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A B S T R A C T   

Combined Autonomous Surface Vehicles (ASV) and remotely operated underwater vehicles (ROV) inspection and 
intervention systems can contribute to future asset management of offshore renewable energy. This paper pre-
sents the design and performance of the winch system which couples the ASV and ROV and deploys/recovers the 
ROV. The hydrodynamic models and control algorithms are developed and solved with analytical and numerical 
approaches. The winch performance needs to meet a range of operational profiles, including i) ASV following/ 
not following the ROV ii) winch operating in speed control iii) winch operating in tension control iv) varying 
ROV distance and depths targets. For a representative ASV/ROV configuration, the work determines the required 
umbilical length for different ROV targets and suitable winch speeds. The results show that the strategy where 
the ASV follows the ROV can reduce the umbilical tension, but conditions of compression should be carefully 
managed. The umbilical tension can also be decreased by tension control and shows to be very effective in larger 
sea states. This study also models the accidental limit case, where a malfunctioning ROV is recovered. The 
estimated increase of umbilical tension during the recovery stage of a malfunctioning ROV can thus be incor-
porated into the design calculations.   

Introduction 

With increasing offshore renewable installations, currently driven 
through offshore wind installations, the need for subsea interventions 
continues to rise worldwide (DeCastro et al., 2019, Lian et al., 2019). 
Offshore wind farms require inspections to comply with statutory reg-
ulations, asset management and condition monitoring purposes (Chung 
et al., 2020). These inspections’ subsea element commonly involves the 
wind turbine foundations and submarine cables (Jin et al., 2019). 

Increased autonomy of inspection and maintenance operations has 
well-recognised advantages in reducing the exposure of humans 
offshore. The G+ Global Offshore Wind Health and Safety Organisation 
monitors and reports incident data. Their 2019 incident data report 
Organisation Ghas (2019) listed 865 health and safety incidents, of 
which 245 occurred on vessels. A third of 252 high potential incidents, 
defined as incidents having the potential to cause fatalities, occurred on 
Crew Transfer Vessels. Thus, autonomous intervention systems present 
the opportunity to gradually reduce this risk, in particular for far 
offshore farms with over 100km distance-to-shore. 

A medium-term 10-15year vision in the offshore sector is “(…) that 
routine inspection and maintenance tasks on offshore wind farms will be 

mostly conducted by autonomous platforms working with human op-
erators located onshore.” Hill (2019) The autonomous systems have to 
be modelled, demonstrated, and trialled to realise this ambition before 
they can be routinely deployed for operational offshore asset manage-
ment. This paper introduces the topic with a brief review of the system 
components, namely ROV, ASV and winch, and the recent developments 
in coupled system modelling. 

ROVs are classified as inspection-class and intervention-class vehi-
cles based on their task requirements and rated working depth (Capocci 
et al., 2017). The intervention-class device is normally bulky (200 kg to 
5,000 kg) and robust so that it can operate in deep water (up to 10,000 
m) but are extremely high cost. For example, the “KAIKO” was con-
structed by Japan in 1995. The sea trial results demonstrated that its 
maximum operating depth could reach 10,000 m (Kyo et al., 1995, 
Mikagawa and Fukui, 1999). After KAIKO, more 10,000 m-class ROVs 
were promoted such as “ASSS-11k” (Ishibashi et al., 2007) and 
“UROV-11k” (Nakajoh et al., 2018), both of which have an 11,000 m 
depth capacity. 

The inspection-class ROV has a smaller mass and lower cost (Capocci 
et al., 2017) and is more suitable for offshore renewable energy (ORE), 
operating in relatively shallow water, less than 300 m. Recent examples 
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include the modelling of an ROV deployment to inspect the OC3-Hywind 
floating wind turbine in (Bruno et al., 2015). Sivčev, Omerdić (Sivčev 
et al., 2017) presented a long-term inspection ROV with Smart Tether 
Management System (STMS), which is designed for floating wind farms. 
The conceptual design and hydrodynamic performance of ROV inspec-
tion and monitoring for marine renewable energy projects is also 
considered in (Rush et al., 2014, Joslin et al., 2014). The inspection 
-ROV has also been studied for a range of other shallow-water structures, 
like dam, breakwaters (Sun Y-s et al., 2012, Cruz et al., 2011, Chen et al., 
2015, Yu et al., 2021) and ship hull inspection (Negahdaripour and 
Firoozfam, 2006). 

