


5.4. DISCUSSION

of one revolution.

In order to decide the direction of the motor, the direction set by the
controller is compared to the rate of change in angular velocity. If the
Angular velocity is decreasing, and has become sufficiently small yet,
the reaction wheel has not changed direction.

The IMU measurements are read using the MPU-6050 library written
by Jeff Rowberg [16] and uses code from an example file in that library
to read values. The IMU measurements are then filtered to get rid of
some of the noise, and give the current values of 6, and 9p. These values
are then fed to the controllers, to calculate the desired motor output.

5.3.2 Controllers

The PD+P controller is first implemented with the gain values from the
simulations, and then tuned through several iterations.

The controllers are programmed using the reference value and the mea-
sured state variables, and the controller gain values. The output value
of the controller is constrained to map the limits of the PWM signal
boundaries, and this final value is then sent to the DC motor that is to
be controlled.

Moving Reference

In order to compensate for center of mass not being at 6, = 0, a mov-
ing zero reference were implemented. For each iteration of the system
calculations, the zero reference is updated with 0.5% of the current 6,
value.

5.4 Discussion

The experimental model was built as shown in the final design and
software was implemented as described. Fusion 360 had to be learned
in order to 3D model the parts needed for this project and took good
amount of time to master, and the parts were successfully designed and
3D printed after multiple iterations.

A few setbacks were encountered during the build. Because of the limited
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personal budget, most of the components were ordered from eBay and
had a long delivery time. During the project one of the motors failed
and a new one had to be ordered, this new motor did not arrive until a
week before the due date of this report, giving limited time to properly
test the system and to get it to stabilize.

Another setback was the choice of motor shield, which ultimately limited
the performance of the DC motors. Had this mistake been discovered
earlier, a different motor driver would have been chosen.
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Chapter 6

Experimental Results and
Discussion

In this chapter we will go through the experimental testing of the two-
axis reaction wheel inverted pendulum described in the previous chapter.

First we will look at the outline of the tests to be performed. Thereafter
we will look at the data from the experiments and show the results.
And lastly we will discuss the result and see how the system performed
according to expectations, pointing out what did not work and what
did, and why.

6.1 Experimental testing
This section is organized in the following way:

e Section 6.1.1: Case 1: Functionality Tests

e Section 6.1.2: Case 2: Balancing

6.1.1 Case 1: Functionality Tests Sensors

In this case study we will look at the sensors of the system and run tests
to ensure that they work properly and as expected. This is to make sure
we get proper feedback from the system, so that we can apply control.
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Figure 6.1: IMU measurements of the pendulum body’s angular posi-
tion, when still

The Inertial Measurement Unit (IMU) should provide accurate measure-
ments of the angular position of the pendulum body, and with a limited
amount of measurement noise. The 0, values are filtered and calculated
from the raw data provided by the IMU.

To test the encoders, the motors were driven with different PWM val-
ues to show that the encoders would be able to calculate speed. Rapid
changes both in PWM and direction were added to show that the en-
coders were coded properly and would display the correct direction.

Results

The IMU were tested by holding the IMU still, shown in figure 6.1, and
by tilting the pendulum body about both axes as shown in figure 6.2.
We can here see that the IMU will accurately determine the angular
position of the pendulum with a measurement noise of +0.015deg. The
measurement noise shown in figure 6.1 is small enough as to not affect
the control of the system too much.

We can see from figure 6.3 and 6.4, by comparing the plots for angular
velocity and PWM setpoints, that the encoders are able to successfully
determine speed and direction of the motors. The speed values and
change in speed values provided by the encoders performs sufficiently
well to be used as measurement feedback.
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Figure 6.2: IMU measurements of the pendulum body’s angular posi-
tion, when rotated
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Figure 6.3: Speed measurement of DC motors, and the PWM values
sent to the motors
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Figure 6.4: Speed measurement of DC motors, and the PWM values
sent to the motors

6.1.2 Case 2: Balancing

In this case study we will implement controllers to the system and try to
balancing the two-axis reaction wheel inverted pendulum with no added
disturbance. First the values used in simulations will be used, and then
the values will be tuned from there through multiple iterations.

