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Chapter 1 - Introduction

Quadcopters are an emerging technology gaining in populdfiigt users purchase quadcopters fully

assembled with everything thatodés needed to fly.

make flying them even more amag is understanding how they work. Believe it or not, users have the
ability to install their own control system in order to have the quadcdigtexactly how they want
depending on the hardware of coungkany users are limited by the controller tkatmes preinstalled on

guadcopters. A custom control system can provide more aggressive flight, or more relaxeddligitl

as having control over desired flight, a custom control system, depending on the complexity of the system,

can allow the quadqter to have automatic functions. These functions could include flips, or inverted flight.
However, to do thisa plant model of the quadcoptewhich is a system of equations that represent the
dynamics of the quadcoptés,needed to simulate fligta prove the control system works prior to installing

on the quadcopteCreating aplant model and simulating it provides a prediction of what the-weald

guadcopter will doQuadcopter plant models can increase in accuracy depending on how involved the

modeling process is. For example, a simple plant model could be comprised of basic equations of motion,

but woul dndt be awfully accurate. A complex plant

with air resistance, wind forces, motor dynamicatdry dynamics, etc. The addition of these within the

plant model will increase the accuracy, however, some are difficult to model.

This idea of controlling andreating a plant model @& quadcopter is ratheomplex butcan be broken

down significany so it can be easily understod@ontrol systems and plant models can be seen almost

everywheravithout knowing it. The 3 basic pieces required to create a model are the control system, a plant

model, and sensoré&n everyday example of this idea candeen from driving a caas seen in Figure 1.1

below.



Desired Response Control System Plant Model

Input to Plant Model

Sensors

ﬁ

Figure 1.1-Basic driving car control scheme example

The car can be thought of as the plant model. The car has many parts that contribute to ittta piake

model, such as the tires, engine, transmissionTéte.input to the plant model is rotation of the steering
wheel, and the output is the trajectory of the Tae desired response of the system is to stay within the
lines.The sensors of theystem are theyes of the person driving/hich view the road. The control system

is thebrain of the person driving, who uses the sensors to see the output of the plant. The person driving,
or the control system reacts to changes in the cars trajetbony with the desired trajectotyy rotating

the steering wheelyhich is alsahe input to the planfThis examplés rather relatable to quadcopter. The

plant model is the actual quadcopter which is comprised of motors, propellers etc. The controissystem
the flight controller. The sensors are accelerometers and gyroscopes, and the desired response are roll, pitch

yaw anglesand throttle

Since the contraystemand plant model of a quadcopter can be comptepapemwill demonstratéow

to model hebasicphysical quadcoptet he n i ncr e a s e compegrityapdthamdemonstatee | 6 s
how the modelcan be implementeth MATLAB /Simulink. It also demonstrasehow to buildand tune
controllerghat areable to control a quadcopferoll, pitch, yaw, altitude and motor dynamiche benefits

of using MATLAB/Simulink to create and implement these models come from the computing power of the

softwaretool, along with the ease aghplementation of Simulink models to hardware.



1.1 Components

Quadcoptes ar e, in |l aymands ter ms, mul tirotor hel i cofy

drones, or unmanned aerial vehicles. They are aerial vehicles that possess six degrees of freedom (X, Y, Z
roll, pitch, yaw) through producing thrust in each of tbrs. The way in which quadcopters control the
degrees of freedom is a large component that distinguish them from helicopters. Helicopters use complex
variable pitched blades and rotor axis forces to control their path, where quadcopters simply agifty thr
specificmotors. Quadcopters, are units that range in size and that can be controlled through a transmitter

or can be programmed to follow a flight trajectory/path.

There are multiple components to any quadcopter that are important to undersisal.cdmponents
include: propellers, motors, battery, electronic speed controllers (ESC), flight controller,

transmitter/receiver, and air frame.

Figure 1.2-Quadcoptercomponents [1]



1.1.1 Propellers (1)

The propellers of a quadcopter are integral components that play a large role in the quadcopter dynamics
and plant modeMWhile spinningthe propellers produce downward thrust to overcome the force of gravity
allowing the quadcopter to flfguadcopters cause multiple types of propellers, these include push or pull
propellers, along with propellers that have more than 2 blatiese are multiple variables associated with

the propellersvhichinclude:propellerpitch, diameter, chord, and material. Usthg pitch and diameter,
important parameters of the propellers can be found such as power and thrust. A method of finding an

approximate amount of thrust from a propeller can be fouSgaion A.2 of thappendix.

1.1.2Motor (2)

There are two main tygeof motors used in quadcopters, brushed and brusAlessmotors are an
important part of the quadcopters plant model as they are the component that spin the propellers which
produce thrusfThe architecture of the two types of motors can be seen ineRigu Both types of motors

have the same general components, a permanent magnet and an electromagnet. In brushed motors, the
electromagnet is surrounded by curved permanent magnets and in brushless motors, electromagnets
surround a permanent magnet. ittbcases the physics driving thaationin these motors comes from
opposite poles and magnets attragtiamgd like poles and magnets repellingich induces rotatianThe

use of either of these motor types comes with pros and cons. Brushed DC maotiingedaire an electronic

speed controller, but breakdown faster. The brushless DC motors require the electronic speed oontroller

donot break down as fast.

Brushed DC Motor Brushless DC motor

Figure 1.3-Brushed and brushless mof@i
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1.1.3Battery (3)

Batteries are what give lite any quadcoptegsthey power the flight controller, ESC, receiver, and motors.
The battery can be modeled in the plant Thera el
are a few typical typesf datteriespowadaysAlkaline, Lithiumrion and Lithiumpolymer. Thebattery is

usually the majority of the weight of a quadcopter.

1.1.4Electronic Speed Controller (ESC) (4)

Figure 1.4-iPeaka ESC

When sing a brushless motoan ESCis required to control the motor. An ESC is an electronic circuit
board that provides control and three phase AC power to the motor. These boardsastaittyarB-bit

microcontroller that runs embedded software forth@rchMa ny quadcopters use

E S

mot or) which are 1 channel ESCo6s. However, ESCs ¢

ESC can control power to each of the 4 motors.

The ESC reads input signals from the matnd flight controler. They usé¢he backEMF force from the
motor to determine rotor position. The ESC outputs vibkkage that will control the polarity of the
electromagnetic coils in the motor. By controlling the timing ofwbkagethat is applied to the motor,
speed $ controlled[3]. Ultimately, the ESC converts input PWM signals from the flight controller and

drives thebrushless DQ@notors with the correct powefhe ESC can, in ways, can be encompassed in the

guadcopter plant model bed Siace i antroldtheotord speed itsan tlsoe

be considered a controller, and because it senses the®nohdok EMF it can be considered a sensor as

well.

mo |



1.1.5Flight Controller (5)

Figure 1.5-EMAX Skyline32 flight controller

The flight controller is essentially the brain of the quadcopter. They are configurable and programmable
allowing for adjustments based on varying quadcopter configurations. The hardware of a flight controller
consists of a aoplex circuit board with built in sensors such as accelerometers and gyroscopes that can
detectaccelerationsand orientatiorchanges. With these sensors, the flight controller can stabilize the
guadcopter by controlling the RPM of the motors. The fligintwller also receives signals from the user
indicating the desired trajectory/function. The flight controller takes these commands, uses seresul data
adjusts the quadcopters motors speed such that the quadcopter achievesstite#isdrtrajectoryand
stability [4]. The flight controller encompasses all 3 portions that create a system, controllegrlant
sensors. Since the flight controller is on the quadcopter it contributes to the quadcoptemsoplre | 6 s
parameters. It controls the quadcagtthrottle, roll, pitch, and yaw, and it senses the quadcopters

acceleration and angles.



1.1.6 Transmitter/Receiver (6)

Figure 1.6-Spektrum receiver and transmitter

The transmitter and receiver are whigt& the user to communicate with the quadcopter. The transmitter

is a device that allows the user to control the quadcopter wirel@bslyeceiverwhich contributes to the

pl ant mo d e | réceivep the cammende from the transmitter and réleysommands to the

flight controller. The frequency associated with the transmitter & receiver is generally in the MHz or GHz
band. A popular quadcopter frequency is 2.4GHz, but can be lower if longer range communication is

required[5].

There are multile channels associated with the transmitter & receiver. Each channel sends different
commands from the transmitter to the receiver. For example, one channel can control the quadcopter
throttle, another can control roll, another can control pitch, etcmiiienum number of channels required

to control a quadcopter is thfottle,roll, pitch, yaw.



1.1.7 Air Frame (7)

Figure 1.7-Basic quadcopter airframe

The air frame of a xoafrc ophapegedOre abt m has aacli

area for flight controller, receiveand battery mounting. It is important to have a light weight, sturdy air
frame to havelesirabldlight characteristics and be resilient to crashes. One of the mpudapanaterials

for quadcopter air frames is carbon fibghich is light weight and durable. Carbon fiber, however, blocks
radio signals which is the downfall of using that material for an air friheeairframe is an integrpbrtion

of the quadcopterplant model as the plant model relies heavily on physical characteristics of the

guadcopter.

1.2 Modeling Overview

The medium in whiclthe quadcopteplant modeblndcontroller will be developeid MATLAB /Simulink.
MATLAB is a numerical computing softwanénich interfaces with Simulink. Simulink is a softwaol

that allows a user to build systems using block modé¢ten modeling guadcopteraMATLAB scriptis
usedto store constantariablesand simulation data thatin therbe plotted Simulink will be usedo build

the physicablantmodel and controller using multiple block models such as integral, product, summing
and step blockaVIATLAB/Simulink has the ability to conver$imulink and $ateflow models to C and

C++ code. This is convenient becaumay flight controllers use C or C++ codertheir control systems.



