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12 Quadrotor platform

to 1 and no more conversions are done. The main loop polls the button pins and
updates a variable with the button status. After this the previously mentioned
flag is checked, if it is 1 the accumulated ADC value is divided by 10 and shifted
3 bits to the right so that the data fits in 5 bits and then put in the appropriate
data packet. When this is done the ADC multiplexer is shifted and a new series
of data conversions are carried out.

A timer is initialized to generate an interrupt at every timer overflow. Every
time the timer ISR is triggered it sends 5 data packets to the radio transceiver. (It
is only necessary to send 5 packets every time, one for each action, namely thrust,
pitch, yaw, roll and buttons).

Please view the software flowchart in Fig 2.2 for a graphical reference.

Construction

The interior of the platform controller consist two PCB. On one PCB two step-
up/step-down voltage regulators, 5 V and 3.3 V, a MOSFet motor driver, 16 MHz
crystal, HDMI mini connector (used to connect to the computer via a program-
mer) and four LEDs resides. The second PCB houses the tactile buttons and but-
ton debounce filters. The authors used the Computer numeric controlled (CNC)
milling machine in order to drill all holes and to cut the PCB into the desired
shapes before etching them. After the etching procedure was done a solder mask
of epoxy was applied to protect the PCB before mounting the components. The
result can be viewed below.

Fig 2.3: Platform controller semi assembled.

As seen in Fig 2.4. An extra compartment was added. Within this box the radio
transceiver resides, far away from any metallic objects to ensure as good perfor-
mance as possible.

2.2 Motors

To keep the platform aloft four motors motor/propeller pairs are used. There
are many different motor technologies available. For this application there are
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Fig 2.4: Complete controller with a mysterious extra compartment.

two different varieties of electric motors to consider, namely permanent magnet
synchronous motor (PMSM) and brushed DC motors. A brushless motor have
several advantages over the brushed DC motor. See the list below.

Advantages:

e The stator and rotor is galvanically isolated, i.e no brushes.
- Longer life span.
- Greater reliability.
- Reduced electromagnetic interference.

o Greater torque to mass ratio.
- More torque yields a faster response time for the craft.

o Better efficiency.
- Increases the time of flight.

But there are of course some disadvantages as well.

Disadvantages:

o The electronics to control the motor is more complex.
- More components, more weight.
- Higher cost.

A PMSM, three different propellers and the motor control unit was therefore pur-

chased and evaluated. The small amount of data the manufacturer provided is
showed in Tab 2.1.
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Tab 2.1: Motor characteristics
Model 2210N 1000Kv Brushless Motor
Weight [kg] 0.045
Max Current [A] | 11.2
Max Voltage [V] | 11

Two of the propellers were 3-bladed and one was two-bladed but all differed
in diameter and pitch. The pitch describes the distance, in inches, the propeller
would traverse through a soft solid during one revolution. .

Fig 2.5: Motor and propeller test rig.

In order to set the RPM of the motor a control unit is utilized. The unit pro-
duces a three-phase AC output from a DC power supply where the frequency is
proportional to the input control signal, which in this case is a PWM signal. By
increasing the pulse width the unit increases the frequency, and if necessary the
output power. The motors, propellers and the control units were all bought at a
hobby store.
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Fig 2.6: Motor and propeller measurement, where Vyotor is constant at

14 V.

A test rig was constructed in which a motor and propeller attached to a wooden
stud that could be hanged up side down via dynamometer, see Fig 2.5 below.

Each propeller underwent the same evaluation procedure, which was measuring
the input power to the motor control unit and the generated thrust of the motor

between 0%-100% of throttle, see Fig 2.6.

As seen in the plot the obvious choice is the three-bladed propeller with the di-
ameter and pitch equal to 9 respectively 4.5 inch as it generates the most amount

of thrust at any given input power.

Fig 2.7: The motor and chosen propeller (three-bladed 9x4.5).
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4.2 Inertial Navigation

To verify the characteristics and capabilities of a inertial navigation system based
on the MEMs sensors numerous experiments and measurements were carried
out, of which the following interesting results were selected to be reported.

A evaluation PCB was designed and created, with the combination of a CNC
mill and etching. On the PCB four accelerometers were placed. Each signal was
low pass filtered by a second order RC filter.

Measurement A - Sensor stationary drift

During the first measurement four sensors were connected to four different ADC-
channels. The evaluation PCB was not moved during the measurement and had
a duration of 100 s. Please see Fig 4.20.
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Fig 4.20: Measurment A, stationary drift.
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In the graph three measurements are displayed, Trial 1, 2, and 3. For each trial
the drift from each sensor and the mean of all four can be seen. Furthermore the
individual absolute sum from each trial is showed as five three-part bar graphs.

