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ABSTRACT 
 
This paper describes the design and construction of a semi-autonomous quadrotor aircraft 
approximately 1 meter in diameter.  Because of the mechanical simplicity of the aircraft, the 
design challenges primarily centered on the electrical and computer engineering (ECE) tasks, 
and was used as a capstone design experience in an undergraduate ECE program.  An onboard 
microcontroller based system uses a network of digital sensors and differential thrust for 
autonomous attitude control.  A wireless telemetry and command link allows a user to monitor 
the vehicle, control its direction of flight, and for flight safety control. 
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INTRODUCTION 
 

A quadrotor aircraft was designed as part of an undergraduate electrical and computer 
engineering capstone design course.  This paper describes the system level design and 
construction of that aircraft.  The detailed design drawings, schematics, parts list, and other 
details are available, so that others may build on the work begun here. 
 
The goal of the project was to design an aircraft that is approximately 1 meter in diameter, which 
is both lifted and controlled through the use of four propellers, as shown in Figure 1.  The 
onboard controller was designed to enable to craft to autonomously take-off, hover stably a few 
meters in the air, and then land without human control or interaction.  While hovering in still air, 
the inertial guidance system was designed to keep the aircraft stable. A secondary objective of 
the project was to allow remote control of the aircraft.  The user of the aircraft specifies the 
indented 3 dimensional position of the aircraft using a joystick or keypad input device.  The on-
board controller is then responsible for flying the aircraft to the specified position, and then 
hover at that location while waiting for future commands.  In addition to specifying the location 
of the aircraft, the remote controller can command the vehicle execute an automated take-off, or 
landing, operation. 
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Figure 1  Quadrotor Aircraft 

 
The wireless remote was designed to operate over a range of at least 20 meters.  A number of 
safety features were built into the aircraft, to minimize the chance of injury or damage. 
 
 

AIRCRAFT SYSTEM DESIGN 
 
A block diagram of the electrical system on the aircraft is shown in Figure 2.  Each block is 
detailed below. 
 
THRUST UNITS 
 
Lift and control thrust were provided by four nearly identical thrust units.  Each of these consists 
of a propeller, brushless DC motor, and electronic speed control (ESC).  The only difference 
between the units is that two are designed to provide positive thrust when spinning clockwise, 
and the other two use propellers which develop positive thrust when spinning counter-clockwise.  
The identical units are placed directly opposite each other on the airframe.  This allows the 
torque produced by the propellers to cancel each other out, for yaw control. 
 
To determine the thrust required to lift the aircraft, we needed to estimate the gross weight.  As 
Table 1 shows, the aircraft weighs in at just less than 1 kg.  Based on this, we selected a BP 
A2212-13 brushless DC motor for each of the thrust units.  These motors draw up to 13 amps at 
just under 12 volts, for a total power output of 150 Watts.  The maximum efficiency of these 
motors approaches 80%.  The maximum thrust provided by each motor will depend on the 
propeller used, with a typical range of 400 to 600 grams.  We selected a set of matched 20.5 cm 
propellers that provide approximately 500 grams of thrust per motor, for a total lifting force of 2 
kg, approximately twice the anticipated weight of the aircraft. 
 
Each motor is driven by a separate ESC.  During the initial phase of the design we planned to 
place all ESC on the controller board, to reduce system complexity part count.  However our 
schedule, labor resources, and limited experience with power electronic design lead us to 
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conclude it would we more effective to purchase prefabricated controllers.  There are a wide 
variety of controllers available.  Driven primarily by cost concerns, we selected a TowerPro 
w18A brushless speed controller.  This ESC will control motors up to 18 amps, so we anticipated 
it would easily be able to handle the 13 Amp motors we had selected.  These ESC are available 
for approximately 10 USD. 
 
