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*Very brief historical perspective
e Pictorial “tour’ of UAVs / UAS

*UAS Roadmap: DOD, FAA

e Challenges and Conflicts
» A Possible UAS Classification?

* The Wide Spectrum of Applications
* (Our) Available Testbeds
* Sample Videos (Our applications)

e Formally: What are we doing? Why? How? Final
Objective? Why Unmanned Rotorcraft (< 150 Kgr)?

e Control and Controller Design Challenges
e Linear and Nonlinear Controller Design

 Emergency Landing System
* Nonlinear MPC + Recurrent NN
 Autonomous vertical autorotation

*On integrating UAS into the NAS
P] UNIVERSITY OF DENVER
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Historical Perspective
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Figure 4. Artist’s drawing of Archytas’ flying mechanical pigeon created in 425 B.C. The bird
could fly by flapping its wings and deriving energy from a mechanism in its stomach. It is
alleged that it flew about 200 meters before falling to the ground.
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Autonomous mechanism
designed by somebody
during the 1400s.
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Leonardo Da Vinci’s Air Screw
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Ponton d’ Amecourt’s helicopters (Credit, Hiller Aviation Museum [2]).
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Dragonfly DP-4 MAYA iStar Air Scooter
AeroCopter, Inc. Alcore Technologies, SA Allied Aerospace Air Scooter Corporation

Eagle Eye UAV Hummingbird UAV Dragonfly Unmanned Little Bird
Bell Helicopter Boeing Boeing Boeing
TYPES OF UAVs
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Scorpio ORKA-1200 GT Max RoboCopter
EADS EADS Georgia Tech Kawada Industries

X-cell AutoCopter Explorer AutoCopter Express
Nancent Technology Neural Robotics Neural Robotics
TYPES OF UAVs
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RMAX
Yamaha

SR 20 SR 100 SR 200
Rotomotion Rotomotion Rotomotion

T-ser.iejs G-series i-Copter Seeker APID 55
UAV Vision UAV Vision V-TOL Airspace CybAero
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Fixed-wing Rotorcraft

RQ-8BFIRE SCOUT (NORTHROP GRUMMAN])

Experimental Prototypes
Maxi Joker |

EAGLE EYEIN USCG COLORS (BELL)

TYPES OF UAVs
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DOD ROADMAP

Autonomous Confrol Levels

Fully Autonomous Swarms = 10
Group Strategic Goals f= 9

QUCAR Goal

Distributed Control |- 8

Group Tactical Goals = 7

Group Tactical Replan - 6 J-UCAS Goal

Group Coordination f= 5
Onboard Route Replan |- 4

Adapt to Failures & Flight Conditions = 3
Global Hawk, Shadow,

© ER/MP, and Fire Scout

Real Time Health/Diagnosis = 2 Q Predator

Pioneer
Remotely Guided = 1

| | | 1 | | 1
1955 1965 1975 1985 1995 2005 2015 2025

TREND IN UA AUTONOMY.
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USERS SPECTRUM

UAV Missions
I
I I
DOD Civil Applications
I
I I I I
Land Management Commercial Earth Science Homeland Security
— USDA — UPS — NASA Science Dir. —DHS
— DOI — Fed Ex — EPA — ICE
— US Forestry Dept — Crop Dusting —NOAA — DOE
— CA Forestry Dept — Aerovironment —USGS —FEMA
— Aerospace States Assoc. — General Atomics — NSF — Coast Guard
— NavTech/John Deere — Scripps Inst. — Port Authorities
— Caterpillar — Woods Hole Inst. — Natl. Law Enforcement Lab
— Dept of Commerce — DOE —NGA
Natl. Institute of Stdrs & Tech (NIST)
— Resource Mgt. Systems (Ins.)
Classification of UAV Users
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FAA 'Ultimatum’

FAA regulations for UAS operating in the NAS state that they
must provide an “...equivalent level of safety comparable to see-and-
avoid aerial requirements for manned aircraft”. They should function ‘as if
there were a pilot on-board’!!!

The challenge:

“Design and build UAS that comply with VFR
and later IFR requirements”

Compliance with requirements pertaining to:
O See and avoid

U Right-of-way rules

U ATC communication

U Airspace classes

0 NOTAMs
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Table 6.3: UAS categonization for differentiation of existing systems. Source: [3]
Mass (kg)  Range (km) Flight Alt (m) Endurance (h)