In the last ten years, the rapid development of control methods and 
AI techniques allow more inspection-ROVs to be supported by an 
Autonomous Surface Vehicles (ASV) (Matsuda et al., 2020, Chen et al., 
2021). This integration enables a fully autonomous inspection system 
(Zhao et al., 2020, Gray and Schwartz, 2016). Recent successful sea 
trials have demonstrated that the ASV/ROV system has a significant 
advantage (such as low human risk and more flexible payload) 
compared to the traditional crewed system, especially in a potential 
hash sea environment (Conte et al., 2017, Conte et al., 2016). However, 
the ASV/ROV system is also facing some new challenges, one of which is 
the winch system design. In an ASV/ROV system, the ROV is connected 
to the ASV by a winch which is the main component of the launch and 
recovery system (LARS) (Sarda and Dhanak, 2016). The coupled effects 
caused by the LARS operations will significantly influence the tension on 
the umbilical (Zhao et al., 2020, Sivčev et al., 2018). The traditional 
towing winch used in the offshore structure or the ship usually has a 
large tension capacity, as well as a large mass, which is not suitable for 
the lighter and smaller ASV vessels. Some potential winch solutions 
include the cage-type TMS with an ROV compensating the heave motion 
to stable the umbilical tension and enhance the environment capacity of 
the whole system (Trslic et al., 2020). The digital hydraulic winch also 
showed potential in the ASV/ROV system owing to its high response 
speed and efficiency (Nordås et al., 2017). 

This study aims to evaluate the performance in an ASV/ROV system 
through a fully coupled hydrodynamic model. The winch speed control 
and winch tension control are the most common (Pardo et al., 2017) 

strategies and are both modelled. In the speed control, the winch will 
pay out or haul in at a constant speed. If operated under tension control, 
the winch speed is changeable to maintain the umbilical tension close to 
the set point. In addition, a motion compensate system was modelled 
under tension control to mitigate sudden relative speed changes, and the 
resulting umbilical peak tensions, between ASV and ROV. The ASV in 
this paper used two control strategies to represent different realistic 
operational scenarios: holding the position target and following the 
ROV. The remainder of the paper is organised as follows: Section 2 lays 
out the analytical model of the ASV, ROV and winch with control 
methods. Section 3 presents the numerical modelling of the ASV/ROV 
system, including the cases and numerical tools. The tension perfor-
mance results of winch/umbilical are introduced in Section 4. Section 5 
discusses the main findings in light of potential industrial applications 
and further R&D requirements. Section 6 concludes with the main 
findings and outcomes. 

Analytical modelling 

The analytical hydrodynamic methods to model the coupled ASV/ 
ROV system have been established in previous studies (Fossen, 1999, 
Feng and Allen, 2004). The methods have been implemented, applied 
and partly validated for a coupled ASV/ROV system in (Zhao et al., 
2020),which described the detailed hydrodynamic model setup. This 
section and the focus of the current paper lies in the control function and 
strategy of the ASV, the ROV and the winch system. The coordinate 
systems and dynamic equation of umbilical are also listed in the ap-
pendix to help readers to recall. 

The ASV control 

The control force matrix of the non-following ASV is designed to hold 
the vessel position but with a small drifting, which is presented as: 

[C] =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

C1(xASV − x0) 0 0
0 C2(yASV − y0) 0
0 0 0

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(1)  

wherexASV , yASV are the position of the ASV, x0, y0 are the desired 
holding positions under sway and surge, C1,C2 are the control force 
coefficients. During the time-domain calculation, if C1,C2 are large 
enough and the time step is sufficiently small, the ship will be limited at 
the desired location. 

The following ASV control force can drive the vessel to keep a con-
stant distance from the ROV when the ROV is approaching its target. 
When the following ASV recover the ROV, the distance form ROV de-
creases by the time. The control coefficient will make sure the lateral 
distance between ASV and ROV is zero when their vertical distance is 
smaller than 5m. This distance is not a fixed one and based on compli-
cate factors like sea conditions, the facility of the ASV/ROV and winch, 
the applied control methods and etc. The ASV/ROV designer can choose 
the suitable values in the sea trail.  

where xROV ,yROVare the position of ROV, xdistance,ydistanceare the distance 
between ASC and ROV. 

