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Abstract: With the growing demand of large-scale heavy lift vessels in the deep-sea offshore
construction works, high performance of Dynamic positioning (DP) systems is becoming
ever crucial. However, current DP systems on board of heavy lift vessels do not consider
model uncertainty (typically arising from mooring forces). In this paper, an observer-based
robust controller is designed that can tackle model uncertainty in hydrodynamic damping
and mooring forces, environmental disturbances as well as can filter out the high-frequency
vessel movement. Closed-loop system stability is analytically established in terms of uniformly
ultimately boundedness. In addition, several key performance indicators are provided for tuning
the performance of the controller. The effectiveness of the proposed control framework is studied
in simulation with a crane-vessel system.

© 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Heavy lift vessels are large-scale systems where ‘large’
reflects their physical size. These systems are becoming
more and more crucial as, with the increasing demand
of oil and gas, the ocean exploration and offshore con-
struction is moving gradually from the shallow sea to the
deep ocean, which needs the support of Dynamic Posi-
tioning (DP) system. A DP system could automatically
maintain a vessel’s position and heading by using its own
propulsion system. Research on the DP system of offshore
crane vessels started in the beginning of the 20" cen-
tury. Early studies showed that the stability of the crane-
vessel combination is difficult to obtain with traditional
PID position control system [1]. In fact, due to the large
external forces from the crane wires, the vessel presents
large uncertainties and different dynamics as compared
to the free floating mode [2-4]. A study from Vorholter
showed that the performance of DP system of a crane-
vessel decreases significantly with load mass heavier than
2% of the vessel displacement [5]. Furthermore, lack of
precise parametric knowledge of the crane-vessel system
makes the control task of DP challenging. In addition to
this, the task become more challenging, especially during
a mooring mode, due to the hazardous environment and
uncertain additional stiffness.

* This work is financially supported by the program of China
Scholarships Council (CSC) with project No. 20167720003

Research on DP system of offshore cranes mainly focused
on two aspects: (i) attempting to reduce the overall stiff-
ness within the system by tuning the PID controller or
by applying estimated feedforward force [1, 6, 7]; (ii)
considering parametric uncertainty in the control design
[8-16]. In the second category, [8-11] concentrated only on
the uncertainty involved in the crane dynamics, neglecting
the effects of variations in the vessel dynamics; whereas,
the latter plays a crucial role in the construction work.
Therefore, the recent works [12-16] considered paramet-
ric uncertainty (e.g., mooring force, damping force) and
external disturbance (e.g., crane force and forces due to
wind, sea waves and current) at the vessel level.

However, due to limitation in thruster capabilities, high-
frequency position and/or velocity feedback cannot be
addressed by a DP system. Unfortunately, all the afore-
mentioned works ignored such scenario. Some notable ex-
ceptions are the observer-based designs in [17, 18], where,
however, crane/vessel uncertainty is completely ignored.

In light of the above discussions, a composite control
solution for DP systems that can tackle parametric uncer-
tainty without using high-frequency feedback is missing.
Therefore, an observer based robust controller is proposed
in this work which is capable of tackling parametric un-
certainties (mooring force, hydrodynamic damping force)
and external disturbance forces (crane force, wind, sea
waves and current). The control framework is designed
with only measured position feedback; thus, ill effects of
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high frequency velocity feedback is completely eliminated.
The proposed design is modular, as it allows the same
framework to be applicable for mooring and free-hanging
phase. The closed-loop system is shown to be Uniformly
Ultimately Bounded (UUB), with two important Key Per-
formance Indices (KPIs) being provide in terms of (i)
ultimate bound of the position error and (ii) upper bound
of the required control effort. The effectiveness of the pro-
posed robust controller is verified using a simulated crane-
vessel system under the influence of various uncertainties.

The rest of the paper is organized as follows: Section 2 pro-
vides the proposed control strategy while Section 3 details
the stability result; the simulation results are provided
in Section 4; Section 5 presents concluding remarks and
future direction.

The following notations are used throughout this paper:
Amin(®) and || e || represent minimum eigenvalue and
Euclidean norm of (e) respectively; I denotes identity
matrix with appropriate dimension.

