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Abstract

The goal of this thesis is to model and consequently improve a solar powered boat propulsion
system - the powertrain, the storage system composed by LiPo cells, BLDC motor and solar panels
as a source of energy are all considered part of the propulsion system. The three main subjects that
will be discussed in this thesis are; the propulsion system consisting of the electromechanical drive
in the Brushless DC motor (BLDC), the energy storage system (LiPo batteries) and photovoltaic
power production system (solar panels arrays). All these systems will be modelled in terms of lumped
elements and improvements will be suggested and implemented whenever possible. For the propulsion
of the vessel, it is proposed in this thesis a system with two mechanically coupled motors with torque
control, seeking a more efficient solution to the previous propulsion system composed by one motor
with speed control. This dual motor system proves to have equal performance has a single motor for
the endurance of the boat while increasing its top speed by 66%.
Keywords: electrical propulsion, photovoltaic energy, energy storage, boat, torque control.

1. Introduction
TSBs project gave me the opportunity to work with
energy management for mobility. Since the compe-
titions regulate the energy stored and photovoltaic
power production (area of photovoltaic cells) every
team has an equal footing - the boat that wins the
competition is therefore the one that used that en-
ergy the most efficiently.

The vessel, named SR01, is made out of car-
bon fiber to be as lightweight as possible. SR01
is equipped with hydrofoils: wings that are located
underneath the water line. As the boat speeds up
they create enough lift to remove the hull from the
water resulting in a lesser drag.

The competitions contain regulations for the hull,
mechanical systems and electrical systems. Note-
worthy rules for the electrical system are:

• Peak power production (photovoltaic cells) is
limited to 1kW;

• Energy storage is limited to 1.5kWh;

• Maximum voltage allowed is 52V;

• Batteries using lithium topology cells are lim-
ited to twelve cells in series.

This thesis is built upon the work of a previous
member [6], Francisco Duarte. One of the goals set

by the team is to have a better sprint in 2018 which
means more propulsive power or less drag. We will
address both by implementing foils and having a
more powerful motor. The primary objective of this
thesis is to implement the new motor while increas-
ing the performance of the vessel for both endurance
and sprint race. The new motor is composed by two
motors mechanically coupled. Therefore one of the
objectives of this thesis is to confirm that such a
system works as intended and has enough fidelity
to be featured in the vessel in 2018.

In order to dimension a motor one must first com-
pute the expected power input of the motor. There-
fore the photovoltaic power production system will
be studied in order to estimate the instantaneous
and average power output as well as studying its
bypass diodes [9]. A new battery that is lighter and
capable of higher current discharges made of LiPo
cells [3] will be suggested. The mechanical equation
of the boat will be expressed such that the drag of
the vessel and hydrofoils is determined. The propul-
sion system will have a complete transformation:
the new system will consist of two BLDC motors
with an L-drive. Performance impact will be stud-
ied and a means to control both motors in order to
make them as efficient as possible will be developed.
Finally, SR01’s performance will be studied for mul-
tiple drive cycles that the vessel will encounter dur-
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ing the competitions comparing the new solution
proposed with a single motor solution.

2. Solar power generation system
2.1. Theoretical model

The solar panels used are from Solbian SP series
that feature monocrystalline silicon cells. The spec-
ifications are indicated in table 1 for standard test
conditions (G = 1000 W/m2 Tcell = 25 ◦C).

Efficiency [%] 20.9
Peak power Pp [W] 3.26
Open circuit voltage V r

oc [V] 0.68
Peak power voltage V r

pp [V] 0.55

Short circuit current Irsc [A] 6.29
Peak power current Ipp [A] 5.92
NOCT [◦C] 45
Area [m2] 0.0156
Weight [kg] 0.044

Table 1: Solbian SunPower cell specifications.

The model used for the photovoltaic cell is the
single diode equivalent [5] shown in figure 1.

Figure 1: Photovoltaic cell single diode model.

