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Joint Estimation of Vessel Position and Mooring
Stiffness during Offshore Crane Operations

Jun Ye, Milinko Godjevac, Simone Baldi, and Hans Hopman

Abstract—Offshore heavy lift vessels are designed for trans-1

porting, installing and removing offshore facilities. Previous stud-2

ies have shown that the time-varying forces acting on the main3

crane may result in an unstable Dynamic Positioning (DP) control4

system, which adversely affects the safety of the heavy lifting5

operation. Solutions based on force feedforward control thus has6

been proposed, i.e., the low-frequency horizontal component of7

the crane force is forwarded to the DP controller or observer.8

Accurate estimation of the horizontal component of the crane9

force is essential for the feedforward solution, but it is extremely10

difficult to obtain it from a measurement due to its time-varying11

nature and the non-linear system dynamics stemming from the12

ship-environment interaction. Therefore, in this work, we focus on13

the estimation of the low-frequency crane force in the horizontal14

direction during loading and offloading stages of a heavy lift15

operation in various environmental conditions. To achieve this16

goal, a novel time-varying mooring stiffness term is introduced,17

which is included in the nonlinear passive observer of the vessel18

and used in a joint parameter-state estimator to estimate the19

horizontal crane force and vessel states. Afterward, simulations20

are performed to test the estimator in various environmental21

and loading conditions. The results indicate that an accurate22

estimation of the low-frequency horizontal component of the23

crane force can be achieved by measuring the position of the24

ship and the tension in the wires even in the presence of large25

parameter uncertainty.26

Index terms— Heavy Lift Construction; Offshore Mooring27

System; Joint Parameter-State Estimation28

I. INTRODUCTION29

Heavy lift vessels play an essential role in the installation30

and removal of oil platforms and other offshore structures31

since the mid-20th century [1, 2]. The interest in the study32

of offshore crane vessels was shown in the late 20th century:33

most of the early studies focused on the dynamics of the crane34

vessel in pitch [3, 4] and the interaction between the crane35

dynamics and ship motions [5–7].36

During a typical offshore construction assignment with37

heavy lift vessels, there are three working modes: a free hang-38

ing mode, a lifting or offloading mode (mooring mode), and a39

mode without the crane load. When the heavy lift vessel works40

in the mooring mode (see Fig. 1), the vessel needs to stay in41

the position while the crane wires are attached to a platform42

until the work is done, and DP systems are widely applied for43

offshore positioning during such construction works.44
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Fig. 1. Crane Vessel Moored to the Platform

However, a study from Flint and Stephens showed that a 45

combination of the crane force and wrongly tuned controller 46

gains of the DP system could lead to instability of the vessel 47

position during mooring stage due to the added stiffness 48

from the crane wires [8]. A more detailed case study on DP 49

controlled offshore heavy lift operations could be found in the 50

study of Vorhölter with simulations in time domain for three 51

different lifting vessels [9]. This study has shown that already 52

with a small load mass, e.g., 2% of the vessel displacement, 53

the impact of the crane force on the motion behavior of the 54

vessel is significant. 55

Therefore, many studies have been carried out on the subject 56

of control systems for offshore cranes and offshore heavy 57

lift vessels to solve this stability problem during mooring 58

mode and to stabilize the crane load when the load is free- 59

hanging. Among these studies, some control methods have 60

been developed to stabilize the sway angle and load position of 61

the overhead free-hanging crane load [10–18]. In these control 62

methods, sway angle or load position was measured by virtual 63

sensors while the mooring mode was not investigated. For the 64

offshore mooring mode, solutions such as feedforward to the 65

estimator and robust controller were proposed to solve the 66

stability problem [19, 20]. According to the simulation results 67

from these studies, the feedforward solutions provided satis- 68

fying results, but the estimation of the feedforward horizontal 69

component of the crane force or the sway angle of the load 70

was not mentioned. 71

Similar problems exist in the field of the positioning of 72
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icebreakers under unknown ice load. During the position and73