Unfortunately the system were never stabilized and no final, working
values for the PD+P controller were found.

Results

The initial controller gain values did not manage to balance the system
and provided no usable plots, as it fell straight over.

The controller values were attempted tuned as best as could be, but
as seen from figures 6.5 and 6.6, the pendulum oscillates out of control
after a short amount of time. In the end the system were not able to
stabilize. Figures 6.7 and 6.8 show the best settings that were found.
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Figure 6.5: State trajectories of 8, with applied control, K, = 670, K; =
23,K,., =0.8
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Figure 6.6: State trajectories of 9p with applied control, K}, = 670, K4 =
23,K,., =08
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Figure 6.7: State trajectories of 6, with applied control, K, = 600, K; =
30, Kpw =2
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Figure 6.8: State trajectories of 6, with applied control, K, = 600, K; =
30, Ky =2
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6.2 Discussion

In this chapter the system was tested, doing experiments with feedback
measurements and balancing control.

First we looked at the feedback measurements of the IMU which showed
that the MPU-6050 sensor provides sufficiently accurate values to use
in feedback control. The filtered IMU values, shows low measurement
noise, and will not affect the performance of the controller.

Secondly the feedback measurements of the encoders were tested. Here
we saw that the encoders were able to determine both speed and direc-
tion of the motors, and that they perform sufficiently well for the use in
feedback control.

Lastly the completed experimental system was tested with different con-
troller gain values in order to make it balance at its upright equilibrium.
Unfortunately, through countless tests and different gain values, the sys-
tem were never stabilized. This is partly due to running out of time, but
mostly due to the wrong choice in hardware components as discussed in
the previous chapter.

Due to the voltage limitation on the motor shield, the motors were
under-powered and is the main cause of the system not being able to
balance. In order to provide enough torque to move the pendulum body,
the voltage sent to the motors almost had to be maxed out. This gave
little room for control.
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Chapter 7

Conclusion and Further
Work

7.1 Conclusion

In this master thesis a model for the reaction wheel inverted pendulum
was derived using Euler-Lagrange’s equations of motion. The model
was implemented in MATLAB and Simulink to show the behavior of a
two-axis reaction wheel inverted pendulum. Different controllers were
implemented in order to stabilize the system about its upright equilib-
rium, and to compare their performances.

An experimental model was developed and built, including software and
hardware design. Sensors for measuring the system states were imple-
mented and tested, and proven to be sufficient. The experimental model
was tested with a Proportional-Derivative controller on the pendulum’s
angular position and a P controller on the reaction wheel’s angular ve-
locity. Unfortunately the experimental model failed to stabilize about
the upright equilibrium.

7.2 Further Work
It has been shown that the experimental model, as is, does not stabilize

at the upright equilibrium, and thus the most obvious remaining work
is to change out some of the components, to attain this goal, mainly the
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motor shield. The motor shield should be able to handle the nominal
voltage of the DC motors.

Further the DC motors chosen should work if the motor shield was to be
replaced, but it would be favorable to exchange the motors for ones with
a better torque to weight ratio. The encoders could also be switched out
for two-channel encoders that can also detect the direction of rotation.
The reaction wheels could also be improved by being redesigned and
milled from a metal to increase precision and moment of inertia.

A short term goal would then be to get the experimental model to bal-
ance about the upright equilibrium. Once this goal is attained, tests
can be performed adding external impulse forces on the system, and on
performance when changing the center of mass.
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Appendix A

Digital Appendix

The digital appendix contains the following files:
e Arduino Code for the Two-Axis Reaction Wheel Pendulum.
e Design Files for Parts Designed in Fusion360.

e MATLAB and Simulink Files, Including Model of the Two-Axis
RWIP.
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