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This paper outlines the process of assembling an autonomous quadcopter platform and designing



I. Introduction

Quadcopters are small rotary craft that can be used in various environments, where they are able to
maintain hover capabilities like a conventional helicopter, but are mechanically simpler and can achieve
higher maneuverability. They use 4 xed pitch propellers to control  lift  and a combination of  propeller
torques  to  control  roll,  pitch,  and  yaw.  Early  designs  had  poor  performance  due  to  very  high  pilot
workload.  Current  day  control  techniques  and  small  sensors  have  increased  the  popularity  of  the



To command throttle, all four propellers must rotate at the same speed which provides a vertical force in the
z-axis. If each propeller provides a quarter of the weight in thrust, the quadcopter will hover. Rolling motion is
generated by either increasing or decreasing the torque in pair of motors on the left side (  3 and  4) while
applying an opposite increase or decrease to the right pair of motors ( 1 and 2). This produces a torque in the x-
axis which creates the rolling motion. Pitching motion is generated by increasing/decreasing the front motors ( 1

and 4) while applying the opposite action (increase/decrease) to the rear motors ( 2 and 3). This combination
produces  a  torque  in  the  y-axis  which  creates  a  pitching  motion.  Yawing  motion  is  generated  by
increasing/decreasing the CW motor pair while applying the opposite action (increase/decrease) to the CCW
motor pair. This combination produces a torque in the z-axis which creates a yawing motion.

Figure 1. Quadcopter model schematic with coordinate system.

B. Equations of Motion

The quadcopters'  non-linear, coupled equations of motion (EoMs) have been analyzed extensively in
literature and are summarized below for convenience.1, 2 These EoMs are derived by applying Newton's
2nd Law to the quadcopter body. Some of the basic assumptions include that i) the quadcopter is a rigid
body and ii) it is symmetrical along the x and y axes.
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The outputs of the EoMs are translational velocities u, v, w; rotational velocities p, q, r; positions x, y, z;
and the attitude angles , , and . These outputs are calculated by integrating the EoMs, given in Eq.(1).
The inputs of the EoMs are the propeller speed inputs where U1; U2; U3; U4 are associated with throttle,
roll, pitch and yaw respectively. Here, is the sum of the propellers rotational speed. These inputs are
functions of the propellers rotational speed 1 4, where lift and drag factors of the propeller blade (b and d
respectively) and length l. Here, lift and drag factors of the propeller blade (b and d respectively) are
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calculated from the Blade Element Theory1 . From the quadcopter dynamics discussed in Section A, the 
inputs can be expressed as shown in Eq.(2).
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C. Linearization of Non-Linear EoMs

A linearized model of the EoMs are desired to analyze quadcopter behavior at an operating point where
all states are e ectively zero. For the quadcopter, the operating point is selected as the hover condition









IV. State Space Model and Stability Analysis

A state space matrix representation of the quadcopter can be found using equations discussed in
Section II-B. This model will be used to nd initial PID values to stabilize the quadcopter platform. Since
the model is a rough estimate these PID values, which only are starting estimates, are further tuned to
accomodate pilot's preference and mission's requirements.

A. State Space model

The linearized state space model (SSM) is derived using the Simulink block model discussed in Section
II-C, where the input values for the quadcopter were provided in Table 2. The nal state space matrices are
shown in Eq.'s (3)-(4).
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C. Closed-loop Analysis

An initial Proportional Integral Derivative (PID) inner-loop controller is designed to stabilize the system
where the PID gain value characteristics inherits the conventional form as shown in Eq.(5)5, 6 .

P ID(s) = Kp + Ki + Tds (5)
s

For stability, a cascaded control architecture will be implemented which uses multiple inner loops and
multiple input signals. The innermost PID will use rate values and the outer loop will stabilize any angular
disturbances. The PID values chosen to stabilize the open loop dynamics are shown in Table 4.

Table 4. Initial PID values to stabilize roll and pitch.



theoretical/simulational analysis. The goal is to compare and verify the system identi cation model with 
actual quadcopter experimental data.

A. Data Collection

The identi cation process starts with retrieving frequency domain sweep data via a chirp signal. A chirp
signal is essentially a sinusodial function which starts at a low frequency and slowly increases to higher
frequencies to  cover  (and excite)  all  the di  erent  modes of  the system.  The sweep,  in  our  case,  is
implemented manually through a pilot input and is applied to roll, pitch, and yaw states with the output
data for angles and rates being logged for analysis in CIF ER r.16 A sample sweep in roll from the pilot
input is shown in Figure 5. The magnitude and frequency of the sweep command vary since a pilot input
is not perfect, but it still provides valuable data for analysis.
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Figure 5. Roll Coherence in CIF ER
r
 of a set of sweep data.

B. SISO Identi cation Analysis

For system identi cation analysis, the student version of CIF ERr is utilized.16 It is designed to take test
data, extract transfer functions, and state space models by analyzing the data in the frequency domain. In
this  study, only  angles  were  able  to  be analyzed  because the translational  measurements were  not
precise enough for analysis. This is a topic of an ongoing research, and results will be reported in future
studies. A complete SSM could not be extracted due to a lack of consistent measurements. However, the
SISO transfer functions that were extracted have a fairly accurate t. The resulting identi ed SISO transfer
functions for roll and pitch are shown in Eq.'s (6) - (7).

T F
roll 

=
0:89s + 1:40 e 0:1937s

(6)s2 + 1:08s + 5:02

T F
pitch 

=
1:26s + 1:24

e 0:1726s (7)s2 + 1:9s + 9:18
It can be seen from Figure 6 that the coherence at lower frequencies are fairy adequate but at higher

frequencies,  the sweep data is  not  consistent  past  10[rad=s].  Some of  the sweep data would  show
negative coherence at the higher frequencies which can be interpreted to mean that the high frequency
sweep data was not  satisfactory. Due to  that  reason,  yaw transfer  functions  could  not  be  extracted
because of roll coupling into the yaw sweep from motor saturation.
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Figure 6. Roll Coherence in CIF ER
r
 for the set of sweep data.

C. Veri cation

Following to identi cation results, derived dynamics are compared with the actual ight data to verify the
accuracy  of  the  model  dynamics.  The pilot  inputs  are  formed as  a  doublet  signal  and  the  result  is



modular and highly exible structure. For measurements, the IMU and GPS have been calibrated with a
complementary lter. A closed loop PID is designed in Simulink using the state space model to stabilize
non-linear plant dynamics. The closed loop controller has also been coded into the Arduino Mega. With
this design, ight data could be sent back to a laptop through the Xbee receiver. Transfer functions for roll
and pitch were identi ed and veri ed using doublet data from real ight.

In  future  studies,  because  the  sweep data  was  lacking  coherence  in  the  higher  frequencies,  an
automated chirp signal is aimed to be used instead of manual pilot inputs, for system identi cation.
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