motion control of the icebreaker, the unknown ice load could74

be estimated as part of slowly varying external load [21–23].75

However, in the mooring mode of the heavy lift operations,76

the low-frequency part of external excitation is with a much77

smaller period, which makes it difficult to distinguish the crane78

load from the slowly-varying environmental load. Therefore, a79

reaction force observer was designed to estimate the horizontal80

force and the sway angle in one DOF [11]. Due to the limi-81

tation of the DOFs and the absence of external disturbances,82

these methods could not be directly applied in a DP controlled83

heavy lift vessel during mooring mode.84

In this paper, the low-frequency crane force under heavy85

lift mooring mode is estimated using a joint position-force86

nonlinear estimator. To facilitate the estimation, we introduce87

a stiffness parameter that captures the effect of the nonlinear88

and time-varying dynamics. First, a model of the vessel with a89

crane at the aft end is made to simulate the 6 DOFs behavior90

of the vessel. This model includes a hydraulic winch with91

the crane, vessel motion, environmental loads, and actuators.92

The hydraulic winch controls the force in the crane wires,93

and the environmental load consists of three parts: wave,94

wind, and current. Both the vessel and the crane are modeled95

as rigid bodies. Three bow thrusters and two propellers are96

designed as the actuators. The horizontal component of the97

crane force is estimated by introducing a new parameter,98

the mooring stiffness term. A nonlinear passive observer is99

made to estimate the position of the vessel and the mooring100

stiffness in real time to find the horizontal force and moment101

on the vessel caused by the crane wires. In the end, different102

simulations are made to test the robustness and stability of the103

designed observer in combination with the simulated vessel104

behavior.105

The main contribution of this paper is the joint estimation106

of the vessel position and the low-frequency horizontal crane107

force with limited measurements during the mooring mode.108

There are several innovations in this work: (1) The estimation109

is based on standard and inexpensive measurements, which110

include vessel position and absolute crane force. In particular,111

as opposed to state of the art, the measurements of the vessel112

velocity and the crane wires’ sway angle are not required;113

(2) Simulations are made with a vessel model with 6 DOFs,114

whereas most previous works on the subject only consider roll115

or pitch dynamics; (3) The method is simulated under several116

environmental conditions and practical assumptions such as117

time delay in the propulsion system and noise in the measured118

data.119

The rest of the paper is organized as follows: In Section II,120

the simulation model of heavy lift mooring mode is provided.121

In Section III, the joint observer is designed. In Section IV,122

the simulation settings for different environmental conditions123

are explained, and simulation results are shown and analyzed.124

Conclusions are drawn in Section V, and the paper ends with125

recommendations for future work.126

II. SIMULATION MODEL127

A simulation model of the vessel is generated by WAMIT128

and is based on the S-175 model from MSS toolbox [25].129

Fig. 2. Overall Simulation Model for the Moored Heavy Lift Vessel

The overall model with the control system is shown in Fig. 130

2. The model includes environmental loads, vessel dynamics, 131

hydraulic crane, controller and thrust allocator, which are 132

described in detail in this section. 133

The following standard assumptions, all mutated from [26], 134

are made for the simulation model and the designed observer: 135

Assumption 1: The vessel is symmetrical in starboard and 136

port. The hydrodynamic added mass terms are fixed. This 137

assumption holds for low-speed applications. 138

Assumption 2:The bias model and the wave model are 139

driven by zero-mean Gaussian noise. This assumption is made 140

to simplify the modelling of the wave and current. 141

Assumption 3: The offset of the vessel in surge, sway and 142

yaw is small as compared to the size of the ship. This is 143

reasonable, because nowadays vessels are controlled by DP 144

systems which keep the offsets within 5 meters. 145

Assumption 4: Wave-induced yaw disturbance is ne- 146

glectable in rotation matrix. 147

A. Vessel Dynamics 148

In the following, I stands for identity matrix, 0 stands for 149

null matrix, and R stands for rotation matrix from body-fixed 150

coordinate system to earth-fixed coordinate system. 151

The simulation model in 6 DOFs for the vessel dynamics 152

including ocean current can be expressed as the following[26]: 153

(MRB +MA)v̇ +C(vr)vr +Dsvr

= τwind + τwave + τthr + τcrane (1)

η̇ = R(φ, θ, ψ)v (2)

where (1) holds under the assumption that the vessel 154

is moving with low velocity and low acceleration, η = 155

[x, y, z, φ, θ, ψ]> is the position of the vessel in earth-fixed 156

frame, v = [u, v, w, p, q, r]> is the velocity of the vessel in 157

body frame, vr = v− vc is the relative velocity of the vessel 158

with respect to the current velocity, vc = [uc, vc, wc, 0, 0, 0]> 159

is the current velocity, τwind is the wind load, τwave is the 160

wave load, τthr is the thrust force, and τcrane is the external 161

force from the crane wires. 162

The inertia matrix MRB ∈ R6×6 is defined as: 163

MRB =

[
mI3×3 −mS(rbg)
mS(rbg) Jv

]
(3)
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where m is the weight of the vessel, Jv is the inertia164

moment matrix in roll pitch and yaw, rbg is the vector from165

Center of Origin to Center of Gravity expressed in body frame,166

and the cross-product is defined as a× b = S(a)b .167

In (1), MA ∈ R6×6 is the added mass and added inertia168

matrix of the vessel. For a vessel which is symmetric on port-169

starboard, the added mass and added inertia matrix can be170

expressed as:171

MA =


m11 0 m13 0 m15 0

0 m22 0 m24 0 m26

m31 0 m33 0 m35 0
0 m42 0 m44 0 m46

m51 0 m53 0 m55 0
0 m62 0 m64 0 m66

 (4)