The ROV control 

The control method on the x, y direction offers a gentle way for the 
ROV’s propeller force to increase as a function of its depth to the ASV: 

Flx =
(
xtarget − xROV

)
∗ klx ∗ log2(zASV − zROV ) (3)  

Fly =
(
ytarget − yROV

)
∗ kly ∗ log2(zASV − zROV) (4)  

When Flx and Fly are larger than the maximum thrust of ROV, the 
maximum thrusts will replace them. 

The z-direction force Flz includes a constant component Cz that 
permits to approach the target plus a Gaussian function around the 
target allowing the force to increase a lot when approaching the target in 

[C] =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

(xROV − xASV − xdistance) ∗ klx ∗ log2(zASV − zROV) 0 0
0 (yROV − yASV − ydistance) ∗ klx ∗ log2(zASV − zROV) 0
0 0 0

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(2)   
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order to maintain the ROV’s depth. Similar to the Flx and Fly, Flz will still 
be limited by the maximum ROV thrust. 

The winch controls 

In this present paper, two different methods are used. 
1. The first method, speed control, is to maintain the pay-out rate 

(vout) of the umbilical as a constant value, and then to calculate the 
winch drive force (Fdrive) in the umbilical at any time. 

2. The second method, tension control, aims to control the tension 
and to determine the corresponding pay-out rate, respectively. 

For the winch speed control, 

Vt− winch− connect( s t ) = vout (5) 

As a result, the V̇t− winch− connect( s t ) is 0. 
The winch drive force is: 

Fdrive = Ttension + Fresistance (6) 

The resistance of the winch could be presented as: 

Fresistance = ddb + coutvout + doutvout2 (7)  

where ddb is the winch drive dead-band, cout are the winch drive 
damping terms for pay-out. dout are the winch drive drag terms for pay- 
out. 

For the tension control method: 

Fdrive = Ftarget + Fresistance (8)  

where Ftarget is the target tension on the umbilical. 
According to Eq. (6) to (8) and Jwinch = MwinchR2

winch 

vout( s t ) =
(
Ftarget − Ttension

)

MwinchRwinch
t + vout( s0 0 ) (9) 

Fig. 1. Overview of the numerical model, including a frequency- and a time-domain model.  

Table 1 
Environmental conditions in the model.  

Environment conditions Value (unit) 

Significant wave height (Hs)  1 m; 1.5 m; 2 m; 2.5 m; 3 m 
Peak wave periods (Tp)  4 s 
Surface tidal current speed (Vtidal)  1.2 m/s 
Water depth (d)  150 m 
Tidal direction (the ASV/ROV heading angle) (θtidal)  0, 30,45, 60 (deg)  

Table 2 
Properties of the [L3HARRIS. C-Worker 7 2020]ASV L3HARRIS. 
C-Worker 7 2020.  

Property Value (unit) 

Length 7.2 m  
Beam 2.3 m  
Draft 0.9 m  
Weight (without payload) 4280 kg  
C1 C2  10 kN/m 
xdistance  0 to 20m 
ydistance  0 m  

Table 3 
Properties of the modelled ROV.  

Property Value (unit) 

Length 1 m  

Width 0.6 m  
Height 0.5 m  
Weight in the air (with the max payload) 74 kg  
Weight in the water 5 kg  
Max thrust Forward = 50 kgf 

Lateral = 28 kgf 
Vertical = 13 kgf   

Table 4 
Properties of the umbilical and winch.  

Property Value (unit) 

Umbilical Diameter 17 mm  
Umbilical weight in air 350 kg/km  
Umbilical weight in water 150 kg/km  
Minimum dynamic bending diameter 350 mm  
Breaking strength 18 kN  
Max allow tension 3 kN  
Winch drum diameter 0.5 m 
Winch drum mass 50 kg 
Winch speed (speed control) 0.3 m/s; 0.5 m/s 
Freuqired  0.1 kN 
ct  0.5 kN/m 
smin  1 m 
smax  3 m  
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In the reality, it is very difficult to maintain a constant tension 
because the winch control may require an extreme fast speed change, 
especially under the steep approaching waves. The hydraulic motion 
compensation system is considered as a partial solution which has been 
tested and validated in the ROV system (Huster et al., 2009). This study 

uses a changeable target tension to smooth the fast required speed 
change of the winch. 