 

 
 

Figure 2.  Quadrotor Aircraft Electrical Design 
 

SENSORS 
 
The sensors necessary to control the aircraft consists of gyroscopes and accelerometers.  To 
simply the system design, an integrated 3-axis gyroscope was selected.  While this may have 
been slightly more expensive that using 1 or 2 axis gyroscopes, it eliminated the need to mount 
sensors perpendicular to the main controller printed circuit board (PCB).  It was also decided that 
the sensor should have a digital interface, preferably I2C or SPI.  Once again this was done to 
improve the overall system design, since it would eliminate the need to have analog-to-digital 
converters on the PCB or in the controller. 
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We estimated that it would not be necessary to measure rotation rates higher than 500 
degrees/second, and we wanted approximately 4 bits of precision on the gyroscope output when 
the craft was rotating at a rate of 1 degree/second.  We located three gyroscopes which satisfied 
these specifications, namely the Invensense ITG3200, the Invensense MPU-3050 and the 
STMicro L3G4200D.  Both of the Invensense gyros exhibited similar levels of performance, and 
the ITG3200 is used in a number of quadcopter kits.  The STMicro gyroscope appears to have 
nearly identical performance to the Invensense gyros.  In the end, we elected to use the STMicro 
device, because it was available on an evaluation board from a national vendor, making 
integration with our custom PCB easier.  This gyro has selectable full-scale ranges of 250, 500 
and 2,000 degrees/second.  Its 16 bit output provides sensitivities from 114 to 14 least significant 
bits (LSB) per degree per second, meeting out design specification of approximately 16 LSB per 
degree per second. 
 

Part Weight (g) 
Motors 53 x 4 = 212 

Electronic Speed Controllers 30 x 4 = 120 

Frame 275 

Battery 240 

Printed Circuit Board, and 

miscellaneous parts 

120 

Total 967 

Table 1: Anticipated Quadcopter Weight 

We estimated that linear accelerations may be up to +/- 20 meters/sec2, and that these would 
need to be estimated with a resolution of approximately 0.01 meters/sec2.  As with the 
gyroscope, we want to use an integrated 3-axis accelerometer.  Based on this, we searched for 
solid state 3-axis accelerometers that operate in the range of +/- 3 g (approximately 30 
meters/sec/sec).  There is a wide variety to select from, and we focused primarily on what is 
currently available for less than 20 USD.  Two of the selections in this price/performance range 
are the Freescale MMA8451 and the Bosch BMA180.  The first had selectable ranges of 2, 4 and 
8g full scale, while the other had selectable ranges of 1.5, 2, 3, 4, 8 and 16g.  At the target range 
of +/- 3g the Bosch accelerometer has a specified sensitivity of 3.6 mm/sec2.  Since there was 
some uncertainty around the specifications we developed for the accelerometer, we elected to use 
the Bosch part because of its wider range of full scale settings. 
 
COMMUNICATIONS 
 
To allow for data to be telemetered to a human user, and to accept commands from the user, a 
wireless transceiver was used.  We have a design goal of being able to communicate 20 meters, 
with the aircraft in any orientation with respect to the user.  As with the sensors, we wanted to 
use a transceiver that supports either an I2C or SPI interface to the microcontroller.  We initially 
investigated the use of Bluetooth technology, in anticipation that this would allow easy 
integration with many user interface devices.  While there is no minimum distance as part of the 
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Bluetooth specification, we found that many of the common devices would not operate over a 20 
meter range, especially when the antennas were in unfavorable orientations. 
 
We elected to use a HOPE RF RFM 12B universal ISM band FSK transceiver. This device can 
operate with up to 3 watts of transmit power in the 433, 868 or 915 ISM bands.  We elected to 
use the 433 MHz ISM band, using a quarter-wave monopole antenna on the aircraft.  We 
configured the transceivers to transfer data at a 10 kbps rate.  This data transfer rate was 
appropriate for our design, and the maximum amount of data being transferred between the 
aircraft and the user was 56 bits/frame, at a rate of 50 frames/second. 
 
CONTROL UNIT 
 
The control unit is a microcontroller based printed circuit board.  We needed the microcontroller 
to support either I2C or SPI to communicate with the accelerometer, gyroscope and the wireless 
transceiver module.  We also needed four separate pulse width modulation (PWM) channels for 
controlling the ESC.  Finally, we needed to select microcontroller architecture suitable for 
performing operations efficiently.  To ensure that we could support the resolution of the sensors 
and process the data at a sufficient rate, we decided on a 16 bit microcontroller, as the natural 
value output from the gyroscope and accelerometer is 16 and 14 bits respectively. 
 