Measured System
Reference = error input System output

»{ Controller f——»{ Plant >

Measured output

Sensor |

Figure 1.8-General controller, plant, sensor scheme architecture [6]

A plant model is either an experimentally generated transfatifumof a physical system or a set of
equations that describe a physical system. In order to simaitett&reate aontrol a system a plant model
is generallyneededWith the plant modegkontrol systems can quickly be tuned and tedtkd.plant model

of a quadcopter takgropeller angular velocitfor each rotoassystenminputsandthe systenoutputsare
the states that represent what theadcopter physicallgfoes For the model in this papea set of physics
equationsare used to generate the qoapter plant modelThe components of the quadcopter that
contribute to the plant mode&nbe seen in Table 1.1 beloWis worthy to note that although the physics

do notchange, there are multiple ways of mathematically modeling a quadcopter.

Tablel.1-Component to model classification

Component Plant Model | Controller | Sensor
Propeller
Motors
Battery
ESC
Flight Controller
Transmitter
Receiver
Air Frame

XX XXX

x| X

A contoller is a system that takesveeasureckrror signal,applies gainsandoutputsa system inputo the
plant modelkuch thathe plant model will output the desirgdsponseThere are many different types of
control methodsput for control in this paperPrgportional Integraland Derivative (PID) controllers are
used.These are very popular controllers and are relatisiehple compared to other control methods. In
essencethe goal of these controllers is to drive an input error signal (desttpdintsuliractedfrom the

currentstatg to zero.In the PIDcontroller casehis is done by multiplying the error signal by a general
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gain (Proportionalportion), generating a gain through summing the error sidntedgfal portion), and
creating a gain by trackinthe slope of the error sign@érivativeportion). Ultimately driving the error to

zero and the output to the desired infite PID controller will be covered in depth in Section 4.2.

The general control scheme has the controller feeding to the piatel mnd feedback from the plant to
generate aneasured errosignal The feedback in simulation is usually from the plant mdu®kever,n

the actual physical systefeedbackormeasured outplis generatefrom sensors on thguadcopterThe

main signals the quadcopteneed to control are from accelerometers and gyroscope sensors.
Accelerometers measure the acceleration in each direction, and gyroscopes measure the angular velocity,

or how fast an object is rotatinghe general controls scheme casbenn Figurel.8 above
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1.3 Building a Model

As seen in Figure &.the plant model receives inputs and produces an output. The plant model is made
from equations or experimental data which use the ingtétesand parameters to create the outputs.
Within the plant are states which represtyriamicsof the plant modelAssociated with the statesethe

st at e 6 sframeThis is thenstates starting point, for example on an X, Y plane, the 0,0 coordinate is
thereference point. t 6 s i oagsoernttha positive and negative directions of the reference frame also.
Depending on the location, and positive directions offarencerame, the same point location che

represented different ways. An example of this can be seen in Ei§upebw.

+7 Reference
Frame 3

Y
+Z +X

Reference +Y
Frame 1

<—1 Meter—»

<+—2 Meters—»

Reference
Frame 2

Figure 1.9-Reference frame depiction

Parameters are constants that are used in the plant model egydaiibnild a basic plant model a system
needs to be defined. Inputs and outputs then need tofipedl@long with the planmod el 6 s st at €

parameters and equatiog example of this can be seen below.
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System A block atreston a frictionless table in a vacuuthen a force is applied

Input : Force applied to the blockN applied for 1 secorid the positive X direction

Output: Velocity —

+Y
States Acceleration— , Velocity —
Reference Frame
Reference (0,0) on a X, Y plane
Parameter. Mass Q'Q +X

Equations: "0 i ®'Q 0 i DO 0OQa Qi—OQ H'Qé &HEQ0_. 6 OO QA Qi—M0 Q¢ &
In this example a force is applied to a block with no other forces acting on it. The goal of the plant model

is to represent the output, which in this case is velocity. This plant model can be er&itedlink where

the inputs and outputs can be plotted. This example can be seen in Figjtwki2below.

Plant Model Input and Output

»| Force 12 12
Force Input
] Velocity Output
| Forca alocaty | Velocity 08l 0s
Flant Model Z 06 o6 E
. . 8 2
Figure 1.10-Basic plant model S 8
041 04 >
D
Force > Acceleration | S 0 0
N Velocity ‘ R
o o s o 0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Mass (0] G_ w (0] Time(s)
Figure 1.11-Basicplant model input and output

Figure 1.12-Basic plant model equations
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Chapter 2 - Building the Plant Model

To realize theguadcopteplant model the block modsken in Figure 2.below can be usedlhe plan
modelis a system of equations thgénerate outputs based ugaputs parametersand system states
Within the broad plant model of the quadcopter there are separate plant models subbdsdlipamics
motor, and battery model§.here is somewhaif a flow of variables within the plant model. The system
starts with the inputs, which in this case are matagular velocitycommands. With these commands,
states within the plant model change such as altifpid@t modelangular velocity, and axial iaity.
Parameters are constants that effect the states, stifréstion coefficientof the motors. The outputs of
the plant are based on the previous stgieasametersand inputs Lastly, it is important to notthat the

statesdependent on the fmree of reference, or where the zero point is.

Plant Model

/ Physical Model \ Outputs

Inputs > Roll Angle (¢)

p Motor Model o » Pitch Angle (6)

Motor 1 Ang. Vel. (Q,) = o o Roll Torqus ":‘* Yaw f—'lullglc W)
; ; Pitch Torqus > X POSIFOH 9]
Motor 2 Ang. Vel. (Q,) > m’ » Y Position (Y)
— P p Z Position (Z)

Y

Motor 3 Ang. Vel. (Q3) .‘i" ,’i‘
Voltage
b < N

Motor 4 Ang. Vel. (Q,)

Current - -"‘i
\ Battery Model /

Figure 2.1-Plant model realization

The ideal plant model would simply be the physical model, assuming instant tlrussturbancesand
unlimited statevalues. A realworld model would include motor and battery dynamateng with state

limitations
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2.1 Quadcopter Plant Model

2.1.1 Plant Model States

Quadcopters inherently have 6 degrees of freedom. This means the device can travel in the X, Y and Z
directions, as well as rotate in roll, pitch and yaw directions. These terms are generally related to most
aircraft, subs, and robotics as not many other platforms are able to control all 6 degrees. The roll and pitch
are what allow the quadcopter to move inXhend Y directions. Roll can be defined as the rotation around

the X axis,pitch can be defined as the rotation around the Y axi/aw can be defined as the rotation
around the Z axis. With this, the axis of rotation for the quadcopter and stateescablbe defined. State
variables are physicdlynamicsof the quadcopter that include angles and positions. Many of the states are
dependent on other states and user inthe reference frame of the quadcopter will be local NED, which

is why the Z axiss pointed down. This will be explained in later sections.

Roll, ¢
Pitch, 8
Y

Yaw, 1

z

Figure 2.2-Model states

A fully observable state is one that can directly be measured using sensors. For example, imagine a police
officermeasung a car 6s speed with a radar. The velocity
the radar would be the sensor. Quadcopters have many sensors that include accelerometers, gyroscopes,

optical, etc. Theguadcopters states aalservability carbe seen in Table 2.1 below.
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Table2.1-Quadcopter states

Symbol Description Unit Observability
— Pitch Euler Angle i 0Q Stereo Vision
— Pitch Euler Angular Velocity [#Y(V] Gyroscope
— Pitch Eule Angular Accel. i 0w -
%o Roll Euler Angle i ®Q Stereo Vision
%o Roll Euler Angular Velocity [I#Y(9) Gyroscope
%o Roll Euler Angular Accel. i 0w -
r Yaw Euler Angle i ©Q Stereo Vision
r Yaw Euler Angular Velocity 1 6 Gyroscope
r Yaw Euler Angular Accel. [#Y0) -
@ Position in X a Stereo Vision
A Velocity in X axi -
@ Accel. in X a T Accelerometer
@ Positionin Y a Stereo Vision
(N Velocity in Y afi -
W Accel.inY a Fi Accelerometer
@ Position in Z a Stereo Vision
%) Velocity in Z afi -
[)) Accel. in Z an Accelerometer
m Motor 1 Angular Velocity i o Voltage/Current/Optical
m Motor 2 Angular Velocity i oM Voltage/Current/Optial
m Motor 3 Angular Velocity [#Y(0] Voltage/Current/Optica
m Motor 4 Angular Velocity i oM Voltage/Current/Optical

—Theta (/theytuh/), %ePhi (/fif),[ -Psi (/sai/) m+Omega (/obmega/)
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2.1.2 Plant Model Reference Frame

The frane of reference and euler angles now need to be defined. Euler angles are 3 angles that are used to
describe the orientation of a rigid body with respect to a fixed body coordinate system [10]. RBgure 2.

below can help depict the euler angles.

Figure 2.3-Euler angles explanation [10]

The body frame of reference for the quadcopter is similar to FigBrEave. All of the angles will begin

at zero and have a range frepito +pi. This concept can be seerFigure 24 below.

Figure 2.4-Phi angle limits

The position reference for the quadcopter will beltoal NED reference frameThis means the axial
accelerations, velocitieand positiorarerelative toa fixed point. Théocal NEDframe is used to represent

a vehicles attitude and velocity when on or near the surface of the earth. In this frame, the X axis is pointed
north, Y axis is pointegast and the Z axis is pointatbwnwardsormal to the X and Ylane. This frame

can be seen in FigureSbhelow. Although the axial acceleration, velocity and position are relative to the

16



local NED frame, the euler angles are relative to the body frame of the quaddaptiee. local NED
coordinate system, with paisie roll angles the quadcopter travels east, with positive pitching angles the
quadcopter travelsouth(both assuming a zero yaw anglahd with positive yaw angles the quadcopter

rotates clockwise.

