adaptive
sliding mode controller. Again considering the planar offshore boom crane, Yang et al. [28] developed a neural-network
based adaptive controller and Lu et al. [8] applied nonlinear coordination control. Tysse and Egeland [25] developed an
anti-sway controller for a knuckle boom crane using a Lyapunov-based pendulum damping and nonlinear MPC control
system. The anti-sway control system developed by Tysse and Egeland did not consider the dynamics of the crane itself,
only the interaction between the crane tip and the payload. In 2020, Guo and Chen [4] considered a two-DOF planar
shipboard gantry crane and developed a fault-tolerant fuzzy robust controller.

For a more thorough review of shipboard crane anti-sway systems, the reader is
by Cao and Li in 2020 [1]. Cao and Li found that the majority of existing work fo
models for planar, 2D cases, and that consideration of high-DOF cranes is lackifig i

ferred to the review published
es on two or three-DOF dynamic
current literature. Additional

boom crane and showed the effectlveness of a mechanical dampm
Mobayen [29] considered a 3-DOF offshore gantry crane, and pro

coordinate frame tracking real-time, time-varying trajector
a 7-DOF knuckle boom crane in [10].

In addition to the limitations identified by Cao
loop with the anti-sway control system; as up to
operator will provide real-time input to the s

dents can be attributed to human error [3] and the
portant to design an anti-sway control system that not only
itive control for the operator. Therefore, the intention of the
current work is to approach the anti-swa oblemfrom a different angle than typically seen in literature, with a
focus on operator interaction and fullm

e Can provide both B [deck-frame and ocean-frame motion compensation, switching smoothly between
each autonomou e Wi the operator; to the author’s knowledge, it is the first such anti-sway control

o Is capable of operatingWith real-time input from an operator mapped to an intuitive three-axes Cartesean control
scheme, while can also be tasked to follow an time-varying, autonomous, pre-defined trajectorys;

e Enhances the self-tuning system used in [10] to account for wind disturbances;

o Is applied to a 9-DOF shipboard knuckle boom crane, which includes double-pendulum dynamics between the
hook and payload.

As the system developed in this work is designed from the ground-up for real-time control and operator interaction
of a high-DOF marine crane with both deck and ocean-frame anti-sway compensation, to the author’s knowledge no
suitable comparison exists in the literature for a comparative study. Instead, a comparative study will be performed
demonstrating the utility of the self-tuning in the anti-sway system in the presence of wind disturbances and a variable
payload mass. Additionally, due to the complexity of developing a suitable, laboratory-scale 6-DOF motion platform
and 9-DOF knuckle boom crane, this work presents case studies performed purely in a high-fidelity simulation, and
hardware testing is left for future work. A thorough human factors study of the anti-sway system is also left for future
work.

Section 2 provides an overview of the 9-DOF knuckle boom crane, and Section 3 outlines the operation of the
anti-sway control system. Section 4 provides the simulation case studies, and Section 5 presents the conclusions.
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Figure 1: A 3D schematic of the knuckle boom @ wing the major coordinate frames and crane components.

2. 9-DOF Knuckle Boom Crane

The crane used in this work t@’demQnstrat anti-sway system is a 9-DOF knuckle boom crane, chosen for its
relative complexity compared t8 y arine cranes; however, the system is generalized and can be applied
to any type of marine crang antry and boom cranes.

Figure 1 shows a sindp Dischemiatic of the knuckle boom crane aboard a ship. At the ship’s center of gravity
(CoG), an IMU measure ge Y, sway X and heave Z,, of the ship, along with the roll angle ®,, pitch angle @,
and yaw angle .. Note thagthe resulting CoG coordinate system is left-handed, as is common in marine applications.

The base of the crane rotates about a deck-fixed coordinate frame XY Z, located at a position vector Xxp =

[x B VB 2 B]T relative to the ship’s CoG. Note that, to comply with standard dynamics and robotics conventions,
XY Z |, is aright-handed coordinate system, with Y}, in the opposite direction relative to Y. The crane tip is defined
as the fall point of the cable from the final sheave, at which point the coordinate system XY Z,;, is assigned, where
the orientation of XY Z,;, is aligned with XY Z ,. The desired position of the payload in the deck coordinate frame,
specified by the operator, is given by XY Z ;.

Figure 2 shows the nine degrees of freedom of the crane. The base of the crane rotates relative to the deck coordinate
frame XY Z , by an angle 6, about the Z, axis. The displacements d, d, and d; correspond to the boom actuator,
Jjib actuator and extension, respectively, and /g is the cable length between the crane tip and hook. Together, the five

degrees of freedom q = [90 dy d, dy 18]T are all the actuated degrees of freedom of the crane. The sway
angles of the cable from the final sheave to the hook are modelled as a universal joint, with 8¢ and 6, representing
perpendicular rotation angles. Likewise, the sway angles of the cable between the hook and payload are modelled with
another universal joint, where 64 and 6, are perpendicular rotation angles. All of the sway angles are unactuated. As
a universal joint is attached to both the final sheave and the hook, the cable behaves as a double pendulum.
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3. Anti-Sway Control System

eometry can be found in Appendix A. The forward kinematics used
2 crane actuators is provided in Appendix B. Note that to generalize the anti-sway

gane, one has to define the location of the crane tip XY Z,;,, and ensure it is

Figure 3 shows the high-level structure of the anti-sway control system. The input to the system is a Cartesian
3-vector X; = [)'cd Va z'd]T, representing the rate of change of the desired payload position. By using a rate, the
input is time-varying and can be provided by an operator using joysticks, or can be chosen to autonomously provide
a pre-defined path; it is desired to limit the input to only three axes to provide intuitive control for the operator, such
that the payload position can be fully defined using the fewest number of inputs. If the operator attempted to control
the system with independent actuator (joint) control, the 9-DOF knuckle boom crane would require five inputs.

