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Robustifying Dynamic Positioning of Crane
Vessels for Heavy Lifting Operation

Jun Ye, Spandan Roy, Milinko Godjevac, Vasso Reppa, Member, IEEE, and Simone Baldi, Senior Member, IEEE

Abstract—Construction crane vessels make use of dynamic
positioning (DP) systems during the installation and removal of
offshore structures to maintain the vessel’s position. Studies have
reported cases of instability of DP systems during offshore
operation caused by uncertainties, such as mooring forces. DP
“robustification” for heavy lift operations, i.e., handling such
uncertainties systematically and with stability guarantees, is a
long-standing challenge in DP design. A new DP method,
composed by an observer and a controller, is proposed to address
this challenge, with stability guarantees in the presence of
uncertainties. We test the proposed method on an integrated
cranevessel simulation environment, where the integration of
several subsystems (winch dynamics, crane forces, thruster
dynamics, fuel injection system etc.) allow a realistic validation
under a wide set of uncertainties.

Index Terms—Construction crane vessels, dynamic positioning
system, offshore, robust control, uncertainty.

1. INTRODUCTION

ITH the shortage of onshore energy sources, the need

for energy is more and more satisfied by offshore wind
turbines and offshore oil fields. These structures are
transported/installed offshore by construction crane vessels.
During offshore heavy lifting operations, the vessel needs to
maintain its desired position via the so-called dynamic
positioning (DP) system [1]. For a DP system to be effective,
it is required to counteract the effect of external environmental
forces such as wind and waves [2]-[5]. While attempting the
positioning task, a DP system is subjected to a wide variety of
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uncertainty [6], such as the crane load [7]. For construction
vessels such as dredgers, heavy-lift vessels, and pipe-laying
vessels, additional uncertainties arise: in particular, uncer-
tainties from unmodelled dynamics of the propulsion system
and unmodelled forces become crucial during offshore heavy
lift operation (see Fig. 1 ). Unmodelled dynamics of the
propulsion system affect the precision of the DP system, since
the propulsion system of a vessel cannot provide a fast
response against disturbances induced by waves or
measurement noises [3]; also, studies have shown that
unmodelled forces propagating through the crane wires during
heavy lifting operation (such uncertainties are commonly
referred to as mooring forces) can cause unstable oscillatory
behavior of the DP system [8], [9]. These uncertain scenarios
bring challenges in the design of DP systems, which are of
high interest due to the hazard during offshore heavy lifting
operation.

In view of these challenges, research has focused on
designing DP systems for offshore cranes in the presence of
uncertainties [10]-[18]. Some works [10]-[12] mostly concen-
trated on the uncertainties in crane and load, neglecting
uncertainties in vessel dynamics. Other works [13]-[18]
studied structural uncertainties (e.g., mooring, damping
forces) during offshore construction, neglecting the effect of
disturbances and slow propulsion dynamics on DP
performance. To address all uncertainty aspects in a
comprehensive way, one should augment the DP system with
an observer , whose task is to filter out disturbances in
position/velocity measurements [1], [3], [19]. The design of
such observers requires the accurate structural knowledge of
the vessel dynamics and it is thus sensitive to unmodelled
dynamics, as shown in [20]. It is worth remarking that
literature provides observer designs such as high gain observer
[21], extended state observer [22], and so on. However, the
fast estimation response which is typically sought via these
observers may not be suitable for real DP operation, mainly
due to the fact that the thrusters and propellers of heavy-lift
vessels cannot handle fast control command owing to their
sheer sizes and their non-ideal behavior. There is no guarantee
in general that the signals filtered by the observer will make
the DP system operate in a stable way under such practical
non-ideal effects [23]. Furthermore, recent studies on the
control of offshore cranes focus on the vertical plane of the
crane-load system, and neglected the impact from the sway
disturbances and thruster delay [24]. The augmentation of a
DP system with an observer results in a composite design. To
the best of the authors’ knowledge, composite DP designs
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Overall process plant model for the construction crane vessel. Unmodelled dynamics of the propulsion system affect the DP precision. Also, during

offshore heavy lifting operation, instability of DP systems has been reported due to large mooring forces, which is the horizontal component of T¢rane-

without requiring accurate structural knowledge of vessel
dynamics and with stability guarantees in the presence of
uncertainty and unmodelled propulsion dynamics are missing
in the literature.

To address this long-standing challenge, we treat mooring
and hydrodynamics terms as the summation of a nominal part
(which is known) and a perturbed part (which is unknown but
bounded). The bounds of uncertainties do not require
structural knowledge of the unknown dynamic terms, and can
be used for robust control (worst-case) design. Meanwhile, the
effect of the observer error (filtering) is proven to be bounded
via robust stability analysis. The effectiveness of the proposed
composite design is verified under the influence of various
uncertainties via a realistic six DoFs simulation model, based
on the S-175 model from MSS toolbox [25] with vessel
dynamics generated by WAMIT, and augmented with a DP
system and a hydraulic crane. Preliminary work by the authors
on robust DP for heavy lift vessels was done in [26]: however,
in [26] the presence of unmodelled propulsion dynamics is
neglected. A point of interest of this study is to show that
neglecting propulsion dynamics (engine dynamics, thruster
dynamics, etc.) is not acceptable as it can lead to unstable DP
behavior.

Summarizing, the innovations of this work are:

a) A detailed physical modelling for heavy lifting
operations, where the integration of several subsystems allows
to realistically simulate the effect of uncertainties;

b) A composite observer and controller solution to DP for
offshore heavy lifting operations which, without requiring
accurate structural knowledge of the vessel, can be proven
stable even in the worst-case uncertainty settings (robust

design). The proposed composite design comprises an
artificial delay based method to tackle the unmodelled
propulsion dynamics without priori knowledge.

c¢) Key performance indicators (KPIs) to guide the design
while considering worst-case uncertainty and worst-case
performance.