where mij can be expressed as: mij = ρ
∮
S
ϕi

∂ϕj

∂n dS,172

where ρ is the density of water, S is the wetted ship area, ϕi is173

the flow potential when the vessel is moving in ith direction.174

In addition, C ∈ R6×6 is the Coriolis-centripetal matrix,175

Ds ∈ R6×6 is the damping matrix of the vessel, and176

R(φ, θ, ψ) ∈ R6×6 is the rotation matrix in 6 DOFs. The177

calculation of R(φ, θ, ψ), C and Ds can be found in the book178

by Fossen [26].179

B. Environmental Loads180

The environmental loads can be seen as the combination of181

wind load and wave load.182

Wind causes additional air pressure to the surface of the183

vessel. Wind load is related to the surface of the vessel, wind184

velocity and attack angle of the wind. For a vessel in DP185

control mode with zero speed over ground, the wind load can186

be defined as:187

τwind =



1
2ρaV

2
wCX(γw)AFw

1
2ρaV

2
wCY (γw)ALw

1
2ρaV

2
wCZ(γw)AFw

1
2ρaV

2
wCK(γw)ALwHLw

1
2ρaV

2
wCM (γw)AFwHFw

1
2ρaV

2
wCN (γw)ALwLoa

 (5)

where ρa is air density, Vw is wind speed, which is modeled188

as a combination of slow-varying wind and wind gust, CX ,189

CY , CZ , CK , CM , and CN are nondimensional coefficients190

related to the attack angle of the wind. AFw and ALw are191

the frontal and lateral project areas above the waterline, while192

HFw and HLw are the centroids of the two areas, and γw is193

the attack angle of the wind. The wind angle is slowly varying194

around the mean wind angle. An example of wind load on the195

vessel during DP operation is shown in Fig. 4 for the surge,196

sway and yaw directions with the mean wind speed of 2.5 m/s197

and a nominal wind angle of 210◦.198

Fig. 3. Illustration of Environmental Load
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Fig. 4. Wind Load

The wave load consists of a first order wave load and a 199

second order slowly varying wave load. 200

τwave = τwave1 + τwave2 (6)

The second order wave load τwave2 is modeled as a mean 201

wave drift load without an oscillatory component. First order 202

wave induced load τwave1 is a zero mean oscillation load. 203

Where first order and second order wave loads can be found in 204

[26]. Examples of the first order and second order wave loads 205

with a significant wave height of 0.5m and a peak frequency 206

of 0.8 rad/s with Jonswap spectrum are shown in Fig. 5 and 207

Fig. 6. 208
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Fig. 5. Second Order Wave Load
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Fig. 6. First Order Wave Load

C. Hydraulic Crane209

The crane wires are simplified as a spring and a damper:210

Fhoist = kwires(lwires − lini) +D
d(lwires − lini)

dt
(7)

where Fhoist is the force in the crane wires, kwires is the211

stiffness of the crane wires, D is the damping term of the212

wires, lwires and lini are the length and initial length of the213

crane wires. During the simulation, lini is changing to adjust214

the output torque from the hydraulic motor.215

The crane winch is actuated by a hydraulic motor. The216

output torque of the hydraulic motor is[27]:217

T =
ηhydQ∆p

2π
(8)

τ̄crane =
T

r
(9)

where T is the torque output of the hydraulic motor, Q is218

the inlet flow rate per revolution, ∆p is the pressure difference219

between the inlet flow and the outlet flow, ηhyd is the efficiency220

of the motor, r is the radius if the drum that the cable is221

wound on. During the simulation, the crane force is determined222

by the hydraulic motor. The hydraulic motor is controlled by223

a PI controller, with the control gains Khp and Khi. It is224

assumed that the pressure difference of the motor is constant225

in the simulation and only the inlet flow rate is changing to 226

give desired crane force output. Thus the PI controller in the 227

hydraulic crane is: 228

Q = KhpδT +Khi

∫
δTdt (10)

where δT is the difference between the desired torque and 229

the actual torque. 230

D. Propulsion System 231

In order to properly capture the dynamics of the propul- 232

sion system we used a mean-value first principle modelling 233

approach to model the engine-propeller interaction.For more 234

details on the modeling approach for each of the subcom- 235

ponents, please refer to the paper from Godjevac [28]. The 236

propulsion model in this work has been validated in [29]. 237

The diesel engine is modeled as a four-stroke engine with 238

six cylinders: 239

Mb =
6ηemfkLHV neng

2πneng
(11)

where Mb is the output torque, ηe is the efficiency, mf is 240

the fuel injection in gramme, kLHV is the ratio of energy and 241

mass of the fuel, and neng is the engine speed in rotation per 242

second. 243

The thrust force for each thruster i is: 244

τ̄thri = ρn2D4Kt (12)
= ρn2D4(KtaJ +Ktb) (13)

where ρ is the water density, n is the rate of revolution, D 245

is the diameter of the propeller, Kta and Ktb are two constant 246

parameters, J is a nondimentional expression of the propeller 247

which equals to VA

nD , and VA is the arriving water velocity. 248

Similarly, the propeller torque is: 249

Mp = ρn2D5Kq (14)
= ρn2D4(KqaJ +Kqb) (15)