We found that the dsPIC30F4013 microcontroller met all these requirements.  It incorporates a 
16 bit wide data path, which satisfies our needs to handle the 16 bit data coming from our 
gyroscope, as well as the 14 bit data coming from our accelerometer. It has an instruction set that 
has been optimized for use with a C compiler, which is our programming language of choice for 
the main control board (on the quadcopter chassis). It also has plenty of code space (48Kbytes) 
and can reach a potential 30MIPS. Some other important features to mention are the 4 hardware 
implemented PWM channels and special instructions used for digital signal processing, such as a 
multiply and accumulate instruction. 
 
Since size was not a significant concern, we selected a DIP package for the controller, to allow 
for easier assembly and debugging.  The controller along with all sensors fit on a 9 cm x 10 cm 
two layer printed circuit board, as shown in Figure 3.  
 

 
Figure 3.  Controller and Sensor PCB 
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SOFTWARE 
 
The control software consists of two main components: an attitude estimator, used to calculate 
the orientation of the aircraft, and a feedback control loop to allow for stable hovering. 
 
The attitude estimator obtains input from the three axis gyroscope and the three axis 
accelerometer, and outputs pitch and roll, the relevant angles which describe the orientation of 
the aircraft.  The three axis accelerometer outputs a vector A = <Ax, Ay, Az> whose elements are 
the x, y, and z components of the acceleration vector measured by the accelerometer.  When the 
quadcopter is close to stationary, the sum of external accelerations experienced is close to zero, 
and the only acceleration measured by the accelerometer is the force due to gravity.  The vector 
A then represents the x, y, and z components of the gravity vector relative to the coordinate 
system of the quadcopter.  The roll and pitch angles for a static orientation are: 

 
1tan ( )x

z

A
Pitch

A
  

              

1tan ( )y

z

A
Roll

A
    

The three axis gyroscope measures the angular rate of rotation about the x, y, and z axes in 
degrees/second.  These values correspond to the derivatives of pitch, roll, and yaw.  To obtain 
pitch, roll, and yaw from the gyroscope readings, one must simply integrate the angular rate 
readings over time.  If the output of the gyroscope is represented as G = <Gx, Gy, Gz>, where Gx, 
Gy, and Gz represented the rates of rotation about the x (pitch), y (roll), and z (yaw) axes.  The 
roll and pitch angles can then be calculated as: 

 
t

xG dt             

t

yG dt             

t

zG dt     

Both methods of calculating the attitude angles have drawbacks.  Calculating the angles using 
the accelerometer requires that the aircraft experiences no accelerations, so that the only 
acceleration measured is due to Earth’s gravity.  However, this is never exactly the case, and the 
aircraft always experiences slight external accelerations which cause error in the angle 
calculations.  Therefore, angles calculated from the accelerometer measurements are prone to 
vibration noise and external accelerations cause by the aircraft’s movement.  The gyroscope only 
measures angular rate of rotation, and thus is not influenced by the external linear accelerations 
of the aircraft.  If any offset is present in the gyroscope measurements, however, the integration 
required to obtain the angles will cause error to accumulate quickly.  This is a common problem 
when obtaining attitude estimates from gyroscopes alone.  Depending on the time between each 
gyroscope sample, the integrated gyroscope output could also have a significant time delay 
which would add to the error in the attitude estimate. 
 
To overcome the limitations of each method of obtaining attitude estimates, the attitude is 
calculated by both methods, and is then averaged together in a weighted method [1]. The 
weighted average is given by  

 (1 )A accelerometer A gyroscopeW W     
WA is value between 0 and 1 representing the weight to be given to the accelerometer.  Roll is 
calculated in the same way.  Figure 4 shows actual data collected from accelerometers and 
gyroscopes for a test flight.  In this figure the blue line represents the pitch angle calculated from 
the accelerometer, the red line is the angle calculated from the gyroscope and the yellow line 
represents the weighted average of the two. 
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Because the yaw cannot be obtained from accelerometer radians and the calculated based on 
gyroscope data alone is prone to drift, and accurate yaw estimate cannot be obtained without 
additional sensors.  We briefly considered using magnetometers or other devices, be elected to 
postpone that for a future revision of the control system. 
 

 
Figure 4.  Measured Pitch Data 

 
 
FEEDBACK CONTROL LOOP 
 
A block diagram of the control loop is shown in Figure 5.  The power supplied by each motor is 
given by equations:  

1 h yP P P P    

2 h yP P P P    

3 h yP P P P    

4 h yP P P P  
 

Ph is the nominal power required to hover, Py is the yaw trimming adjustment, and ΔPθ,φ is the 
motor power deviation required to stabilize the aircraft.  ΔPθ and ΔPφ are obtained from the PID 
controller.  
 