The input x, is integrated by the trajectory integrator to produce the desired payload trajectory x; =

[xd Y4 zd]T. The trajectory integrator uses the tracking error ||x,|| from the first optimizer pass to limit the
trajectory growth if being driven out of the crane’s range of motion. More detail on the trajectory integrator is provided
in Appendix C. Once integrated, abrupt changes in joystick position can be smoothed using an optional digital filter.

The smoothed desired trajectory X, is then passed to the actuator optimizer for a first optimizer pass. During
this pass, the optimizer attempts to find actuator extensions to track X, within the set actuator limits ¢4y /min,1-
The resulting tracking error ||x,|| is passed back to the trajectory integrator. More detail on the actuator optimizer
is provided in Section 3.1.
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Figure 3: The high-level structure of the anti-sway control sys smoother is an optional digital filter.
The smoothed desired trajectory X, is also passedto the way trajectory modifier, which shapes the trajectory

to provide anti-sway action. More detail on the an @ ajectoryy modifier is provided in Section 3.2. The modified
desired trajectory X, is then sent to the a ppfimzier for a second pass to determine appropriate actuator

ired actuator setpoints q,; produced by the optimizer are then
ane to produce the actual crane states q.
crane being driven out of range by the additional motion from

limits gy /min,1 Can be set to b
the limits g,y /ip,1- the traj
continue providing anti-

& tru€ limits. Therefore, if the trajectory provided by the operator reaches
egrator can stop further growth of the trajectory, while allowing the crane to
pengation, as the crane has not actually reached its true limits q,,qy /min,2-

3.1. Actuator Optimi

Figure 4 shows the actu optimizer, which finds actuator setpoints q, to track a desired payload position Xx,.
If the initial condition of the frajectory integrator was not set to the initial X;,;;,; position of the crane, the initial
position can be obtained using the initial actuator extensions q;,,;;;,; and the forward kinematics of the crane, provided
in Appendix D. Adding the initial position to the desired trajectory provides the desired trajectory in the deck frame
X4 deck» Which is then run through the optimizer subsystem to produced optimized actuator setpoints g,,,. To ensure
the system can perform fast enough in real-time, the optimizer is run up to a maximum number of iterations »;. The
actuator setpoints are then limited by a saturation function to be in the set range q,,,4y /- The resulting setpoints g,
are then passed through the forward kinematics to obtain the achieved Cartesian position X, ;..eq» from which the
tracking error X, is calculated. In this work the system is run at 100 Hz, resulting in a relatively small change in desired
payload position between timesteps, for which a value of n; = 5 was found to be suitable.

The actuator optimizer requires a trajectory X, ,;, for the fully actuated crane tip. The mapping of x,; and y, to the
crane tip will be corrected in the anti-sway trajectory modifier, and so at the optimizer stage, x4 ;;, = x4 and y,; ;;, = Yg.
However, z,, the operator’s desired vertical motion for the payload, must be split into two components: the desired tip
vertical motion z, ,;,, and the winch cable length setpoint /g ;. Thus, an algorithm mapping z, ;;, and lg 4 to z; must
be developed.
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3.1.1. Tip Mapping
The proposed system distributes the operator’s de$tred motion z,; between the tip z, ,;, and cable /g ; based
on the boom actuator setpoint and cable length sefpo 3 actuator moves towards its endstops, the system
will more favour the cable. However, if the cable lengthd€creases such that the hook approaches the sheave, the system

will more favour the tip. At the current ti and /g ; are

. 1
otherwise M

Ziipo — 241 i ||z, 011 >0

“urd . @

——zp otherwise

ZR+1
where z,;, o is the vertical verride, provided by the operator, At = % where f is the operating frequency, and zp
is the cable-tip ratio, given by

Zpy t+di,
Zp= g, + il 3)
ZR2

where zp , is the nominal cable-tip ratio and d ., the center of the boom actuator’s stroke, is d; . = 0.5d; ;, where d ;
is the stroke of the boom actuator, and

1 .
_ if||ldy ;, —d > |ldy,—d :
2p) = Hkllnlldl,d_dl,c”(i—l)H lldi 4 —diclli—1y > lld1 g = diclli—2 @
’ 0 otherwise
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Figure 5: The cable-tip ratio z, for a range of shaping constants k, and k,.
the cable-tip ratio for a variable k;, with k, = 50. The right-hand figure_ shows t
variable k,, with k; = 4. Note that the right-hand figure shows a zoome
to limit the cable-tip ratio.

sponse of the cable-tip ratio for a
ft-hand figure, as k, simply acts

nd [l&d](i—l) > [l&d](i—Z) 5)

le length setpoint, and /g ,,,;,, is the minimum length of cable
motion over cable motion, in this work set to l&min =1m.

the center of its stroke, whilgthe cable is also moving away from the sheave; therefore, the cable-tip ratio remains at
the nominal value of 2. However, when the payload is raised, the boom actuator is moving away from the center and
towards its endstop, and the cable is retracting towards the sheave; therefore, the cable-tip ratio dynamically adjusts.
As the cable length is reduced and the hook approaches the sheave, the system reduces the cable-tip ratio, and begins
to more-heavily favour motion of the tip. The constant k; affects the “slope” of the response of zg, where a larger value
of k; results in a more gradual change in z z. Observing the right-hand side of Figure 5, the value of k, acts as limit on
the cable-tip ratio, with a higher value of k, allowing z to more closely approach zero. With the tip mapping defined
and the forward kinematics known (see Appendix B), the operation of the optimizer subsystem shown in Figure 4 will
be discussed.