2. CONTROLLER DESIGN

A generalized three degrees-of-freedom (DoF) DP system
dynamics is considered as [17]

n= J(w)l/v (1>

My = -Dv —Fn+71+d;, (2)
cos(y)) —sin(y)) 0

I(@) = [Sin(w) cos(t) O] ; 3)
0 0 1

where = [z,y,9]T comprises of north position, east
position and heading angle of the ship in earth-fixed co-
ordinate system, respectively; v = [u,v,7]T is the vessel
velocity /angular velocity in body-fixed coordinate system;
M € R**3 is the mass/inertia matrix; D € R3*3 is the
positive definite hydrodynamic damping matrix; Fn de-
notes the mooring force with F being the positive definite
spring coeflicient when the mooring force is simplified as
linear spring force; d, € R3 denotes bounded external
disturbances representing the effects of wind, wave and
current forces; 7 € R? is the generalized control input.
Note that, without loss of generality, we consider [0, 0, 0]
as desired equilibrium position of the vessel.

Henceforth, for compactness, J(¢) will be represented as
J, and the system dynamics (1)-(2) is represented as

n=Jv, (4)
v=—-Aim—Ayw+Br+d, (5)
where A; £ M™'F,A;, £ M'D, B £ M~! and

d £ M—1d,. Note that A; and A, are positive definite
matrices for a crane vessel.

The system (4)-(5) is considered to be uncertain in the
sense that, barring M, precise knowledge of A;, i = 1,2
and d is not available. Specifically:

Assumption 1. A;’s can be decomposed into two posmve
definite matrices A and AZ such that A; = A +
AZ, here AZ is the nominal value and A denotes an
unknown perturbation in Al. Let AA; and Ad denote the
maximum possible ranges of A; and d, respectively, and

their knowledge is considered to be available for control
design.

Based on the fact that a ship’s thrusters cannot deliver
high frequency commands, an observer-based robust con-
troller is designed as

n=-Kij+Ki7+JIb, (6)
U= —A17) — Ay + BT + Ko ()7, (7)
=B (A —IN)H —Ko(t)f) + (As — p— p1 (1)) D},

(8)
where 7) and ©» are the observed (filtered) values of n
aAnd v respectively, and 7 £ n — 7, ¥ £ v — D. Further,
A, K K1, K5, p; and p are designed as
Aumin (K1) > [|(1/28) AATH T AA ||, (9)
Amin(Az2) > [[(36/2)H], (
Aumin (K) > [[(1/28) AATHTTAA ||, (
p>[|(1/28)AATH ' AAs|[ + [|Ad]|, (12
pi(t) = ol [(K1 + K)|l[|7]]|7]l, (
Ks(t) = —A +I7(t), (

where a > 1; § and H denote a positive scalar and a
positive definite matrix.

Remark 1. According to Assumption 1, A, is defined
based on the nominal knowledge of A,. Therefore, condi-
tion (10) provides a selection criterion for 5 and H, which
in turn guide to select other gains K1, K, p and p; from
(9), (11), (12) and (13), respectively.

Remark 2. Note that the proposed observer based robust
controller (6)-(8) based on position feedback only. The
reason is that velocity measurements, in general, are more
noisy and it is not always desirable to use them in DP
controllers.

3. STABILITY ANALYSIS

In this section we first give the stability analysis and
then we see how the performance of the controller can be
appropriately tuned via key performance indicators. Some
preliminary definitions are provided below:

Definition 1. Globally Uniformly Ultimately Bounded Sta-
bility [23]: System (4)-(5) is globally uniformly ultimately
bounded if there exists a convex and compact set T such
that for every initial condition (n(0),(0)), there exists
a finite T(n(0),v(0)) such that (n(t),v(t)) € T for all
t = T(n(0),v(0)).

Definition 2. Ultimate Bound [23]: A signal ¢(-) is said
to be globally uniformly ultimately bounded (UUB) with
ultimate bound b if there exists a positive constant b, and
for any a > 0, there exists T'= T'(a, b), where b and T are
independent of initial time, such that ¢(0) > a = ¢(t) <
b, Vt > T.

Theorem 1. Under Assumption 1, the system (4)-(5) em-
ploying the controller (6)-(8) remains UUB if, for a given
B > 0 and H > 0, the selection of gain parameters
K,Kl,Kg,Ag,p and p; satisfies (9)-(14).