Micro <5 <10 250 1
Mim <20/25/30/1507 <10 150/250/300 <2
Tactical
Close Range (CR) 25-150 10-30 3.000 2-4
Short Range (SR) 50-250 30-70 3.000 3-6
Medium Range (MR) 150-500 70-200 5.000 6-10
ME. Endurance (MRE) 500-1500 =500 8.000 10-18
Low Altitude Deep Penetration 250-2500 =250 50-9.000 0.5-1
(LADP)
Low Altitude Long Endurance 15-25 =500 3.000 =24
(LALE)
Medium Altitude Long Endurance 1000-1500 =500 3.000 24-48
(MALE) _
Strategic
High Altitude Long Endurance 2500-5000 =2.000 20.000 24-48
(HALE)
Stratospheric (Strato) =2.500 =2.000 =20.000 =48
Exo-Stratospheric (EXO) TBD TBD =>30.500 TBD
Special Task
Unmanned combat AV (UCAV) =1.000 1.500 12.000 2
Lethal (LET) TBD 300 4.000 3-4
Decoys (DEC) 150-250 0-500 50-5.000

9 Varies with national legal restrictions
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Airspace Classes

FL600

Class A (~60.000 ft)
IFR. operations only

18,000 ft

. - ... U 14,500 ft
Other controlled airspace
Class B
Major Airports
ATC clearance required
Class C
Moderate-traffic Airports Class D

VER traffic 1s separated from IFR. Small Airports

No separation for VFR traffic

————————————————————————————————————————— 1,200 ft
Class G
Uncontrolled Airspace
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Possible Applications

Power line inspection
Pipeline inspection
-ire detection

Traffic monitoring
Ship Iinspection

Search and rescue

Aarinl nhntnnranhyvy
I_\Cl |a| IJl |U|.U9| Ol|JI |y

SWAT support
Imaging and mapping
ISR

Chemical spraying

Hazard monitoring

Mine inspection

Dam Inspection

Watering restriction support
Border patrol

Police surveillance

Harbor patrol

Earth quake inspection
Crop dusting

Night vision

Anomaly detection/prevention
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O Surveillance, e.g. border patrol
O Search and rescue, e.g. locate people/items on land and sea

O Sniper detection (civilian as well as military)

0 Hazardous area inspection (radiation, chemicals, pandemic, etc)
O Mine detection

O Forestry, e.g. timber inventory
O FEMA - damage assessment

Border patrol Convoy Mapping for security
protection

D] UNIVERSITY OF DENVER



UAS Workshop, Turin, Italy, November 2011

Real-time traffic planning
and control

Model Simulation

\4

Data Collection by UAV Data Collection by Infra-
Mounted Video Cameras red detectors, other
Sources Real-time update of simulation
parameters
l v
Image Analysis Obtain Observed Parameters

A 4

(Vehicle type, density, flow, etc)

\4

Historical Data

Interface

Traffic monitoring: Framework for incorporating real-time
data in simulation models
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Microstrain
IMU

Woltage Regulator

GPS Antenna

802.11 Antenna

Vision System
Enclosure

Small chopper,
autonomous

(Maxi Joker frame)

FOCUS ON SMALL ROTORCRAFT — HELICOPTERS
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o 3

Fleet of ground vehicles

Small chopper,
(custom made for ARL) PP

autonomous
(Maxi Joker frame)

Testing by simulation

Servo
Controllsr

GPS
Receiver

Compact Flash
& Adapter

B
Mothe! 0 ard 1

|
Comparison, 2nd / 3rd
B i Y : generation navigation
controllers

Navigation Controllers: first, second, third generation
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O Miniature Autopilots
O Fail-safe emergency landing systems to comply with future safety requirements

E Tier 5
| Missi j
. sl Ob]e?— Human interface
tives and planning
Tier 4
Path Planning
Tier 3
Controller DI Dynamics
Bank Recaleulation
Tier 2
| Emergency Emergency Critical Failure
Controller Planner Detection
Tier 1 Collision ! “
) | Sense-and- .
Avoid. Sensors — " st Ly
(EO, SAR, Ac) | aveld” system
. Baseline LA Unmanned ]
s Controller Aircraft
INS Sensors | | i
(GPS, IMU) [* Sensor Fusion ——
UAS ¢
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e

% Long Range RADAR
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Design Goals

Increase vehicle homogeneity using a common
hardware platform

* Use of commercially available, off-the-shelf components
to ensure reliability and low cost

4 Generation

3
1%t Generation 2" Generation

e All-inclusive solution containing all hardware required
for autonomous vehicle operation

XMOS Characteristics
e Fast l/O interaction (10ns resolution)
e Real time ability (1Core can run 8 independent tasks)

e Scalability (add more cores through Xlink 1/Os)

*  Programming Languages: XC, C and C++

Applications
| '« Unmanned Aircraft Systems
* Unmanned Ground Vehicles
* Unmanned Underwater Vehicles

e Ground Control Stations

Bl b5t RVER B
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control inputs

UDP

Helicopter

X-Plane

Controller

S

SIMULINK
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UDP

measurments
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O Ability to demonstrate flight scenario feasibility of single/multiple
UAS using X-Plane
O Multiple UAS configuration is UNIQUE!