3.1.2. Optimizer Subsystem

Figure 6 shows the optimizer subsystem, contained in the overall actuator optimizer shown in Figure 4. The knuckle
boom crane used in this study is over-actuated, with four actuators driving the Cartesian position of the crane tip.
Therefore, it uses two optimization functions; one keeping the extension actuator fixed, and allowing the jib actuator
to move (the Jib function), while the other holds the jib actuator fixed and allows the extension to move (the Extension

I. Martin and R. lIrani.: Preprint submitted to Elsevier Page 7 of 28



Self-Tuning Anti-Sway Control Providing Combined World and Deck-Frame Compensation

function). Both functions have the same structure:

-1
941 =q; + [VJib] f, (6)
-1
4di+1 =4; + [VExtension] f’ (7)
where
fl Xtip = X4
f= f2 = yt[p_yd ) (8)
f3 Ztip — 2d
of oh on]
m o
=2 2 Z2
Viip = 90, od; ddy |’ ©
ofs dfs 9f3
06y od; d,
B
m o
2 2 2
V Extension = 0, od, ody |’ (10)
9fs dfs 9f3
90y  9d,
where f is the cost function, and x,;,, y;;, and z;;, are the cogrdipe he“€pane tip in the deck coordinate frame.
Expressions for the terms in equations (8)-(10) are provided
Initially, the crane will always attempt to move the jib C pless the extension actuator is already active
and d; > 0. The resulting actuator setpoints q;,; aLefGon to a Cartesian coordinates X, ;,; using the forward

kinematics, giving an error e between the desired

greater than e; and we have not yet reac
to reduce the error.
With the actuator optimizer co

3.2. Anti-Sway Trajectory

The proposed anti-sw,
frame compensation. @M |
mothership, allowing an'@perafor to transfer cargo across the deck without unexpected motion. In contrast, world-frame
compensation allows the payload to be held stationary with respect to the ocean, which could be used by an operator
for off-board operations. Both'€@@mpensation modes are combined into a single anti-sway trajectory modifier that can
switch smoothly between each, either automatically or manually with input from the operator.

3.2.1. Deck-Frame Compensation
The deck-frame compensation system is based on the system developed in [10], adapted for use with the double
pendulum 9-DOF knuckle boom crane. The x and y components of the deck-frame compensator x r and yp are
xpr=+&)g+1)tan(0,) + Y,, (11)
ypr =1 +E)Ug+1)tan(®,) + Y, (12)
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where &, and &, are di @ §s scalifig gains, and Y, and Y, are offsets. The scaling gains &, and &, are driven by
adaption laws,

-

—o, ifsgn(e,) = sgn(tan(GV)) and &, > §x,min
§x =§)/C + 4 Ox lf Sgn(ex) ?é Sgn(tan(Qr)) and é:x < éx,max ’ (13)
0 otherwise

—o, ifsgn(e,) = sgn(tan(d)p)) and &, > &) i,
& =, +40, ifsgn(e,) # sgn(tan(®,)) and &, < &, 0 (14)
0 otherwise

where / designates the previous timestep, o, and 0, are the growth rates, e, and e, the error between the actual and
desired payload position, and &, i, &x maxs Sy min A0 &), gy the limits on the scaling gains [10]. The offsets Y, and Y,
have been added in the current work to the deck-frame compensation to aid with disturbance rejection and are driven

by adaption laws

Y, =Y.+ Ix,, (15)
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Y, =Y+ e (16)

where I'y and I'), are the growth rates.
As the z component is mapped between z, ,;, and g 4 in the actuator optimizer, the z component of the deck-frame
compensator is

1
_ 17
“or cos(®,) cos(®@,) )

With the deck-frame compensation functions x p, ypr and zpr fully defined, the corresponding functions for the
world frame Xy, yy - and zy,r must be developed.

3.2.2. World-Frame Compensation
To derive the world-frame expressions Xy g, i r and zy, f, the transformation matrix MY T, mapping from the
ship’s IMU to the deck coordinate frame is first required,

IMUTD = Txyz,IMU : RYaw : RPitch : RRoll - T, 5 (18)
where

T, (19)
(20)
(21)
(22)

_1 0 0 xB

01 0 y
Txyz,D = 0 0 1 Zp (23)

0 0 0 1

where X, Y and Z), are the ship’s sway, surge and heave, ¥, @, and ©,. are the ship’s yaw, pitch and roll angles, and
X g, yp and z g are the components of the relative position vector between the IMU and the base of the crane. As shown
in Figure 1, in the right-handed coordinate system used in this study, the x axis points to port and the y axis points to
the stern. Therefore, to correct the left-handed IMU measurements and convert to the right-handed coordinate system,
the roll ®, and surge Y, are negated in equations (19) and (22).