When the hydraulic cylinder or ram of the compensation system 
operates into a safe range (based on the length of the cylinder), the 
target tension is a constant one: 

Fig. 2. The ROV targets, the ASV initial position is defined as (0,0).  

Fig. 3. Overview of the ROV malfunction cases.  

Fig. 4. The ROV path in the ROV approaching cases, with a 0.3 m/s winch speed Hs = 1 m.  

Table 5 
Duration for ROV reaching target position in each direction, (Hs=1m).  

Target (X, Z) (m) X time (s) Z time (s) 

A (0,50) 0 200 
B (0,100) 0 480 
C (10,50) 25 215 
D (30,50) 101 220 
E (50,10) 158 52 
F (50,50) 190 256 
G (50,100) 200 500  

Table 6 
The required umbilical length vs Target absolute distance (Hs=1m).  

Target Umbilical length (m) Absolute distance (m) Ratio (-) 

A (0,50) 60 50 1.2 
B (0,100) 144 100 1.44 
C (10,50) 62 51 1.2 
D (30,50) 66 58 1.13 
E (50,10) 52.5 51 1.04 
F (50,50) 77 70 1.1 
G (50,100) 150 119 1.25  
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Ftarget = Freuqired (10) 

When the relative motion between the ASV and ROV exceeds the 
capacity of the compensation system: 

If the motion amplitude of the cylinder/rum (sc) > maximum limi-
tation of the safe range (smax): 

Ftarget = Freuqired + ct(sc − smax) (11) 

If sc < smin, 

Ftarget = Freuqired + ct(smin − sc) (12)  

where the ct is the control coefficient in the tension control. 
In this study, hydrodynamic drag forces of the umbilical are repre-

sented by the drag term in Morison’s equation (Aamo and Fossen, 2000). 
The drag forces applied to a line are calculated using the cross-flow 
principle. That is, the fluid velocity relative to the line is split into its 
components vn and vznormal and parallel to the line axis. The drag force 
normal to the line axis is then determined byvn and its x- and y-com-
ponents vxand vy; the drag force parallel to the line axis is determined by 
vz. The drag force formulae use drag coefficients, CDx, CDy and CDz, and 
the drag areas appropriate to each direction. 

Table 7 
Maximum and mean umbilical tension and winch speed (Hs=1m).  

Speed (m/s) Max (kN) Mean (kN) 

0.05 0.9 0.28 
0.1 0.8 0.27 
0.15 0.76 0.27 
0.2 0.75 0.25 
0.3 0.76 0.26  

Table 8 
Maximum and mean umbilical tension vs tidal current direction (vertical cases).  

Tidal current direction (deg) Max (kN) Mean (kN) 

0 0.7 0.17 
30 0.66 0.17 
45 0.69 0.17 
60 0.69 0.18  

Fig. 5. The umbilical tension under two control methods, with a 0.3 m/s in speed control, Hs = 1 m (a) Vertical case Target A; (b) Vertical/Lateral case, Target F.  

Table 9 
Umbilical parameters and ROV target time with ASV following (Hs=1m).  

Target X time 
(s) 

Z time 
(s) 

Umbilical 
length (m) 

Tension 
Max (kN) 

Tension 
Mean (kN) 

F (50,50) 
stationary 
ASV 

190 256 77 0.77 0.26 

F 5m 86 210 63 0.58 0.15 
F 10m 100 213 64 0.7 0.17 
F 15m 112 210 64 0.71 0.18 
F 20m 124 210 64 0.72 0.19  
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fdx =
1
2
pρdnlCDx|vn| (13)  

fdy =
1
2
pρdnlCDyvy|vn| (14)  

fdz =
1
2
pρπdalCDzvz|vz| (15)  

Where pis proportion wet, ρis the water density, dn the normal drag 
diameter, lis the length of line represented by the node. da is the axis 
drag diameter. 

Numerical modelling 

Model illustration 

An overview of the modelling scope is provided in Fig. 1. The hy-
drodynamic coefficients of the ASV are solved in the frequency domain. 
The control forces and other nonlinear forces are defined and solved in 
the time domain. The control methods of the ASV, ROV and winch 
system are programmed by the python codes. The numerical tool is the 
commercial code Orcaflex, which is based on the above method. It is one 
of the leading packages for the dynamic analysis of offshore marine 
systems (Arramounet et al., 2019, Thomsen et al., 2017, Paduano et al., 
2020). OrcaFlex has been widely used across the academic and engi-
neering community. The details of this model were illustrated in (Zhao 
et al., 2020, Zhao et al., 2021). 

