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ABSTRACT
This paper has investigated the flexible connection method of autonomous underwater transportation using Remotely
Operated Vehicle (ROV) in which the vehicle is connected to a payload via a flexible link. A nonlinear coupled dynamic
model was developed in the vertical plane i.e. xz-plane using the Langrangian approach. This helps to observe the relative
motion between the vehicle and the payload. The simulation was initially reduced to a simple pendulum problem to verify
and validate the simulation code. Minerva ROV was used in the analysis for which the validated hydrodynamic and
hydrostatic parameters are available. The payload was selected such that the difference between its weight and buoyancy
is within the maximum range of the vertical thrusters on the ROV. The time-domain motion simulations were first run
without implementing the control system. Maintaining a constant vertical position and moving the system to a desired
axial distance was not possible in all the operating conditions. Therefore, a control system was designed using PID
controllers.
Keywords: flexible connection method, autonomous underwater transportation, nonlinear coupled dynamic model, timedomain motion simulations, operating conditions, control system design.
1
INTRODUCTION
Underwater transportation may not be an efficient way of
transportation compared to the common modes of
transportation such as land vehicles, aeroplanes and sea
surface vehicles. This is because the underwater vehicle
along with the payload is completely submerged in water
which experiences a higher drag force due to the higher
density and viscosity of water. However, underwater
transportation could be useful in some circumstances such
as to avoid the detection which is sometimes required in
the military applications or short-range precise
transportation and installation of an underwater structure
such as oil and gas rig of an offshore platform.
The two ways to connect a vehicle to a payload are rigid
connection and flexible connection. In the rigid
connection method, the vehicle and the payload are
connected through a solid link, as adopted in [1]–[4]. In
the development of the dynamic model, the combined
system of the vehicle, payload and the solid link is
assumed to be a single rigid body [5]. The effect of
parameters of all the involved bodies is taken about a
combined centre. A centralized control system is designed
to transport the system to the desired location or follow the
desired trajectory [6]. On the other hand, the flexible
connection method considers that the vehicle is connected
to the payload via a flexible link, as proposed in [7]–[11].
In this method, the relative motion between the vehicle
and the payload complicates the development of the
nonlinear coupled dynamic model. Besides the controllers
which are applied to get the desired motion response of the
vehicle, a separate controller is applied for maintaining the

swing angle response of the cable. This eventually ensures
the stability of the payload.
To implement the rigid connection or the flexible
connection method in the underwater environment, the
nonlinear coupled dynamic model is required to be
developed considering the underwater hydrodynamics and
hydrostatics along with the inertia and actuator terms.
The underwater vehicles are mainly divided into two types
i.e. ROV and AUV. ROV is hard tethered from an outside
source [12], whereas, AUV is preprogrammed to perform
independently [13]. In this paper, Minerva ROV was
modified to be used autonomously to get the advantage of
its shape for precise transportation mission. This vehicle
was selected as its model coefficients are readily available
in the literature [14]–[16]. The Minerva ROV has 5
thrusters in total i.e. two axial, two vertical and one
transverse, as shown in Figure 1.

Figure 1: Minerva ROV [14]

The flexible connection method of multi-vehicular
transportation was used in which the Minerva ROV was
considered connected to a spherical payload via a flexible
link, as shown in Figure 2.

direction different than the body-fixed frame axes. In the
xz-plane, the x-axis points towards North and z-axis
downwards. On the other hand, the body-fixed frame has
its axes fixed on the vehicle and moves with the vehicle
[19].
On
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Figure 2: The setup
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DEVELOPMENT OF THE DYNAMIC
MODEL
The dynamic model was developed in the vertical plane
using the Lagrangian approach to get the relative motion
between the vehicle and the payload keeping intact the
coupling effects [17].
2.1
Assumptions
The following assumptions were taken in the development
of the dynamic model:
1. The vehicle and the payload are rigid bodies of
constant mass. This ensures that there is no relative
motion between the mass particles of the individual
bodies [18]. Also, mass and its distribution do not
change during transportation.
2. The vehicle is operated at a depth where the wave
effects are ignored.
3. The cable is assumed to be massless.
4. The interaction with external bodies and the sea
current effects are ignored.
5. The added mass hydrodynamic and the Coriolis terms
are ignored.
6. The system is operated in the vertical plane i.e the xzplane.
7. One end of the cable is connected to the centre of the
ROV and the other to the centre of the payload.
Before going into the derivation, it is important to
understand the reference frames.
2.2
Reference frames
Two reference frames were used in the development of the
dynamic model i.e. the earth-fixed frame and the bodyfixed frame, as shown in Figure 3. The earth-fixed frame
which is also called the North-East-Down coordinate
frame is the tangential plane to the surface of the Earth and
moves with the vehicle. However, the axes point in the