A shaft is connecting the diesel engine and the propeller. 250

np =
ne
igb

(16)

=

∫
Mbηtrmigb −Mp

2πItot
dt (17)

where igb is the gearbox ratio, ηtrm is the transmission 251

efficiency, and Itot is the total mass of inertia of the propulsion 252

system. 253

For the overall thrust force on the vessel, 254

τthr =
∑

τthri (18)

where the summation is to be intended as vector summation. 255
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E. Controller and Thrust Allocator256

A PID controller is adopted in the simulations as DP257

controller with the control force:258

τctl = Kpe+Ki

∫
edt+Kdė (19)

Where e = η̂−ηref is the error between estimated position259

η̂ and desired position ηref .260

A simple thrust allocator is designed using one time-261

invariant matrix. The thrust forces in each thruster can be262

calculated using the following formula:263


τ̄thr1
τ̄thr2
τ̄thr3
...

 = BTAτctl (20)

where BTA is the time-invariant matrix of the thrust allo-264

cator.265

The ballasting system on board is not modeled, thus the266

vessel would have a pitch angle when there’s vertical crane267

load in the crane wires. The vessel’s center of origin in Body268

frame would also change due to the pitch angle.269

III. OBSERVER DESIGN270

In this section, the designed observer for the vessel-crane271

moored system is provided. Two sets of measurements are272

required for the observer: vessel position y as a vector and273

the crane force τ̄crane as a scalar. Note that the goal of the274

observer is to estimate the low-frequency vessel movement in275

surge, sway and yaw, and the low-frequency horizontal crane276

force. This is because the DP system cannot cope with high-277

frequency variations.278

A. Control Plant Model279

The controlled system can be modeled as a second-order280

system. In the position control system, only the low frequency281

part, which contains the movement in surge, sway and yaw of282

the vessel movement, is controlled. Thus the 3 DOFs control283

plant model can be simplified as:284

ξ̇ = Awξ (21)
285

η̇ = R(ψ)v (22)
286

ḃ = −T−1b b+wb (23)
287

Mv̇ +Dv = τwind + τctl + τcrane +RT (ψ)b (24)
288

y = η +Cwξ +w1 (25)
289

τ̄ ′crane = τ̄crane + w2 (26)

where ξ is the pertubation from first order wave load, η290

is the vessel’s position in three DOFs in North-East-Down291

coordinate system, v is the velocity of the vessel in body292

frame, τ ′crane is the measured crane force in scalar, b is the 293

bias term which includes the slowly varying external force, 294

wb is the Wiener process, and w1 and w2 are the Gaussian 295

white noise, Aw ∈ R6×6 and Cw ∈ R3×6 are two matrices 296

describing the wave load, R(ψ) ∈ R3×3 is the transfer matrix 297

from body to NED frame, Tb ∈ R3×3 is the time constant 298

matrix for the bias, M ∈ R3×3 is the sum of rigid body mass 299

matrix and added mass matrix of the vessel in 3 DOFs. 300

B. Mooring Stiffness 301

During moored dynamic positioning, there is additional 302

stiffness added to the vessel because of the crane force. The 303

vessel during mooring status can be seen as added with extra 304

horizontal stiffness. 305

The damping term of the wires can be neglected comparing 306

to the stiffness of the wires. The setpoint of the vessel position 307

is chosen where the crane wires are vertical, and the horizontal 308

crane force is 0. Assuming that the offset of the vessel 309

comparing to the setpoint position is small, the moored crane 310

force can be approximated as the influence of both the offset 311

and a changing mooring stiffness. 312

Fhoist = kwires(lwires − lini) (27)

Assuming that the roll and pitch angle are small and their 313

influence on the crane force can be neglected, we have the 314

following equations: 315

sin γvessel =

√
∆x2 + ∆y2

lwires
(28)

316

Fhorizon = Fhoist sin γvessel (29)

where ∆x is the surge position of the vessel comparing to 317

the nominal position. ∆y is the sway position of the vessel 318

comparing to the nominal sway position. Mooring stiffness k′ 319

is defined as the horizontal stiffness of the vessel added by 320

the crane wires. 321

Fhorizon = k′RT (ψ)∆η (30)