As the trajectory modifier operates in the deck-frame, the x and y components of the world-frame compensator xy, ¢
and yy,  can be obtained by rotating /MY T into the deck coordinate frame through the reverse rotation sequence,

Twrxy = [RRoll]_l : [RPitch]_l : [RYaw]_l MU, (24
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where the first row, fourth column and second row, fourth column entries of matrix Ty f ., will correspond to xy,
and yy, r,

XwF =TWF,xy(1’4)
=[c(¥,)s(@,)Y; + s(@,)s(¥ )X, + c(P,)Z,]|5(8,)

+ [c(W )X, — s(¥)Y,]c(®,) + xp, (25)
YwF =TWF,xy(2’ 4)
=—c(¥)e(®,)Y, — s(¥)c(P,) X, + (P, Z) + yp, (26)

where cos(-) and sin(-) are abbreviated c(-) and s(-), respectively.

For the z component of the world-frame compensator zy, ¢, the vertical motion can be measured at the projected
position of the payload in the XY j, plane, as shown in Figure 7, where the projected position in the world frame is
defined as

10 0 x4, — 24,800,
0 1 0 yup,—2z4,8
Tprojanv =" MTp 0 1 Yip = FupSC 27
0 0 0
where x;;,, y;, and z;;, are the Cartesian coordinates of the crane tip in inate frame, obtained from the

forward kinematics in Appendix B. Therefore, the third row, fourth'¢elu
the deck coordinate frame,

0 0

_1 1 0 0 0
TProj,D - [RRoll] . [RPitch] w 0 0 1 TProj,IMU(3’4) s (28)

0 00 1

giving,
2w F =TProj,D(3’4)
=c(0,)c(D, + @,)2.2”»[, +¢(©,)zp + (xp + x;,)5(0,) — z,,p]c(CI)p)

+ - )= Zgp t+ Zh]- (29)
With the world-fram ensation functions xy, r, ¥y r and zy, p fully defined,they will be combined with the

corresponding deck-frame tions X pr, Ypr and zpr, defined in Section 3.2.1, to develop the full anti-sway system.

3.2.3. Combined Anti-Sway System
Both deck-frame and world-frame compensation can be combined into a single trajectory modifier for the crane

tip,

Xgm =Xq + Xpr + Swr(XwF jock = XwF)> (30)
Yam =Ya + Ypr + SwrOwF jock = Ywr): (3D
Zam =24(ZpF) + SwrZwF jock = Zw F)> (32)

where x,, y,; and z,; are the desired payload trajectories (or smoothed desired trajectories x4, y;, and z4), and x,,,,,
Yam and z,4,, are the modified crane tip trajectories, ready to be passed to the actuator optimizer. The elements of
the deck-frame compensation xpr, ¥pr and zpp are given in equations (11), (12) and (17), and the elements of the
world-frame compensation xy, r, yy r and zy, p are given in equations (25), (26) and (29).

Once world-frame compensation is activated, the system “locks” the current world-frame compensation values
N Xy Fjocks Yw Fiock @04 Zyp jo0x- World-frame compensation is applied by adding to the tip trajectory the relative
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Projected N
Positic =

the deck coordmate frame, XY Z,, i

that line a is colinear with Z,, , while line

displacement of xy, g, Yy F an
sudden jumps in the paylo

ir initial values Xy, g jocks Y Fiock @04 Zy F jocr- In addition, to prevent
a strength factor Sy,  is used, scaling from zero to one during a specified time
interval. In this study, th @ set to five seconds. Therefore, when world-frame compensation is activated,
Sy F 1s set to zero and tes fOr Xy p ocks YW F.iock 804 Zy F jocx are captured. The world-frame strength is then
increased to one over a five'§econd time interval. To return to deck-frame compensation, the value of Sy, is lowered
from one to zero over another five-second interval.

In manual control, activating or de-activating world-frame compensation is controlled by a simple button press by
the operator. For automated control, a threshold can be used to trigger activation of world-frame compensation; in this
work, Z;+2; povi0ad < Zthresn Was used as the threshold function, where z; ;1,44 18 the initial z position of the payload
in the deck coordinate frame and z;;,.,,, is the threshold height above the ship deck.

4. Simulation Case Studies

To emulate real-time deployment, the anti-sway system was programmed in LabVIEW and deployed to a National
Instrument myRIO, operating at a frequency of 100 Hz. To simulate the dynamics of the crane and ship, the
MATLAB extension Simscape Multibody was used, which communicated with LabVIEW via a UDP connection.
To simplify testing, kinematic control was used for the actuators, emulating a well-tuned hydraulic control system
with counterbalance valves. The ship motion used in all of the simulations was generated with ShipMo3D, a validated
software package [13, 14]. Sea state 6 was used in the simulation, where Table 1 provides the root-mean-squared
parameters. The sea way was modelled with regular waves of the Bretschneider spectrum, with a significant wave
height of of 5 metres and a period of 12.4 seconds. The ship used was the generic frigate, with a length of 120 m, and
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Table 1
Ship Motion Parameters

Surge Sway Heave Roll  Pitch  Yaw

(m) (m (m ) ) )
RMS | 0.701 0.197 0.908 1360 1.600 0.244

sailed at a speed of 6.000 kt with a heading of 15.0° into the sea. The frequency of the ship’s roll, pitch and yaw motion
was 0.093 Hz.