Measurement B - ADC stationary drift

In order to gain more information about the ADC’s drift the authors replaced
the sensors in the measurement above with jumpers to GND, i.e. a guaranteed
"zero value". As before, the PCB was not moved during the measurement. The
obtained result can be viewed in Fig 4.21.
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Fig 4.21: Measurment B, ADC zero valued signal drift.
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Measurement C - One accelerometer to four
channels

To investigate the possible differences whilst utilizing one ADXL to four ADC
inputs and four ADXL to the respective inputs as per A above, an additional
measurement was performed with this configuration, see Fig 4.22. The measure-
ments was done without moving the PCB.
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Fig 4.22: Measurment C, one sensor to four ADC channels.

Measurement D - Movement, Four accelerom-
eters

To carry out measurements while the INS PCB was moving the authors created
a controlled environment by using a motorized sled on an 1.8 m long track. See
Fig 4.23 for a graphical reference. A motor controller based on an ATmegal6 was
designed and created. Three potentiometers were used to set the acceleration,
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maximum speed and time for constant speed. The repeat accuracy of the motor-
ized sled was satisfactory, the error was smaller than 0.5% between repeated runs
with the same acceleration, speed and time.

Fig 4.23: Evaluation setup - Evaluation PCB, motor controller and mo-
torized rig.

A suitable distance and acceleration were set, where the distance was chosen to
1.30 m. A run with the measured distance of 1.29 meters was carried out, with
results showed in Fig 4.24.

The result of the same distance traveled but with different accelerations and ve-
locities were also conducted and showed the same results.

All of the above was repeated five times and differed no more than 1.3% between
the each trial.

A new distance, 0.75 meters, with the same acceleration as above, was set via the
motor controller and carried out, with measured distance of 0.76 meters. See Fig
4.25
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Fig 4.24: Movement measurment D.1, result 1.29 meters.
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Fig 4.25: Movement measurment D.9, result 0.76 meters.
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Measurement technique

The measurements were carried out with the help of the aforementioned circuit
board, see appendix for schematic, and the microcontroller. Before each mea-
surement was performed an internal ADC calibration routine was executed, sub-
sequently, a number of dummy conversions were made and lastly, 1000 samples
when the system was at rest were accumulated during 10 s. The mean of the accu-
mulated samples was used as a zero g bias elimination constant for the continued
measurements and calculations. By creating the mean out of a large number of
12-bit values which were then processed in 32-bit floating point format a high cal-
culation precision could be achieved. The sampling frequency was 1 kHz. This
may seem large but it is required to get an accurate representation of the accel-
eration in the digital domain. Initial measurements with 100 Hz was performed
but the result had a maximum error of 30%. Higher frequencies than 1kHz did
not improve the result significantly.

Conclusion and possible improvements

Measurement B shows that the drift, ranging from 0 and 3 meters per 100 s re-
mained when the accelerometers were replaced with "zero valued signals". Be-
cause of this one can safely draw the conclusion that the drift phenomenon is
mainly due to the microcontroller’s AD-converter.

Measurement C shows that with respect to the drift one obtains close to the same
results with one sensor versus the mean of four sensors, which confirm that the
drift can be attributed to the AD-converter of the microcontroller.

Measurement D.1 and D.9 show a good capability of the system to calculate the
position in a shorter time span. One can also see that the sensor signal is not al-
ways returned to the value it had before moving the sled, i.e. the sensors showed
signs of a hysteresis phenomena, see Fig 4.26.

As a conclusion of the carried out measurements it is safe to say that the micro-
controllers converter is the main limitation of the projected results due to its drift
characteristics.

Furthermore the measured drift yields that a movement of 100 m can be carried
out with an error no larger than a couple of percent. If the hysteresis is assumed
to stay within reasonable values, it is however possible that it is evened out dur-
ing a movement with varied acceleration. The results indicates that the method
could in fact be used as a short term navigation technique on board a quadrotor
platform with the here described restrictions.

An improvement regarding the AD-converters offset could be to have one sen-
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Fig 4.26: Sensor hysteresis.

sor connected to one ADC-channel while the remaining channels are connected
to ground. All channels are processed equally, i.e integrated twice with respect
to time. The result from the "zero valued" channels could then be used as an
estimation of the drift attributed to the AD-converters offset error. The estima-
tion can then subtracted from the position value. Furthermore it could also be
of value to use better AD-converter with a smaller offset error. If the described
drift is eliminated it might also be useful to use several accelerometers in order to
reduce errors originating from the sensor hysteresis.