The paper is organized as follows: Section II models the
physics of heavy lifting; Section III proposes the control
strategy while Section IV analyzes its stability; simulation
results are in Section V, with conclusions in Section V1.

The following notations will be used: Ayin(e) and |||
represent minimum eigenvalue and Euclidean norm of (e)
respectively; I denotes identity matrix with appropriate
dimension; the trigonometric functions sin(e), cos(e), and
tan(e) arc abbreviated as s., ce, and z,; a vector X € Lo, implies
that x is bounded in the infinity norm (cf. [27, Ch. 3]).

II. CONTROL OBJECTIVE

Because it was reported that instability in DP systems
occurs during heavy-lift operation due to large mooring
forces, it is crucial to model realistic dynamics. A realistic
model that can describe realistic dynamics along six DoFs is
commonly referred to in literature as a process plant model
[28]: the process plant model in this work is based on the
S-175 model from MSS toolbox [25], with vessel dynamics
generated from WAMIT [29] and integrated with DP system
and hydraulic crane. A schematic of the overall model is
shown in Fig. 1. The process plant model allows to test a wide
range of uncertain dynamical scenario, by including vessel
dynamics, environmental loads, hydraulic crane, position
controller, thrust allocator, diesel engines and thrusters. The
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various modules of the simulation model are individually
detailed hereafter, and the simulation variables and parameters

are collected in Table I.

TABLE I
SYSTEM PARAMETERS AND VARIABLES
Variables Definitions
ny The position and rotation angle of the vessel in NED
J(9,0,¢) Rotation matrix from body-fixed to NED
vf Body-fixed vessel velocity
Ve Body-fixed current velocity
Vir Body-fixed relative velocity of the vessel w.r.t the current
T Thrust force
Tthri Thrust force of i-th thruster (scalar)
Tthri Forces and moments induced by i-th thruster (vector)
Terane Crane induced forces and moments in surge, sway, heave,
pitch, roll, and yaw
G(py) Hydrostatic restoring force
d, External loads from wind and wave
Twind Wind induced forces and moments
Twave Wave induced forces and moments
Fhoist Tension in the crane wires (scalar)
F Time-varying mooring stiffness in surge, sway, and yaw
T Output torque of hydraulic motor
0 Inlet flow rate
M, Output torque of diesel engine
M, Propeller output torque
np Propeller’s rate of revolution
T Control input
Parameters
Mgp Rigid body mass matrix of the vessel in 6 DoFs
My Added mass matrix of the vessel in 6 DoFs
Dy Hydraulic damping matrix of the vessel in 6 DoFs
C(vsr) Coriolis term in 6 DoFs
B, Thrust allocation matrix

A. Vessel Dynamics

Two coordinate systems are used to describe motion: body-
fixed coordinate system and north-east-down (NED)
coordinate system. For the body-fixed coordinate system, the
center of origin is fixed on the vessel, with x-axis positive to
the front of the vessel, y-axis positive to the right of the
vessel, and z-axis positive downwards. For the NED
coordinate system, the origin is fixed on the earth surface,
with x-axis pointing the north, y-axis pointing to the east, and
z-axis pointing downwards. The resulting dynamics of motion
describe the six DoFs of the vessel: we follow the approach in
[29, Eq. 8.5] under the assumptions of low velocity and
acceleration and of irrotational and constant ocean currents:

”f :J,(¢’97$)Vf (1)

(Mgp + MA)"’fr == (C(Vfr) - Ds(vfr))vfr — Tcrane
-2 -G@p) +d,+1¢ ()

as = Twind T Twave

where n7=[xyz¢0y]’ is the vessel position in NED
coordinate system, in which (x,y,y) denote the surge, sway
and yaw angle of the vessel, and (z,¢,60) denote the heave
position, roll and pitch angles of the vessel; vy =vy—v,
denote the relative velocity of the vessel with respect to the
current velocity ve = [u¢,v.,0,0,0,0]7, where v/ =[u,v,w,
p.q.r]" is the vessel velocity (all in body-fixed coordinate
system); J'(¢,6,¥) is the body-to-NED rotation matrix

RZ 03><3
J(@,0,9) = [ } (3)
3x3
0 T,
where
[ cyco  —syco+cysess SyCySo
Ry =| syco cyCp+Sp595y  —CySp+S95yC 4)
—Sg CoSy CoCy
[ 1 Selo  Coplg
Ty=1 0 ¢ —s¢ | ©)
50 <
O W @

The external disturbance d; comprises of the external loads
from wind (Twing) and wave (Twaye); Terane are the crane forces
and moments in six DoFs, which also contain the three DoFs
(in surge, sway, and yaw) mooring forces and moment;
Tr = [14,7,,0,0,0,74] is the thrust force in six DoFs; G(1y)
and gy=[00 —Mg000]” are the restoring and gravity
forces, where M is the mass of the vessel and g is the
gravitational acceleration.