While it would be possible to obtain transfer functions for the motors, body kinematics, and 
sensors, and then analytically design the PID controller to maintain stable flight, we decided 
instead to design a generic PID controller and to manually tune the PID parameters.  The output 
of each PID controller is given by 

 ( )
( ) ( ) reference actual

p reference actual I reference actual D

d
P K K dt K

dt

 
   


        

θreference is the reference angle supplied as an input from the wireless controller, and θactual is the 
actual angle of the aircraft obtained from the attitude estimator.  When implemented in code, the 
proportional term (θreference - θactual) was easily calculated by subtracting θactual from θreference.   
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Figure 5.  Control Loop 

 
The integral term was calculated by numerically integrating θreference - θactual using the trapezoidal 
approximation method [3].  Instead of numerically differentiating the angle to obtain the 
derivative term, the gyroscope output was used as it provides the derivative of the angle without 
using numeric differentiation, which adds large amounts of noise to the signal.  It was possible to 
ignore the θreference term in the derivative term, because θreference is always a constant and its 
derivative is zero. 
 
 

REMOTE CONTROLLER MODULE 
 
Data from the aircraft is sent to a remote controller, which also allows for user control.  We 
elected to use a personal computer (PC) based platform connected to an Xbox 360 controller as 
shown in Figure 6.   The PC was programmed in Python, due to its ease of use and the modules 
which allow for communication with the Xbox 360 controller and wireless transceiver.  Since 
most PCs are not directly capable of SPI or I2C communication, we chose to use a 
microcontroller as an intermediary between the computer and the transceiver.  The PC and 
microcontroller communicate over a serial interface. 
 
The python program took a multi-threaded approach.  Four threads were employed.  The first 
thread serves as a content manager, it periodically takes posted data and uses it to update the 
display and send a command packet to the serial port to be transmitted.  The second thread  
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Figure 6.  Remote Control Module 

 
listens on the serial port.  When a complete packet has been received, the data is processed and 
posted to the content manager.  The third thread waits for a button press or joystick movement 
event to occur on the Xbox 360 controller.  It processes the event and posts the information to 
the content manager.  Finally, the main thread waits in a loop for the display window to be 
closed to signal the termination of the program. 
 
The display consists of three parts as illustrated in Figure 7.  The first part displays the current 
input from the Xbox 360 controller.  The second part graphs the pitch and roll of the quadcopter 
over time.  Finally, the display includes a 3D representation of the quadcopter indicating its 
current pitch and roll.  This display maintains a set of points representing the quadcopter in three 
dimensions.  When movement is detected, a rotation matrix is applied to these points to calculate 
their new location [4]. Finally a camera transform is applied to map the 3D points onto the 2D 
plane of the screen [5].  
 

 
Figure 7.  Graphical User Interface 
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SAFETY 
 
While this aircraft is not particularly heavy, and we don’t anticipate it will be moving at high 
velocities, the unshielded propellers represent a significant safety hazard.  We designed a number 
of safety features into this aircraft and controller.  There is a hardware disconnect switch near the 
center of the craft, away from the propellers.  This switch removes electrical power from all four 
motors.  A user always disables power before handling the aircraft, and it never re-enabled 
unless the aircraft is in a test fixture or ready for flight. 
 
 
During normal operation, the motors can also be deactivated from the remote control module.  
There is both the option to command the aircraft to perform a controlled landing, and also a kill 
switch that immediately disables all four motors.  There is a two way communication link 
between the aircraft and the remote control module.  The aircraft and control module constantly 
send messages to each other.  Should either of the devices detect that this communication path is 
down, the aircraft will enter a fail safe mode.  In this mode the aircraft will place itself into a 
hover mode, and slowly start reducing power to the motors to achieve a reasonably soft landing.  
The motors will then be shut down, and cannot be restarted without a manual reset of the 
controller board.  The aircraft will perform the same fail-safe procedure if it detects that the 
batter voltage has dropped to a critical level. 
 
During testing, the aircraft was tethered so regardless of its performance it could cause injury or 
damage to the surroundings.  
 
 

CONCLUSION 
 
A reasonably inexpensive quadrotor aircraft was designed, fabricated and tested.  All of the 
design details are publicly available for those who wish to build on this design.  
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