Another potential solution to the hysteresis of the accelerometer could be to sub-
ject the sensors to a constant vibration at a suitable frequency and with a rela-
tively small amplitude. By doing this the moving conducting plate of the sensor
will most likely oscillate around its "zero value" level.

4.3 Future Work

Quadrotor Platform

One of the authors has already constructed a new iteration of the quadrotor plat-
form. This time the platform protocol is extended and allows a 10-bit resolution
of the remote controller’s joystick position. All of the joysticks data is packeted
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in a 12 byte long flight control frame. The platform remote controller sends the
flight control frame once every 50 ms but in this version the quadrotor initiates
the transmission by sending one byte with the value of OxFF. This is done to make
sure that the Piccolo’s main CPU, which handles the communication, is in a "low
activity" state before the remote sends data. The frame consists of a two byte
header, 8 byte payload and a two byte tail. See Fig 4.29.

Header Thrust Yaw Pitch Roll Tail
b4

OxFF  OxFE b1 b2 b3 b5 b6 b7 b8 0xF7  0x12

) e W
Range: 0-1000 0-1000 0-1000 0-1000

Fig 4.27: A flight control frame in the improved platform protocol.

The thrust is controlled by a stick in conjunction with a rotary encoder. The rotary
encoder is used for coarse adjustment of the thrust while the stick is utilized for
fine tuning the level. This is a great improvement. The control algorithm gains
can be changed in flight via the new remote controller’s encoder and buttons.
This was an appreciated feature which made the system easier to tune. The new
remote also incorporated a LCD-display where useful data is displayed such as
the thrust, target angles, control algorithm gain etc. A graphical user interface
(GUI) was also written which allows a computer to control the quadrotor. See
Fig 4.29.

For the new quadrotor another sensor was used to determine the angles 6, ¢ and
1. The sensor consists of three accelerometers and three gyroscopes. An inter-
nal processor computes the orientation quaternions (a mathematical invention to
determine an objects rotation relative to a reference coordinate system) and send
the data via I>C (instructions for how to use the sensor was not available at the
time the authors of the thesis started building their quadrotor, the sensor needs
to be initialized properly on every start up). Three analog gyroscopes are still uti-
lized for controlling the faster dynamic. The new motherboard now houses two
serial-USB-converters which can be connected to a computer. This feature makes
it possible to perform better data logging than the IDE that Texas Instrument pro-
vides. This feature also comes in handy while debugging the platform protocol
as every frame can be bounced back to the computer.
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Fig 4.28: Improved remote controller.
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Converter2 5 sz 0 N Converter 1

Fig 4.29: Quadrotor version two, the new motherboard.

The frame was designed and manufactured by the before mentioned author and
with the intention to minimize the vibration that arises from the motors/pro-
pellers. All motors are suspended by silicone rubber strings, see Fig. 4.30.

The result was yet again an improvement. The vibrations were suppressed enough
for allowing the craft to carrying sensors with higher precision (ADXL203).
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Fig 4.30: Motor suspension system.

With the above adjustment a much more controllable quadrotor was created. See
Fig. 4.31.

Fig 4.31: Quadrotor platform in air.
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Inertial Navigation

The work done regarding the inertial navigation shows, as stated before that it
has potential as a short term navigation system. One of the authors is working
on implementing a velocity control algorithm for the new iteration of the quadro-
tor platform. The same author is also working on a new INS evaluation module
where the previously described offset estimation technique and the constant vi-
bration of the sensor is implemented.
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Appendix A

Appendix - Schematics

In the appendix the reader will find all of the schematics which was made during
and presented in this thesis report. The authors strongly recommend to viewed
in a digital format since the size of the schematic sheet does match the paper size
of this report.
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Fig A.1: Schematic of the compass.
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Fig A.2: The complementary filter schematic.

A.2 Complemntary filter
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A.3 Motherboard
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Fig A.3: Schematic of the motherBoard.
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A.4 Complementary filter amplitude
protection
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Fig A.4: Schematic of the complementary filter amplitude protection.
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A.5 INS evaluation
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Fig A.5: Top architecture of the INS evaluation.
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The AccAmp block.

Fig A.6
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Fig A.7: Amp (Amp - amplification) block. Do note that the ampli-
fication stage was bypassed during the measurements previously
documented in the report.
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MCU block.

Fig A8
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