Y

(East)

Prime
Meridian

(Down)

Iy

Op

AN

Xe

¢: ECEF
n: Local NED

Figure 2.5-Local NED frame depiction

X (North)

Motor 3
' i< Motor 2

Pitch, 6 Pitch, 8
Y

Figure 2.6-Quadcopter '+' orientation configuration Figure 2.7-Quadcopter 'x' orientation configuration
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Thebodyfram axi s of rotation can be &éfioemdcai hnoei ahert
is the 6+06 formati on. cdnefromihiEhfwayrtreandy dipeetibrviscasn t h e
well as what motors are used to change direction. Tia apientation, states, and units can be seen in

Figures 2.6 and 2.dbove

2.1.3 Plant Model Parameters

Before generating the plant model equations of motion, parameters need to be defined. It is important to
know the difference between states and patars. States are dynamics of the quadcoptbere
parameters are constants associated with the quadcopter. The first parameters to be defined are the moments
of inertia in each axis. The moment of inertia is the amount of torque needed for a desilad angu
acceleration around a rotation axis. These relies heavily on the physical design and components of the
quadcopter. These are generated through various methods which mostly include estimates from
lengths/diameters and masses of the quadcopter. Aadk&adplanation of finding moments of inertia can

be found inSectionA.1 of the appendix. The rotor inertia, which is the total rotational moment of inertia
around the propeller axis is another parameter used in the equations of motion. The rot@ujuatitia

can also be found iBectionA.1 of the appendix. The distance from the rotor axis to the center of the
guadcopternlsocan be defing, along with the thrust and drag coefficients. These can be seen in Table 2.2

below.

Table2.2-Quadcopter parameters

Symbol Description Unit
"0 KO HO Inertia moments 0 @&
0 Rotor inertia 0@

a Rotor axis to copter center distanc a

&) Thrust coefficient 0T
Q Drag coefficient 0 an
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To experimentally find the thrust and drag coefintgeused in the input equations, thrust, torque, and RPM

data needs to be acquired. To do this, a thrust stand and dynamometer is needed, which measures thrust,
torque, voltage, current, etc. Once test data is acquired using the test equipment aradjgidgtsykstem,

thrust, torqueand RPM data needs to be examined. With this, Equations (2.1) and (2.2) below can be used
to find the thrust and torque coefficienfThe thrust and torque coefficients data #sust of the
dynamometer test can be plottéesh example of this can be seen below in FiguBxahd 29. Here, since

its known that for the most part quadcopters are hovering, the coefficients should be found around the
hovering thrust. This can be found by knowing the weight of the quadcopteindithe weight by how

many motors are used, then map that amount to a thrust in the plot. Assuming the mass is 0.284 kg, the

thrust to hover for each motor is 0.071 kg. Using the plot the thrust coefficient is roughly-8,1a#Ethe

torque coefficients roughly 9.94€.0.

Y6 am (2.1)
YET 1 Oy (2.2)
m ¢A20-Tom (2.3)
s 108 Thrust Coefficient o5 «10°¢ Torque Coefficient
: i 24 ?h
M ﬁ [ IR 22
: d i +
13 ?!-%;E}} El“-! x 0:4 'i A '{l ' P % I
N% ‘1 l‘l Ay iy M% 2 18 1
B2 .{qla."b'ﬂn‘ 3 7l£fr'§ I'm.p;'wit“ d s wfl :
R 1 e,
811 :l:‘j:‘ ! ! g &
q‘ii F 1.2 JE " l-’i % i‘r—i}"h ‘auk

-
-

i v”w“-""' S Ry g

=
=]

o
w©

o

=

=

002 004 006 008 01 012 014 016 018 02

(=]

002 004 006 008 01 012 014 016 018 02

Thrust(kg) Thrust(kg)
Figure 2.8-Thrust coefficient vhrust Figure 2.9-Torque cefficient vsthrust
It i s also useful to know what the thrust curve wi

Equation (2.1) is. Using Equation (2.1) and (2.3) above, as well as the experimentally gaheuated

19



coefficient, the thust data and thrust curve can be plotted together. FiglifesRows how accurately

Equation (2.1) represents the thrust.

400 Measured and Predicted Thrust Curves

Predicted Thrust
350 + Measured Thrust

300

250

200 -

Thrust(Kg)

150 -

100 -

50

RPM x10*
Figure 2.10-Measured and predicted thrust curves

The next set of parameters hawalb with thequadcopter andnvironment. In the real world, quadcopters
experience aerodynamical effects, namely from air resistmt®ind Air resistance can haoughtof as

a drag on the quadcopter, opposing the motion of the quadcopter. Thist imakes quadcopters slow
down when nactuatorforce is acting on thenT.o envision airesistancepnecan simply drop a piece of
paper, and pencil from the same height. Air resistance is what ittedqgiece of paper take longer to hit

the ground than #pencil Since airesistanceffects the quadcopter in all 3 axial directions, a coefficient

is needed foeach. Measuring the air resistance is extremely complex, so in most cases estimates suffice
The values used for the plant model wage Qi for the resistance in each axihe parameters can be

seen in Tabl@.3 below.

Table2.3-Enviornmental parameters

Symbol Description Unit
o Air resistance in each axis QN
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2.1.4 Rant Model Equations

Before the quadcopter is modeled in MATLAB/Simulink the mathematical equations need to be generated.

To do this a few assumptions are made [7].

9 The drone is a rigid structure

1
T
1
1

Next, the physical effects on the quadcopter need to be consideesg. iiclude aerodynamic effects from

The air frame and components are symmetric

The center of graty and air frame origin coincide

Thrust and drag are proportional to the square of propeller speed

There are no external disturbances to the quadcopter such as wind, temperature, etc.

the propellers, inertial countéorques from changes in propeller speed, gravity, and gyroscopic effects

from changes in body orientation. These all play a role in the equations of motion of the quadcopter.

The intenal plant model equations of the system can now be described. There are 4 main thrust equations,

vertical thrust, roll thrust, pitcthrust,a n d

above, these can be defined by applying thrusiatth of the motors. The equations are defined in Table

yaw

t hrust.

Wi t h

tinhFegured246 6

24 below.
Table24-1 nput Equations in 6+06 orientation
Input Thrust Equation Description
Y om moomoom GeneralThrust | (2.4)
6 D mom Roll Thrust (2.5)
o om m Pitch Thrust | (2.6)
Yt Om m m m Yaw Thrust (2.7)

™o applies a general thrust to each of the motors to inerésaltitude’¥, changes thrust between

motor 2 and motor 4 to roll the quadcopiat changes thrust between motor 3 and motor 1 to pitch the

21
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quadcopter'Yt changes the thrust to motors 2 and 4 and equally changes the thrust to motbBstt an

yaw the quadcopter. Figure 2.tielow illustrates these inputs.

Roll, ¢
+X

Pitch, 8

: Roll, ¢ \ :
. Motor1 || X w B Motor 2 Motor1 ji/ +X
Pitch, 8 Pitch, 8
Figure 2.11-'+' orientation input commands
The quadcopter iinput 6 carni ean tsat iboen d[e% HdambeTdéed sne tihrep |
Table 25 below.
Table2.5-Input equations in the 'x' orientation
Input Thrust Equation Description
P om m m m General Thrust (2.8)
'r . .noo
Y OO E SJT_ m m m m Roll Thrust (2.9)
= . B ‘Q B
Yo a0 ESJT_ m m m m Pitch Thrust (2.10)
Y Qm m moom Yaw Thrust (2.11)
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"™ applies a general thrust between each of the motors to increase the aliyudehanges thrust
between all the motors to roll the quadcopt¥s. changes thrust begen all the motors to pitch the

quadcopter'Yt changes thrust to motors 2 and 4 and motors 1 and 3 to yaw the quadcopter. Fiyure 2.1

below illustrates these inputs.

Yaw, Yaw,
L Motor 4| Motor 1 | EFMotor 4f{Motor 1 £
B W Roll, ¢ VS W Roll, ¢
+X ﬂ \ +X
Motor3 . il Motor3 - | iy
ors ¢ ] i< Motor2 o3 ¢ P! i+ Motor 2
Pitch, & Pitch, 8
+Y +Y
Fas
-Z Yaw, i -Z Yaw,
ﬁMulur 48 Motor 1 ' HMu:nr 4N Motor 1 ,}l '
B W Roll, ¢ VS W Roll, ¢
i i ) +X p? +X
Motor 3 - Motor3 . ¢

ey I+ Motor2

Pitch, @

+Y

Canl i+ Moter2

Pitch, 8

+Y

Figure 2.12-'x' orientation inut commands
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When using aransmitterthe joysticks represefphY,hYo ¢ &€ . The left joystick is used for throttle

and yaw. The right joystick is used for pitch and roll. These can be seen in Figure 2.13 below.

Throttle_

Yaw

Figure 2.13-Transmitter inputs

The overall angular velocity of the all the propellers can also be defined. This will be used in angular
acceleration equations. The positives and negatives in Equation (2.12) are used becausedaifdhetoir
propeller is spinning. In most cases the opposite side motors are spinning in the same direction (motor 1

and 3 in the same direction, and 2 and 4 in the same direction).

m m m m (212)

Now equations of motion can now be defined. The origin of the equations of motion can be seen in

Equations (2.13) (2.15).
01 OO R OIBE QDD E QO LA E QO W (2.13
0T @O DRI EOOOQAQI o QEE (2.14)

WET RO 0 £ aQETE QI DEDQWEAOLQA QI 0O QE ¢ (2.15)
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Starting with the moments of a quadcopter, which include, rolling moments, pitcbingmtsand yawing

moments, each of these moments consist of body gyro effects, propeller gyrq afféetstuator action.

1 Body gyroscopic effects changes in the quadcopters orientation
1 Propeller gyroscopic effectpropeller rotation coupled witquadcopter frame orientation

9 Actuation action forces produced by the rotors

These moments respectively sum to form the angular acceleration equations which can be seen below. To
describe these equations in a physical sense a use case can be madatimn Ej17). Beginning with

Figure 2.4 below depicting each part of the equation.