In Section 4.1, the system will be tasked with tracking a pre-defined, automated trajectory to demonstrate the
performance of the anti-sway system under repeatable conditions. Operator-in-the-loop tests and a thorough human
factors study has been left for future work; however, to facilitate such testing, the system has been designed for real-time
operator input. In Section 4.2, the system will track the same trajectory in the presence of wind disturbances, as well
as with two different payload masses; the utility of the self-tuning system in countgfacting the wind disturbances and
variable payload masses will be investigated. Finally, in Section 4.3 the effec e double pendulum on system
performance will be investigated. Video animations of several tests are provi

4.1. Automated Trajectory
In the first case study, the system is tasked with tracking a pre-defin g trajectory for the payload:

0.1 m/s S5s<t<258

X; =4-0.1m/s 90s <t % 110s1 < 120 s (33)
0 otherwise
5s
<100sor110s<t<120s (34)

s<t<60s (35)

Figure 8 shows the re
payload’s initial positio 2 8 also shows five screenshots of the system during operation. The initial crane states
are 6y = Orad, d; = 1.2 d, = 0.5m, d; = O0m and /g = 1.5 m, which results in an initial payload z coordinate
Z; payload = 1.159 m. Therefor@ysince z, starts at zero and using z,j,,,, = —1 m, or one metre below the ship deck,
the system will start in deck-frame compensation mode, as z; + z; y4y10aa >= Zinresh- Following the given trajectory,
the system will switch to world-frame compensation at t = 55.9 s into the simulation, reaching full world-frame
compensation five seconds after at t = 60.9 s. The system will then switch back to deck-frame compensation at
t =108.5s.

The mass of the payload was 1770 kg, approximately the mass of a small Zodiac-style watercraft [30], and
the remaining crane parameters are provided in Appendix A. The self-tuning gains chosen for the simulation were
tuned heuristically to minimize payload tracking root-mean-square error (RMSE), and set to o, = ¢,, = 0.0001 and
Iy = I', = 0.001. The remaining constants were set to k; =4, k, =50, ¢; = €; = 0.1, €3 = 0.001.

Figure 9 shows the x, y and z position of the payload as a function of time in the deck coordinate frame, relative to
the initial payload position, while Figure 10 shows the x, y and z position of the payload, in the same simulation, but
in the world coordinate frame. The darker-grey sections of the figures indicate the transition periods between deck and
world-frame compensation, while the lighter-grey sections indicate that the opposite compensation system is active.
Each “section” of Figures 9 and 10 are given a unique designation; sections a, b and ¢ correspond to the payload position
measured in the deck-frame (Figure 9), where in sections a and ¢ deck-frame compensation is active, while in section
b world-frame compensation is active. Likewise sections d, e and f correspond to the payload position measured in
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Table 2
The root-mean-square-errors (RMSE) for the auto
are relative to section b, while the percent imp

ectory

simulation during the test (lower).

rial. The percent improvements for sections a and ¢
Or section e is relative to the average of sections d and f.

Compensation MSE (m) Percent
Mode y z | Average | Improvement (%)
0.0305 0.0053 | 0.0164 98.73!
Deck 1.2370 2.2850 ' 1.2970 —
0.0331 0.0037 : 0.0173 98.66!
T e 357 11281 22772 | 1.2470 | —
Wi 0.1377 0.0510 ' 0.0919 92.70?
0.3557 1.1802 2.2716 ' 1.2692 —

I Percent improvément of the average RMSE of sections a or ¢ relative to
2 Percent improveme

sections d and f.

the world-frame (Figure 10), where again in sections d and f deck-frame compensation is active, while in section e

world-frame compensation is active.

It is expected that in sections b, d and f the system will show reduced performance, as in these sections the system
will be using the opposing compensation mode. In practice, an operator could manually switch modes depending on the
requirements of the marine crane operation to ensure the correct compensation mode is active. Likewise, the automatic
switching system is designed to switch to world-frame compensation as the payload is off-boarded and lowered to ocean

the average RMSE of section b.

of the average RMSE of section e relative to the combined average RMSE of

surface, and switch back to deck-frame compensation as the payload is hoisted aboard the ship.

Figure 11 shows the error between the desired and actual trajectories in both the deck and world coordinate frames,
and Table 2 shows the average root-mean-square-errors (RMSEs) during the simulation in each of the six sections.
The average RMSEs were calculated by averaging the RMSE of the x, y and z trajectories calculated across the entire

time-span of the corresponding section; the transition zones were not included in any of the average RMSEs.
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Deck-Frame Payload X Position

4 (a) Deck-Frame Active > <(b) World-Frame Active > <(c) Deck-Frame Active >
— 2L — ——-Desired
é —— Actual
< 0
oL : =
| | I | | N | | |
20 40 60 80 100 120 140 160

Time [s]
Deck-Frame Payload Y Position

Figure 9: The position of th load in the deck coordinate frame during the automated simulation, relative to the payload'’s
initial position. The darker-greydsections indicate the transition periods between deck and world-frame compensation, while
the lighter-grey sections indicate’that the opposing compensation system is active.

Figure 11 and Table 2 show that the system tracking performance is significantly improved when the corresponding
compensation mode is active. Activating deck-frame compensation shows a 98.73% and 98.66% reduction in deck-
frame error in sections a and ¢ compared to section b, where world-frame compensation is active. Activating world-
frame compensation shows a 92.70% reduction in world-frame error in section e compared to sections d and f,
where deck-frame compensation is active. The results show that activating the corresponding compensation mode
significantly reduces undesired payload motion relative to the ocean surface (world-frame compensation) or the ship
deck (deck-frame compensation), depending on the operator’s preference.