The terms Mgp,My,C(vs,), and Dy denote the rigid body
mass matrix, added mass matrix, Coriolis terms, and
hydrodynamic damping terms, respectively; consistently with
[29], the inertia matrix Mgp € R®<® is defined as

mlzz  —mS(rh)
Mpgp =

mS(I‘Z) Jy
where m is the weight of the vessel, J, is the inertia moment
matrix in roll pitch and yaw, rg is the vector from Center of
Origin to Center of Gravity expressed in body frame, and the
cross-product is defined as ax b = S(a)b.
For a vessel which is symmetric on port-starboard, the
added mass and added inertia matrix can be expressed as

(6)

myp 0 m3z 0 ms O

0 mp 0 my 0 my

| ma 0 myz 0 ms O
Ma = 0 myp 0 my 0  mye )

ms; 0 ms3 0 mss O

0 me 0 me 0 mge

where m;; can be expressed as: m;; = p,, gSS <p,-%d$, where p,,

is the density of sea water, S is the wetted ship area, ¢; is the

flow potential when the vessel is moving in ith direction.
When the roll and pitch angle is small, the restoring force
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G(ny) can be expressed as

0
0
pngpr

P8V GMrd
P8V GM L

0
where A, is the water plane area of the vessel, and it is
assumed that A,,, stays constant for small heave movement; v
is the nominal displaced water volume; GMp and GM;
denote transverse metacentric height and longitudinal

metacentric height, respectively. The terms Cand Dy are
considered according to [29, Sect. 7.3.1].

G(ny) = @®)

B. Environmental Loads

The environmental loads can be seen as the combination of
wind load and wave load. Wind load is related to the surface
of the vessel above the waterline, wind velocity and attack
angle of the wind, causing additional air pressure to the
surface of the vessel. For a vessel in DP control mode with
zero speed over ground, the wind load can be defined as

Cx(yw)Arw
Cy(yw)ALw
Cz(yw)AFw
Cx(yw)ArwHryw
Cu(yw)ArwHFw
Cn(Yw)ALwLoa

where p, is air density, V,, is wind speed, modeled as a
combination of slow-varying wind and wind gust; Cx, Cy, Cz,
Ck, Cuy, and Cy are nondimensional coefficients related to
the angle of attack, and can be caculated from [29, Eq.
8.30-8.36]; AF, and Ay, are the frontal and lateral project
areas above the waterline, while Hp,, and Hp, are the
centroids of the two areas, and v,, is the angle of attack of the
wind. The wind angle is considered to be slowly varying
around the mean wind angle. The wave load Tyaye 1s modeled
as a the sum of a first-order wave (zero mean oscillation load)
and a second order wave (mean wave drift load without
oscillatory component) (cf. [29, Eq. 8.88-8.89] for their
detailed structure).

1 2
Twind = E,Oa Vw

€

C. Hydraulic Crane

The crane model consists of a hydraulic crane and the crane
wires. Assuming no slack, the crane wires are modelled as a
spring and a damper [30]

d
Fhoist = kw(lw(l) - lini(t)) + Dwd_t(lw(t) - lini(t)) (10)

where Fhoist = \/F}Zwistx + FﬁoistV + FﬁoistZ
tension in the crane wires, k, is the stiffness of the crane
wires, D,, is the damping term of the wires, /,, and /;,; are the
instantaneous length and initial length of the crane wires,

respectively. During the simulation, /;,; is changing to adjust

is the norm of the
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the output torque from the hydraulic motor.

The crane winch is actuated by a Pl-controlled hydraulic
motor, typically designed by the crane manufacturer. The
output torque 7 of the hydraulic motor is [31]

Nhyd QAp T
T=y2—, Fhoist = — (11)
T r
0= KhP6T+th,~6Tdt (12)

where Q is the inlet flow rate per revolution; Ap is the
pressure difference between the inlet flow and the outlet flow,
Mhya is the efficiency of the motor; r is the radius of the drum
that the cable is wound on, where 6T is the difference between
the user-defined required torque and the actual torque. The PI
controller has been tuned according to reaction curve based
methods as in [32, Sect. 6.5] in such a way that the time
constant of the output torque is around 1 s.

D. Propulsion System

To properly capture the dynamics of the propulsion system,
we use a mean-value first principle modelling for engine-
propeller interaction (cf. [33], [34] for details). The diesel
engine is modeled as a four-stroke engine with six cylinders

_ 6nemkaHVneng

Mp = (13)

2Neng

where M), is the output torque; 7, is the efficiency, my is the
fuel injection in gramme; kp gy is the lower heating value
(a.k.a fuel energy/mass ratio), and neyg is the engine speed in
rotation per second. The thrust force for each thruster i is

2 04
Tthri :pwn DpropKt

Va
= putty Dprop(Kia—2—+ Kip) (14)
p Lprop
where p,, is the water density; n, is the rate of revolution;
Dyrop is the diameter of the propeller; Ky, and K, are two
constant parameters; Vy4 is the arriving water velocity.

Similarly, the propeller torque is

M, = p,niD, K,

p~propq
Va
= pwnf,z)fmp(lq,am +Kyp). (15)
P~"prop

A shaft is connected between the diesel engine and the
propeller with a gearbox. The rate of revolution of the
propeller can be described as

Ne
n,=-—

_ J‘ Mpnumigy — M) d (16)

i gb 2nl, tot

where iy, is the gearbox ratio, 7nym is the transmission
efficiency, and Iy is the total mass of inertia of the propulsion
system. The overall thrust force on the vessel is computed as

Tf=ZTzhri (17)

where the summation is to be intended as vector summation.
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A thrust allocator is designed for the engine-thrust system
Tthrl

Tthr2
= BtaT

(18)

Tthr6

where B,, is designed based on the knowledge of the positions
of the thrusters [30].