Pitch Angular Velocity
Roll Angular 12 Angular Velocity Rotor inertia
‘%Edﬂmmx " Total Fotor Veloeity
N __—I Actuator Action
N |a:,::{1u — )|+ Lanr + .zgm][: __ Reolling Thrust Input
jj/-:r r I.r.:?' r ~—
e |/ ‘” \ COMtoMotor Length

Body Gyro Effect - MMoments Dfluemas -" Pitch Fmgula: Velocity

Propeller Gﬂ.-'m Effact

Figure 2.14-Rolling acceleration equation explained

Imagine the quadcopter is at a perfectly still hover. This meanshngiitch and yaw angular velocities

are zero, so the body gyro effects and the propeller gyro effects are zero. This leenteadheator action

" input, which would be zero also if the quadcopter is still, thus the roll angular acceleration is zero.
Now imagine the user applies an input signaMo Since this input only applies thrust in the rolling axis

the pitch and yaw angular velocitiedll be zero, thus the body gyro and propeller gyro effects again are

zero. The actuator action is not zero due to the user input, thus the quadcopter will have a rolling angular

acceleration equal te— and the quadcopter will begin tollr It is worthy to note within the equations of

motion, it doesndét matter if the system is using
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Rolling Torque V% -+ 0 0O 0+ a'% (2.16)

Roll Ang. Accel. + "0 O 0-m A% (2.17)
%o -
O
Pitching Torque O— % O 'O 0% oY (2.18)
Pitch Ang. Accel. % O O 0%m oo (2.19)
- "0
Yawing Torque 'O —%0 O " (2.20)
Yaw Ang. Accel. %0 O "t (2.21)
[ =
(@]

Next, the force along eacfixed frame axis can be defined, which inclidactuators actionand
aerodynamical effectsThese forces can be seen in Equations (2.22)27) below. To describe these
equations in a physical sense a use case can be made for Equation (2.23). Beginning with Floplon2.1

depicting each part dhe equation.

Yaw Angular Foll Angular  Pitch Angular
¥ Axis Posiﬁon;\\ Pc!iltmn Position
Acceleration [ A

\

\“\‘ - P’ ™ e -?\ g /
A i ing — ind cosg)U1|-[d,%
e NEEES

o i i , [ .
yd / VX axis Velocity

Cmadeopter Mass Thrusl,t Input

Air Drag Coefficient

Figure 2.15-X axis acceleration equation explained

Now, imagine the quadcopter is at a perfectly still mpreglecting air resistancand all euler angles are
at zero. Looking at the X diction acceleration equation, the actuator action portion of the equation is zero

due to the sin terms, thus the X direction acceleration is also zero. Now, imagineif #mel yawangles

are zero, but thpitchangle iso ¢ i-i & @hismeans that the acceleration in elirection would be

equal to——.
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X force a0 OEIOBH AITOERT®WY 6 O (2.22)

X Accel. o OEIOBd AITGOERIT®WY 06 O (2.23)
&

Y force G AIT@OBEG OEIOERI%WY 6 (2.24)

Y Accel. . AiT@OBEd OFETOERATWY 6 O (2.25)
® a

Z force G aQ AT-AT%Y 00 (2.26)

Z Accel. & G Q AT-AT%WY 6 & (2.27)
&

It is important toknow the difference between the loddED reference frame and body reference frame.
Equations (2.22) (2.27) are in the locallED reference frame. To get from the body reference frame to a
local NED reference frame a rotational transformation must be done. Thus, the accelerations seen in the
equationsaboveare relative to the locdMED axis. If the acceleration were not multiplied by a rotational
transformation matrix the X or Y acceleration wouldcslty be dependent otinrust andoll or pitch. An

example of this can be seen belasingEquations (2.22) (2.27).

A X Inertial

Body Frame Euler Angles:

¢=0=0rad

9 =—45 = = rad
= =, ra

1})=45°:%md

»
>

Y Inertial

Figure 2.16-Local NED frame vsbody reference frame

To realize thdocd NED and bodyframe points of reference, imagine a fixed coordinate system with a

guadcopter at some point. If the quadcopter is oriented such that it is only pitching forward to travel at a
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T Ti  &ngle from the fixed reference point it should havesdmelocal NED frame X and Y

accelerations. A depiction of this can be seen in Figuré @bve. Applying the body euler angles to

Equations (2.23) and (2.25) which can be seen below, the accelenaiitecting air resistands,equal in

the X and YlocalNED framecoordinates.

o

OEIOET AI-@EFATOY

o
-
ca
AI?GDETII OE[—|OE[—|A|TO'\f)
a
<P
W —
ca

To summarize the plant model equations, the forces in each of the 6 degreesaf fiagd been defined.

From these, the directional acceleration can be found, as well as the angular acceleration. It is clear from

the equations of motion that the directional accelerations depend on roll, pitch and yaw. Because

acceleration is the"2deiivative of position, integrals can be performed on the acceleration to get position.

This is what will be done later to build the Simulink model. This concept can be illustrated in Bedohel 2.

2.7below.

Table2.6-Motion of equation dependencies

Roll Pitch Yaw X Y Z

Position M —  — | @ OO & b b

S ¢

&

Velocity %o %o — — [ [ %m ® A A A ®
Acceleration %o — r <q A o iR D
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Table2.7-State and equation summary

State/Input

Dependencies

Equation

%6 hm Yo

% O O 0%m 0o

S
%o %o % %o
%o %o %o %o
L 0 O 0 an
%o i Fm Y % = M ax
[ [ [ [
[ [ r [
. %0 O Y
[ —Hoh vt [ _
0
A W w W
& - Foe 5 OE 10 B AIfG’DE—lAI/&D\p RIEA
a
N O 22 n /1 AETAE TR T o/ AT © o
& - Foeh 5 Alré B OEEI’OE—LAI/@\D RIEA
a
® W ) ®»
A ) () ®»
N o Q AT-@AI9
o ¢ YD o a —@; %Y 0 W
m m fm m fm M m m m m
5p m fm fm m ¥ om m m m
5¢ m fm X o m m
50 m hm Y om m
5 T i i M Om m o m om
5Sp m hm hm m Y om m m om
5¢ m hm Y6 wOE4T— m m m m
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51 m m fm fm Y Qm m m m

2.1.5 Quaternions

Although quaternions will not be used in this paper, it would be an incomplete depiction of quadcopters
without mentioning them. Quatermis aresimply another way to represent a quadcopters angular pgsition
similar to roll, pitch and yaw angleQuaternions are represented with-aldment vectorThe reason to

use quaternions is to eliminate gimbal lock which is a loss of one degreeddrfinand occurs when two

axes of rotation are driven into a parallel configuration.

To start realizing quaternions, one can begin with a unit vector around a normal 3D axis Blystemit

vector and the unit vector rotation, along with some equationse al | t hat 6s needed

This can be seen in Figure 2.17 below.

Axial Vectors

(X,Y,2)
Vector

Resultant Rotation

Vector

Figure 2.17-Quaternion realization
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At this point the information representing the resultant veartdrits rotatiorare(5 ohoItd . The next

thing to do is define quaternion equations. These can be seen in Equations(@218)below.

A AT% (2.28)
n QOE% (2.29)
n on%- (2.30)
n QOE% (2.3

These components are what make up quaternions. They are 4 unit vectors which contain one scalar and 3

components that represent vectors. Thus, the final quaternion 4 unit vector can be seen in Equation 2.32

below.

A nnnn (2:32)

The final mention withrespecto quaternions is how to convérom Euler angles to quaternions, and then
back againFirst, converting from Euler angles to quaternions can be seen in Equations- (2 .38)

where C represents cosine, and S reptesne.

D5y T L By Tyl

1 ¢ ¢ g ¢ ¢ G (2.33)

. %o(.5 s r 5 %O"Y_"Yr

1 ¢ ¢ ¢ ¢ ¢ (2.34)

s BT L By T

n c c 'C (2.35)
5 2 Tyl yEyTy !

i ¢ ¢ G ¢ ¢ G (2.36)
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Secondly, converting from quaternions back to Euler angles. This can be seen in Equation$33)7)

below.

A~ . CAN AN
% OA] ———
n 1 1 n (2.37)
— OET¢nnA nn (2.38)
A<~ GNN o nNn
O0Al —— —
( n n 1A n (2.39)
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2.2Basic Simulink Plant Model

Now that the basic equations of motion have been generate&inthink plant model can now be formed.

The MATLAB script and Simulink models for this section can be found in the folder titled
6Basi c_ Si muHirst, m basid/seripteHatdefines the inertia moments, rotor inertia, length, mass,
thrust, and dragoefficients needs to be created. Then the Simulink model is created. Starting with a fresh
Simulink block diagram, first define the solver options. On the top bar of Simulink hit Simulation, then
Model Configuration Parameters. Under solver option, make the type is variable step, and the solver

is on auto. A new subsystem can now be defined
inputs () fm fm fm ) and 6 outputs (X, Y, Z, roll, pitch, yaw). At this point the model shoulbbking

like Figure 2.8 and 2.9 below.

p i p
o
Theta [ o1
) 0z Theta
Psi p )
nz Psi
xp
p I X2
G z
T 03
LD
on4 Zph (1D Y
a4
Quadcopter plant Z
Figure 2.18-Quadcopter plant subsystem block Figure 2.19-Quadcopter plant subsystem block inputs an
outputs

Next, the inputs need to be set up. Here another subsystem block is created, and dependent on the orientation

style (6+06 or -@X)o)(R8-EQuatt)onse(2séy. mminsmknow
and 5 outputs P e Yo Yt, m) ) are needed. One of the main reasons this block is needed is to generate
m and the thrust inputs to the plant. This block is also later used to store motor dynamics. The first thing

that is done in this block is form Equation 2.12 to generptd his can be seen in Figure@ below.
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Omega

Figure 2.20-Angular velocity equations

Now that the angular velocities have been summed, thsttinputs need to be formed. This is done by

following Equations (2.8) (2.11). This can be seen in Figur@2below.