The diode current is given by the Shockley diode
equation,

ID = I0

(
e

V
mVT − 1

)
, (1)

where I0 is the inverse saturation current, m is
the diode ideality factor and VT is the thermal volt-
age given by

VT =
KT

q
. (2)

Applying Kirchhoff’s current law to the
schematic shown in figure 1 we obtain

I = Isc − ID = Isc − I0
(
e

V
mVT − 1

)
. (3)

It is possible from the datasheet values presented
in table 1 to compute the cell power output at STC
as shown in figure 2.

Figure 2: Photovoltaic cell power output at STC.

The influence of the irradiance and cell temper-
ature on the photovoltaic cell power output can be
seen in figures 3 and 4, respectively.

Figure 3: Photovoltaic cell V-P curve with varying
irradiance.

Figure 4: Photovoltaic cell V-P curve with varying
temperature.

2.2. SR01s photovoltaic arrays

The regulation of the competition limited the peak
photovoltaic power production to 1 kW. Using the
SunPower cells, we can obtain that power with 320
photovoltaic cells which occupy 5 m2.

Figure 5 shows the geometric configuration of the
solar cells of each panel, as well as the distribution
of the photovoltaic panels on the boat.
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Figure 5: Shapes of the solar panels and distribu-
tion on the boat.

Every photovoltaic panel has its cells intercon-
nected in series. The panels A, B, C and D are also
interconnected in series in the following manner:

• A and D −→ 42+32=80 cells in series;

• B and C −→ 48+32=80 cells in series.

Thus there are four arrays each composed by 80
cells in series. Using the electrical specifications
given by Solbian (see table 1), it is possible to com-
pute the specifications of each array, as shown in
table 2 for STC.

Peak power Pp [W] 260.5
Open circuit voltage Voc [V] 54.4
Peak power voltage Vpp [V] 44
Short circuit current Isc [A] 6.29
Peak power current Ipp [A] 5.92

Table 2: SR01’s photovoltaic array (80 cells in se-
ries) electrical specifications.

As for the expected power output during the cur-
rent competition, one can analyse the last year’s
competition. The ambient temperature was about
26 ◦C and the mean irradiation 670 W/m2 for the
morning of 14th of July [2]. These parameters al-
low us to compute the mean power produced from
SR01’s photovoltaic cells, as well as the peak power
voltage of each array and their respective current.
All values are given in the table 3.

Peak power Pp per array [W] 153.5
Total power output [W] 613.8
Open circuit voltage Voc [V] 49.5
Peak power voltage Vpp [V] 40.0
Short circuit current Isc [A] 4.21
Peak power current Ipp [A] 3.84

Table 3: SR01’s photovoltaic array power output for
the endurance race (G = 670 W/m2, Ta = 26 ◦C).

The MPPTs, a controlled DC-DC converter [8],
is responsible for forcing the maximum power point
of the solar array.

NOTE: Since the start of this thesis, the regu-
lation has changed to restrict the maximum area of
solar cells to 6 m2. For our cells, this means the new
peak power output is increased by 20% - 1200 W.

The new cells are all featured into a new, single
panels of 64 cells in series. The power output of the
solar array is therefore increased by 20% - the con-
sidered value for the total power output is 736.6 W.

2.3. Experimental data
In order to confirm the single diode equivalent
model of the solar cells, panel ’A’ was tested, as
seen in figure 6.

Figure 6: Photovoltaic panel ’A’ exposed to the sun.

The irradiance is obtained through a pyranome-
ter (see figure 6), RS Pro ISM400. The current is
obtained by the means of a current clamp. Three
different irradiance tests were performed:

1. [400; 450] W/m2, Ta = 20 ◦C and Tc = 35.0 ◦C;

2. [600; 650] W/m2, Ta = 21 ◦C and Tc = 42.5 ◦C;

3. [850; 900] W/m2, Ta = 25 ◦C and Tc = 54.5 ◦C.

Figure 7 shows the experimental curves obtained
with the model reference curves.

Figure 7: Experimental values (circles) compared
to model values (dashed lines).

