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ABSTRACT
A controller is a critical system necessary for an autonomous
vehicle. This experiment is intended to better understand the
behavior and performance characteristics of the propulsion system
on an autonomous marine vessel and optimize the control of the
vessel with the obtained characterization. The vessel in question is
powered by trolling motors, which are asymmetrical in their thrust
output (not the same thrust in forward and reverse), with thrust not
proportional to their supplied duty cycle. While it may be
adequate for the controller to ignore these attributes and assume
the motors to be symmetrical and linear, a more optimal and
efficient controller would include a model of the motors’ true
behavior.
A testing apparatus was designed and constructed to rigidly hold a
trolling motor and measure the thrust produced and current drawn
at various duty cycles. Student designed software and circuit
boards were developed to measure current and interact with a load
cell attached to the motor. This data was used to estimate a
functional relationship between thrust, current, and supplied duty
cycle. These results will be used to optimize the controller for the
aforementioned autonomous vehicle, making it more controllable
and efficient.

corners, each pointed 45 degrees out to allow for holonomic
control capability.
There are many problems that commercially available trolling
motors pose to robotic marine platforms. First, there is very little
accountability for maximum thrust specifications claimed by
manufacturers. It’s common for trolling motors to put out only a
fraction of the thrust they claim to produce. Another problem is
that the thrust output from trolling motors is rarely symmetric; the
propellers are designed such that the thrust in the forward
direction is significantly greater than the thrust in the reverse
direction. This isn’t a problem for the application these motors are
intended for (primarily fishing boats, which do not spend much
time traveling in reverse), but it complicates the controls and
dynamics of a robot propulsion system. NaviGator must “know”
exactly how much power to send to each of its trolling motors in
order to travel at its desired speed and heading.
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1. INTRODUCTION
In robotics, it is important to have an accurate model of all the
physical systems that influence a robot’s motion and operation.
This is especially true for propulsion systems, as knowing how
much thrust is being produced is crucial to having a controllable
platform. NaviGator is an autonomous marine vessel that is being
developed by the Machine Intelligence Lab (MIL) at the
University of Florida and will be competing in the 2016 Maritime
RobotX Challenge organized by the AUVSI Foundation [1].
NaviGator is built on the Marine Advanced Research, INC.
WAM-V USV [2]. It is a modular platform on which electronics,
sensors, and other equipment can be mounted to create an
unmanned or autonomous surface vehicle. The boat is propelled
by four Minn Kota Riptide trolling motors configured on the four

Figure 1. NaviGator ASV, testing its controller on calm lake
water.
In order to overcome this problem, a testing apparatus and
procedure was devised to measure and record data from one of
these trolling motors. The goals of the experiment were as
follows: run one of NaviGator’s trolling motors and record the
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thrust produced and current drawn, examine the data and estimate
a functional relationship between the current and thrust, and use
the function to more accurately model the trolling motor’s
behavior in NaviGator’s controller code. Previously, when
NaviGator requested thrust values from the trolling motors, it
made two assumptions: the thrust correlates linearly to the
supplied duty cycle, and the motors produced the same thrust in
forward or reverse with the same duty cycle. Since this model
does not accurately represent the motors’ true behavior, the boat
sometimes overshot during maneuvers and spent additional time
correcting its position and heading.
After implementing the functions obtained from this experiment
into the controller’s model of the propulsion system, NaviGator
should be capable of making more accurate and efficient
maneuvers. If two motors were told to run in opposite directions
with identical thrusts, the controller would be able to supply the
different duty cycles necessary to each motor.
The trolling motor is controlled by a Roboteq MDC 1460 brushed
DC motor controller. It receives commands from a computer to
run the trolling motor at a desired speed. The controller also
reports the electrical current being drawn by the motor back to the
computer [3].
In the experiments, the thrust exerted by the trolling motor was
measured with an Omega LCCE S-Beam load cell [4]. This
particular load cell had a maximum load rating of 100 lb. A
student designed board was used to communicate with the load
cell. A microprocessor read voltage data from the load cell,
converted it to useable force measurements, and sent the data to a
computer via a serial port. In order to dynamically and
simultaneously collect data from the motor controller and load
cell, a program was written to interact with all the involved
components and compile the collected data in one convenient
location. This program and the load cell measurement board are
discussed in greater detail in Section 2.2.

2. PROCEDURE
2.1 Mechanical platform
In order to rigidly hold the trolling motor during testing, a frame
structure was built out of 80/20 aluminum extrusion and custom
manufactured parts. The frame included a pivoting block where
the trolling motor was clamped. The frame was designed to stand
up in a swimming pool with a depth of approximately 3 ft. The
trolling motor was held so that the propeller was approximately
1.5 ft beneath the water surface. A portion of the trolling motor’s
support rod was held above the water surface. The top portion of
the frame was built to rigidly attach to the portion of the trolling
motor protruding above the water, holding it vertically. The load
cell is used as the rigid connection between the trolling motor and
the frame. Without the load cell in place, the trolling motor would
pivot freely about its attachment point when activated (Figure 3).