While the world-frame compensation system has a larger average RMSE of 0.0919 m (while active) compared to
the deck-frame compensation RMSEs of 0.0164 m and 0.0173 m (while active), all average RMSE:s are significantly
reduced when the corresponding compensation mode is activated. The larger average RMSE of the world-frame
while active compared to the deck-frame could be attributed to the increased motion of the crane; when deck-frame
compensation was active, the average speed of the five crane actuators was 0.0254 m/s, while when ocean-frame
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World-Frame Payload X Position
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120
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Figure 10: The position o payload in the world coordinate frame during the automated simulation, relative to the
ship's IMU. The darker-grey ions indicate the transition periods between deck and world-frame compensation, while
the lighter-grey sections indicate’that the opposing compensation system is active.

compensation was active, the average speed of the five actuators was over five times more at 0.1365 m/s in order
to counteract the ship’s motion. The significantly increased motion of the crane and crane tip resulted in additional
kinetic energy transfer to the payload, which explains the slightly reduced performance in world-frame compensation
compared to deck-frame compensation.

The above study is disturbance free; thus, one needs to consider the effect of wind in the high fidelity simulations.

4.2. Wind Disturbances

The wind disturbances were modelled using the Dryden wind model [12], using a nominal relative wind speed of
18 m/s. The Dryden model provided a wind speed vector v,,;,; acting on the payload, where using the ship’s heading
of 15°, resulted in RMS wind speeds of 3.926 m/s in the world x direction, 14.58 m/s in the world y direction, and
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Deck-Frame Payload Position Error

1 Deck-Frame Active 3 World-Frame Active ) Deck-Frame Active

~(a) (b) (c)

Deck-Frame Error [m]
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|

Avg RMSE = 0.016445 m
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World-Frame
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N W

World-Frame Error [m]

'z RMSE = 0.091881 m Avg RMSE = 1.2692 m

1 | | 1 |
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Figure 11: The error betweeh the desired and actual payload position in the deck coordinate frame (upper) and world
coordinate frame (lower) duringlthe automated simulation. The darker-grey sections indicate the transition periods between
deck and world-frame compensation, while the lighter-grey sections indicate that the opposing compensation system is
active.

0.393 m/s in the world z direction. The force vector F ;;, applied on the payload was then calculated using

2
mm=PA=é@%ﬂl (36)
where P is the wind pressure, A is the projected surface area of the payload, in this work assumed for simplicity to be
a circle of radius 0.75 m, and p = 1.225 kg/m? the density of air at sea level [2]. The resulting RMS disturbance forces
were 17.41 N, 233.7 N and 0.3096 N in the world x, y and z directions.
To test the disturbance rejection performance of the system, simulations were run both with and without wind
disturbances, along with two different types of payloads: the “heavy” 1770 kg payload, as was used in Section 4.1, as
well as a “light” 450 kg payload, intended to represent a large buoy. Both payloads were considered to have the same
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Table 3

The average payload root-mean-square-errors (RMSE) across the x, y and z axes for the wind disturbance trials. The
percent improvements are all relative to the “control” case, with a negative value indicating the payload tracking error was
poorer than the control case. The heavy payload has a mass of 1770 kg, while the light payload has a mass of 450 kg.

. . Payload | RMSE Percent
Self-Tuning? | Wind? T};/pe (m) Improvement (%)
No Heavy' | 0.0546 —
Yes | ___ | Light | 0.0503 ~ 785
Yes Heavy 0.0545 0.04
Light> | 0.0550 -0.73
No Heavy | 0.0567 3.90
No | ___ _|_ Light | 0.0542 071
Ve. | Heavy™ [70.0638 716.84
Light> | 0.1098 -101.17

I Control case, same as used in Section 4.1.
2 Case 2 shown on Figure 12.
3 Case 3 shown on Figure 12.

surface area. Each case was also tested both with and without self-tunij
and Y.

Table 3 shows the average RMSE of the eight simulations, take tions a, e, and ¢, which had the correct
compensation mode active. Figure 12 shows the root-square-¢

4.1),%as well as the cases with the light payload

and wind, both with and without self-tuning. The cases sh@ are identified on Table 3 by superscripts.

With self-tuning active, there was very little relagi e in performance regardless of whether wind distur-
bances were present or which payload was in use; ded, the largest decrease in performance was only
0.73%. However, if self-tuning was disabled, a m r decrease in performance was observed, with a maximum
of 101.17% when the light payload was us esence of wind disturbances. The results therefore show that

self-tuning is highly effective at minimi oth wind disturbances and a variable payload mass
To help address the noted deficinecy o dulum models in marine crane anti-sway [1], the high-fidelity
simulator was used to analyze any if8way system caused by the double pendulum.

In all the previous tria E le boom crane featured the double pendulum and 9 degrees of freedom. To
a significant impact on anti-sway performance, the knuckle boom crane was
eedom by locking the universal joint at the hook, resulting in a single pendulum, as
shown in Figure 13. No othegalterations to the dynamic model or control system were made.

The same trials were run a Section 4.2, with wind disturbances, for both the double and single pendulum case,
with the payload RMSE results shown in Table 4. The maximum percent difference in tracking accuracy was only
1.12%, with a resulting difference on the order of millimetres. Therefore, the double pendulum did not appear to have a
significant impact on anti-sway performance for our system within simulation; however, interested readers may wish to
consult the work of Sun et al. [23], who developed a control system for a planar boom crane specifically to counteract
double pendulum effects.
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Average Root Square Error (RSE) - Wind Trials
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pensation mode is active.

Table 4
The payload root-mean-square-errors (RMSE) across the x, y and z axes both with the double pendulum and the single
pendulum. The heavy payload has a mass of 1770 kg, while the light payload has a mass of 450 kg.