III. CONTROLLER DESIGN

While the performance of a DP system is better validated on
realistic six DoFs as in the process plant model (1) and (2), the
DP design is conventionally performed on a three DoFs
control plant model [28 |. The three DoFs arise from the
[x,y,¥] coordinates (also known as surge, sway, and yaw) [29,
Sect. 7.3.1], resulting in

n=JW)ywv (19)

Mv=-Dv-Fp+1+d; (20)
C,p —S¢ 0

Jy) = [sl/, cy O (21)
0 0 1

where 5 = [x,y,]7 comprises of north position, east position
and heading angle; v = [u,v,7]” is the vessel velocity/angular
velocity in body-fixed coordinate system; T =[7,,7y,7Tyl;
M e R¥3 is the combination of rigid body mass/inertia matrix
and added mass matrix in three DoFs which are obtained by
considering only the [x,y,iy] components of the six DoFs
matrix M = Mzp+Mj, in (2), and is a positive definite matrix
[29]; similarly, D € R3*3 is the three DoFs version of Dy; d; is
the combination of external loads on [x,y,y] coordinates; Fn
denotes the mooring force with F € R3*3 being the positive
definite spring coefficient matrix arising from the linearization
of crane force in surge, sway, and yaw (cf. [30] for the
detailed steps of linearization). Without loss of generality, we
consider [0,0,0]” to be the desired position of the vessel.

Remark 1 (Control Plant Model vs. Process Plant Model):
Reducing a process plant model to a control plant model, i.e.,
from 6 to 3 DoFs, introduces unmodelled dynamics.
Unmodelled dynamics in (20) as compared to (2) are

1) The terms C,G, and gy,

2) The thruster dynamics;

3) The damping components of the crane wires.

Therefore, the simulations using the six DoF process plant
will allow to test the performance of the proposed design in
representative dynamical uncertain scenarios. A DP system
must be designed so as to tackle all such uncertainties.

In the following we will describe how uncertainty is
included in the three DoF control plant model (20).

A. Uncertainty Setting

Henceforth, for compactness, J(¢) will be represented as J,

and the system dynamics (19) and (20) is represented as
n=Jv (22)

v=—An-Ayw+Mr+d (23)
where A| £ M~'F, A, 2M~'D, d £ M~'d, and M is positive

definite matrix [20]. Note that in crane vessels the exact
values of the positive definite matrices A and A; is subject to
uncertainty. The following assumption highlights the nature of
uncertainties considered in this work for dynamics (20):

Assumption 1 (Uncertainty): Aj's can be decomposed into
two positive definite matrices A; (nominal part) and A,
(unknown perturbation), i.e., A;(¥)= A; +A;(r). Quantities
available for control designs are: the maximum perturbation
ranges AA; (such that ||AA;|| > 1Al Vt); the mass matrix M;
the upper bound Ad on the external disturbances (such that
lAd|| = [ld@)l V1)

Remark 2 (Robustification Philosophy): The perturbation
ranges AA; define the worst-case uncertainty in mooring and
hydrodynamic damping forces. The upper bound Ad defines
the worst-case environmental conditions. The knowledge of
these terms is required if one aims at proving stability of the
DP system in the worst-case uncertainty settings. Differently
from mooring and hydrodynamic damping terms, the mass M
of a vessel is typically known with little uncertainty. In fact,
uncertainty in mass matrix arise from movements in water
with high acceleration or deceleration (added mass terms),
which are negligible during DP operation [29]. Such values of
the vessel can be obtained from the data provided by
contractors.

B. Observer-Based Robust Control
The composite DP design can now be proposed

n=-Kp+Kijj+J¥ (24)
V=-Af-Ap+M 't +Kofy (25)
T=M(Ai+A Ko =3 = (p+p1)%) (26

whose stability analysis will be given in Section IV. It consists
of a composite design of robust controller and observer:
observers for positions and velocities via (24) and (25) helps
to filter out disturbances and ease the thrusters’ action (cf.
(18)).

In order to handle the worst-case uncertainty settings, the
observer and control gains H,K,K;,K5,p;, and p should be
properly designed. The design of such gains is proposed as

1
Amin(Kp) > ||%(AA1 +Ko) H, ' (AA; + K| @27
Amin(K) > ||%(AA1 +K) H; (AA + Kyl (28)
1
p> ||(2—>AA2T H;'AAs| +|Ad]| (29)
B1
pi(t) = aj,’_h 1K +KNAOMIRQ) - {()ldS (30)
Kxt)=-A1+J7 () (31)

where a > 1; B; and H; i =1,2,3 denote positive scalars and
positive definite matrices that must satisfy

1 «
||(§)(ﬁ1H1 +BoHy + 53H3)|| < Amin(A2). (32)

In (30), 2> 0 is an artificially induced delay (i.e., use of
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past py) and its choice is discussed in the subsequent section.

Remark 3 (Selection of Gains): According to Assumption 1,
A, is defined based on the nominal knowledge of A.
Therefore, condition (32) provides a selection criterion for §;
and H;, which in turn guides to select the other gains K, K, p,
and p; from (27), (28), (29), and (30), respectively. Note that J
is an orthogonal matrix with ||J)||=1 Vy; thus, one can
easily compute the upper bounds of the right hand sides in
(27) and (28) when designing K; and K.

C. Precompensation for Unmodelled Thruster Dynamics

The dynamics of the thrusters include a limitation of
propulsion rate and a time delay which can be modelled
approximately as a low pass filter. Such low pass filter
introduces unmodelled dynamics which, if left unattended,
might lead to unstable closed-loop behaviour. In view of such
scenario, inspired from [35], we employ an artificial delay
based precompensation method as

7i(t) = Niti(t) = Nyi(t = h), i = 1,2,3 (33)
where 7={1, T2, 73}; T; denotes the input to the thrust
allocator; N; and N; are two positive scalars, 7;(t — h) requires
to artificially use of a past control input of previous sampling
time (being & > 0 the so-called artificial time delay).

To design N; and N;, one notes that boundedness of (¢) is
established in (56) following [35]. Therefore, given an &, one
needs to design N; and N; such that boundedness of 7; can be
established from boundedness of 7(¢). As the sampling time of
DP system is of typically small (order of hundredth of a
second), 7;(f—h) can be approximated via Padé approximation

hs+
i) = Niri(9) = Ny —
28
N 7i(s) _ (N,'+N,')hs+2(N,'—N,') (34)
7i($) hs+2
where s is the Laplace operator. One can verify that any N;
satisfying 0 < N; < N; leads to minimum phase dynamics for
(34), i.e., the precompensation (33) will not invalidate the
closed-loop stability of the subsequent Section I'V.