Where ∆η is the position offset comparing to the nominal 322

position, which is also the setpoint for the position in this case. 323

C. Estimated States and Parameters 324

During dynamic positioning, the vessel’s position and veloc- 325

ity should be estimated as well as the horizontal force from the 326

crane wires. In this section, a joint state-parameter estimator 327

is made. The estimated parameters are the mooring stiffness 328

from the crane force and the states to be estimated include the 329

position and velocity of the vessel in surge, sway, and yaw. 330

For the crane force in the surge and sway direction, the 331

mooring stiffness can be simplified when the offset of vessel 332

position is small. 333

ksurge = ksway = k0 =
Fsurge

∆x
=

Fhorizon√
∆x2 + ∆y2

(31)
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k0 = Fhoist

√
∆x2 + ∆y2

lhoist
√

∆x2 + ∆y2
=

Fhoist

lini + Fhoist

kwires

(32)

Thus the horizontal mooring stiffness in surge direction can334

be approximated as:335

k0 ≈
Fhoist
l0

(33)

Where l0 is the initial length of the crane wires at the336

beginning of the construction work.337

If the coupling between sway force and yaw moment is338

taken into consideration, the approximated mooring stiffness339

matrix k′ can be written as:340

k′ =

 k0 0 0
0 k0 −Rctk0
0 −Rctk0 R2

ctk0

 (34)

Where Rct is the length from Center of Gravity of the vessel341

to the crane tip in the horizontal plane.342

D. Equations for Joint Parameter-State Nonlinear Passive343

Observer344

The original nonlinear passive observer was introduced by345

Fossen [8]. The objective of the original observer is to generate346

low-frequency motion of the vessel in the horizontal plane, as347

well as to estimate the slowly varying biased term. In addition348

to this, we would also want to know the horizontal force of the349

crane wires and estimate the mooring stiffness in this work. In350

addition to the original nonlinear passive observer, an equation351

for the estimation of horizontal crane force is developed. The352

overall observer is illustrated in Fig. 7.353

Fig. 7. Overall Illustration of the Observer

The equations of the observer are shown below:354

M ˙̂v = −Dv̂ +RT (ψ)b̂+ τctl +RT (ψ)K4ỹ − τ̂crane (35)
355

ŷ = η̂ +Cwξ̂ (36)
356

˙̂η = Rv̂ +K2ỹ (37)
357

˙̂
ξ = Awξ̂ +K1ỹ (38)

with the bias model: 358

˙̂
b = T−1b b̂+K3ỹ (39)

and the horizontal crane force model: 359

τ̂crane = k̂RT (ψ)(η̂′ − ηref ) (40)

Equation (40) is the additional equation for the estimation 360

of horizontal crane force. η̂′ in Equation (40) includes the 361

influence from the pitch and roll angle. The equation for η̂′ is 362

shown below: 363

η̂′ = η̂ + q


√
x2ct + y2ct cos(arctan |xct

zct
| − θ)− |xct|

|zct| sinφ
− arcsin |zct| sinφ|xct|

 (41)

Where [xct, yct, zct]
> is the position of cranetip in body 364

frame, q is a tuning parameter, which is a diagnal matrix in 365

this case. 366

The mooring stiffness is estimated by the equation below: 367

k̂ = k′ +K5ỹ (42)

If written in the state-space form, then 368

˙̂η0 = A0η̂0 +B0Rv̂ +Kỹ (43)
369

ŷ = C0η̂0 (44)

where η̂0 = [ξ̂>, η̂>]> 370

The errors are defined as α̃ = α− α̂, where α stands for 371

the real value in the system and α̂ stands for the estimated 372

value. Thus the error dynamics are shown as: 373

M ˙̃v = −Dṽ +RT (ψ)b̃−RT (ψ)K4ỹ − F̃c (45)
374

˙̃η0 = (A0 −KC0)η̃0 +B0Rṽ (46)
375

˙̃
b = T−1b b̃−K3ỹ (47)

376

τ̃crane = k̃RT (ψ)(η̂′ − ηref ) (48)

k̃ = −Et − FerrorF0 +K5ỹ (49)

where Et ∈ R3×3 is the time varying estimation error 377

which is dependent on the offset of the vessel. Ferror is the 378

crane force measurement error. F0 ∈ R3×3 is a constant 379

mapping matrix. The passivity and global stability of the 380

original observer are proved by Fossen[30]. However, due 381

to the coupling between the error dynamics in this observer 382

design, it is difficult to prove stability in a mathematical way. 383

Simulations in the next section show that the observer is stable 384

and robust under several different simulation environments. 385
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IV. SIMULATIONS386