Self- Tuning? Payload RMSE (m) ‘ Percent
) Type Double Pendulum  Single Pendulum 1 Difference (%)
Yes Heavy 0.0545 0.0543 : 0.38%
Light 0.0550 0.0544 | 1.12%
o _N:) " | Heawy | 00638 00636 1 0.22%
Light 0.1098 0.1089 1 0.80%
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Locked
0y = 0°
0,p=0°

(a) The double pen h rsway angles 6¢,60;,  (b) The single pendulum only has two sway angles,
0, and 6. 0 and 6.

Figure 13: The double and single pendulum cables.
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5. Conclusion

In this work, a self-tuning anti-sway system was developed that can provide full motion compensation for the
payload in either the deck or world (ocean) coordinate frames. The system is capable of real-time operator input, where
the operator can provide a payload trajectory via a three-axes Cartesean input, rather than independent joint control. The
system was applied to a 9-DOF shipboard knuckle boom crane, which featured double pendulum dynamics between
the hook and payload, and was tested with full 6-DOF ship motion at sea state 6.

In the deck frame, the self-tuning anti-sway system showed a minimum percent improvement in payload tracking
RMSE of 98.66%, while in the world frame, the system showed a percent improvement of 92.70%, both significant
reductions. Additionally, when tested in the presence of wind disturbances and with two different payload masses, the
self-tuning system showed only a 0.73% maximum decrease in performance; in contrast, with self-tuning disabled,
the system showed a 101.17% decrease in performance. Therefore, the self-tuning anti-sway control system developed
in this work has been shown to be highly effective at reducing payload tracking error in both the deck and world
coordinate frames, in the presence of wind disturbances and variable payload masses. Additionally, the effect of the
double pendulum was investigated through a comparison with a single pendulum; it was found that there was only
a maximum percent difference of 1.12%, indicating that the double pendulum didénot have a significant impact on
anti-sway performance for our system in simulation.

While it is assumed in this work that the Cartesian control system wil
individual joint control, future work will involve real-time operator-in-the-lo
and investigate the human factors of anti-sway control.

uitive for the operator than
rther validate the system
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Figure 14: Th i nsions required in this work to parameterize the knuckle boom crane.
Table 5
Knuckle Boom Crane Model Parameters
Parameter Value Parameter  Value
Iy 4 m Ly x 2m
l, 4m L, 0.5 m
l, 3m s 2m
Iy 0.375 m lsy 0.5 m
I 2m Ly 2m
Ly x 0.8 m I 2m
Lyt 1m ry 0.5 m
Loy 1m Mook 100 kg
Ly 0.5 m
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B. Crane Tip Forward Kinematics

Figure 15 shows the coordinate frames mapping from XY Z j, to the crane tip, which are the same as used in [10]
and were assigned using the DH convention. The corresponding transformation matrices are

_6(90) 0 -s6y O

D _ |5y O c@y) O

e I S A G7)
0o 0o o0 1
[c(0,(d))) —5(0,(dy)) 0 11c(0,(d))]

1 _|50:1(d)  <c@,(d) 0 I[;s(6,(dy)

= 0 0 1 0 ’ (38)
| o o o 1 |
[c(0,(dy)) —s5(05(dy)) O Lhe(05(dy))]

2 _|$(02(dr))  c(02(dy)) O 155(0,(dy))

L=l o 1 0 59
o o 0 1
10 0 d

s |01 0 0

Li=lo o1 of “0)
0 0 0 1
[c(-n/2) —s(-n/
_ s(—x/2) (- (41)

(42)

ds + L]e(5(dy)) + [rac(0s) + L] s(Ox(d2)) + 1 | (6, (d)

c(05) — Iy]c(05(dy)) + [ry5(05) + d3 + lz]s(ez(dz))] s(0,(d))) (43)

Yiip =5(0p) [[rzs(95) +ds + 1] c(05(dy)) + [rac(05) + 14] 5(0(dy)) + ll]c(el(dl))’

- [[ — ryc(05) — I4]c(0(dy)) + [ra5(05) + d5 + lz]s(ez(dz))] s(6,(dy)) (44)
Zup = [[ — 125(05) — dy — 1] e(85(dy)) + | = rac(5) — 1] 5(05(d)) - 11] 5(0,(d)))
+ [[r2c(05) + 1] c(02(dy)) — [r25(05) + ds + lz]s(92(d2))] c(6,(dy)) + 1. 45)

In order to evaluate x,;, using the actuator extensions, expressions are needed for 6(d;) and 6,(d,), as well as the
cable fall angle 6s. Figures 16a and 16b show the required geometry to calculate 6;(d,) and 6,(d,). The expressions
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for 0,(d;) and 6,(d,) are [10]

where

he coordinate frames for the forward kinematics of the crane tip.

Figure 1

b2+ b2 —(d; +1)? i i
0,(d) =Z —cos | 41 ) _iap! (—bl’x ) —tan”! <ﬂ> , (46)
2 2byby lo=1lpiz Lpa x
2, .2 2
cit+ci—(dy+1,,) I /
0y(dy) = —cos™ [ 322 ) pap7! (l) ~tan™! <ﬂ> : @7)
ZCICZ lcl,x lc3,x

(48)

by =\/1§Lx + (g — Iy )2,
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lO - lbl,z

lbl,x

(a) The geometry required to determine
0, [10].