Remark 4 (Available Measurements): The proposed
observer-based robust controller requires position measure-
ments but no velocity measurements. Removing noisy
velocity feedback is especially relevant in surface operation
[36], when one can rely on GNSS systems (e.g.,
GPS/GLONASS and Galileo [37]), or relative positioning
systems based on lasers and cameras. On the other hand,
velocity feedback becomes beneficial in environments where
the aforementioned measurements are not possible (e.g.,
underwater) [38].

T(S)

IV. STABILITY/PERFORMANCE OF THE PROPOSED DP

We first give the stability analysis of the proposed controller
and consequently, we highlight some key performance
indicators to drive the selection of the design parameters.

Definition 1 (Globally Uniformly Ultimately Bounded
Stability [39]): System (22) and (23) is globally uniformly
ultimately bounded if there exists a convex and compact set v
such that for every initial condition (7(0),v(0)), there exists a
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finite T'(1(0),v(0)) such that ((¢),v(¢)) € Y forall > T.

A. Main Stability Result

Theorem 1: Under Assumption 1, the system (22) and (23)
employing the controller (24)—(26) remains uniformly
ultimately bounded (UUB) if, for given 8;>0and H; >0
1=1,2,3, the selection of the gains K,Kl,Kz,Az,p, and p;
satisfy (27)—(32).

Proof: Let us define f) 2 p—iy and ¥ £ v—¥; where 7 and ¥
are the observed (filtered) values of  and v, respectively, and
ff=n—1i, v=v—v. The closed-loop system stability is proved
using the following Lyapunov function:

V(&) = Vi@, )+ Va(§,9) (35)
where {,—‘ w4 v, vi2GaTi+ 3V v and Vo 2

GA' R+ 59

arc

T9). Using (22)—(25), the observer error dynamics
in=ni-n=J7+Kij-Kijj (36)

v=v—v=—Aj-A (G +17) - Koy

—Ay - AT +P)+d. (37)

From (31) and (36)—(37), the following can be achieved:
Vi=—i"Kiij— 7" (Ay + Ay)v+ i) Ky

—T(A -K)ij— T A9

- A +K)i+vd

— " K g — T Ay + i Kip+ v d =T A9

-7 (A1 -Kpip -7 (A1 +Ko)ip (38)
where we have used the fact that A, is positive definite from
Assumption 1. Further, using (24)—(26), the following holds:

Vo= K+ Kiip + I9) + 9" (=0 +p1)7 - 37 1))
==Ky~ (o+p0)IPI +7" K. (39)
Given any scalar 8> 0 and a positive definite matrix H, the

following holds for any two non-zero vectors z and z; [40],
[41]:
1
+2277) <2 Hz + (E)leH—lzl. (40)

Applying (40) to the last three terms of (38) the following
relations are obtained for 8; > 0,H; >0i=1,2,3:

- A < (ﬁ—)vTHlv+(ﬂ){ STHHAD)  (41)
-(A -Ky)ij < (ﬁ—z)f/THgff
<ﬁ)nT<Al -K») H; ' (A - K)jj 42)
- A +Ko)f < (%)#Hﬁ
+ (%)ff@&] +Ko) H7' (A1 + Ko)iy. (43)

From the upper bound condition ||A;|| < [|AA;]| in Assump-
tion 1, one can verify the following quadratic relations:

(Ao TH ALY} < (AAL DY HH{AALP) (44)
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(A1 +K2)"H7 (A £K7)
< (A +Kp) H ' (AA +Ky), j=1,2.  (49)

Using the above inequalities, the relation (41)—(43) are
simplified to

-7 A< (%l)szHﬁ

+ (%){AAZQ}THI_I {AA, D) (46)
-7T(A -Ko)ij < (%)szsz

+ (ﬁ)f]T(AAl +Ko) H, ' (AA} +Ko)ip (47)
- A +Ko)f < (%)T/THﬁ/

+ (i)f;T(AA1 +Ko) H; ' (AA | +Ko)i). (48)

283
Substituting (46)—(48) in (38), adding (38) and (39) yields

. 1
V<-i"{K, —(%xAAl +Ko) H; ' (AA; +Ko)}ip

o 1
-7{A, —(3)(BHi + 2 Hz +3Hy)}y

1 _ N
-7 {K- <ﬁ)(AA1 +Ko) H; ' (AA | + Ko}y
. 1 _ .
—vT{pI—(ﬁ)AAgHI TAAL Y
—p1PI? + 7 (K+Kpip + 77 Ad. (49)

Using the design conditions (27)—(29) we define the
following positive definite matrices:

1
Qi 2 (K;— —(AA; +K»)TH, ' (AA| +Ky))
26>

o 1
Q2 ={Ar—- (5)(/3’1H1 +62Hy + B3H3)}

Q; 2 {K- i(AAl +K) H; ' (AA) +Ky))
2f33

1

2B,

From (49) we have

V <= Amin(QUII? = Amin(Q2) VIl — Amin (Q3)IIAI*
= Amin(QaIIPI* + (K + KlI7l1A]]
+I¥llldll - o1 |91 (50)
From the definition of & as in (35) we have ||&] = |V,
€Nl > 11711, [1€1l > ll4]l, and [|€]| > lIffll. Moreover,

Qs 2 (Pl - (5 )AATH] ' AA).

o [ 101+ KA
> all(Ky + K], e >0

where a > 1 by design. Using these conditions, the expression
of p; from (30) and the upper bound of d from Assumption 1,
V from (50) yields