3. Energy storage
3.1. Battery dimensioning
The battery model used in this thesis is the simple
voltage source with a resistance in series.
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Figure 8: Battery cell concentrated parameters
model.

There are two constrains given by the competi-
tion that will define the battery:

1. Batteries using lithium topology cells are lim-
ited to twelve cells in series;

2. Energy storage is limited to 1.5 kWh.

The battery is expected to output at least 10 kW
of peak power for the sprint race and around 2 kW
of continuous power (endurance race). The nomi-
nal voltage of our battery is 44.4 V (twelve cells in
series). Since the energy stored in a battery is given
by

E = Vn · C, (4)

the desired battery capacity is deduced as

C =
E

Vn
=

1500

44.4
= 33.78 Ah. (5)

In order to reach the dimensioned battery capac-
ity, multiple cells in parallel with lesser capacity
are employed. The minimum C-rating required, for
any model, is 7C. In order to judge between similar
cases two figures of merit are important:

1. Energy density [Wh/kg] - higher numbers en-
sure our battery is lighter;

2. Internal resistance [Ω] - lower numbers helps
with the Joule losses and keeps the cooling sys-
tem smaller (and having a low power consump-
tion).

A company, Melasta, provided complete
datasheet on all their models. The chosen cell
is the LiPo 16.8 Ah for it greatly increases the
simplicity of the assembly seeing that there is no
need of bus bars to do parallel connections as
shown in the following section.

3.2. SR01s battery assembly

Table 4 resumes the cell specifications.

Nominal voltage [V] 3.7
Maximum voltage [V] 4.2
Minimum voltage [V] 3.0
Continuous current [C] 10C
Peak current [C] 15C
Maximum temperature [◦C] 60
Internal resistance [mΩ] <1.2
Cycle life >100
Weight [g] 308.0
Width [mm] 85.0
Length [mm] 154.5
Thickness [mm] 10.2

Table 4: 16.8 Ah LiPo pouch cell specifications.

The battery is made up of 24 cells with 12 in
series and 2 in parallel (12S2P). The assembly of
the battery was done by Jonathan Graesser and is
shown in figure 9.

Figure 9: Battery assembly 12S2P.

The idea of having the heatsinks resting on top of
the copper and tabs is to achieve cooling of the cells
through their tabs, a process known as tab cooling
[4]. The final battery assembly has an energy stored
of 1492 Wh. A single cell was discharge at 0.6C from
4.2 V to 3.0 V. The experimental capacity is given
by

Cexperimental =
∑

I · t = 16.4 Ah. (6)

The current discharge curve can be seen in figure
10.
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Figure 10: Cell experimental current.

4. Mechanical description of the vessel

There are multiples forces exerted on the boat:
the motor propulsive force and, counteracting that
force, the drag forces [1]. Expanding on Newton’s
second law one can write

Fmotor = ma+
1

2
ρwaterAwatercdv

2. (7)

Using the relation between force and power,

P = Fv, (8)

we find the function between power and speed of
the vessel

Pout = mav +
1

2
ρwaterAwcdv

3. (9)

In this thesis, all cd values were obtained by the
means of computational fluid dynamics (CFD) by
members of the TSB team in the hydrodynamics
area.

4.1. Drag of the vessel

The vessel features hydrofoils: they are used to cre-
ate lift and remove the hull from the water reducing
the drag drastically. SR01’s foil system is composed
by three foils in a ’T’ arrangement, as seen in figure
11.

Figure 11: Hydrofoil system of SR01.

The foils are dimensioned to have a lift-off speed
of 4.5 m/s. The total drag of the vessel with foils is
shown in the figure 12, comparing without foils.

Figure 12: SR01’s drag forces, with foils and with-
out.

5. Propulsion system
5.1. Motor dimensioning
The main event of the competition consist of a race
that is 90 minutes long. The average power output
of the photovoltaic arrays is 736.6 W. In the case
of the battery, there is 1492 Wh of energy stored
that must be spent in 90 minutes. Adding these
two contributions gives us the total energy that the
boat should consume:

Etotal = 1.5 · Pphotovoltaic + Ebattery = 2605 Wh.
(10)

Nevertheless, there are other types of races to
consider in the competition - namely the sprint race.
After the 2017 edition one of the teams decision was
to have a better sprint performance.