zo
Figure 3: Reference frames
The derivation was done in the inertial frame using the
Langrangian approach for which the equations of motion
were obtained from the following equation [20]
𝑑 𝜕𝐿
𝜕𝐿
(
)−
= 𝑄𝑘 .
𝑑𝑡 𝜕𝑞𝑘̇
𝜕𝑞𝑘

(1.1)

Where
𝐿 = 𝑇 − 𝑈 i.e. the difference between the total kinetic
and potential energy of the vehicle and the payload.
𝑞𝑘 = generalized coordinates in which the equation of
motions are required.
𝑄𝑘 = Force applied in the generalized coordinates.
The hydrodynamic parameters of the Minerva ROV were
obtained from [16]. Whereas, these were calculated for the
spherical payload using the following equation [21]
2
𝐼𝑥0 = 𝐼𝑦0 = 𝐼𝑧0 = 𝑚𝑎2
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(1.2)

Where 𝑎 is the radius of the spherical payload.
The derived equations of motion in the vertical plane are
given as
(𝑀 + 𝑚)𝑥̈ − 𝑚𝑙𝑠𝑖𝑛𝜆𝜆̇2 + 𝑚𝑙𝑐𝑜𝑠𝜆𝜆̈
= 𝜏𝑥 − (𝑋𝑥̇ |𝑥̇ | )𝑅 𝑥̇ 2 − (𝑋𝑥̇ |𝑥̇ | )𝑝 (𝑥̇ + 𝑙𝜆̇𝑐𝑜𝑠𝜆)2 ,

(𝑀 + 𝑚)𝑧̈ − 𝑚𝑙𝑐𝑜𝑠𝜆𝜆̇2 − 𝑚𝑙𝑠𝑖𝑛𝜆𝜆̈ + (𝑀 + 𝑚)𝑔
− (𝐵 + 𝑏) = 𝜏𝑧 −(𝑍𝑧̇ |𝑧̇ | ) 𝑧̇ 2 −(𝑍𝑧̇ |𝑧̇ | ) (𝑧̇
𝑅

𝑝

Or
(1.3)

− 𝑙𝜆̇𝑠𝑖𝑛𝜆)2 ,

𝑔
𝑋
𝜆̈ + 𝑙 𝑠𝑖𝑛𝜆 + 𝑚𝑥̇ 𝜆̇ = 0.

(1.7)

Table 1: Parameters to simulate the payload motion in
the air
S. No.
Parameters
Values
1.
130 Kg
𝑚 (mass of payload)
2.
𝑙 (length of the cable) 1 m
3.
0.054 Kg/sec
𝑏 (air damping term)

̇2

𝐼𝑦𝑦 𝜃̈ = 𝜏𝜃 − (𝑀𝜃|𝜃̇| ) 𝜃 ,
𝑅

𝑚𝑙𝑐𝑜𝑠𝜆𝑥̈ − 𝑚𝑙𝑠𝑖𝑛𝜆𝑧̈ + 𝑚𝑙2 𝜆̈ + (𝑚𝑔 − 𝑏)𝑙𝑠𝑖𝑛𝜆
= 𝜏𝜆 − (𝑋𝑥̇ |𝑥̇ | ) (𝑥̇ 𝑙𝑐𝑜𝑠𝜆 − 𝑧̇ 𝑙𝑠𝑖𝑛𝜆 + 𝑙2 𝜆̇)2 .
𝑝

Where 𝑀 and 𝑚 are the masses; and 𝐵 and 𝑏 are the
buoyancy forces of the vehicle and the payload
respectively. 𝑙 is the length of the cable. 𝐼𝑦𝑦 is the moment
of inertia and (𝑥, 𝑧, 𝜃, 𝜆) are the states in the vertical plane.
(𝜏𝑥 , 𝜏𝑧 , 𝜏𝜃 , 𝜏𝜆 ) are the thrust components of the thrusters
alongside the generalized coordinates which are the same
as the states of the system. 𝑋𝑥̇ |𝑥̇ |, 𝑍𝑧̇ |𝑧̇ | and 𝑀𝜃|𝜃̇ | are the
drag terms in the 𝑥, 𝑧 and 𝜃 directions respectively.
Supscipt R and p denote the ROV and the payload
respectively.

