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Abstract—Solar powered Remotely Operated
Underwater Vehicle (ROV) that is used in the
surveillance applications is required to have longer
endurance. For achieving this objective the PV based
renewable energy is integrated with efficient -electric
propulsion of the ROV. Since the power generated to be
utilized effectively, it is imperative to prefer MPPT
techniques. However, for designing optimized ROV
propulsion, a combined simulation of ROV propulsion,
control and solar power interface is to be done. In this
paper, P&O algorithm is used to predict MPP when the
dynamics of ROV are integrated with solar simulation.
The paper describes the generation & utilization of solar
power for different irradiance values with changing depth
of the vehicle using MATLAB/SIMULINK® platform.
The paper presents the modeling of ROV dynamics
integrated to solar output through depth parameter and
the maximum power is tracked using P&O algorithm.

Keywords—Maximum Power Point Tracking (MPPT);
Perturb and Observe (P&O) algorithm; Non-Uniform
lHlumination (NUI); Gallium Arsenide (GaAs) Photo Voltaic
(PV) cell; Pulse Width Modulation (PWM); dynamics of
Remotely Operated Underwater Vehicle (ROV); Degrees Of
Freedom (DOF)

I. INTRODUCTION

The inexhaustible energy sources became more
critical patron and its importance has increased to (20-
25)% in recent years [1] for their productivity,
pollution-free nature and unwavering quality. Obtaining
PV energy from the solar irradiation is one of the
enduring technologies as it plays a dominant role in
the economic power generation scenario.

The performance of SPV panel is based on the
environmental parameters. In order to attain maximum
possible power in all instants of time, MPPT
algorithms are preferred. The vehicle considered in this
paper is a slow moving one and so P&O algorithm is
considered to be the simplest method in tracking MPP
of the entire MPPT algorithms as it provides flexibility
with slow fluctuations during its movement under water

[2].
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Fig. 1. Block diagram of PV system interfaced with buck converter.

Fig. 1 represents the block diagram of PV system
integrated to the load (battery of ROV). The paper
focus on P&O algorithm in tracking MPP as the ROV
comes to the surface for its battery charging which
results in negligible irradiance change. The maximum
voltage that is obtained from solar panel using P&O
algorithm is reduced using buck converter [3] and is
fed to the battery; which after getting charged, powers
the vehicle during its motion.

The paper is organized as follows. Section-Il
presents the mathematical modeling of ROV. Tracking
of MPP is presented in section-1ll. Integration of solar
power pack to ROV is discussed in section-1V. The
performance is analyzed and the related results from
the simulated model are presented in Section-V. In
section-VI, the conclusion of the paper is presented
and the future scope is discussed in section-VII.

Il. MATHEMATICAL MODELLING OF ROV

To understand the dynamic behavior of ROV, it is
must to know its sign conventions and its 6 DOF
model [4], [5], [6]. The differential equations of
motion are developed from the earth fixed and body
fixed co-ordinate systems as shown in fig. 2 and is
explained by right-handed [7] co-ordinate system.

BODY-FIXED INERTIAL OR EARTH.-FIXED
COORDINATE SYSTEM COORDINATE SYSTEM

. 7 p

HEAVE (3): w.Z SURGE (1) uX
YAW (6): tN ROLL (4): p.K

Fig. 2. ROV reference frame
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TABLE I. LIST OF PARAMETERS DESCRIBING 6 DOF
_ Forces Linear and Position and
DOF Motion and angular
moments velocities Euler angles
1 Surge X U X
2 Sway Y \Y y
3 Heave z W z
4 Roll K p %)
5 Pitch M q 0
6 Yaw N r i

Table 1 presents the 6 DOF motion of the ROV
along with their notations.

The position and orientation of ROV [x, vy, z, 9,
0, y] are defined in earth fixed frame and the linear
and angular velocity components [u, v, w, p, g, r] are
defined in body fixed frame.

The motion of ROV is represented by following
vectors.

X
_ M _ _ .
n= nz] n = [y] = Position vector
n, = [9] = Euler angle vector 1)
v
" u
V= [U;] v, = V] = Linear velocity vector
v, = [q] = Euler angle vector 2
r
T X
T= [Tz] T = \Z( = Force vector
K
T, = (M| = Moment vector 3)
N

The transformation between the two reference co-
ordinate systems is determined from eq. (5).