5.2. Motor selection
The solution that will be suggested in this thesis
and implemented for the 2018 competitions is to
have two independently torque controllable
motors mechanically coupled to each other and
divide the load between them.

Figure 13: Example of two motors mechanically
coupled to a load.

For a given propeller torque, the dual motor sys-
tem may divide the load between the two. This
opens up the possibility of dividing the load in a
way that is more valuable for the motors since their
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efficiency is variable with torque and speed. Both of
the motors are 3 kW BLDC motor from CPMotion.

5.3. Motor load profile
The motors are coupled by the means of a belt to
each other and a third pulley that is connected to
the load. The moment of inertia perceived by each
motor is

Ltotal = 0.0035 kgm2. (11)

The load of the dual motor system is a propeller.
Its torque characteristic is defined by its advance
coefficient, J , and its rotational speed as seen in
figure 14. The propeller was dimensioned by a TSB
member with the help of OpenProp [7].

Figure 14: Speed/Advance coefficient matrix; out-
puts propeller torque.

5.4. Dual motor control
There is a need to develop a function that, at any
load torque and rotation, returns the torque at each
motor axis such that the overall losses are mini-
mized. The power loss is given by

Ploss = (1− η)T · ω. (12)

The efficiency map of the CPM motor can be
plotted as a 3D surface as shown in figure 15.

Figure 15: CPMotion 4kW BLDC motor efficiency
surface plot.

It is now possible to compute for a certain desired
torque which is the optimal torque pairs that will

minimize overall power losses: an example is shown
in figure 16.

Figure 16: Power losses for 2000 RPM and T =
10 N m.

One can also compute for a given torque how will
the dual motor system will divide the load between
its two motors as seen in figure 17.

Figure 17: Torque pairs for T = 10 N m.

It is possible to observe, in figure 18, that the
power losses for the dual motor system are greatly
reduced from a single motor system.

Figure 18: Losses for T = 10 N m.
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5.5. Experimental data

The dual motor system was built and installed in
the Electric Machines Laboratory as seen in figure
19.

Figure 19: Dual motor testbench in the Electric
Machines Laboratory.

The global system is represented in figure 20.

Figure 20: Global dual motor system testbench.

The load commutation between motors was
tested running a simple script that would inter-
change the requested torque between the motors
(figure 21).

Figure 21: Torque pairs requested to the dual motor
system.

Looking at the output torque of the system (fig-
ure 22) that is obtained from the motor current [10],
one can verify that the load commutation is done
without problem.

Figure 22: Dual motor system torque output with
varying torque pairs (figure 21).

Thermal tests were run which verified that the
dual motor system can also commute, in time,
whenever one motor is driving the full load such
that neither motor overheats (see figure 23). The
commutation is done, in this example, whenever the
main motor reaches 55 ◦C.

Figure 23: Temperature evolution with a threshold
temperature of 55 ◦C.

6. Driving cycles

6.1. Electromechanical equation

After having described the dual motor drive and the
propeller, it is now possible to compute the power
input (electrical) for a given output speed of the
vessel. The results are resumed in table 5.
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Single motor Dual motor
v [m/s] Pin [W] η Pin [W] η

4.5 386 0.70 386 0.70
5 526 0.75 526 0.75
6 906 0.75 906 0.75
7 1419 0.76 1419 0.76
8 2135 0.75 2104 0.76
9 3088 0.74 2983 0.77
10 4601 0.68 4094 0.77
11 - - 5490 0.76
12 - - 7158 0.76
13 - - 9863 0.70

Table 5: Power input (electrical) and powertrain
efficiency for multiple speeds (with foils).

As for the accelerations, a script was developed
that returns, from a desired torque and initial
speed, the energy spent as well as the time spent
to reach a final speed (see figure 24).