Input conditions 

The input conditions involve environment conditions and the pa-
rameters of ASV, ROV and the winch system. 

Environment conditions 
The selected environment conditions are based on the weather 

window of the potential sea trial site (FaBTest) (Ashton et al., 2014). The 
waves are defined by the JONSWAP spectrum (Hasselmann et al., 1973) 
and the tidal current speed distribution along the water depth is calcu-
lated the power law (Hagerman et al., 2006). The details are listed in 
Table 1. 

ASV/ROV/Winch parameters 
The parameters of the ASV/ROV/Winch are listed in the below 

tables. 
Table 2,3 Table 4Fig. 11 

Cases 

This paper explores the winch/umbilical performance via a range of 
cases, including different targets and control methods. 

ROV targets 
A total of eight targets with different water depths and distances 

from the ASV are selected to evaluate the umbilical tension perfor-
mance, see Fig. 2. Targets A and B lie vertically below the ASV with 50 m 

Fig. 6. Umbilical tension for different winch speeds during adjusting and recovery stage, stationary ASV: (a) Vertical cases (b) Vertical/lateral cases.  

C. Zhao et al.                                                                                                                                                                                                                                    



Applied Ocean Research 115 (2021) 102827

7

and100 m depth, respectively. Targets E, F and G with are located at 10 
m, 50 m, and 100 m depth, with a horizontal distance (x-direction) from 
ASV of 50 m. Targets A, C, D and F share the same 50 m water depth with 
0 m, 10 m, 30 m, and 50 m distance from the ASV. These targets can be 
classified into vertical targets (A and B) and vertical/horizontal targets 
(C to G). 

ROV approaching cases 
The ROV approaching cases aim to evaluate the umbilical tension 

and length when the ROV is approaching all targets. The ASV applies 
both non-following/following control. The xdistance in the ROV following 

control is set to 5m, 10m, 15m and 20m offset respectively. The effects 
caused by different winch speeds and tidal current direction are also 
considered. 

ROV accidental limit state cases 
The accidental limit state (ALS) is considered to be the ROV mal-

functioning, i.e. complete loss of thrust, to explore the umbilical per-
formance when an unexpected malfunction of ROV suddenly occurs 
during the launch stage. The ROV loses all thrusts at this stage, and the 
winch hauls in the umbilical within 10 s. The stage that the winch ad-
justs its speed to haul in the ROV is denoted as adjusting stage. In the 

Fig. 7. Umbilical tension for different winch speeds during adjusting and recovery stage, following ASV: (a) Vertical cases. (b)Vertical/lateral cases.  

Table 10 
Comparison of umbilical tension parameters for ROV ALS recovery, (Hs=1m).   

Follow max (kN) Stationary max (kN) Difference Follow mean (kN) Stationary mean (kN) Difference 

Vertical, adjusting stage, 0.5m/s 0.2 0.21 -5% 0.09 0.13 -30% 
Vertical, Recovery stage, 0.5m/s 0.56 0.77 -27% 0.2 0.32  -37% 

Vertical, adjusting stage, 0.3m/s 0.19 0.2 -5% 0.08 0.12 -33% 
Vertical, Recovery stage, 0.3m/s 0.51 0.62 -18% 0.14 0.25 -44% 
Vertical/lateral, adjusting stage, 0.5m/s 0.21 0.22 -4% 0.07 0.08 -12.5% 
Vertical/lateral, Recovery stage, 0.5m/s 0.6 0.65 -7% 0.18 0.2 -10% 
Vertical/lateral, adjusting stage, 0.3m/s 0.22 0.24 -8% 0.064 0.07 -8.5% 
Vertical/lateral, Recovery stage, 0.3m/s 0.61 0.64 -5% 0.14 0.16 -12.5%  
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recovery stage, the winch recovers the ROV with its maximum speed 
(0.5 m/s). The workflow of the ROV ALS case is shown in Fig. 3 

Results 

This section presents results of all ROV target profiles for the 
different ASV control strategies (stationary and following the ROV) and 
the ROV ALS malfunction cases. 