March 2009 - FAA Briefing D] UNIVERSITY OF DENVER
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Microsoft flight

simulator Controller Throttle

Quadrant

Throttle Stick

Matlab Controller
Computer

32bit X-plane
Computer
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Seeing is believing:

Traffic Monitoring-1
Traffic Monitoring-2
DOT Heli Traffic 11 29 06.wmv
Traffic-3

Traffic-4

Traffic-5

Tracking Ground Robots
PositionHold.wmv
Autonomous Flight-1
Autonomous Flight-2
UAV-UGV

Challenges to overcome BEFORE any integration into the NAS (X-Plane based)
RunninglLanding
TailFailure V2
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* What are we doing? Why? How? Final Objective?
* Why Unmanned Rotorcraft (< 150 Kgr)?
e Control and Controller Design Challenges
e Linear and Nonlinear Controller Design
 Emergency Landing System
* Nonlinear MPC + Recurrent NN
» Autonomous vertical autorotation
*On integrating UAS into the NAS
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Focus on light rotorcraft, and be prepared for the new era of NAS

operations

ODesign and build stable navigation controllers with fault tolerance

ODesign emergency systems to overcome failures in real-time

O Develop experimentally proven and reliable technology

O Address safety issues through technology
O Enhance onboard intelligence to overcome issues with lost communications
O Enhance vision systems and alternative sensors to provide true

see-and-avoid capability
O Obtain FAA experimental (and later on full) certification

D] UNIVERSITY OF DENVER
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Concurrent Engineering Methodology

REQUIREMENTS AND SPECIFICATIONS

Hardware
Sensor Ani?;sst;rgn ; Di/eloplrlnent Software
i utopilot
Fusion Synthesis P Development
System Controller FPGA-
|dentification Design based PC-based Software-in-the-loop
simulation, validation and
\I/ verification
Des_lgn’_ model and C,O,ntrc_)”er ] Hardware-in-the-loop simulation,
validation and specification validation and verification
Theoretical Framework Implementation and Testing
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Challenges

Open-loop unstable (Planes fly, helis crash!)

— E.g.: Hovering is open loop unstable
High degree of coupling

— Control channels have high interdependence
Nonlinear behavior

— Linearization works in small regions
Dynamics spanning wide range of frequencies
Fast dynamics

— High sampling freq. and processing speed required

a

UAS Workshop, Turin, Italy, November 2011

Obtaining accurate models amenable for control design
— System identification procedures are lengthy and specialized personnel is required.

Diverse sources of noise and disturbances

— Lower grade sensors due to payload limitations
— Wind

— Rotor wake

— Mechanical vibrations

P] UNIVERSITY OF DENVER



TYPICAL FLIGHT CONTROL SYSTEMS ARCHITECTURE
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Outer Inner

Controller Controller

(a)

Outer Middle Inner

Controller Controller Controller

(b)
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* Inner Loop Controller

— This inner controller manipulates the helicopter’s inputs and
control the roll angle, the pitch angle, the yaw angle and the
altitude.

Set of inner

loop variables ' Inner

set points L q
oop

Controller

D] UNIVERSITY OF DENVER
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I —

e Quter Loop Controller
— The outer controller provides the set point of the inner controller.

XSELPON! iy Quiter Inner
y set point Loop q Loop
Controller Controller

z set point
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4 Control Inputs 12 States
u X Z
taéﬁzali' Y,  Position
ycli
Longitudina% VX g Vy ! VZ _ Translational
cyclic ] Velocity
I
Collective col p’ q’ . c;gté:g/r
u
Pedal ped 9’ ¢’ '7” , Orientation
angles

Helicopter as an Input-Output System
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The two basic model
based controller design
approaches for unmanned
rotorcraft

Linear Model
@ Controller design
u . based on the
| D ) linear helicopter
I model
» Actual Helicopter Model
X = f(x,u)
Un (D ) Controller design
n | | based on the
nonlinear
@ helicopter model
Xn = ¢(Xn , un)

Nonlinear Model

P] UNIVERSITY OF DENVER
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| l

Outer-Loop Inner-Loop z;‘;':::
Controller » Controller =
Force control Moments Control

Collective T

Typical Linear Controller Design
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Rotor
gusts
cyclic
controls
3 ' Rotor
_> ]
, dynamics

rotor forces

Fuselage

| rotor
| moments

Angular
dynamics

—

effect of rotorcraft angular motion on rotor motion

=

gusts

Translational
dynamics

rotorcraft
velocity

thrust
direction

effect of rotorcraft translational motion on rotor motion

Rotorcraft Subsystem Block Diagram
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Standard Procedures

Modeling

| System ldentification |

First Principles

First Principles
and
Simplified Rotor
Dynamics

I B\

v

Time Domain
Identification

Frequency
Domain
Identification

I N\

v

Contributions

Controller Design

Discrete Time Backstepping control

resulting in linear error dynamics.