( 1 ; .—‘J lr: l - —
o — | ——D
>+ — Uo 1
.
ulx
™+
&' o i| l : < "l x
oz - " Uo 2
L+
(:3 » uZx
03 —_—
T »
— I 0 g
2 T = Uo 3
4 L g s
04 l__l ‘ ulx
0
Al -t T * |—|_|_’_ »
" x
Tt Lo 4
Omega

Figure 2.21-Angular velocity and thrust equations
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Figure 2.22-'+' orientation input commands

The next step in the process is to use Equations (2.17), (2.19), and (2.21) to create the angular asceleratio
First create a subsystem blottere will be 3 output¥4h—-and™ ) and 7 inputs%s—T , "YehYohYt and
m ). Within this block, other blocks can be created for each of the equations. This can be seen in Figure

2.23 below.
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B(1,, — Lg) + 160, +1(U2)

&=.

= ez f
uz
»{ Theta_dot
Phi_dot_dot 4.. Phi_dol_ges
ol Pi dot Phi dot dot
- Mhata_det »
or Pu_dot
’
Psi dat Or
» Or
B Psi_dat
- r Theta_dot_dot »_ 2 )
Theta dot ' Uz Theta dot dot
U3
»{ Phi_dot
Phi dot w _ 805 (fx: - }y)') + (Ud')
‘rza
B Phi_dot .
x
N
Psi_dot_dot
| Theta_dot Psi_dot_dot
(8 ) U4
U4

Figure 2.23-Quadcopter plant angular acceleration equations

Since the model now has the angular accelerations, the angular velocities and positions are needed. This

can be done by taking integrals of theederation. This can be seen in Figuredhalow.
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Phi
Theta
Phi dot
Phi dot dot Pl
| Theta dot
» 1 » 1
- ol o1 u1 ! Psi dot 3 i
o1
uz L2 Theta dot dot L J‘: L ;—
2
02
Ua 3 » U3
o 1 1
Tl s Tl s
CO—>os I
03 Uo 4 L4
Psi dot dot
@ > 04 Omega | O
04
Omega Calc Inputs-=ang_accel

Figure 2.24-Angular accelerations to angular velocities and positions

Now a subsystem block for Equatiq2s23), (2.25), & (2.27) can be createdt & svn flom the equations
3 outputs hidandc) and 7 inputsitaiiteii— and™p) are needed. Similar to the angular accelerations,

subsystem blocks can be created for each of the axial accelerations. This can be seen in5-glog/2.2
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X_dot
X_dot
{4} B Phi
Phi
5 ) P Theta
Theta
(6 ) P Psi
Psi ‘ ‘
u1 1 U1IM

¥_dot_dot
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T
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¥_dot

Fhi

Theta

Ui/mM

Y_dot_dot

Z_dat

Z_dot

Phi

Theta

U1im

Z_dot_dot
Z dot dot

Figure 2.25-Quadcopter plant angular acceleration equation blocks

From this point the axial accelerations and positions need to be made. This can be done using integral

blocks. This can be seen irgkire 2.5 below.

¥

X_dot

¥

¥_dot

¥

Z_dot

—®|Fii

———————| Theta

—®|Psi

— |l

X dot dot
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Z dot dot

o 1 NI >3 Wi
X Accal. 8 A Velacit 8 Z Position
v LeJ "

-
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s ¥ Veldocity ] ¥ Position - Wl

1 o 1 >
1 > - La W]
FA-:GEL 8 Z Vislocity 8 Z Poeition <ZD (I) i

Y Accel.
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Figure 2.26-Quadcopter plant integrals
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The final plant model can be seen in FigureZ/ h&low.

£
s

X dot dat

L ¥_dot
P dot
N N »()
Phi dot dot 2.4 F= K velacity HER
Theta dot
] 1 1
B Bt Yelot o ¥ Accel s ¥ Velogs 5 [ VPesi
ai
1
Theta 1 1
. o el - .
[ SN
a2 Fsi
U us T Z dot dot]
B
03 Us 4 m
R ‘Angles-=aceels
[rm S
04
Omegs Cac Inputs->ang_accel

Figure 2.27-Quadcopter plant feedback

2.3 Real World Limits

At this point a genergdlantmodel has been creatbg simply using the equations of motion, along with

input thrust equations. An important aspect to realize about the model is that the equations of motion do
not perfectly represéra quadcopter. For instance, in many quadcopters the motors only spin in one
direction, or that the quadcopter canpbysically bein the positiveZ coordinatgdepending on frame of

reference of course). Because of this, limits need to be appliedrwtied.

First, the frame of reference needs to be considered. For this model the X and Y directions will be free, and
the Z direction will be limited from zero tmegativenfinity . This is because the negative Z direction is up.
There are multiple methsdhat can be used to implement these limits to the model. The saturation block

can be used, or integral limits can be appligaplying the inegral limit can be seen irdure2.28 below.
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Next, limits should be applied to the angular velocity of the rotors. Some quadcopters possess the ability to
reversethe velocity of their rotors midflight, however, the mobelng createthis shall only possess the

ability to rotae in one directionThese limits should be applied in the subsystem block where the angular
velocity was found. Here, saturation blocks will be used, limited from zero to infimikgter sectionshe

angular velocity will no longer have an upper limitinfinity due to motor dynamic limitationsThe

Y Welocity

Z Velocity

X

1 >
. 5 ' Position

1
Z Position

Integrator

Integrator

Continuous-time integration of the input signal.

Parameters

External reset: [ none

Initial condition source: [internal

Initial condition:

0 g
Limit output

Upper saturation limit:

0 g
Lower saturation limit:

-inf E]
[C] wrap state
\) [ OK ] [ Cancel ] [ Help ] Apply

m

Figure 2.28-Apgying integral imits

application of these limits can be seerfrigure 2.29 below.

L-h

Block Parameters: Saturation

Saturation

Main | Signal Attributes

Limit input signal to the upper and lower saturation values

Upper limit:

clullcllc

Lastly, the euler angles cée wrapped. Thimits the angles to be betwegn and pi. This limit can be

placed in the model in the integrals from angular velocity to angular poshios step can be seen in

Figure 2.30 below.
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Figure 2.29-Applying angular velocityirnits
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Block Parameters: Integrator6 @
Integrator -
—>
Continuous-time integration of the input signal.
— (D Parameters
Phi dot Theta
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P dot dot P L
Theta dat Initial condition source: [internal V] 5
» 1 I - i ition:
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=1 dot dol »lut Zdg
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Inputs-=ang_accel Angles->a00 P E]
[7 show saturation port i
J [ 0K ] [ Cancel ] [ Help l Apply

Figure 2.30-Limiting euler angular positions

At this point some inputs can be applied to the plant model. Since the input to the pdéotasgular
velocity either a constant block or step block can be sued to represent an angular velocity input. Thrust,
roll, pitch ard yaw can be simulated by applying velocities that follow Equations2(Z)4or (2.82.11).

Thesesimulationsin the 3D plane can be seerFigures 231-2.34 below.
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Figure 2.31-Thrust plant simulation Figure 2.32-Roll plant simulation
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Figure 2.33-Pitch plant simulation Figure 2.34-Yaw plant simulation

2.4 Motor Dynamics

Now that a basic quadcoptglantmodel has been generated, more detail can be added to it. plarihe
model ispresently the motors can continue buildingngular velocityand generatenstant thrust This
would not happen in an actual aficopter due to power and motor limitations. In order to model the
limitations of the quadcoptgthe brushless DC motor must be modelgte motor model input isoltage,

the states are current, and angular acceleration, the parameters include a daeffitignt, and torque

coeffect, and the output isotorangular velocity.
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2.4.1 Motor Dynamics Euations

Starting with the most basic motor model, a series cjrooihposed of a voltage source, resistor, inductor
and voltage drop across the mothe modeling can begirThe motor block diagramman be seen iRigure

2.35 below along with the parametersTiable2.8 below.

Table2.8-Motor model parameters

0 Rotor moment of inertia foXo )
[4) Damping cefficient O di
0 Back electromotive force coef Wil ©Q
0 Torque coefficient 0 o710
Y Electrical resistance m
0 Electrical Inductance (O]
R I

Figure 2.35-Basic DC motor model
This model has several important DC motor first principal equations associatedt witiich leads to

forming transfer functions for the syst¢id].
. QQ , (2.40)
—, YO
U’Qo @ © N

00 ) .
L'),—b 00 w (241)
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Using datageneratedavith adynamometethe parameters can be fouBgginningwith torque, current and

time data, ¢rque over current can be plotted to find the motor torque constant. Plotting this data, a plot that
looks similar to the ploseen in Figur@.36 belowcan be generated@he torque coefficiens taken where

the thrustwill hover the quadcoptemhich in this case i8 T8t ™ ¢ 0 G70. Sincev andv are

equal0 Tt m ¢ widfi @' The damping coefficient can be found in a similar way to the torque
coefficient. It can be found by plotting torqus. angular velocity. This plot can also been belown

Figure 2.37, where it can be seen that the damping coefficient is roughldg p v @0 & i. 0 can be
determined from finding the moment of inertia of the propellrich was foundvhile creating theplant

model. The inductance and resis&icanin most casebe found in the motors datasheet.

w1073 Motor Torque Coefficient 108 Motor Damping Coefficient
6.5 45
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? .l < 3 ' L"k 2 ] .sgr::}-
E4s ' E ; i%
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Figure 2.36-Motor torque coefficient plot Figure 2.37-Motor damping coefficierlot

2.4.2 Motor Sirulink Model

With the equations seen in section 2.4he Simulink model can be built, which can be sadfigure2.38
below. The MATLAB script and Simulink model for this section can be found in the folder titled
0 Mot or _ IMshallkl bednoted thahé model comes with limits on top of the differential equations

shown above. Integration limits should be put on both integrals limiting the lower limit to zero.
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Figure 2.38-Simulink basic DC motor mode:

Applying a step to the system using the parameters seen below. The output velocity canrbEigasmn

2.39 below.