ROV target profiles 

Stationary ASV 
Fig. 4 shows the paths of the ROV during the target approaching 

stages, with a 0.3 m/s winch speed. In the modelled conditions, the ROV 
was able to reach all targets. The results show that the ROV thrust is 
sufficient for the selected range of targets. The thrust could indepen-
dently maintain the ROV position on both x- and y- direction (such as E 
and F). However, the ROV velocity varies for the different targets 
(Table 5). For example, the ROV takes longer to reach Target G depth, 
compared to the same depth of target B case. 

The required umbilical length to reach a given target position is a 
critical factor during the sea trial because it influences the ASV payload, 
accordingly. Table 6 presents the required length for different ROV. The 
last column calculates the umbilical length ratio: 

R = umbilical length / absolute distance. This is a useful engineering 
factor to estimate the required umbilical length for a given ROV target. 
The results suggest that a ratio of R = 1.5 is sufficient in all cases. Thus, 
the umbilical length should be at least 1.5 times the planned absolute 
distance between the ROV and the stationary ASV. 

Table 7 shows the umbilical tension when the ROV is approaching 
the Target F (50,50) with different winch speeds. A speed threshold that 
decouples the winch speed and the umbilical tension can be observed. 
For this ASV/ROV system, the winch speed threshold is 0.15 m/s. Re-
sults in Table 8 show that the umbilical tension is not sensitive to the 
tidal current direction. Both mean and max tension on the umbilical are 
similar for the range of tidal current directions. 

The time series of umbilical tension under different winch control 

Fig. 8. Umbilical shape in the Target B case, with the bending radius 100 m.  

Fig. 9. Umbilical tension under winch speed control and tension control, (a) Max tension; (b) STD and Mean tension.  
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methods are shown in Fig. 5. It can be observed that the umbilical ex-
periences less and much more stable tension for the tension controlled 
(the initial target tension is 0.1 kN) winch for both cases. 

Following ASV 
This section presents the results for the second ASV control strategy, 

where it is following the ROV at given horizontal offsets. Table 9 com-
pares the results of target F (50, 50) with following/non-following ASV. 
The following ASV reduces both max and mean tensions on the umbil-
ical. In addition, for this ASV strategy, the ROV also reaches the target 
quicker and uses a shorter required umbilical length. 

ROV malfunction cases 

For the ROV ALS malfunction cases, two winch recovery speeds are 
modelled, 0.5 m/s and 0.3 m/s. Fig. 6 presents the time series of um-
bilical tension a stationary ASV. The tension amplitude increases when 
the winch begins to haul the ROV in for the vertical cases (see the ten-
sion in Fig. 6 However, the tension amplitude will first decrease and then 
increase in vertical/lateral cases [see Fig. 6 (b)]. In all cases, the peak 
tension appears when the ROV is close to the ASV (absolute distance less 
than 10 m). Compression of the umbilical is also observed during the 
adjusting and recovery stages, which could be prevented by a faster haul 
in speed. The umbilical tension with a following ASV is presented in 
Fig. 7. The changing trends of tension are in line with that in stationary 
ASV cases, but the changing rate is much lower, which results in smaller 
tension amplitude. 

Table 10 compares the umbilical tension with a following/stationary 
ASV, respectively. The results show that the strategy where the ASV 
follows the ROV decreases the umbilical tension in the adjusting and 
recovery stage. The tension reduction is more significant in the recovery 
stage. It is also observed that the following ASV reduces more tension in 
the vertical cases (up to 44% in vertical cases and only 12.5% in 

vertical/lateral cases). 

Discussion 

This study uses a numerical approaching to explore the winch per-
formance and the resultant umbilical parameters of an ASV/ROV system 
in a range of operating scenarios. The results in Section 4 include the 
umbilical tension and length performance in both ROV launching and 
recovery situations. The following/ stationary ASVs are also considered. 

In the ROV launching cases, the ROV could successfully reach all 
targets. For the winch speed effect, a relatively slower winch speed will 
lead a higher tension. For the ASV/ROV system in this paper, the 
threshold which could decouple the umbilical tension and the winch 
speed is 0.15 m/s. The umbilical length results suggest that the required 
length can be calculated as 1.5 times of the absolute distance between 
the target and ASV. This deployment can handle the sudden relative 
motion between ASV and ROV caused by the steep approaching waves. 
The maximum bending of umbilical occurs in the Target B (Fig. 8), but 
this bending radius is still much larger than the minimum dynamic 
bending radius (100 m and 0.175 m). 