V <— ol + IAdIlIg]

— 1K+ KNI - 1) 6]

where 9, £ minj=1 23 4{Amin(Q:)}.
Consider a scalar o €R* such that 0 <o <g,. The
definition of V in (35) yields V < ||£||*. Hence,

V < —oullEl* +IAdlIE]

— K+ KDl - 1)

— (om — OEIP = olIEl* +1AdI[I€]

— K+ KDl - 1)

— oV = léll{(om — o)II€ll - 11Ad])}

— K+ KDIlllAllI* - 1. (52)
Thus, one has V < —oV when o||9|> = 1 = ||?|| = V1/a and

(om = )lIgll = llAd|| = [I€]] = (IAd]|/(om — o). Since [|€]] = [IV]
by definition, the combined condition for V < —o'V turns out
to be

IA

min{|[¥]l, 11§11} > max{(|AdIl/(om — o)), V1/a}

= [Pl = max{(l|Ad|l/(om —0)), ¥V1/a}.  (53)
This affirms the UUB condition [39] implying
v, Ve Lo =1,V € L. [ |

Boundedness of Various Signals: From the observer-
controller co-design (24)—(32), besides boundedness of signals
1,v,1),v as proved in the above analysis, boundedness of other
closed-loop signals p1,7, and K»(¢) can also be proved:

1) K»(#) in (31) is always bounded since J(¢) is a bounded
orthogonal matrix and A is a constant matrix.

2) pp as in (30) is the result of an integral over a finite time
of length i, where h is a user-defined interval (usually the
sampling time in practice). Following notion of Reimann
integration, pj(¢) at any time ¢ is governed by the area covered
by the curve £(¢) = (IK; + K)IIAC)IING) - Al and the
finite base width A, with (¢ spanning from (t—h)to t.
Therefore, if np(¢) and #() are uniformly bounded (i.e.,
n(0), () € L), then p((¢) is also uniformly bounded. With
these arguments, one can establish that p;(¢) € L.

3) From (26) it can be noticed that T will be bounded if
i1, ¥, p1, and K, are bounded. Boundedness of these signals is
provided above.

B. Key Performance Indicators

From (53), an ultimate bound on the position error 77 and an
upper bound of control input 7 can be computed, which can
generate key performance indicators (KPIs) b and ||7]|.

Let ¢ £ max{(J|Ad||/(om —0)), VI/a}. From (35) we have
V>/2I9* = Pl < V2V. Thus, from (53), we have
V < -0V when

c<Ivll < \/ﬁ:ﬂ/zg. (54)
Therefore, one can deduce the upper bound of V as

V < max{V(0), g} 2B (55)
Utilizing the relations |l < V2V, |ljll < V2V and

Il = 1l + |7ll, the ultimate bound b on the position error n
can be computed as b € [0, 2¢]. Similarly, an upper bound on
T can be derived from (26) as

llell = IM{A 7 + As? = Kaf = 3T = (o + p)?)

< V28IM||{|A; = J" | +1IA2 = (o +p0)ll + K2l . (56)
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Remark 5 (Innovative Aspect of the Proposed Design): The
notable feature of the stability result for the proposed DP
scheme (24)—(26) is its composite nature: the design jointly
provides robustness against model uncertainties, unmodelled
thruster dynamics and filtering against measurements. In state-
of-the-art DP systems, no composite stability was proposed:
either robustness is achieved neglecting filtering (cf. [1], [3],
[19]), or (filtering is implemented neglecting model
uncertainties (cf. [13]-[18]) or neglecting thruster dynamics
such as engine dynamics, delay [26].

Remark 6 (Design Guidelines): It can be noticed from (53)
and (55) that high values of K,Kj,p, and a (determined from
(27)—(30)) help to reduce ¢ and improve control performance.
On the other hand, the upper bound (56) reveals that higher
values of the above mentioned gains demands higher control
effort. Thus, a designer has to make a trade-off between the
positioning performance and control effort.

V. SIMULATION RESULTS AND ANALYSIS

In this section, the performance of the proposed controller is
validated under the two following scenarios for a heavy lift
vessel in “moored” stage (i.e., the heavy load is attached to the
platform, and the load is fully/partly on the platform, while the
vessel is taking out loading/unloading work trying to transfer
the load to/from the vessel from/to the platform):

S1 in the first scenario, the thrusters are considered to be
ideal, i.e., no constraint is imposed on its ability of responding
to variations in the control input; and

S2 in the second scenario, non-ideal thrusters are considered
where low pass filters are used to limit the response to
variations in the control input, in line with Section III-C.

Various dynamics parameters of the S-175 ship model used
in this work are available as open source in [25]: for
convenience, we have summarized them in Appendix.
Simulations for both the scenarios are carried out under the
“smooth-to-slight” sea-state (i.e., sea state 2) with a current of
0.6 m/s (i.e., 0.3 m/s in north and approximately 0.5 m/s in
east). The reason we have chosen sea state 2 is that for most
companies, this is the maximum sea state allowed to carry out
offshore heavy lift operations [23]. The environmental data
under such sea-state are shown in Table II and Fig. 2.

TABLE II
ENVIRONMENT SETTING

Current velocity in Wind  Significant wave =~ Mean wind and
north and east velocity height wave angle
uc| (0.5 .

[V"] = [0.3] m/s 2.5m/s 0.5m 210

The thrusters on board consist of three bow thrusters and
two propellers. The corresponding thrust allocator matrix is
B;, =[0.5000;0.5000;0—-2.670.03;02.670;01.00-0.03]. The
nominal value A; is chosen based on the highest load during
the simulation, when F =F,,,x, where F.x refers to the
maximum mooring stiffness during the heavy lifting
operation, which refers to the mooring stiffness F with
maximum crane load. Thus, A; = 1073[2.7261 0 0; 02.0931
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210°

N

A

Envipbrimental

loa

Fig. 2.  Environmental load on the vessel.