Table2.9-Motor parameters

0 EAQ X QN

W ¢& puel ai
0 mMinewifi ©Q

0 @i O 6T
Y T PN
O pdR 10

400 Motor Dynamics Angular Velocity Step Response
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100 - b

50 | b

Time(s)

Figure 2.39-Motor dynamics plant model step response

45



An important aspect dhe motor model to understand is the frequency response (FRF), or bode plot. Prior

to obtaining the FRF, the systembdés transfer funct
using MATLABOs system | D t ool hiosteprespoose dasaseedsiodde t o o |
acquired using To Workspace blocks in Simulink. Next, open the system identification toolbox by using

t hey £t e ml d ecommahd, &nd impoa thé inp(toltage)and output(angular velocity)time

domain data. Thistep can be seen kigure 2.40 below.

4| System Identification - Untitled =N eiEl = 4 Import Data = |E 2
File Options Window Help Data Format for Signals
Import data - Import models - Time-Domain Signals -
‘ Operations ‘
<— Preprocess - "
mydata Workspace Variable
i 1 Input: oltage
Output: i
= E Velocity
mydata
Working Data
‘ Data Information
Estimate —= - Data name: mydata
Data Views Model Views Starting time: 0
To To
Time plot Workspace || LTI Viewer Model output Transient resp Nenlinear ARX Sample time: 0.001
Data spectra Model resids Freguency resp Hamm-Wiener Maore
Freguency function ” ” Zeros and poles
Trash Npize spectrum | dmposi | | Reset |
‘alidation Data | Ciose | | Help |
Compiling ...

Figure 2.40-System identification toolbox

Next, use the system identification toolbox to estimate the transfer function by choosing estimate transfer
function. The stimate should automatically be populated in the workspace. Using the step function, the

estimated transfer functionds step response can b

be seerin Figure2.41 below.
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Actual vs Estimated Step Response
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Figure 2.41-Actual vs transfer function step responses

From here thenarginfunction can be used to view the FRF of the transfer function. Along with the FRF,
useful information to know is where the poles and zeros of the system ase @dn be found using the

N a a dunction within MATLAB. Both the FRF and poteero map of the motor model can be seen below.

Open loop bode plot

From: u1 To: y1 «10% Pole-Zero Map of Motor Model
60 - B - T T T
& “or ~__ 1 4
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Figure 2.42-Motor plant model frequency response

Real Axis (seconds'1)

Figure 2.43-Motor plantmodel polezero map

A significant amount of information can be generated from the bode plot. What this magnitude plot shows
is thatfor all frequencies up to 1100 rad/s the output is greater than the input. However, the outptetis gre

at lower frequencies than at higher frequencies. What frequency the poles and zeros are can also be
deciphered directly from the FRF. The poles are around 4 rad/s, however these can be confirmed with the
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pole-zero plot. Inputting a biased sinusoid tiee open loop motor model can demonstrate the concept seen
in the bode plot. Figur@.44 hasa sinusoidal input to the motor model with a frequency oddis, the
output of the motor model has a sinusoidal signal that is roughdi §0eater than the put, which is what

the bode plot depicts. FiguB45 hasa sinusoidal input to the motor model with a frequency ofradgs,

the output of the motor model has s sinusoidal signal that is roughlB gveater than the input signal,

which is also represésd in the bode plot.
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Figure 2.44-Motor model input & output at 1 rad/s Figure 2.45-Motor model input & outpuat 100 rad/s
2.4.3Brushless DC Motor Control
Now that the motor model has been created a controller needs to be implemented. A motor controller is
needed t@nsure the that motor is operating at the desired angular velocity. Multiple methods can be used
to control the motor. Fonow, simply closing the loop or applying unity proportional feedbagkll be
used Closing the loop is one of the simplest feedback control metthadi€xist The closed loop motor
model can be seen Figure 2.46 below. Closing the loop means that feedback is taken fhenoutput,
assuming the output is observable, #&nd subtractedrom the desired stat&@he error termis then fed

backinto the plant.
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Figure 2.46-Closed loop motor control

The FRF of the closed loogstem can be seenffigure 247 below. Herdt can be seen that the controller

does a relatively good job of keeping the gain of the system constant at lower frequencies.

Closed loop bode plot Contolled Motor Dynamics
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Figure 2.47-Closed loop motor nutel bode plots Figure 2.48-Controlled motor model step response

Because there is a close to a zero dB galaw frequencies of theosed loop system constant input
should provide close to zero steadgite errarThe step response can be sedrigure2.48 above It is
worthy to note that the step would have a much fastilingtime if a voltage saturation block was not

used. The systems limited to a max voltage of 12 volts.

Now that the motoryhamics are controlledhey carbeincorporatedhem into the Simulink plant model.
The motor dynamicean be puinto a subsysternlockand placdintot he 6 Omega Cldockce 6 subs
within the plant model. The system outputs and RPMs can be ptoitedhe system becomes controlled

in later sections
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Figure 2.49-Plant model with motor dynamics

This is a good model of a DC motor but, brushless motors that are used in quadcopters are controlled a

sligt 'y di fferent way. They require

ESC6s ,whith wor k

have update delays along with step times associated with Tiee PWM that is used is defined by the

duty cycle. The duty cycle defines how much of a PWM digaas

cycle of 100% would be a signal that is entirely high, a duty cycle of 50% would be a signal that is half

period

high and half low. This is then related to voltage wiiommandghe motors.

2.5 Battery Modeling

Thebattery of a quadcopter supplies power to components such as the motors, flight controller and receiver.
Understanding battery dynamics is important to knblebatteryvoltage, currentand amp houcapacity
are allimportantparameterso know about tabattery In the simulation domain thiaput to the battery is

the current draw, and the output is voltage. States include state of charge, voltage atwrtentperature.

Some of the parameters include battery capacity, and discharge rate.
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2.5.1 Bdtery Model Equations

Looking at a quadcopters LiPo bagtelata sheet, which can be seen below, there are multiple terms that

can be defined.

Specs:

Capacity: 700mAh
Configuration: 3S / 11.1v / 3Cell
Constant Discharge: 60C

Peak Discharge: 120C

Pack Weight: 80g

Pack Size: 73 x 35 x 18mm
Charge Plug: JST-XH
Discharge Plug: XT-30

Figure 2.50-LiPo battery[12]

Starting with theCapacity, thisis a measure of how much power the battery can hold. This rating is in the
unit of milliamp hours, which means how much current the battery can supply constantly per hour. For the

battery pictured above, it would be able to supply a constant 700mA, ofd.ZAour.

Next, theConfiguraton t hi s has to do with the number of <cel
count supplies around 3.7 volts. The battery above has a 3S configuration, which means 3 cells, which
together provide 11.¢olts [13]. This voltage is important with respect to the motasgach motor has a

KV rating which tells how fast the motor will run per volt supplied. For example, a BOOMotor will

run at 50,000 RPM if 10 volts are supplied. With higher cell count, motonotate faster.
YOO wé zdio (2.42)
Constant DischargandPeak Dischargdiave to do with how much current can safely be supplied by the

battery. For these numbers to be useful, the battery capacity also needs to be known. The equation to find

the continuous wrent iscapacity (Amps) times the constant discharge, or peak discharge C rating. The
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result will give a constargndburst current amount. For example, the safe current discharge rate is 60 times

0.7A which equals 42A, which means the battery can satgiply 42 amps.

0 QB OB 1 QOVABD WHFOROA ©'QO W (243)
The other parameters seen on the spec sheet have to do with physical properties of the battery. The mass,
and dimensions of the batter will affect the moment of inertieutations. The charging ports will affect

what types of chargers that can be used to charge and discharge the battery

2.5.2Battery Simulink Model

At this point there are enough equations to model the battery/flight time of the quadCbetstATLAB

script and Simulink model for this sectiolmenman be f
equations that are needed are the capacity and discharge equations. To begin modeling the battery, open the
Simulink plant model where the motor dynamicsstoged. The battery will be modeled here because the
motors are what need the most amount of power from the battery. Start the model by initializing the
parameters of the battery in a MATLAB script which include the battery capacity, and dischargbenates,
calculate the safe operating current. Next, create a new subsystem battery block. This block will have one
input, current draw, and two outputs, available current and battery voltage. The motor dynamics block will
also need to have input and outpudded to it, one that is used to calculate current draw, a second to limit

the amount of current supplied and a third to limit the voltage. Once that is done the new Simulink plant

model should look liké-igure2.51 below.
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Figure 2.51-Simulink battery plant model

Itds know from the battery specmAhhlhimeanya cnstart h e
700 mA for an hour. From there it can be multiplied by 60 to get how many amps can be sppplied
minute, then multiplied by 60 again to get how many amps can be supplied per second. After doing this,
multiplication, a constant amount of available current per 3600 seconds has been created. The goal of
modeling the battery is to capture how muchrent the motors need, and to continually subtract that from

this total amount. To envision this, imagine a full gas tank.ntimberof gallons is similar to the constant
amount of current. Driving causes the gas level to go down which is the same ttleacagent total
decreasing when the motors need current. At this point the current draw from the motors needs to be
capturedThe current can be seen in the motor model after the first integralttesmsumming the current

of each motor. The procedsoulddone within each motor dynamic subsystem then summed in the omega
calculation subsystem. The motor model and omega subsystems Simulink model that describe this process

can be seeim Figures2.52 and2.53 below.
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Figure 2.52-Motor model current output Figure 2.53-Motor's current summation

At this point there should be a total current draw vector coming from the Omega calculation subsystem.
This can nowbe summed and subtracted from the total current. However, before this is done it should be
noted how Simulinkdés summing blocks work. As in t
provides a new sum. This means that if a to workspace blocluseasthe sum at each time sample would

be able to be captured. This block does not continually sum new samples with previous samples, which is
what the goal is. To sum the total current drawn, a time delay block will be used as a feedback loop to a
summirg block. This delay block saves the previous sum and adds it to the new sum. A rate transition block

can be used to increase or decrease the sample time, it is also used tthanthetetal current available

is correct This Simulink model can be segnFigure2.54 below.

il
el -
': 1 } + T -+ Total Cumrent
Current_Draw [ [ [
Figure 2.54-Total current calculation
At this point 1itds known that the total amount of

addition scheme seen above sums dtel tcurrent at 1000Hz sample rate. To account for this the total

current available needs to be multiplied by 1000. Next, the total current draw can be subtracted from the
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total current. Limits need to be placed on the available current such that the detmt draw more than
the battery is rated for. The maximum current that can be drawn, or max burst current is the burst C rating
times the battery capacity. This calculation can be seBigume 2.55 which also contains the current limit

block.
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Figure 2.55-Available current limited

Now that the current has been limited, the current within the motor dynamics subsystems can be limited.
This can be done by adding inputs to the motor dynamics blocks tingraugmiting block. This can be

seen inFigure 2.56 below.
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Figure 2.56-Current limiting motor dynamics

At this point if the model runs long enough the current supply will eventualtyplignd the motorwill
no longer spin. Another aspect that is useful to ki@the battery voltage curve. The battery voltage

discharge curve is dependent on type of battery, initial charge, and discharge rate. The curve is important
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because if a battery is dischargedfeoit can damage the battery. This can be simulated in Simulink using

the SimScape library.