In this section, simulations are made to test the designed387

observer during mooring stage of the offshore heavy lift op-388

erations. The proposed observer is simulated with a variation389

of different parameters to test the performance of the observer390

as a function of environmental loads, loading and offloading391

rates, maximum crane load, measurement noise, and parameter392

uncertainty. Firstly the global settings of all simulations are393

introduced and afterward the result of each simulation is394

discussed. More detailed results in figures can be found in395

the appendix.396

A. Simulation Settings397

Simulations are made using a crane vessel which is 175m398

in length between perpendiculars with a draught of 7.5m and399

a breadth of 25.4m. The vessel has a mass of 24,609 tonnes. A400

crane with wires and a hydraulic winch is added to the vessel401

model. The propulsion system consists of two propellers and402

three tunnel thrusters. The crane parameters are chosen as:403

[xcrane, ycrane, zcrane] = [−75, 0,−10] (50)

[αcrane, βcrane, lcrane] = [0,
1

3
π, 80] (51)

lini = 70 (52)

The Propulsion system of the vessel is set with three bow404

thrusters and two propellers as in Fig. 8. The propellers and405

the bow thrusters have a diameter of 3m and a relative rotative406

efficiency of 1.01. The nominal engine powers for the engines407

are 960kW .408

Fig. 8. Propulsion Setting

The positions of the three tunnel thrusters in body-fixd409

frame are chosen as [70 0], [55 0], [40 0]. The positions410

of the two propellers in body-fixd frame are chosen as411

[−80 − 11], [−80 11]. Accordingly, bTA in (20) is:412

BTA =


0.5 0 0
0.5 0 0
0 − 8

3
1
30

0 8
3 0

0 1 − 1
30

 (53)

The PID gains in (20) are set as: 413

Kp =

 7000 0 0
0 200000 0
0 0 25000000

 (54)

Ki =

 20 0 0
0 200 0
0 0 20000

 (55)

Kd =

 500 0 0
0 500 0
0 0 0

 (56)

The parameters of the observer are chosen as: 414

Cw =
[
03×3 I3×3

]
(57)

Aw =

[
03×3 I3×3

−0.64I3×3 −0.64I3×3

]
(58)

K1 =


−1 0 0
0 −1 0
0 0 −1

0.64 0 0
0 0.64 0
0 0 0.64

 (59)

K2 = I3×3 (60)

K3 =

 0.1 0 0
0 0.1 0
0 0 0.01

 (61)

K4 =

 1 0 0
0 1 0
0 0 0.1

 (62)

K5 =

 10 0 0
0 10 0
0 0 1

 (63)

q =

 0.1 0 0
0 0.01 0
0 0 0.01

 (64)

The control signal for the crane force is increasing from 415

50s to 800s from 0 to maximum value, and decreasing from 416

1000s to 1750s from the maximum value to 0. If not explicitly 417

pointed out, the maximum crane load is almost 500 tonnes as 418

shown in Fig. 9. The parameters for the PI controller for the 419

hydraulic motor in (11) are chosen as: 420

Khp = 3.927 (65)
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Khi = 0.393 (66)
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Fig. 9. Measured Force in Crane Wires