]1(‘12)—C *Cxﬂ
cosy —siny 0 cose sme
= |siny coqu
0 —sme 0 cose
[0 cos@ —smﬂl 4)
0 sin@ cos@
Ji(2) =
cosBcosy sin@sinBcosy — cos@siny  cos@sinBcosy + sin@sinys
[Cosesinlp sin@sinBsinys + cos@cosy cos@sinBsiny — sin@cosys
—sin® sin@cosB cos@cosd
()
The linear velocities in body fixed frame are

transformed into position rates in earth fixed frame by
using the following transformation.
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X u
H =J1(nz) [V] (6)
Z w
From eqg. (6),
% = ucosBcosy + v(sin@sinBcosyr — cos@siny) +
w(cos@sinBcosy + sin@sinyy) @)
y = u(cosBsiny) + v(sin@sinbsiny + cos@cosy) +
w(cos@sinBsinys — sin@cosy) (8)
z = —usin® + vsin@cosd + w(cos@cos0) C)]
The inverse transformation function is given by:
v =] ! (m2)my (10)
Similarly, the angular velocities in body fixed

frame are transformed into Euler rates in earth fixed
frame as follows:

@ = p + gsin@tand + rcos@tand (11)
6 = qcos@ — rsin@ (12)
i gsing +rcos@

llJ - cos @ (13)

Equations (7) to (13) represent the six kinematic
equations determining the position rate and Euler rate
of ROV. On integrating these rates, we get the
trajectory and Euler angles of the vehicle respectively
in earth fixed frame as final required outputs.

ROVs are used in different surveillance
applications. Application of the wvehicle here is to
capture the photos of assigned task. For this, different
payloads along with propulsion [19] are required with
optimal duty of operation and are tabulated as below.

TABLE II. ESTIMATION OF POWER REQUIRED BY DIFFERENT
PAYLOADS
Effective Total power
Name of the payload | Quantity power required
required(W) (W)
Thruster [4] 1 9.2
Actuator [8] 4 5
Camera [9] 1 192
MEMS Gyroscope 20
[10] 1 0.5
Depth transducer [11] 1 2.08
Antenna [12] 1 1.68

Aofpset

-

4

' i
<

Cotfset

Lah ]

Fig. 3. Dimensions of ROV

Fig. 3 shows the dimensions of vehicle [4] and its

parameters are given in table 3.
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TABLE Il LIST OF DIMENSIONAL PARAMETERS OF ROV As switching frequency of PWM generator is 1
1 ..
Parameter Value Units Description KHz, dt = Y 0.5msec and di;, is 85mA.
2 +1.91e-001 m Nose length Current through the dc link capacitor is given by
a (offset) +1.65e-002 m Nose offset dv
. c
b +6.54e-001 m Mid-body length ic = CW
c +5.41e-001 m Tail length . . .
- g dve is 14mV. Finally, the buck converter here is
c (offse) +3.68e-001 m Tail offset designed with an inductor value of 20e~2H and a dc

link capacitor value of 700e3F.

Diameter of the vehicle (d) = 0.191m and consider
the mid-body length (b) of the wehicle to be the
effective area for fixing the solar cells i.e., Length of e V1
the mid-body of vehicle = 0.7 m ROV a9*10e)

I1l. TRACKING OF MPP | Consider AP=P()-P(k-1)

and AV=V(k)-V(k-1)

The area of GaAs PV cell is taken from [13] and
the surface area of ROV is determined from [4]. From
this data, the designing of solar panel for ROV is
done depending on the number of cells that can be