—0.0004; 0 —0.0004 0.0011]; nominal value of A, is chosen as
A; =107170.1762 0 0; 0 1.1312 —0.6066; 0 —0.0003 1.3604],
which is 90% of the actual value of Aj.

Other parameters involved in the simulation are chosen as:
M = 10'°70.0026 0 0; 0 0.0033 0.0015; 0 0.0015 6.5209]; the
upper bound of disturbance is chosen as Ad = [0.1948, 1.4940,
0.0012]7. The upper bounds of the perturbation AA| and AA,
are selected to be 10% and 100% of A and A,, respectively.
The various control design parameters are selected as
a=2,B;=1, and H; = AA;, Yi=1,2,3. Consequently, other
control gains turn out to be: K =K; =289.78I; p = 1.53. The
additional control parameters for S2 are selected as
N; =300,N; =301, and h = 0.01, Vi=1,2,3.

Throughout the simulation, the tension in the crane wires is
considered to follow the pattern depicted in Fig.3 : such
profile emulates the loading and unloading in a crane-vessel
system.

x107

0 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800

Fig. 3. Tension in the crane wires.

A. Results From Scenario S1

The performance of the proposed controller in this scenario
is shown in Figs. 4-6. Its performance is compared with the
design in [30], which employs a nonlinear passive observer
with a (non-robust) PID controller. The PID controller is
tuned for a load of 2460 ton (i.e., approximately 10% mass of
the vessel) on the platform under sea state 2, and the
parameters are fixed during the whole simulation. The
performance of both the proposed and the PID strategy can be
checked in the first column of Tables III and IV (¢ = 0). Both
the root mean square error (RMSE) and the maximum offset
from the desired equilibrium position are reported. These
values show that the proposed approach reduces the RMSE by
89% in north direction, 50% in east direction and 82% in yaw.
Offset reductions are 95% in north direction, 78% in east
direction, and 83% in yaw.

B. Results From Scenario S2

In this scenario, the thrust allocators are considered to be
embedded with the following low pass filters:
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Fig. 4.  Vessel position in scenario S1 employing the proposed controller.
! x10° Crane force in surge
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g 0
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P x10° Crane force in sway

z 21

=

g0

3

s
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= 5 %107 Crane induced moment in yaw
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Fig. 5. Crane forces and moment in scenario S1 with the proposed
controller.
TABLE III
PERFORMANCE OF THE PROPOSED CONTROLLER WITH THRUSTER
DYNAMICS
9 0 1 2 3 4 5
North (m) 0.05 0.02 0.03 0.03 0.05 0.07
RMSE East(m)  0.08 0.08 0.08 0.08 0.08 0.09
Yaw (°)  0.03 0.01 0.02 003 003 0.03
North(m) 0.14 0.04 0.06 0.10 020 0.24
Maximum offset East(m) 024 0.14 019 023 026 031
Yaw (°)  0.11 0.04 0.08 0.10 0.11 0.09
H(s) = 57
) PIs+1 7)

where & denotes the filter time constant.

The performance of the proposed controller and same PID
controller in scenario S1 is verified for five different Js as
9=1,2,3,4, and 5. These values correspond to five possible
unmodelled thruster dynamics. The performance of both
controllers are tabulated in Tables III and 1V, respectively (cf.

TABLE IV
PERFORMANCE OF PID CONTROLLER [30] WITH THRUSTER
DYNAMICS
3 0 1 2 3 4 5
North (m) 0.44 0.52 0.68 132 476 1275
RMSE East(m) 0.16 0.16 0.16 0.17 0.18 021
Yaw (°)  0.17 0.12 0.15 0.13 0.12 0.14
North (m) 261 2.89 3.15 3.87 1322 43.70
Maximum offset ~ East(m) 1.11 127 143 154 1.67 1.79
Yaw (°) 063 039 0.55 050 044 052
5 x10° Thrust force in surge
z
8 0
s
- 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
5 x10° Thrust force in sway
z
55 " " "oy " 4 e AV
F -5 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
2 x10° Thrust moment in yaw
<
£ 0
=
§ _5 . . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)
Fig. 6. Thrust forces and moment in S1 with the proposed controller.
the columns corresponding to ©=1,2,3,4, and 5).

Furthermore, for the value & =3, the results are shown in
Figs. 7-9 (proposed controller), and Figs. 10 and 11 (PID
controller). The tabulated data reveal that both the proposed
controller and the PID controller loose performance as ¢
increases. However, the proposed controller outperforms the
PID controller for all ©}. From the values in the columns ¢ = 3
it is possible to see that the proposed approach reduces the
RMSE by 98% in north direction, 53% in east direction and
87% in yaw. Offset reductions are 97% in north direction,
85% in east direction and 80% in yaw. These are similar or
larger improvements as compared to ¥} = O: in other words, the
performance of the proposed approach is consistent for a large
range of uncertainties.

From Figs. 7 and 8 (proposed controller), and Figs. 10 and
11 (PID controller) it is evident that the PID controller
produces large oscillations which are at the onset of
instability. Such large oscillations result in forces through the
crane wires which are around 10 times larger than the
proposed approach.

C. The Role of Propulsion Dynamics and Sea State

A simulation under scenario S2 with ¢ =1 employing the
robust observer [26] inFig. 12 reveals that propulsion
dynamics plays a huge role in determining stability of the DP
system. As a matter of fact, state-of-the-art designs can be
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Vessel position in scenario S2 with the proposed controller, ¥ = 3.