Test 01: In this test, the payload was taken to an angle of
o
20 and was released. As seen in Figure 4, the payload
returns to the same swing angle amplitude. This satisfies
the Galileo’s first point.

The thrust forces of the thrusters were transformed about
the earth-fixed frame as all the parameters in the dynamic
model are required in the earth-fixed frame. This is given
as
𝐹𝑥 = 𝑇𝑎 𝑐𝑜𝑠𝜃 + 𝑇𝑣 𝑠𝑖𝑛𝜃

(1.4)

𝐹𝑧 = 𝑇𝑣 𝑐𝑜𝑠𝜃 − 𝑇𝑎 𝑠𝑖𝑛𝜃

(1.5)

Where 𝑇𝑎 and 𝑇𝑣 are the axial and vertical thrust forces
produced by the thrusters in the body-fixed frame.
Whereas, 𝐹𝑥 and 𝐹𝑧 are the respective thrust forces in the
earth-fixed frame.
3
INITIAL VERIFICATION TESTS
Galileo after several experiments on pendulums came up
with the following points [22].
1.

“Pendulums nearly return to their release
heights.

2.

All pendulums eventually come to rest with the
lighter ones coming to rest faster.

3.

The period is independent of the bob weight.

4.

The period is independent of the amplitude.”

To verify the simulation code, only the swing angle was
first considered in the simulation. Therefore, 𝑞𝑘 = 𝜆 (the
swing angle). The dynamic model was developed for the
spherical payload suspended via cable in the air to match
the experimental setup. Therefore, the buoyancy term was
ignored and the damping terms of the vehicle and payload
were calculated in the air. The parameters which were
used in the simulation are shown in Table 1. The equation
of payload motion without any external force becomes
𝑚𝑙2 𝜆̈ + 𝑚𝑔𝑙𝑠𝑖𝑛𝜆 + 𝑋𝑥̇ 𝑙2 𝜆̇ = 0.

(1.6)

Figure 4: Test 01 – swing angle response
Test 02: The system was then taken underwater. The
damping term was increased to 46.6 Kg/sec. Again, the
o
payload was released from a swing angle of 20 . Figure 5
shows that the amplitude of oscillation gradually reduces.
This is due to the increased damping underwater.
However, a time period (T) of 2secs is maintained
throughout. This satisfies the Galileo’s 4th point.

Figure 5: Test 02 – swing angle response
Test 03: To satisfy the Galileo’s 2nd and 3rd point, the
swing angle response was observed for different payload
masses, as shown in Table 2.

Table 2: payload masses used in test 03
Mass 01
130 Kg
Mass 02
200 Kg
Mass 03
300 Kg
Mass 04
400 Kg

4
INITIAL VALIDATION TESTS
At New York College of Technology [24], lab
experiments were conducted at different masses of the bob
of the pendulum at the fixed cable length of 0.6m. The
results are shown in Table 3.

Figure 6 shows that the lighter payload dampens out faster.
However, the period of oscillation remains the same.

Table 3: Experimental results – Mass vs Time period
S. No.
Mass (gm) T (sec)
1.
50
1.56
2.
100
1.59
3.
250
1.56
4.
375
1.57
5.
400
1.56
The experiments were also performed at different cable
lengths [24]. The time period results obtained against the
cable length are shown in Table 4.

Figure 6: Test 03 – swing angle response
A verification test was also performed with the derived
empirical linear formula for the damped pendulum
oscillation [23]. This is given as
−𝑏𝑡

𝜆 = 𝜆𝜊 𝑒 2𝑚 cos 𝜔0 𝑡.