arranged on its surface and the electrical characteristics | Decrense | p— | | r | E—
of the solar panel are shown in table 4. The power ““‘“”i"“““ i“ voltage voltage
required by the ROV for its motion and for its in-built T X ¥
payloads is assumed from [4] and [8] to [12]. [Eaa—
V(k-1)=V(k)
P(k-1)=P(k)
TABLE IV. ELECTRICAL CHARACTERISTICS OF PV PANEL
Fig.5. Flow chart of P&O algorithm
Parameter Value
Open-circuit voltage (Vo) 154V Fig. 5 presents the P&O algorithm [2]. Duty cycle
Short-circuit current (Is) 168A (6) is increased or decreased depending on panel
Maximum voltage (Vipp) 13552V output, Whlch is exar_nlned by varying supply voltage. &
- is varied until MPP is reached and the process repeats.
Maximum current (I;pp) 1.603A
Number of cells per module 14 IVV. INTEGRATION OF SOLAR POWER PACK TO ROV DYNAMICS
Number of series modules per string 2 Power required by the vehicle is estimated by
Number of parallel strings 7 considering the amount of effective power that is
Maximum power (Pypp) 43.45W consumed by the different payloads that are used in
the design of ROV. The size of GaAs PV cell is
] ] considered from a datasheet reference. Surface area of
The buck converter [3] acts an intermediate source the vehicle is also calculated to predict the number of
between the source (panel) and the load (battery), cells that can be arranged on to its surface. The Vo,
which helps in bucking down the voltage level from Vupps lsc, Iypp and finally the maximum power
input to the load side. (Pypp) are calculated under standard test conditions i.e.,
v at T = 25°C and Irr = 1000W/m?.
Is S + I:—f.f- - . . - . s
1FT 0000 In this paper, the variation of irradiation level w.r.t
J — changes in depth is explained and the integration of
wl( ™) A p two simulations is done using the following function.
Irr = fn(D) = 1000-(100*D) (14)
Where 1000 is the value of irradiance at STC and
Fig. 4. Typical DC-DC Buck converter is a variable. For different values of depth, the
irradiance changes and the corresponding maximum
Fig. 4 shows the basic buck converter. Critical power [15] is delivered to the battery [16] of the
value of inductance is calculated by considering, ROV.
Voltage across PV panel = voltage across (Inductor + TABLEV.  SPECIFICATIONS OF BATTERY
MOSFET + Battery)
. i Parameter Value
Voltage across inductor during ON or OFF T —
o ype Lithium-lon
switching as -
) Nominal voltage 12v
— di, Rated capacity 5.4Ah
UL —_ L_
dt Initial state-of-charge 10%
Battery response time 0.1s
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V. SIMULATED RESULTS

Trajectory of wvehicle is resulted from the ROV
dynamics. Velocity of wvehicle depends on the thrust
power required by it [17]. As the vehicle always tends
to move in x-direction during its operation, its velocity
in y and z-directions is negligible. Velocity of wvehicle
[4] is 2.38m/s.

z 25 - 1 Velocity of ROV in x-direction [ |
S g fi Velocity of ROV in y-direction
z | Velosity of ROV in z-direction
2 15
-
Ry
gos
£ 0 | T
0 20 400 &0 80 1000 1200

Time (seconds)

Fig. 6. Velocity of ROV in x,y,z axes respectively

3000

Position of ROV w.r.t x-axis ||
Position of ROV w.r.t y-axis | |
Position of ROV w.r.t z-axis | |

2500

2000
1500
1000

Positionof ROV

500

0 200 400 600 800 1000 1200
Time (seconds)

Fig. 7. Position of ROV in x,y,z axes respectively

Fig. 6 and fig. 7 show the velocity and position of
ROV with respect to their respective axes.

SiEE

L | : | |
1] 200 400 600 800 1000
Time (seconds)

Roll angle
Pitch angle (]
Yaw angle

Eulerangle (rad)

1200
Fig. 8. Euler angles

Fig. 8 shows the orientation of vehicle. As the
vehicle is pre - programmed, the commands are given
initially. It was programmed that the roll angle must
be zero after certain disturbances. And it is also
programmed to make a yaw angle of 1.5rad. The pitch
is dependent on the depth of the wvehicle. After the
depth gets settled to a determined value, the pitch sets
itself to zero.

Depth(m)

o 200 400 800 800 1000
Time (seconds)

Fig. 9. Motion of the ROV w.r.t depth

1200

Fig. 9 represents the motion of the vehicle w.r.t to
depth. The graph shows how the ROV gets settled to
the different depth values of Om, 0.5m, 1m and 0.8m.

in  maximum
irradiance as a

the variation
generation w.rt change in

In this methodology,
power
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change of depth parameter of simulated ROV
dynamics is presented.
TABLE VI. MPP AT IRRADIANCE = 1000 WATTS PER SQUARE METER
Depth Irradiation Input Output
(m) (W/m?) Power (W) Power (W)
0 1000 4345 41.86
0.5 800 34.6 3349
0.8 680 29.33 2853
1 600 25.77 25.14