Figure 2. Diagram of the trolling motor mounted in the test
frame. The motor is fixed to the pivot point but can rotate
about it. The top portion of the motor is supported by the load
cell, keeping it in static equilibrium.
The equation relating the thrust produced by the trolling motor to
the force measured by the load cell is the following,

=

2

(1)

where FT is the thrust produced and FL is the force experienced by
the load cell. Stainless steel ball bearings were used at the pivot
point to ensure that the friction was negligible. Furthermore, the
frame structure was designed to be rigid when the motor was
running. If the frame were to flex under the motor’s load and
allow it to rotate some, error would be introduced into the load
cell’s measurements.
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data to a spreadsheet. The ability to view collected data in real
time allowed the user to quickly determine if the data was useful
or not, streamlining the testing and troubleshooting process.
Furthermore, the program included a debugging consol. The
program was coded in such a way that many potential failures
were anticipated and accounted for with error warnings. Instead of
the program crashing when a problem occurred, one of many error
warnings was displayed. The user could then open the debugging
console, troubleshoot the issue, and alter the code as necessary.
This proved to be a useful and time saving feature during testing.
During a test, the program runs the trolling motor at various duty
cycles, steadily incrementing up to 100% duty cycle and delaying
a predetermined amount of time between increments. To reduce
error in load measurements, the program briefly pauses data
acquisition after an increment in duty cycle. This is to allow the
acceleration or deceleration of the propeller to level out before
taking a measurement. It then takes many measurements for the
rest of the increment and averages them, creating one data point
for each increment.
The student-designed load cell measurement board amplifies the
small output voltage signal from the load cell and passes it to a
microprocessor. The differential voltage signal is converted by the
microprocessor into force measurement data. The processor was
programed to communicate with a computer’s COM port via
USB.

2.3 Testing Procedure

Figure 3. Trolling motor mounted in test frame without load
cell, where it is able to swing freely about its pivot point.

Once the testing equipment was brought to the pool and
assembled, a calibration test was conducted. The weight of the
trolling motor alone exerted some force on the load cell when it
wasn’t running. This load was measured and recorded so a tare
could be applied to subsequent load measurements, ensuring that
only the force due to the thrust produced was recorded.

2.2 Sensors and Software
A Python program was written to allow a user to control the
trolling motor on the test frame and collect data from the sensors.
Functionally, the program publishes thrust commands to the
Roboteq controller, collects current values from the Roboteq
controller, and collects force values from the load cell. To make
the program easy to use, a graphical user interface (GUI) was
included.

Figure 5. The final testing apparatus assembled and
submerged.

Figure 4. An image of the testing software GUI after a test.
The GUI allowed the user to adjust data sampling settings,
monitor the connection status of sensors and hardware, view the
collected data displayed in real time in a graph, and export the raw

The next step was to configure the data sampling settings in the
software GUI. The trolling motor was initialized to run in the
forward direction, gradually increasing in speed until the
maximum speed was reached. The speed was increased in 1%
duty cycle increments every second. This process was repeated
while running the trolling motor in the reverse direction.
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3. RESULTS
The current and thrust data for the forward and reverse directions
are shown in figures 6 and 7 respectively.
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and there were many instances of data being corrupted or lost
during acquisition. It was at this time that the GUI features in the
test software became immensely helpful. The connection status
indicators made it very convenient to troubleshoot the source of
the connectivity problems. The debugging terminal and built in
error warnings allowed the user to investigate the cause of the
data loss and corruption. It was discovered that the problem was
with how the program’s code was interacting with the load cell
and motor controller. Using the debugging terminal, it was simple
to systematically locate the errors in the code with very little
guesswork. Without these features in the testing program, it is
unlikely that the experiment would have been as successful.
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Figure 6. Current and thrust recorded in the forward
direction.
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Figure 8. First attempt at the trolling motor test. The upper
beam (where the load cell is attached) had very little stiffness,
and the improvised attempts to stiffen the frame with bungee
cords and weights proved ineffective.
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4. DISCUSSION
After the tests were conducted and raw data was collected, current
and thrust were individually plot against duty cycle and fit with
the polynomial trend lines, shown in Figures 9-12.

Duty Cycle (%)

Though useful data was eventually collected, there were many
problems and complications that had to be overcome. When this
test was first conducted, the test frame had a severe lack of
rigidity. When the trolling motor was run, the fame would bend,
allowing the trolling motor to rotate slightly with respect to its
pivot point. The data collected by the load cell is only reliable if
the trolling motor-frame system behaves as a rigid body. As the
frame bent, it absorbed some of the load produced by the trolling
motor, resulting in a relatively small load measured by the load
cell. Shown in Figure 8, some improvised attempts were made to
stiffen the setup and collect useful data. The first test was
ultimately a failure. To overcome this problem, a more rigid and
structurally sound frame was designed and constructed. This is the
frame that is depicted in Figures 3 and 5, and used in the final
experiments.
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Figure 7. Current and thrust recorded in the reverse
direction.
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Figure 9. Forward thrust data plotted against supplied duty
cycle (blue points), and fitted with a 3rd order polynomial
trend line (red line). The equation for the trend line is shown
on the graph.