In the battery subsystemplace the SimScape battery component and change the type of battery to the one
that is being simulated, and populate the parametarg the battery of interest. Next, run the current draw

through the battery using a controlled current source block. Lastly, place a powergui block to have the

Si mScape b

which represents the amount of power left in the battery. The SimScape portion of the Simulink diagram

ocks run. The

can be seen in Figug57 below.

Current

Draw

Block Parameters: Controlled Current Source

Controlled Current Source (mask) (link)
Converts the Simulink input signal into an equivalent current
block

You can initialize your circuit with a specific AC or DC current. If
you want to start the simulation in steady-state, the block input
must be connected to a signal starting as a sinusoidal or DC
waveform eorresponding to the initial values.

Parameters

Initialize

source. The generated current is driven by the input signal of the

Source type [DC.

Initial amplitude (A):
0

Measurements [None

oK Cancel Help
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Figure 2.57-SimScape battery model
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Block Parameters: LiPo Battery. [

Battery (mask) (ink)
Implements a generic battery model for most popular batery types
Temperature and aging (due to eycling) effects can be specified for
Lithium-Ton battery type.

! || Parameters | Discharge

Type: [Lithium-lon

Temperature

[7] simulate temperature effects
Aging

[7] simulate aging effects
Nominal voltage (V) 11.1
Rated capacity (Ah) .7
Initial state-of-charge (%) 100

Battery response time (s) 1

i
oK Cancel Help

Now that the voltagef the batteryis modeledjt can be compared to experimental resiigure 2.58

below shows a comparison of experimental to simulated battery results.
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Figure 2.58-Battery experimental & simulated resslt

Now the battery simulatiooan be used to limit the supply voltage of thetor models. This can be done
in the same way that the current was limited. The Simulink diagram of the voltage and current limited motor

dynamics can be se@amFigure2.59 below.
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Figure 2.59-Voltage and current limited motor dynamics

Running ahoversimulation, the battery voltage, state of chaegel quadcopter altitude can be plotted.
The results of the simulation can be saeRigure2.60 below. Figure2.60 shows how the quadcopter

drops when the state of charge becomes zero.
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Figure 2.60-Battery and model dynamics

Chapter 3 - Quadcopter Sensors

The plant model represents the ideal respoe  of t he system given input s,
exactly what the quadcopter will do. There are many factors playing a role in the motion of the quadcopter
such as wind, temperatyrand approximations when creating the model. The feedinagkadcopters

comes from several types of sensors. These include accelerometers and gyroscopes which are generally
housed within what is called an Inertial Measurement Unit (IMU). The gyroscope provides aetpdiy

data and the accelerometer providesml acceleration dat&/hen modeling a quadcopter, the ideal form

of sensors can be described as feed through, which means that the output of the plant goes directly to the

controller. Real world modeling of the sensmrdudessensor bias, noisanddelay additions.
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Figure 3.1-Quadcopter sensors

3.1 Gyroscope/AccelerometeEquations

The gyroscope/accelerometer are sensors that measures the three rotelimitéés and three axial
accelerations. Thidata isusually filtered, therfed intothe controller.n essence these sensors provide
ohh-Hsand . The sensors are housed in the flight controller which is ideally placed in at the center of

the quadcopter in order to provide the most accurate data. A very important aspect of using these sensors is
initialization. Gene a |l | vy , these sensors wil/ have a biased o
However, this bias can bemovedby initializing the sensors. Imagine a quadcopter is sitting perfectly still

on a tablelts known that the accelerometer should béirgpzero acceleration in the X and Y direction,

and 9.81a 71 in the Z direction, and the gyroscope should read zero rotatielwaitiesin all three axis.

The sensors most likely will not be reading those valmégalization is recording the bias and subtracting

it from themeasuredhccelerations

These sensors also have a delay associated with them. This delay can be modeled as a low pass filter. Along
with the lowpass filter, they have a bias gain associated with them and lastly noise. These aspects of the

sensors can be addaslseen inEquation(3.1) below.
YQE 08I0 o DEVODWDE QI Q (3.1
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3.2 SensorSimulink Model

Because the model i ghe Gitializatienkpliocege ainnd t a rbye rdaewnochastta at ¢

howeverthe conceptan be demonstrateld t a8ssimd that theinput tothe gyroscope and accelerometer
come fromthe plant modelThe MATLAB script and Simulink model for this section can be found in the
fol der ti tThirigla farassumptom ferdhe gyroscope data, however the accdieralam

will be inaccurate. This is because the plant model uses a rotational maainsformatiortheacceleration

to thelocal NED reference framéom the body frameTo achieve a more accurate model of the sensors
the same rotational matrix must lised to transform back to the body frame. This equation can be seen

below, where ¢ represents cosine and s representsTsiigematrix multiplication will be covered further

in Section 4.4.
® A QA AQG QG AQA ©
& QA AA 0QG AG_Q9QA o 32)
& Q AG Ak &
The Simulink model of this can be saarfFigure3.2below.
X_dot_dot | X_diot_dot ¥ _dot_dot ——
—{ 1
¥ _dot_dot | Y _dot_dot Y _dot_dot ——o
—( 12
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—w 4 Psi_dot p|Psi_dot Psi_dot |——
Quadcopter plant IMU

Figure 3.2-Accelerometeand gyroscope in model

60



First simulate just the plant model with zero inputs to generate the average of all the sensor outputs. Because
this is an ideal model, the zero input sensor outputs will be idealthd 1D o) p— T1i96e 1T

andl ), however a bias can be added to the signals with a simple addition block. The next step is to
record the outputs, then take the average and subtract the bias from the sensor output. This step can be seen

in the gyroscope block below. Once this is done émsars are initialized!

Gyro_bias | -C-
& -h=. +

D [ e SN
+ Phi_dat_out

D g S [ W
Theta_dot_owt

3 |+ I L+
Psi_daot_out

Figure 3.3-Bias subtraction
Actual | MUGs have noi se aasbandwidthdhisealseamdifilteimgcantaleo r s i g

be simulated within the Simulink model. Nortyalistributed noise can be added to the accelerometer and

gyroscope similarly to how the bias was added to them. This step can be Bgena3.4 below.

Block Parameters: l&J

Random Number

Accel bias | -C- Output a normally (Gaussian) distributed random signal. Output is
repeatable for a given seed.
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.
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J OK ]| Cancel H Help Apply

Figure 3.4-Addition of noise to IMU
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Once thenoise is added, the same steps as above can be done to unbias theFsgumeE8H & 3.6 below

depictsthewbbi asi ng of the | MUbBS.

Gyroscope Bias Removal Accelerometer Bias Removal
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Figure 3.5-Gyroscope bias removal Figure 3.6-Accelerometer bias removal

What may come as a surprise, because the noise seems somewhat signfigant$n3.5 & 3.@bove, is

that the noi se does ménuchaThdpam model bugputsniid @réelintegralofut put s
the accelerometer and first derivative of the gyroscope. This means that the accelerometer data is put
through two forms of low pass filters, and the gyroscope goes through one. The bode plStastiar2

integral filter can be seén Figure3.7 below.
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Figure 3.7-Second order pole FRF

62



What this means is that higher frequency noise seen from the gyroscope and accelerometer will have less
power once it goes through the integrators and out gflttre model. This concept can be seeRigures

3.8& 3.9below There is less noise in the position, however, there is what is called drift noise. This means
that the quadcopter wandefhe use of GPS can aid in the reduction of wander.

Gyroscope Angular Outputs
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Figure 3.8-Gyrosocope output compared to plant output  Figure 3.9-Accelerometer output compared to plant outpt

3.3 Complimentary filter

An interesting aspect of the ate@meter and gyroscope sensors is that the accelerometer can provide the
same angle measurement as the gyroscope through basic trigopnometry. Not only can the accelerometer
provide the same angular position, it is more accurate at low frequencies tlggmobeope!Since both

sensors can provide angular data, a filter is required to decipher what data to use for feedback. This is where
the complimentary filter comes in. The filter uses two first order filters, one high pass and one low pass.
The acceleronmter data is ran through the low pass filter and the gyroscope data is ran through the high
pass filter then the filters are summed such that high frequency data comes from the gyroscopes and low

frequency data comes from the acceleromegarsllustrationof this can be seen in Figure 3.10 below.
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Figure 3.10-Complimentary filter illustration

Before this can be dortbe accelerometer equations need to be formed such that the rotational data can be
generatd. These can be seen in Equations (3.3.4) below. The accelerations are ba#yerence
accelerations.