Compared to the winch speed control, the tension control allows the 
ASV/ROV system to operate in a harsher wave environment. The tension 
control can reduce all the mean, max, and Standard Deviation (STD) of 
tension amplitudes. It is also observed that the tension control mainly 
limits the max tension amplitude and smooths the tension change. Its 
effects on the mean tension are not significant (Fig. 9 and Fig. 10). As a 
consequence, the winch designer should balance the advantages brought 
by the tension control and the cost, as well as the ASV payload, based on 
the sea conditions and the task requirements. The tension control is not 
very effective for normal wave conditions (e.g. Hs = 1 m and 1.5 m), and 
it needs an additional hydraulic (motion compensation) system to sta-
bilise the winch speed, which will occupy more space and payload of the 
ASV. 

The following ASV strategy can reduce umbilical tension in both 
ROV launching and malfunction cases. The following ASV strategy also 
has the advantage that it reduces the absolute distance between ASV and 
ROV, allowing more lazy-wave umbilical to buffer the tension, whilst 
also reducing the required umbilical length. The weak point of the 
following ASV is that it will compress the umbilical, leading a negative 
tension. This is caused by the speed of the distance (ASV and ROV) 
decrease is faster than the winch haul-in speed. As a result, a faster haul- 
in speed can reduce the times that the umbilical compression occurs. 
Another disadvantage is that the ROV is typically very agile with a large 
degree of motion. Thus if the ASV control is linked to the ROV position, 
as modelled in this paper, it necessitates a suitable system to i) track the 
ROV in relation to the ASV (Conte et al., 2016), typically realised 
through an acoustic beacon, and ii) integrated ASV control to react to 
ROV position changes (Cho et al., 2020). Aguiar et al. (2009) also gave a 
very comprehensive review to show the challenges existing in the 

Fig. 10. Umbilical tension reduction in the tension control, compared the speed control.  

Fig. 11. The coordinates of an ASV/ROV system.  
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ASV/ROV integrated control. 
Results in Table 10 showed that the tension reduction caused by the 

following ASV is more effective in vertical cases. It is believed that ASV 
and ROV already has a horizontal distance which can buffer the um-
bilical tension. The following ASV just reduce/maintain this distance. 

As shown in Table 7, it is useful to determine a winch speed threshold 
parameter that allows to limit, i.e. decouple, the umbilical tension from 
the winch speed. Both the maximum and mean tension trend to be 
constant (0.75 kN for max and 0.26 kN for mean) if the winch speed 
exceeds 0.15 m/s. The using the presented methods, a suitable winch 
speed threshold can be determined for different system configurations. 

The presented model can be generally applied. The numerical model 
is built based on the potential flow theory. Thus, the additional hydro-
dynamic viscous damping should be quantified through experimental 
decay tests in the future. The results of this paper aim to guide a future 
ASV/ROV sea trial. Therefore, the numerical model will be validated 
and calibrated by the sea trial data. Additionally, the latest version 
Orcaflex cannot consider the Strouhal number and feeding line (known 
as the umbilical in the study) at the same time. Thus, the Strouhal 
number is not taken into consideration at the current stage. As a result, 
an experiment test will be conducted to quantify both exact Strouhal 
number and its effects in our future research. Finally, the control method 
of the ROV and ASV should be optimised based on their facilities, when 
sufficient data from sea trials, are obtained. 

Conclusion 

The paper has systematically explored the winch design and per-
formance in an ASV/ROV system. The stationary/following ASV stra-
tegies, different ROV scenarios and the winch with a motion 
compensation system were modelled by analytical and numerical 
means. The main findings of this study are:  

a) Compared to the stationary ASV, the following ASV can reduce and 
smooth the tension on the umbilical during both ROV launch and 
recovery stages.  

b) The following ASV will produce compression on the umbilical in the 
ROV recovery stage, which should be mitigated by increasing the 
winch haul-in speed.  

c) For the ASV/ROV system in this study, the required umbilical length 
can be estimated as 1.5 times of the absolute distance from the ASV 
to the ROV target.  

d) A threshold exists to decouple the winch speed and the umbilical 
tension, for the ASV/ROV here, the value is 0.15 m/s. For other 
systems this threshold will increase with larger ROV thrusts.  

e) Compared to the speed control, the tension control mainly decreases 
the maximum tension. The tension reduction caused by winch con-
trol is not significant for cases where the significant wave height Hs 
< 1 m. 
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