! z<10" Crane force in surge
z
8 0
8
S5
71 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
X1 Crane force in sway
z 2r
~
g 0 L L
(o]
0 200 400 600 800 1000 1200 1400 1600 1800
= 5 %107 Crane induced moment in yaw
= -
2
) bbb s e
=
o
2 _2 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Fig. 8.

Crane forces and moment in scenario S2 with the proposed

controller, ¢ = 3.

5 x10° Thrust force in surge
z
8 0
5
= 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
5 z<10(’ Thrust force in sway
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=
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Time (s)
Fig. 9. Thrust forces and moment in S2 with the proposed controller, ¢ = 3.
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Fig. 10.  Vessel position in scenario S2 with PID controller, ¢ = 3.
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Fig. 11.  Crane forces and moment in scenario S2 with PID controller,
9 =3.

unstable due to lack of robustness.

More simulations are made with different sea states (Table V),
and different loads (Table VI). These results show that the
proposed robust controller can still maintain the position of
the vessel with a maximum offset of 0.21 m in north, 0.3 m in
east, and 0.3° in yaw under sea state 4 (Table V). Moreover,
the proposed controller is quite insensitive to different loads,
according to Table VI.

VL

An observer-based robust DP system was presented for
construction crane vessels. The closed-loop control system
was proven to be stable under against uncertainty; the
effectiveness of the proposed scheme was verified in
comparative simulations incorporating real-life uncertain
scenarios such as changing mooring force, environmental
load, unmodelled propulsion dynamics, and thruster delay. An
important future work is embed estimators in the DP control
framework to avoid worst-case uncertainty bounds.

CONCLUSIONS AND FUTURE WORK

Authorized licensed use limited to: TU Delft Library. Downloaded on March 04,2022 at 10:56:29 UTC from IEEE Xplore. Restrictions apply.



YE et al.: ROBUSTIFYING DYNAMIC POSITIONING OF CRANE VESSELS FOR HEAVY LIFTING OPERATION 763

10 T T T T T T T T T TABLE VII
gl 1 NUMERICAL VALUES FOR THE VARIOUS CRANE VESSEL
COMPONENTS
6 ]
Vessel parameters
4 - 4
Draught 9.5m
E o 1 Breadth 254 m
L‘g or i Length between perpendiculars 175m
“ 2 I Mass (M) 24609620 kg
—Ar ] Density of water (o,,) 1025 kg/m*
—6r 1 Acceleration of gravity (g) 9.81m/s>
-8+ 4 Transverse metacentric height (GM7) 0.996 m
~10 . . . . . A . . . Lateral metacentric height (GM ) 204.436 m
s 6 Eas? (m) 2 4 6 810 Block coefficient 0.569
Radius of gyration in roll 8.331m
Fig. 12.  Unstable behavior with controller from [26], ¥ =3, due to Radius of gyration in pitch 42m
neglecting propulsion dynamics. Radius of gyration in yaw Om
Apw 270 m?
TABLE V Aw 2500 m?
SIMULATION RESULTS OF THE PROPOSED ROBUST CONTROLLER CoeCunc
UNDER DIFFERENT SEA STATES, ¢ = 3 z=%k=tM 0
A 2
Sea state 0 1 2 3 4 X 3150m
North (m) ~ 0.01 0.02 0.03 005 006 %L 204.436 m
RMSE East(m) 000 003 008 009 0.09 GM1 0.996 m
Engine parameters
Yaw (°) 0.00 0.01 0.02 0.06 0.08
Nominal fuel injection (m) 1.3148
North (m) 0.01 0.03 0.09 0.15 0.21
i i i 0.38
Maximum offset East(m) 000 007 023 025 030 Nominal engine efficiency (7.)
Nominal engine speed (7eng) 1.5Hz
Yaw (°) 0.00 0.02 0.09 020 0.30
Nominal engine power 960 kW
TABLE VI Crane wires
SIMULATION RESULTS OF THE PROPOSED ROBUST CONTROLLER Ky 1.68x 108 N/m
WITH DIFFERENT LOADS, ¢ = 3 D, 4.07x 10° Ns/m
Load (tonnes) 1600 1800 2000 2200 2400 Hydraulic winch
North (m) 003 003 003 004 004 Thyd 09
RMSE East (m) 0.08 0.08 0.08 0.08 0.08 Kip 4.0
Yaw (°) 0.03 0.02 0.02 003 0.02 Khi 0.4
North(m) 0.09 0.08 006 009 0.10 Propeller parameters
Maximum offset East (m) 0.21 023 023 024 020 Diameter of the propeller (Dprop) 3m
Yaw(°) 008 008 009 0.1 0.8 {Kias Kip) {0438, 0.4773)
{Kqa» Kop} {~0.06, 0.7124)
APPENDIX Fuel and gearbox parameters
NUMERICAL VALUES FOR THE PROCESS PLANT MODEL Lower heating value (kiv) 42700 kJ/kg
The parameters mentioned in Section II are summarized in Gearbox ratio (i) 5.414
Table VII, and they are based on the open source S-175 vessel Total mass of inertia of propulsion system (o) 200 kg/m?
model [25]. Transmission efficiency (7um) 0.95

[ 24.6 0 0 0 -1.23

_ (§)
Mpg=10"\ o 12 0o 171 0

S
S
)
=
(@)}
(e}
(e}
SO © O O o O

0 0 0 0 0 0
11.7 0 -995 O 49.8

1.4
0
0 0 30.0 0 97.0 0
0
0
0

M, = 10° i
-788 0 235 0 -633

0 98.1 0 2920 O
14.9 0 444 0  2890-
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Other system parameters are provided in Table VII, which
are used to generate the other system dynamics terms such as
C,D;,G,gy) [29, Section 7.3.1] and propulsion dynamics
terms as elaborated in Section II.
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