(1.8)

Where
𝜆𝜊 = initial swing angle amplitude
𝑏 = damping term
𝑚 = mass of the payload

Table 4: Experimental results – Length vs Time period
S. No.
Length (m) T (sec)
1.
0.15
0.83
2.
0.30
1.15
3.
0.45
1.36
4.
0.5
1.48
5.
0.55
1.51
6.
0.60
1.57
7.
0.90
1.93
Test 05: To validate the simulation and empirical results,
both the simulation and empirical analysis were performed
at the cable length of 0.6m. A time period of 1.57sec is
obtained as shown in Figure 8. This closely matches the
average experimental result shown in Table 3.

𝑔

𝜔0 = √ 𝑙 = angular frequency of the pendulum
Test 04: In this test, both the empirical’s formula and
simulation results were obtained by releasing the payload
o
from a swing angle of 20 . Similar results are obtained as
shown in Figure 7.

Figure 8: Test 05 – swing angle response
This also proves the following relationship between cable
length (L) and time period (T) of oscillation
𝐿
𝑇 = 2𝜋√ .
𝑔

Figure 7: Test 04 – swing angle response

(1.9)

Test 06: The simulation results were tested at different
lengths. The time periods obtained are shown in Table 5
and Figure 9. The results are in close proximity of the
experimental results shown in Table 4.

maintains its vertical position where the payload is 1m
below the vehicle. Moreover, it moves a distance of 26m
in 50secs. The system initially accelerates in surge due to
an increase in rpm of the thrusters to reach the applied
thrust force and then moves at a constant velocity of
0.54m/sec, as shown in Figure 11.

Figure 9: Test 06 – swing angle response
Table 5: Test 06 – Length vs T
S. No.
Length (m)
1.
0.15
2.
0.45
3.
0.90

T (sec)
0.8
1.35
1.94

Figure 10: Test 07- displacement response
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MOTION RESPONSE ANALYSIS
After validation and verification of the simulation code,
the motion response of the system was observed at
different thrust inputs. The parameters used in the
simulations are given in Table 6.
Table 6: Simulation parameters
S. No.
Parameters
1.
𝑀 (mass of the
vehicle)
2.
𝑚 (mass of payload)
3.
V (volume of ROV)
4.
v (volume of the
payload)
5.
𝑙 (length of the cable)
6.
𝐼𝑦𝑦 (moment of
inertia in xz-plane)
7.
(𝑋𝑥̇ |𝑥̇ | ) (axial drag of
𝑅
ROV)
8.
(𝑍𝑧̇ |𝑧̇ | ) (vertical drag
𝑅
of ROV)
9.
(𝑀𝜃|𝜃̇ | ) (pitch drag

Values
460Kg
130 Kg
0.49m3
0.065m3
1m
104Kgm2
292Kg/m
635Kg/m
148Kgm2

𝑅

10.

of ROV)
(𝑋𝑥̇ |𝑥̇ | ) (axial drag of

46.2Kg/m

11.

ROV)
(𝑍𝑧̇ |𝑧̇ | ) (vertical drag

46.2 Kg/m

𝑝

𝑝

of payload)
Test 07: In this test, each axial thruster on the Minerva
ROV was given an initial input of 50N. The vertical
position was kept constant by applying the vertical thrust
force of 207N which is equal to the difference between
weight and buoyancy of the system. The pitch angle was
kept at zero degrees. As shown in Figure 10, the system

Figure 11: Test 07- surge velocity response
Though an exact opposite force was applied to the
difference between the weight and buoyancy of the
system, it is difficult to maintain the same height of the
system due to the cable oscillations which pull the ROV
down, as shown in Figure 12.

Figure 12: Test 07 – surge vs heave

Figure 14: Test 08- surge response

Due to the axial motion, a swing angular velocity increases
o
to a maximum of -3.5 /sec which then dampens out over
o
time. However, a constant swing angle of -0.6 is
maintained due to the drag force which is constantly
applied on the moving payload, as shown in Figure 13.