(49)
(50)
(D

1 is referred to [10] for details. The final expression for 85 is [10]

The derivation of 85 is more invg @ 1 the

05 = 05, + O, (52)

where
2 = 0:1(d)) ~ 0(dy). (53)
Os), =% —cos™! [sin(®,) cos(®,) cos(6y) + sin(P,) sin(6y)]. (54)

C. Trajectory Integrator

The desired trajectory X, is integrated to produce the integrated desired trajectory x,; using

Xgi+X4 i-1) Af i
= IAr if x|l <€
Xd:{ ; [xellimy < e 55)

X ;X (i— .
MDD AL || ]imy > €

where i is the current timestep, At = %, where f is the sample rate, ||x,||;_; is the optimizer tracking error from

the previous timestep and € is an error threshold. The purpose of the integrator is to limit the trajectory in the event
the crane is driven beyond its range of motion; the actuator optimizer will attempt to find actuator extensions that can
produce the desired trajectory, with the resulting optimized actuator setpoints producing an error ||x,||. If this error is
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above an error threshold e, the system interprets the desired trajectory as pushing the crane out of range. If this occurs,
in the next timestep the system will integrate using the trajectory before being driven out of range, X, (;_»), rather than
the trajectory from the previous timestep X, ;_p). In this way, the crane will continue to move if the operator alters
their input to provide a trajectory that is within the range of motion of the crane.

D. Actuator Optimizer Equations

The inverse gradient for the Jib function is

where

. |G Grz Guis
[Vss] =|Gr1 G Gy
G Gy Gz

G =—s(6p)/ [[["23(95) +ds + 1| c(0(dy)) + [rac(O5) + 14] s(0) AT | c(6,(d)))

= [~ rac03) — 1] cOx(@) + [r2505) + ds + 1] 50,

G1p =c(0p)/ [[[rzs(95) +dy + L] e(By(dy) + [rac(O) +

- [[ — ryc(Bs) — 1] c(0y(dy)) + [ry5(0
Gr3 =0
G :C(eo)[[C(91(d1))(’”20(95) +1y +1))s(0,(d)))]5(65(d))

+ [(r2c(05) + 1,)5(0, (dgP+ O ) (r,5(65) + d + 12)]c(02(d2))]

a0
/ [[S(Hz(dz))(rzsws) 2¢(05) + 11)e(05(d)] 1 ﬁ]
1

Gy =s(00)[[c(0
+ [ (01(d)) + c(0,(d)))(ry5(05) + d3 + 12)]0(92(d2))]
00
/ )(ry5(05) + ds + 1)) — (rac(05) + 13)c(05(d))] 1 ﬁ]

Gy =| [(ras@F = ds = 1)e(O(d1) = (r3e(05) + 1581 ()] s(Ba(d)
— [(=r5¢(85) = 1)e(B,(d) + 50, (d)))(ry5(85) + ds + 15)] (O dz))]
/ [[s(02<d2))(r2s(95) +ds + 1) = (rae(03) + L)e(O(d)] %]
Gran = = €(60)|[eO1(d))r3eB5) + 1) — (ry5(65) + d + L5)5(6(dy)] s(8(d)
+ [(r26(05) + 1)5(0, (A1) + O d))(r25(05) + d + 1)]c(Bx(d)) + O, (@), |
/ [[S(Hz(dz))(rzsws) +d3 + 1) — (ryc(Bs) + 14)0(92(‘12))]11%]

G132 = - S(eo)[[c(al(dl))(r2c(95) + 14) - (r2S(95) + d3 + 12)3(01 (dl))] S(02(d2))

+ [(rzc(95) +14)s(0,(dy)) + c(0,(d))(rys(05) + d3 + 12)]c(92(d2)) + c(Hl(d]))ll]

(56)

(67

(58)

(59)

(60)

(61)

(62)

(63)
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00,
/ | [502(d2))(ry5(05) + d3 + 1)) = (rac(05) + 1,)c(0,(d))] 1 o
2

Gy = [[(rzs(ﬁs) +d3y + 15)c(0,(d) + (rpc(05) + 1,)s(0,(d)))] s(02(d))

+ [(=rpc(05) — 1,)c(0,(d))) + 5(8,(d)))(ry5(05) + d3 + 15)| c(0,(dy)) + s(Gl(dl))ll]

00
/ [[5(92(‘12))("23(95) +d3 + 1) — (rye(6s) + 14)0(92(112))]11 ﬁ]

The inverse gradient for the Extension function is

where

1 Ggii Ggio Ggps
[VExtension] =|Ggn Ggxn Ggxy
Gpzi Gpn Ggss

Ggio =Gy &
Ggi3 =Gi3
[c(0,(d))s(0,(d))) + 5(65(dy))c (8, (d)))] e
G ——
- [r25(65) + 1,c(05(dy)) + d3 + 1 96

E22 =

—c(0,(dy))c(0,(dy)) + s(6,(d5
[r25(05) + (0, (dg) + d3 +

E23 =

GE31 =C(00)[[(F2S(05)+ a - 02(d +(rzc(05)+l4)s(02(d2))+11]c(o91(d1))

Gz =s( 5) + &5+ 15)c(65(dy)) + (rpc(85) +1,)5(05(dy)) + 11| (6, (d})
— [(=r380s) — 1)c(05(dy)) + 5(05(d))(ry5(85) + ds + 12>]s<01(d1>>]
/r2sO5) +1,¢(6,) + d3 + 1)
Gry =[[<—r2s<95) — d3 — 15)5(0,(d))) + ¢(0,(d)))(ryc(05) + 1,)] c(05(dy))
+ [(=rac(05) = 1)5(05(dy)) — 1] 5(81(d))) — 5(8,(dy))c(B;(d)))(ry5(05) + ds + 12)]
/[r2505) +11¢(6) + d5 + ]

(64)

(65)

(66)

(67)
(68)
(69)
(70)

(71)

(72)

(73)

(74)

(75)
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