Fig. 9 shows the measured crane force in the crane wires421

with a maximum load of 500 tonnes. The direction of the force422

is not known in this case, and only the crane force is measured423

as a scalar.424

Simulations are made under different simulated environ-425

ments. The results of the estimation of horizontal crane force426

and position of the vessel are shown later in this section.427

B. Simulation under Very Calm Sea State428

In this part, simulation is made under very calm sea state,429

and the result is shown in Appendix I with 0.04% noise430

amplitude and 500t maximum load. With few environmental431

loads, the vessel position is very stable with a maximum offset432

of 5cm in surge, 2.5mm in sway and 6×10−5rad in yaw. Crane433

force in surge direction is first increasing, then decreasing with434

little oscillation. The length of the crane wires is changing435

smoothly. East and yaw position of the vessel is oscillating436

within a small scale. The vessel is first moving to the front437

during loading and then moving to the back during offloading.438

The reason for this is that the pitch angle influences the Center439

of Origin of the vessel. A slight time delay in the observation440

of the vessel position and the crane force can be observed441

from the simulation. The time delay is approximately 0.48s442

in the north direction, 1.88s in east direction and 1.97s in the443

yaw direction.444

C. Simulation under Sea State 2445

A nominal simulation with the 500t maximum load under446

sea state two is made in this section. Results are shown in447

Appendix II. The maximum measurement noise in the crane448

force sensor is set to 0.04% of the real value. The maximum449

offset is around 0.12m in the north, 0.1m in the east, and450

6× 10−3rad in yaw.451

The position estimator gives the estimated low-frequency452

movement of the vessel which could be seen from Fig. 12.453

The estimation for the mooring stiffness is not shown because454

mooring stiffness is a virtual concept. In this simulation, the455

vessel is moving with a low-frequency oscillation which has 456

a time-varying period. During the loading phase, when the 457

crane wires are getting shorter, the mooring stiffness and the 458

frequency of the motion are both increasing. 459

The estimated horizontal forces and moment are the product 460

of the offsets and the mooring stiffness. They are compared 461

with the real values in Fig. 13. The length of the crane wires 462

shows that the vessel is first loading, then offloading the 463

simulated load. The crane force in the horizontal direction 464

is oscillating according to the real value in Fig. 13. The 465

maximum crane forces and moment are around 6kN in surge, 466

8kN in sway and 900kNm in yaw. The oscillation of the crane 467

load is a combination of low-frequency and high-frequency 468

disturbances. Similar to the estimation for the position, the 469

estimation for the force and moment is also focused on the 470

low-frequency component of the force. The force in the surge 471

direction has a changing mean value due to the change of the 472

pitch angle. The high-frequency part in the horizontal crane 473

force is filtered out in force and moment estimation. 474

D. Simulation under High Loading Rate 475

In this section, the model with the observer and PID 476

controller is simulated with a maximum load of 1000t with 477

double loading and offloading rates comparing to the nominal 478

simulation. The results are shown in Appendix III. The results 479

in Fig. 14 and Fig. 15 are similar comparing to the nominal 480

simulation. The estimation for the horizontal load in surge 481

direction, however, is less accurate when the actual force 482

is high, i.e., around 1000 seconds where it has an error of 483

approximately 1kN at the peak of the load. 484

E. Simulation under Low Load 485

In this simulation, the maximum load is set to 250t and 486

results are shown in Appendix IV. Fig. 16 shows the estimation 487

and measured value of the vessel position. Fig. 17 shows the 488

estimation of the crane forces and moment. The oscillations 489

of the crane forces and moment have smaller amplitudes 490

comparing to the previous simulations. The vessel is less stable 491

during the beginning of the loading process comparing to the 492

previous simulations with a load of 500t and 1kt. 493

F. Simulation with High Measurement Noise 494

In this section, the measurement noise of the crane force is 495

set to 2%, which is 50 times the original measurement noise. 496

The results in Appendix V show that the noise does not have 497

a significant influence on the performance of the proposed 498

estimator. 499

G. Simulation with Uncertainty in the Observer Parameter 500

In this simulation, the mass matrix and damping matrix 501

used to design the observer is set as 50% of the parameters 502

used in the simulation model to test if the observer could 503

handle design uncertainty of the vessel weight and damping. 504

Results in Appendix V shows that with the given uncertainty, 505

the observer could provide accurate estimations. 506
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H. Simulation under Sea State 2 with the Influence of Current507

In this simulation, the current velocity is set as 0.6m/s. The508

system is initialized for the bias observation at the start of509

the simulation. Results are shown in the appendix V. From510

the results, the observer can estimate the horizontal force511

and the position of the vessel. The influence of the current512

on the estimation of vessel position is minor. However, the513

estimations of the crane force in sway and the moment in514

yaw are less accurate.515

I. Evaluation516

To evaluate the overall performance of the observer under517

different circumstances, an index of integrated error ē is used.518

Take the position estimation in surge direction as an example,519

the index is defined as:520

ēx =

∫ tend

t0
(η̂surge − ηsurge)dt

tend
(67)

Where t0 is the starting time for the simulation, tend is the521

ending time of the simulation.522

The integrated errors of position and crane force estimations523

are shown in Table I and Table II.524

TABLE I
INTEGRATED ERROR OF POSITION ESTIMATION

ēx[m] ēy[m] ēψ[rad]

Sea State 0(×10−3) 0.1174 −0.0117 −0.0002
Sea State 2(×10−3) −0.1079 −3.3436 0.2169
High Load(×10−3) 0.9829 −3.0466 −0.0527
Low Load(×10−3) −0.7234 −3.8001 −0.0658
High Noise(×10−3) −0.2719 −3.7896 −0.0663
Uncertainty(×10−3) −0.5393 −7.6165 −0.1303
With Current(×10−2) −3.4018 −2.5481 −0.0122

TABLE II
INTEGRATED ERROR OF FORCE ESTIMATION

ēfx[N ] ēfy[N ] ēfψ[Nm]

Sea State 0(×104) 0.0028 0.0001 −0.0072
Sea State 2(×104) 0.0002 0.0306 −3.5198
High Load(×104) 0.0229 0.0106 −1.2195
Low Load(×104) 0.0175 −0.0009 0.0985
High Noise(×104) 0.0284 0.0012 −0.1337
Uncertainty(×104) 0.0280 −0.0104 1.1982
With Current(×104) 0.0935 0.0202 −2.3182