(a)

Figure 15: Test 08- surge vs heave

(b)

Figure 13: Test 07 – cable response
Test 08: In this test, the ROV was kept at a pitch angle of
o
5 . Again the axial thrusters were applied at a thrust force
of 50N each and the vertical thrusters were applied at
207N. A comparison was done with the results of test 07
where the pitch angle was zero. After 50 secs, the surge
o
distance moved by the payload at the pitch angle of 5 is
o
3m less than the distance covered at the pitch angle of 0 ,
as shown in Figure 14. Moreover, instead of maintaining
its position in heave, the payload starts moving up in the
vertical direction, as shown in Figure 15. This is because,
o
when the ROV is at a 5 pitch angle, the vertical and axial
thrusters have their components in both surge and heave.
The component of axial thrusters in heave adds towards
the total vertical force which results in the upward motion
of the system. On the other hand, the surge component of
the vertical thruster opposes the axial motion of the
system, therefore, the payload moved a lower distance
comparatively.

From Figure 19, it can be seen that the maximum
amplitude of the swing angle oscillation is reduced from o
o
o
1.95 to -1.6 when the pitch angle of 5 was included in
the simulation. Moreover, the constant swing angle value
due to the constantly applied drag force is reduced to o
0.45 .

Figure 16: Test 08- surge vs heave

From the above analysis, it is confirmed that the stable
condition can not be maintained in all the conditions for
the analysed system of an ROV connected to a payload via
the flexible link for transportation. Even applying the
opposite vertical thrust to balance out the difference
between weight and buoyancy does not maintain a
constant vertical position due to the payload oscillations.
Moreover, the pitch angle causes the vertical and axial
thrusters to produce thrust in both the surge and heave.
Constantly changing pitch angle makes it difficult to
decide on the thrust force which must be applied to
maintain the constant vertical position and to move the
required axial distance. Therefore, a control system is
necessary to operate the system in all the conditions.
6
CONTROL SYSTEM IMPLEMENTATION
The PID controllers were applied to achieve the desired
motion response while maintaining the stability of the
payload.
Test 09: Three PID controllers were applied; first to reach
an axial distance of 30m, second to keep the vertical
position of the ROV which also ensures the constant
vertical position of the payload and third to bring the
swing angle of the cable to zero. From Figure 17, it can be
seen that the desired axial distance is achieved in 37secs.
Moreover, during transportation in the surge direction, the
system well maintained the heave position, as shown in
Figure 18.

Figure 18: Test 09 – heave response
During initial acceleration of the vehicle, the cable swings
o
at a maximum velocity of -4 /sec which increases the
o
swing angle of the cable to -1.9 , as shown in Figure 19(a)
and Figure 19(b) respectively. The swing angle velocity
is reduced to zero by the application of the controller.
However, due to the quick controller response, an
overshoot is experienced. This can be overcome or
reduced by adjusting the PID gains. Though the swing
angular velocity is reduced to zero, the cable keeps a
o
swing angle of -1 . This is because of the constantly
applying drag force on the payload due to its motion. Once
the vehicle stops at the desired location, the cable
o
oscillates to a maximum amplitude of 1.8 before it
reduces to zero, as shown in Figure 19(b) and Figure 20.
This is because the integral part of the controller, which is
applied on the accumulated error, becomes too large as the
o
error was constantly -1 or higher for a duration of 33secs.
This again can be improved by adjusting the PID gains.

(a)

Figure 17: Test 09: displacement response

(b)

Figure 19: Test 09 - swing angle response

[6]

[7]

Figure 20: Test 09 – surge vs swing angle of the payload
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CONCLUSIONS
This paper analysed the underwater transportation with a
Remotely Operated Vehicle (ROV). The underwater
environment produces higher damping which could be
advantageous as it brings the cable oscillations to zero. For
instance, it could resist the payload oscillations produced
by an external disturbance, hence contributes to the
stability of the payload. To ensure that the developed
simulation code is giving the practically correct results, it
was initially verified and validated by reducing it to a
simple pendulum problem. The motion response was then
analysed in the xz-plane. It was realized that getting a
stable and required motion response in all the conditions
is not possible. Therefore, a control system was designed
using the PID controllers which resulted in the desired
surge response along with keeping a constant vertical
position. However, response oscillations are still observed
especially when the system stops after getting the desired
distance which affects the stability of the payload. To
overcome this, other types of controllers such as the
optimal controllers are recommended in the future work.
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