Proof 1. The theorem is proved using the following Lya-
punov function:

V(S) V1(777 )""/2(777 )7 (15)
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T ~T ~T ~T1T
vin vV

q+ o7

Where = 2 (1/2)(7" 7 + 0T D) and

(7
£ (1/2)(n"

Usmg (4)-(7), the observer error dynamics can be formu-
lated as

D).

n=1mn-n=J0+Kn-Kn, (16)
v=0-b=—Af—A(7+7) - A
—Ay(D+ D) — Ko +d. (17)

Utilizing (16)-(17), the following can be achieved
Vi =07 (—Ki + Kiyp+ I0) — 07 (Ay + Ay)D
T AL+ Ko+ A —0TA 7 — 0T Ayp +57d
<—7"Kif — 0T Agp + 7Ky — 0T Ay
— 0 (AL + Ky —IT + Ai - 0T App +07d, (18)

where we have used the fact that A, is positive definite
from Assumption 1. Substituting (14) in (18) yields

Vi <=0 Ki = 0" Ao + 1) K
~TAn 0T A - DT Ay + o7 d. (19)
Further, using (6)-(8), the following can be deduced
Vo =" (K + Kif) +30) + 5 (—(p+ p1)or = IT4p)
=0 K — (p+ p1)||2|]* + 7" Kq). (20)

Given any scalar § > 0 and a positive definite matrix H,
the following relation holds for any two non-zero vectors z
and z; [24],

+2z72, < Bz"Hz + (1/8)z1 H 'z;. (21)

Applying (21) to the fourth, fifth and sixth terms of (19)
the following relations are obtained:

- T A < (8/2)0"Ho + (1/28)7" AATH ' AAL7,
(22)

— oA < (8/2)0"Ho + (1/28)7" AATH ' AAL4,
(23)

— T Ao < (B/2)0THD + (1/28)0T AATH ' AALD,
(24)

as AA; denote the maximum range of A; from Assumption
1. Substituting (22)-(24) in (19), the addition of (19) and
(20) yields

V <—7"{Ki - (1/20)AATH ' AA 17
—"{Ay - (38/2)H}P

— 7" {K - (1/28)AATH 'AA })

— o {pl — (1/28)AATH 'AA,} D

—pullPlP + 7" (K+K)n+o"Ad. (25)

From the definition of & we have ||£]| > ||P|| and ||€]| >
[|2]|. According to the conditions (9)-(12), the following
matrices Q1, Qs, Qs and Q4 are positive definite

Qi = {Ki — (1/20)AATH 'AA, Y,
Q> = {A, — (38/2)H},
Qs 2 {K — (1/26)AATH ™ AA, },
Qa2 {pI - (1/28)AATH 'AA,}.
Then defining 0, = min;—1,2 3.4{ Amin(Q:)}, (25) yields

V < —om(l[al1* + |[2[] + lIAl* + |12]%)
+IIE -+ K)|llIalllall + 2] Ad]] = p 2]
—oml€]1” + 1 Ad][][¢]]
— I +XK)l[allllall(a]2]* - 1), (26)

Define a scalar ¢ € Rt such that 0 < ¢ < 0,,. The
definition of V in (15) yields V < ||€|[%. Hence,

V < —(om — 0)l€]1* — oll&]]* + [|Ad][]€]]
— I +K)[[|alll[All(«@]]* - 1)
< —oV — &l {(em — o)[€]| — [|Ad]]}
— I +K)[|alll[All(@]]* - 1)
Thus, one has V < —¢V when

min{]|2[], [|€]I} > max{(|Ad||/(em — 0)),V/1/a}
= 12| = max{(||Ad]|/(em — o)), v/1/a}.

This affirms the UUB condition implying n,0,7,0 €
Loo = M,V € L. This concludes the proof.

(27)

Key Performance Indicators: From (28), an ultimate
bound on the position error 7 and an upper bound of
control input 7 can be computed, which can generate key
performance indicators (KPI) to tune the controller.