% OAI (3.3)

A RS

(3.4)

With the high level model seen in Figure 3.10, along with Equations (3.3) and (3.4) the complimentary
filter can be formed in Simulink. The first task thabsld be done is creating a new sub system that will
contain the filter. The inputs for the subsystem should be the body reference accelerations, along with the
gyroscope angular velocitieshe outputs of the subsystermosild also be body reference accatems

along with the three euler angles.

At this point, thesuler angles need to be formed from the body reference frame accelerations. This can be
done using a MATLAB function block. These blocks allow the use of code to execute functions. Using

Equatios (3.3) and (3.4) the function block contents can be seen in Figure 3.11 below.
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function [Phi,Theta] = AccelsZAngles (Accels)
¥ dot dot=kccels=s(l);
Y dot dot=hccels(2Z);
Z dot dot=kccels(3);

Phi=atan (-Y dot dot/Z dot dot);
Theta=atani—}i_dnt_dnt;"sqrt (Y dot dot”2+Z dot dot™2)):

Figure 3.11-Simulink MATLAB function block code snip converting acceleration to euler angle

Next comes the implementatiohthe complimentary filterThis is formed quite similar to the model seen
in Figure 3.10. All that is needed is an integrator blockteausfer function blocks. Theontinuougime
equations for first order low and high pass filters can be seen in &uué8.5) and (3.6) below where T is

inversely proportional to the filters cut off frequency.

N ¢
VELDUL (A)lm (35)
i oo o Yi

These high and low pass filters can be implemented into Simulink relatively easilgofpémentary

filter Simulink model can be seen in Figure 3.12 below.

1
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Accel_ang
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Angle
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8 T-s+1
Gyro_dot

Figure 3.12-Complimentary filter Simulink implementation

With a filter being used for both the roll and pitch of the quadcopter, @ation can be formedJsinga

chirp signal, which varies frequency, a sinusoidal roll angle can be simulated. With the increase in
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frequency the filter can be seen slowly change the weight of the accelerometer data vs the gyroscope data.

This simulation an be seen in Figure 3.13 below.
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Figure 3.13-Complimentary filter simulation with 0.5 rad/s cutoff frequency

Real quadcopter data can also be used to see the effects of the complimentary filter. Rapteuad

accelerometer and gyroscope data can be seen in Figurex Zbldelow.
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Figure 3.14-Raw accelerometer data Figure 3.15-Raw gyroscope data
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With this data, the complimentary filter can be implemented. The roll angle output of the complimentary
filter an be seen in Figure 3.16 below with accelerometer and gyroscope weighting. It can be seen that the

gyroscope takes over at high frequencies and¢helerometer takes over at lower frequencies.

Roll Angle Comp Filter Outputs and Sensor Weighting, 0.5 Rad/s Cutoff
I I I

0.5
Accel Weight
Gyro Weight
04 Comp Filt Out ||
1 ¥
| I
| [ I | |
‘ | it I
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Figure 3.16-Roll angle complimentary filter output with 0.5 rad/s cutoff
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Chapter 4 - Building the Controller

4.1 Controller

The controller is a very importation pi@n to any systenaswithout it the system would inherently be
unstable. There are many different control methmgador this sectionPID controlis used.A high level

model of a ontrol system can be seen in Figdr&below.

Desired Input \
coifed puts Throttle /

¢ 2 Plant Inputs
6‘ = 'C_'HEI Q1 .
P > g) 1 Q, >
Sensor Outputs . = | Control System Q. >
P »| & L1y
0 >
¥ >
L

Figure 4.1-High level control architecture

The aspectthat need tde controledare altitude, rolangle pitchangleand yawvelocity. Feedback from

the plant modahat wascreateds usedo close the feedback lodp.many casethe user will be controlling
throttle to the quadcopter opposed to altitude. However, it is rather difficult to maintain a constant altitude
in simulation without a controllethus one will be usedo use &ID controlleradesired state, or setpoint

is neededFor examplethe desired altitude is. Next, the error signal needs to be creatduch is done

by subtracting the feedback from the dedistateThe objective of the controller is to drive the error to 0.

A good representation of thdD control scheme can be seen in Figdr2below.
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Figure 4.2-PID controller[14]

TheProportionalpart of the controller produces a general gain for the systemnfdggalportion adjusts
the gain by accumulimg the error signal. ThBerivate portion adjusts the gain by looking at the slope of
the error signal, greater slope, greater contributiBach portion of the PID controller sums to create the

input for the plant model.

4.2 PID Controller

PID controlers can be represented as gains in Simulink, or as a continuous time transfer function. A transfer
function is a mathematical way of describing the output of a system ghi@put. The continuous time
transfer function can be formed using time domaia déth the Laplace transformA PID controllercan

be representedith the following transfer function.

vi oi o© 4.1
O i (4.2)

The transfer function of a controller/plant model changes when feedbattotuced. Without feedback
the system transfer function can be represented by multiplying the controller and plant tuenasien.
The closed loop transfer function is founddmving forthe outputof the systenover inputof the system

The open and closed loop transfer functions can be s@abla 4.1below.
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Figure 4.3-Feedback control system

Table4.1-Open and closed loop transfer function

Open Loop Oi Oi 0Oi 4.2

Closed Loop Ol Oi Oi (4.3
p Oi Oi

Thetransfer functiongan berepresenteth Simulink usingthe transfer function block. To use the block,
the coefficients of the numeratand denominataneed to be knowrThen the coefficientare simply put

into vector form and input to the transfer function block.

The controllercan be built starting with another subsystein.t kih@amn 10 inputs K Acceleration, Y
Acceleration,Z Acceleation DesiredZ, Phi Velocity, Desired Phi, Thet&elocity, Desired theta, Psi
Velocity, Desired PsVelocity), and 4 outputsnf im hm fm) ) are neededrhe feedback are the outputs of
the sensorsThe MATLAB scrip and Simulink model for this section can be found in the folder titled
6 Cont r ol Atehis pdht, enrthe Bighest levilereshouldbe 3 subsystemsa controller, a plant,

sensorsand feedback going from tlsensordo the controller. It should lodke Figure 4.4 below.
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Figure 4.4- Controller- plant feedback

Inside the controllera PID controller ér each set of error signais created There are a few ways of

creating PID controllers using Simulink. There is a PID block, but for demonstration rélaspnsll be

creat@ with the raw derivative, integral and gain blockfiey are formed very sinaitly to Figure 4.2

depicting PID controllers abové&igure 4.5below showsthe PID controller controlling the yaw of the

system.

— |
Psi_dat -

> TR

P=i_dot_d

Figure 4.5-Simple PID controller
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Now, create &ID controller for each seff inputs to the controllerAn important portion of the PID to

realize is what each portion of the controller does and knowing what input signals will be simulated. An
input signal that is normally used as a desired signal is the step signal. One aobtamgwith the PID
controller and step responses is that the derivative term can cause impulses in the system. Imagine at time
zero, a step is applied to the altitude control. The error will be 1, the slope of the error will be Gantieal.

the derivaitve calculates the slope of the line, this will cause an impulse in the PID control effort, which is
undesirable. Because of this, alPktructure can be usedsthis structure simply useabe slopeof the

state, and not therror [B]. To accomplish thisvith the sensor feedback, integrals need to be taken such

that the desired stal®ve thesame units as the feedback sta@nce all the controllers are creaiadhe

controller subsysterblock, the next step is to separate out the angular velocitlds. CBn be done by

backing out of Equations (2.4)( 2. 7) for the 6+06 confR2glthptxd on ©he

configuration. Once this is done the controller subsystemald be like=igure4.6 below.

Figure 4.6-Phi, theta, psiZ PID controllers

At this pointinputsare ready to be appliethdgains can be calculatéor each controller. There are many

methods that can be used to tune PID controllers. Fosebison the controllers will beéuned manually
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| t kihaawn that theProportionalportion aplies gain to the whole system, thus tuning will start with the
proportional portion of the altitude controlldncreaseahe gainuntil the system rises fast enough. Then
tune thelntegral and Derivative gain such that the system converges. Lastly, fine tunéntegraland

Derivativegains so desired characteristao® achievedThis can observe the ming process ifable4.2

below usinga step input.

Table4.2-PID turning process

P gain=1 Desired vs Actual Altitude
0 T —y T e - —
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1 ! I 1 = = = Actual
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L V . 1 L 1\ : ' ! |l
00 pQo S T T ! -
! 11 1 1 ' 1
= A ——— : 'l : N - —
% LI 1 . | . . ! 1 1 !
° | 1 1 |
=} I ] ] ] 1 ! I
= a ' I . Vo '
<50 Yo [ v 1 ' [
Vg 1 ! 1o !
g ! (I | LI (I
I (I} LI v VI
1 | ]
! v L] v
2F ’ \¥ v, ‘\.l (YA
25 , l . | . , | . |
0 1 2 3 4 5 6 7 8 9 10
Time(s)
Figure 4.7-Altitude control iteration 1
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Figure 4.8-Altitude control iteration 2
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P gin=6 . Desired vs Actual Altitude
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Figure 4.9-Altitude control iteration 3
P gain5.8 . Desired vs Actual Altitude
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Figure 4.10-Altitude control iteration 4

Sincea reasonable altitude respomsebeen generateining for rollangle pitchangleand yawvelocity
can now be don& hese are tested using a limited ramp input. THietause in a reaforld controller the

user would gradually apply the input, opposed to a Jtable4.3 below showghe tuned controller gains

and their response.
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Table4.3-Manually tuned PID controllers

Ph

P gain=2
| gain=2
D gain0.1
‘Q %

¢ Q0Q0 TH-—

00 Q0o .
¢ Qo

0.6

05

Angle(rad)

Desired vs Actual Roll

T T
Desired
4 = = —Actual | |

Time(s)

Figure 4.11-Phi control response

Theta

P gain=2
| gain=2
D gain=0.1

0_
600 ¢Qo ¢ QoQo nfpﬁé

Figure 4.12-Theta control response

Yaw

P gain9.1
| gain=0.1
D gain0

60 THQO T® QOQO

Figure4.13-Yaw control response

75




























































































