Figure 24: Power conversion of the powertrain for
an acceleration with Tdesired = 10 N m.

6.2. Endurance race
The endurance race driving cycle is simplified into
three parts: an acceleration phase, cruise speed
phase and curve phase (figure 25).

Figure 25: Endurance race track model.

The acceleration script together with table 5 are
used to compute the total number of laps completed
with a certain cruise speed and acceleration torque
for both dual and single motor system - table 6 and
7, respectively.

vcruise [m/s] Tacc [Nm] Nlaps Time [min]

6

10 68.2 189
14 67.8 187
20 67.1 185
25 66.6 184

7

10 51.7 123
14 51.4 122
20 50.7 120
25 50.1 119

8

10 40.3 84
14 40.0 83
20 39.5 82
25 39.0 81

Table 6: SR01’s performance for multiple cruise
speeds and acceleration torques with a dual motor
drive.

vcruise [m/s] Tacc [Nm] Nlaps Time [min]

6

10 67.9 188
14 67.4 186
20 - -
25 - -

7

10 51.4 123
14 51.0 121
20 - -
25 - -

8

10 40.0 84
14 39.6 83
20 - -
25 - -

Table 7: SR01’s performance for multiple cruise
speeds and acceleration torques with a single motor
drive.

For the endurance race, the dual motor system
prevails in all cases since both of the motors are
used for the accelerations, although the difference
is not significant.

6.3. Sprint race

With a single motor drive, SR01 is able to reach a
speed of 10.4 m/s (figure 26).
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Figure 26: SR01 speed evolution in sprint for a sin-
gle motor drive.

At a peak power input of 5 kW, the power output
of the vessel is around 3.6 kW (figure 27).

Figure 27: SR01 power evolution in sprint for a
single motor drive.

For the dual motor, SR01 is capable of reaching
speeds upwards of 13 m/s - the exact figure is un-
known since the propeller model is limited to that
speed. From the 10 kW of input power it is able of
reaching 7.5 kW of propulsive power (figure 28).

Figure 28: SR01 power evolution in sprint for the
dual motor drive.

The dual motor system, when compared to a sin-
gle motor drive, is capable of delivering 100% more
propulsion power. It is clear that the dual motor
system is advantageous to a single motor in the
sprint race.

7. Conclusions
7.1. Achievements

This work as proven, experimentally, that two mo-
tors mechanically coupled with independent torque
control is a valid system with enough fidelity to be
installed in SR01 for the 2018’s competitions. The
final system to be installed in the vessel is shown in
figure 29.

Figure 29: Final SR01’s mechanical system for the
dual motor drive.

Note, in figure 29, there is an extra pulley in be-
tween the two motors that is spring loaded in order
to maintain tension on the belt. This work also
proved, by means of theoretical calculations and
simulations, that the dual motor system has no im-
pact on the performance of SR01 for the endurance
race when compared to a single motor drive. The
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dual motor drive also allows higher torques for ac-
celerating, an important feature to help SR01 lift
itself unto the foils as soon as possible. As for the
goal of improving the sprint race, the dual motor
system increases the top speed of SR01 in 25%.

7.2. Future Work

For the driving cycle of the endurance race, both
Tdesired and vcruise are chosen by hand. An opti-
mization script will be developed that has those two
inputs and wishes to minimize the energy consump-
tion while maximizing the vessel’s average speed.
The motor dual system will be tested on the boat,
coupled to its real load: the vessel’s propeller. The
results will validate, or not, the models used for the
propeller and dual motor system efficiency. A full
battery discharge, inside the battery box, will be
held to analyse the thermal dynamic of the cells
and verify the tab cooling system.

After the competitions the solar arrays voltage,
controlled by the MPPTs, will be studied to un-
derstand the maximum power point tracking algo-
rithm and also create a model for the partial shad-
ing probability. The driving cycle of the endurance
race will be thoroughly studied to understand the
curve speeds and the vessel’s take-off unto the foils,
both torque requested and the lift obtained.
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