Let « £ max{(||Ad||/(¢m — 7)), /1/a}. From (15) we
have V' > (1/2)||9|]> = ||P|| £ v2V. Thus, from (28),
we have V < —0oV when

<P < V2V =V >3 (29)

Therefore, defining 1o £ V(0), one can deduce the upper
bound of V' as

V < max{u, */2} £ B (30)
Utilizing the relations [|f]] < V2V, ||A|] < V2V and

[Imll = |%|] + |I9]|, the ultimate bound b on the position
error 1) can be computed as follows:
be 0, 2. (31)

Similarly, an upper bound on 7 can be derived from (8) as
171l = 1B~ {A17) + Az — Ko = IT7) — (p + p1)D}| <
V2B|IB [ {IIA1 = 37| + [|Az — (p+ p1)l| + IKzl)) }
(32)
Remark 3. It can be noticed from (28) and (30) that high
values of K, K1, p and « (determined from (9)-(13)) help to
reduce B and improve control performance. On the other
hand, the upper bound (32) 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.

Remark 4. The DP system dynamics (1)-(2) can describe
both the free-hanging and mooring stage depending on the
presence of Frn. Therefore, the observer-based controller
(6)-(8) and the corresponding stability analysis is poten-
tially valid under both conditions. However, it has to be
noticed that when the mooring force Fn is absent, a high
gain p might be unnecessary in view of (11): a high gain p
might lead to an unnecessarily high control input. There-
fore, one may switch to a lower gain outside the mooring
phase. This would result in two different controllers for
free-hanging and mooring operation which would require
switching between two control structures. Such a setting
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would require an ad-hoc switched based analysis, e.g. as
proposed in [19] for linear switched systems or in [18] for a
different DP setting. The development of a switched based
analysis for the proposed controller will be the subject of
future research.

4. VALIDATION IN SIX DOF SIMULATIONS

In order to validate the proposed DP system in a more
realistic setting, a six DoF crane-vessel dynamic model
with environmental disturbances will be adopted. This sec-
tion presents the most important features of the simulation
model for the crane-vessel system and the corresponding
simulation results.

4.1 Simulation Model

The simulation model is generated by WAMIT and is
based on the S-175 model from MSS toolbox [20], which
is valid under the following assumptions:

e The vessel is symmetrical in starboard and port.

e The bias model and the wave model are driven by
zero-mean Gaussian noise.

e The vessel is moving with low velocity and low
acceleration.

The various component of the simulation model are
sketched in Fig. 1, and a brief description is given here-
after. The vessel dynamic model is a six DoF model with
environmental disturbances, according to [21]:

Ny =R($,0,¢)vs (33)
(Mgpp + M)y + C(wyr)vsr + Dovyy
= Twind + Twave + Tf + T cranes (34)

where n; = [z,y, 2, 9,0, ] is the vessel position in earth-
fixed coordinate system, in which (z, ¢, ) denote the heave
position, roll and pitch angles of the vessel respectively;
vy, = Vy—v. denote the relative velocity of the vessel with
respect to the current velocity v. = [uc,ve, w,,0,0,0]7,
where v = [u,v,w,p,q,7]7 is the vessel velocity (all in
body-fixed coordinate system); R(¢,8,) is the rotation
matrix from body-fixed coordinate system to earth-fixed
coordinate system; Mgrp, M4, C and D, denote the rigid
body mass matrix, added mass matrix, Coriolis terms and
hydrodynamic damping terms, respectively; Twind, Twave
and T.rane are external loads from wind, wave, crane
wires corresponding to external disturbance d; in (1) and
T¢ = [Ta, Ty, T2, Tgs To, Ty|, Where T = [1,, Ty, Ty] as in (1).
The terms Mgp and M, are defined consistently with
[21], where the latter one is based upon linear and second
order potential theory. For simulation, the sea current is
considered as v, = [0.52,0.30,0,0,0,0]7.

The environmental loads in (34) consist of wind load and
wave load. The wind load could be seen as an additional air
pressure to the vessel surface, leading to a force in surge,
sway and moment in yaw as represented in Fig. 2. The
calculations for these forces are omitted for lack of space
and they can be found in [21]. The wave load consists of a
first order wave load and a second order wave load.

Hydraulic

Crane load —7 .
winch

[ Tarans

Environmental
Vessel

loads (wave, |—rww| Dynamics

wind, current) | v

Observer Based
Robust Controller

le—tprer——

Fig. 1. Overall Simulation Model of the DP Controlled
Crane Vessel
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Fig. 2. Wind Load on the Vessel
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Fig. 3. First Order Wave Load on the Vessel

Twave = Twavel T Twave2 (35)
where Tave1 18 @ zero mean oscillation load, and T,4ve2 18
modeled as a mean wave drift load without an oscillatory
component. In these work, the simulations are carried out
under sea state 2—3, when the wave has a significant wave
height of 0.5m. The first and second order wave forces in
surge, sway, and moment in yaw are shown in Fig. 3, and
Fig.4. Again the calculations for these forces are omitted
for lack of space and they can be found in [21].