According to Table I and Table II, the observer has the best525

performance under sea state 0 and the worst performance with526

uncertain parameters. The load estimation is less accurate in527

surge direction when the load and loading rate are increased.528

V. CONCLUSION 529

In this work, we estimated the vessel position and the 530

horizontal force induced by the crane wires during mooring 531

mode of offshore heavy lift construction work. A new term 532

’mooring stiffness’ was introduced to estimate the horizontal 533

force. The position of the vessel and the horizontal crane force 534

were estimated using a joint parameter-state observer which 535

was based on the nonlinear passive observer. One advantage of 536

the proposed observer is the reduction of measurements. The 537

designed observer does not require the measured or estimated 538

sway angle of the crane wires. 539

Besides, an integrated simulation model was made with 540

vessel dynamics, hydraulic crane, environmental load, and 541

thrusters to simulate the dynamic behavior of the crane vessel 542

and to test the performance of the designed observer. 543

According to the simulation results, the estimations of 544

the vessel position were accurate in various conditions. In 545

particular, the estimation of the position in the north direction 546

gave good results as shown in Table I. The largest offsets 547

of the position estimation were noticed in the east direction 548

and for high uncertainty of the modeled parameters. The 549

estimations of the yaw position were also notably small. For 550

the horizontal crane force, the observer could catch the low- 551

frequency oscillation of the force but had difficulty following 552

the high-frequency component of the horizontal load. As 553

shown in Fig. 11, Fig. 13, Fig. 15, Fig. 17, Fig. 19, Fig. 21, 554

and Fig. 23. The estimation of the crane force was able to 555

obtain part of the high-frequency component of the horizontal 556

load which was induced by the wave frequency. This happened 557

for two reasons. Firstly, the impact of the measured high- 558

frequency pitch and roll movement on the horizontal force 559

is filtered. However, the crane tip has a significant movement 560

due to the roll motion, which leads to high-frequency changes 561

of sway force and yaw moment in the crane. Secondly, the 562

estimations for vessel position and yaw angle work best at low 563

frequency, and these estimated data sets are used to calculate 564

the estimated crane force. So the force induced by the high- 565

frequency movement of the vessel could not be observed in the 566

crane force observer. However, this is not a problem in reality, 567

because the thrusters of the vessel are not able to react fast 568

enough to the high-frequency signal from the thrust allocator. 569

Thus the filtering of high-frequency load and movement is 570

good for further design and integration of the DP system. 571

The outcome of this work is useful for the estimation of 572

the states of heavy lift vessels during offshore construction 573

operations. The main novelty is an accurate estimation of the 574

mean horizontal crane force stemming from the large mooring 575

force in the offloading and loading mode. By obtaining these 576

two estimates (i.e., the state estimates and the horizontal force 577

estimate), the overall safety of offshore construction operations 578

is improved as the DP operator is timely informed about the 579

forces acting on the vessel. Moreover, the estimated data could 580

be further used for controller design, such as feedforward or 581

as the input switching signal to an adaptive controller that can 582

adapt to different construction modes. The work presented in 583

this paper is intended for further automation of the overall off- 584

shore construction processes. In our future work, we intend to 585
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explore this approach and develop a complementary controller586

for highly automated offshore construction procedures.587

Furthermore, this work can be developed regarding the588

assumptions made initially. As the proposed approach works589

under the assumption that the offset of the vessel is small, the590

estimation can only work in combination with a DP system591

which maintains the surge, sway, and yaw position of the592

vessel. We have further verified that when the yaw angle of the593

vessel is larger than 0.1 radian, the horizontal force estimation594

is not accurate anymore. Therefore, additional work could be595

done on the estimation of horizontal crane force when the596

yaw offset is larger than 0.1 radian. In this case, the dynamics597

of the crane vessel in the body-fixed frame should not be598

linearized anymore. Thus the nonlinear dynamics should be599

investigated, and a new estimation method could be developed600

to accommodate larger ship motions that are typical for higher601

sea states.602
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APPENDIX609

A. Simulation under Sea State 0610
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Fig. 11. Estimated Crane Force and Real Crane Force under Sea State 0

B. Simulation under Sea State 2 611
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Fig. 13. Estimated Crane Force and Real Crane Force under Sea State 2

C. Simulation under High Load and High Loading Rate612
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Fig. 14. Estimated Position and Real Position with Higher Load
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Fig. 15. Estimated Crane Force and Real Crane Force with Higher Load

D. Simulation under Low Load 613
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Fig. 16. Estimated Position and Real Position with Lower Load
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E. Simulation with High Measurement Noise614
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Fig. 18. Estimated Position and Real Position with High Noise
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F. Simulation with Inaccurate Parameters 615
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G. Simulation with Current616
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Fig. 22. Estimated Position and Real Position with Current of 0.6 m/s
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104 Crane Force in Surge Direction
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Fig. 23. Estimated Crane Force and Real Crane Force with Current of 0.6
m/s
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