During the second and final experiments, there were many
electrical and software bugs that were discovered. There were
failures in communication between the computer and the load cell,
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Figure 10. Reverse thrust data plotted against supplied duty
cycle (blue points), and fitted with a 3rd order polynomial
trend line (red line). The equation for the trend line is shown
on the graph.
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Figure 11. Forward current data plotted against supplied duty
cycle (blue points), and fitted with a 3rd order polynomial
trend line (red line). The equation for the trend line is shown
on the graph.
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Figure 12. Reverse current data plotted against supplied duty
cycle (blue points), and fitted with a 3rd order polynomial
trend line (red line). The equation for the trend line is shown
on the graph.
Four trend line equations were recorded for later use in the
development and optimization of NaviGator’s controller software.
The two trend lines from the forward and reverse thrust data will
be used to more accurately represent the trolling motors’ behavior.
When the boat needs a trolling motor to provide forward thrust,
equation (2) will be used,

= −0.00002

+ 0.0067

− 0.0308

(2)

where FT is the thrust produced and x is the duty cycle input to the
motor. This is the equation for the third order polynomial trend
line that was fit to the forward thrust data in Figure 9. Similarly,
when the boat needs a trolling motor to provide thrust in the
reverse direction, the equation (3) will be used,
= −0.00002

+ 0.0042

− 0.032

(3)

where FT and x are the thrust and duty cycle respectively. This is
the equation for the third order polynomial trend line that was fit
to the reverse thrust data in Figure 10.
In order to actively and autonomously check that the trolling
motors are behaving as expected, the current being drawn from
the trolling motors will be compared to the duty cycle being
supplied and checked against equations (4) and (5),
= −0.00004

+ 0.0087

− 0.0524

(4)

= −0.00001

+ 0.0059

− 0.1056

(5)

where IT is the current drawn from the trolling motor and x is the
supplied duty cycle. These are the equations of the trend lines fit
to the current data in Figures 11 and 12. Equation (4) is to be used
when forward thrust is being produced, and equation (5) is to be
used when the motors are run in reverse. While any given trolling
motor is being used, NaviGator’s software will be able to measure
the current being drawn and compare it to the current expected to
be drawn at that duty cycle based on equation (4) or equation (5).
If the measured current deviates significantly from the expected
current, there is usually a problem with that trolling motor. Once a
tolerance threshold is established for the current comparison,
NaviGator can autonomously react with an error message or some
other action when the current rises or falls out of the expected
current threshold. If the current were to rise above the expected
threshold, this could indicate that debris is tangled in the motor
and causing it to stall. If the current were to drop below the
threshold, this could potentially indicate a power failure in the
motor, the propeller slipping on its shaft, or blade failure. This
addition to NaviGator’s software will simplify the process of
troubleshooting failures with the trolling motors.
The results also confirm suspicions about the asymmetry and
nonlinearity of the trolling motors. The visible curvature in the
graphs, though somewhat mild, is evidence that a linear model is
not an accurate representation of the motor’s behavior. Figure 9
shows that the maximum forward thrust is approximately 45 lb,
while Figure 10 shows a maximum reverse thrust of 30 lb. The
maximum reverse thrust is approximately 66% that of the
maximum forward thrust, confirming the suspicion of asymmetric
thrust in the trolling motor.
Even with these findings being implemented in NaviGator’s
software, some assumptions are still being made in the model of
its propulsion system. The controller will assume that each
trolling motor is identical. There is no guarantee that all the
trolling motors have the exact same peak thrust or have the same
thrust and current equations observed in this experiment’s results.
If any deficiencies in the controllability of the boat are observed
or if further control optimization is desired, this test may be
repeated for all four trolling motors to characterize them
individually in the controller code.
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5. CONCLUSION

6. ACKNOWLEDGMENTS

Overall, the experiments were successful. The goal was to
investigate the relationship between input duty cycle, current
draw, and thrust output in the Minn Kota trolling motors on
NaviGator. Valuable data was collected and used to characterize
the behavior and performance of the trolling motors, enabling
NaviGator to be more controllable. While the boat’s controller can
still be effective using assumptions about the motors’
performance, NaviGator’s maneuvering will be more precise and
efficient using an accurate model of the trolling motors’ behavior.
The experimental results also confirmed suspicions about the
trolling motors’ asymmetric and nonlinear thrust. The propellers
on these motors are clearly designed to be more efficient in the
forward direction, as thrust in the reverse direction is
approximately 33% less. If the need arises, this test may be
repeated for all the trolling motors on NaviGator to compare the
differences in their individual behaviors. This experiment will
likely be used in future robotics projects to characterize and
optimize propulsion systems in autonomous vehicles.
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