The following are the simulated graphs at input
side for irradiance = 1000 W/m?
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Fig. 13. Duty Cycle at 1000 W/m?
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Fig. 14. Switching pulses to the buck converter at 1000 W/m?
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Fig. 15. Battery Current at 1000 W/m? LG
Fig. 19. PV Current at 958 W/m’
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@l | l there is minor change in considered irradiation levels
P w0 P ™ the following are the simulated graphs at output side
Time (seconds) at 958 W/m .
Fig. 18. State-of-charge at 1000 W/m? : _ ! ! ;
Fig. 13 and fig. 14 are the simulated graphs of z . |
inputs to the buck converter and fig. 15 to fig. 18 are 5
the simulated graphs at output side for irradiance = o
1000 W/m?, g
I . A L | | i ]
Similarly, the maximum power values at two : m 0w 0 0 -:»x
different irradiations on 31%March, 2014 [18] i.e., at Time (seconds)
958 W/m®and at 873 W/m’ are also obtained for the Fig. 22. Battery Current at 958 W/m’

depth values of Om, 0.5m, 1m and 0.8m respectively
where 958 is the highest value of irradiance on the ' | i

= J——
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considered day. R e i _ |
= 15 4
TABLE VII.  MPP AT IRRADIANCE = 958WATTS PER SQUARE METER 'E N /
g o
Depth Irradiation Input Output | owr 1 1 1
(m) (W/m?) Power(W) Power(W) : 2 p " o -
0 958 4159 40.09 Time (seconds)
05 758 32.74 31.72 Fig. 23. Battery Voltage at 958 W/m?
1 558 23.92 23.88 .
0.8 638 27.44 26.66 —
g ®
The following are the simulated graphs at input c-;
side for irradiance = 958W/m? g5’
& ! ; ]
00 & L] L] 10 1

Time (seconds)

Fig. 24. Battery Power at 958 W/m?
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Fig. 31. Battery Power at 873 W/m?

Time (seconds)

Fig. 25. State-of-charge at 958 W/m?

TABLE VIII.  MPP AT IRRADIANCE = 873WATTS PER SQUARE METER

Depth

Irradiation
(W/m?)

Input
Power (W)

Output
Power (W)

(m)
0

873

37.83

36.57

0.5

673

28.99

28.16

1

473

20.19

19.84

0.8

553

23.7

23.6

W Cluarent (A0

600
Time seoonds)

g

Fig. 26. PV Current at 873W/m?
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Fig. 27. PV Voltage at 873 W/m?
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Fig. 28. PV Power at 873 W/m?
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Fig. 32. State-of-charge at 873 W/m?

From fig. 18, it is clear that the battery takes 1hr
56 min to get charged at 1000W/m2. Similarly, it
takes 2hrs 3 min at 958W/m2 and 2hr 19 min at
873W/m2 for its complete charging. As the ROV
require 20W, current through the load will be 1.6A. If
the battery is charged to 100%, then the wvehicle can
work upto (5.4/1.6) hrs i.e., upto 3 hrs 22 min 5 sec.

VI. CONCLUSION

The paper presents the idea of how the change in
depth of a wvehicle causes a change in maximum
power generation from the panel. Design of solar
panel in simulation is done in general as the required
parameters like number of cells per module; its open
circuit voltage, short circuit currents and their
temperature coefficients; number of series connected
modules per string and number of parallel strings of
the complete array can be given easily. It is requisite
to generate maximum possible power and this is done
using the P&O algorithm as this algorithm possess a
soft behavior, which extends the valuable life span of
power electronic devices. Also, the P&O algorithm has
the desirable adaptability to slowly fluctuating solar
irradiation, temperature, and even variation of the PV
panels.

By adjusting the PWM duty to the power
converter, maximum power is obtained. Both the ROV
dynamics and the solar simulation with P&O
technique are integrated using MATLAB/SIMULINK®
software. This paper explains how the maximum
power is generated to run the vehicle and how it
varies with the change in depth.

VII. FUTURE SCOPE

Depth is one of the parameters of ROV dynamics.
Along with this parameter, there are other parameters
like roll, pitch and yaw. Currently, in this paper,
integration of solar power pack with ROV dynamics
as a function of depth is presented. There is a future
scope in which NSTL team would work on all the
remaining parameters with efficient MPPT techniques.
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