The crane wires are modeled as an elastic wire with
stiffness and damping, with a flexible length which could
change with different load. The hydraulic winch controlling
the force in the crane wires can be described as [22]:

Fhoist = T/T = Uhyd@Ap/QW‘ (36)
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Fig. 4. Second Order Wave Load on the Vessel

where T is the hydraulic motor’s torque output; @ is the
inlet flow rate per revolution; Ap is the pressure difference
between the inlet flow and the outlet flow; nnyq is the
efficiency of the motor; r is the radius if the drum that the
cable is wound on. The crane force is determined by the
hydraulic motor, controlled by the following PI controller:

@ = th(ST + Ky, / STdt (37)

where 67 is the difference between the desired torque and
the actual torque. In line with [22], it is assumed that
the pressure difference of the motor is constant and only
the inlet flow rate is changing to give the desired crane
force output. The resulting crane force in surge, sway and
heave is represented in Fig. 5. The crane force is designed
to increase from ¢t = 0s to ¢ = 1100s, and then decrease
till ¢ = 1900s. Note that such forces represent a typical
mooring phase, during which the crane force increases and
then decreases.

4.2 Simulation Results

The nominal value A; is chosen based on the high-
est load during the simulation, when F = F,,,,. Thus

A, = 1073[2.7261 0 0; 0 2.0931 — 0.0004; 0 —
0.0004 0.0011]; then, nominal value of As is chosen
as Ay = 107%0.1762 0 0; 0 1.1312 — 0.6066; 0 —

0.0003 1.3604] which is 91% of the actual value of As.
Other parameters involved in the simulation are chosen as:
M = 10%*°[0.0026 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 pertur-
bation AA; and AA, are selected to be 10% and 100%
of A; and A, respectively. The various control design
parameters are selected as @« = 2,6 = 1 and H = AA,.
Consequently, other control gains turn out to be: K =

K, = 0.0023I; p = 1.6670; p1(t) = 0.0093||7(£)||||7(2)]I-

Under the influence of a time-varying crane force (Fig. 5),
the performance of the proposed controller are shown in
Fig. 6 in terms of the simulated vessel’s north, east position
and yaw movement. It is evident that the vessel maintains
required position with small offsets in the north and east
position.
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Table 1. Comparison Between Different Con-
trol Methods

Control Method PID | Proposed Controller
Root North[m] | 0.05 | 0.02
Mean East[m] 0.13 | 0.04
Square P[°] 0.27 | 0.03
Masimum North{m| | 0.24 | 0.06
Offset East[m)] 0.42 | 0.15
P[°] 0.64 | 0.09

To further highlight the effectiveness of the proposed
design, another simulation is carried out using a tradi-
tional PID controller in conjunction with the observer (6)-
(7). For this simulation, the PID gains are selected as
K, = 10%diag(7,15,50), K; = 103diag(5,5,10), K4 =
10%diag(5, 5,10), based on the general guidelines followed
in the industry for such vessels [25]. It is evident from
the comparative results between the PID and the pro-
posed controller in Table 1, that the proposed controller
provides better performance comparing to traditional PID
controller in all three directions.

5. CONCLUSION AND FUTURE WORK

In this work, an observer based robust controller was
presented for the position control of large-scale heavy lift
vessels. The observer was specifically used to attenuate
the high frequency vessel movement caused by environ-
mental load. Additionally, use of only position feedback
in the control law reduces the vulnerability toward high
frequency velocity noise. The controller was designed to
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be robust against model uncertainty in damping matrix,
mooring force and external disturbances. The closed-loop
system was shown to be UUB and the effectiveness of the
proposed scheme was verified in simulation under changing
mooring force and environmental load.

Note that in heavy lift vessels, the mass matrix is subject
to relatively small uncertainty as compared to mooring
and damping terms [2]. Hence, the proposed controller
utilized, precise knowledge of mass matrix. Nevertheless,
the added mass is unknown in practice and causes model
imperfection. Therefore, an important future direction
would be to consider perturbation in mass matrix for
control design including thruster dynamics.
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