Controller Design based
on the Nonlinear
Helicopter Model

Continuous Time Backstepping control with
saturation faction resulting in linear time

varying error dynamics.

Robust Nonlinear Control of feedforward

systems using saturation functions and the
Small Gain Theorem

Controller Design based

on the Linear Helicopter [

Model

Robust State-Space Design using saturation
functions
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Advantages

Disadvantages

: «Simpler controller design | *The controller is effective
Llnear MOdeI based on a variety of |only for a region of an
techniques for linear | operating condition.
systems Different controllers
should be applied in each

operating condition
: oIt iIs a unique global |*The controller design
Non“near model requires much  more

Model

it only requires the
design of a single
controller for all the
operating conditions

sophisticated tools.

Controller design based on linear vs nonlinear model

P] UNIVERSITY OF DENVER
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Handling Nonlinearity through Linearization and Gain
Scheduling

{
Linear Model 1 W Gain
ﬁ> Scheduling /
Linear Model 2 \W Blending

Linear Model 3 W _:
Linear Model n }
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e Non-aggressive flight

— Configuration space: change position in 3D - )
and heading (R3xS?). 8o, Velocity/posiion
— Two regimes considered: e
e Hovering (includes slow motion). G Veloylposiion
e Forward Flight. _ .
0 Helicopter | Headng or tuming rightfet
— Decomposition: =, > | Velodiyosition
e Quter loop: guidance Sy Velotgymﬁm
— Velocity, position commands
* Inner loop: control
— Decoupling
— Stabilization
Inner/Outer
Input Output Loop Decomposition
Lateral Cyclic Position in horizontal o Varaes ot oot sl
LOng|tUd|nal CyCIIC plane -'T"rg:gitr?;y Outer-loop _\\(/:‘llsgt;e Inner-loop -C'?:l'lsgglve N ngljt')ter
Controller il Controller o ;o [ ]
Collective Altitude 4 4 '
Pedal Yaw
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‘ Body- x| 1] q
Trajectory __ /"~ Outer-Loop | o/~ Inner-Loop| Y || pone X, J(q) e >
Generation Controller Controller Dynamics f §

e Inner-loop
— Stabilizes unstable plant.
— Partial decoupling of control channels.

— Generates four low level commands; longitudinal and lateral cyclic,
collective, and pedal.

— High bandwidth

e Quter-loop
— Generates set points for inner-loop.
— External set points: inertial frame position (x, y, z) and heading ().
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Mode 1 A1 =0.3061+0.0939i

Mode 2 A, = -0.4007+0.0862i . Main modes that characterize

Mode 3 43=-0.6078 system dynamics calculated and

Mode 4 A4 =-1.6977+8.1884i _

Mode 5 Js = -2.6605+11,5571] analyeed.

Mode 6 Ag =-6.1981+8.1967 . To obtain the dynamic response

Maode 7 A7 = -20.3125+4.7429i unitary eigenvectors have been used
as initial conditions to excite the

mggg ; ji : 8 specific modes and to obtain

Mode 3 Js = -0.1220 dynamic response.

Mode 4 A4 =-0.1550 * 7 modes for hovering, 9 for cruising

Mode 5 A5 =-1.0100

Mode 6 A6 = -2.3247+8.8898i

Mode 7 A7 =-3.3662+12.3914i

Mode 8 Ag = -5.8500£7.3314i

Mode 9 Ao = -27.0718+7.0303i

P] UNIVERSITY OF DENVER



Controllability and Observability

e Controllability and observability matrices have numerical
issues.

e Better: decompose the system into controllable and
uncontrollable subspaces to count the number of
controllable states.

— Matlab ‘ctrfb’ command for controllability check
e Same approach for observability

. I\/I:H:h ’nh rF nmmnnd far nhcarvahilit tv C acrle
VIUULUIUN 1 NJITITIITTIQUATNINA 1V NINI ] VUNILILI Y Wl INGCWUIN

e Result: plant is controllable and observable
— 13 controllable states
— 13 observable states

P] UNIVERSITY OF DENVER



Input-Output Pairing

* Best input-output pairing
— Relative Gain Array analysis in DC
[ 0.8529 0.1471 0.0000 —0.0000 |
i 0.1471 0.8529 0.0000 -0.0000
24, =[G,(0] G, ()] A=
J J ji —0.0000 0.0000 1.0156 -0.0156

| —0.0000 0.0000 -0.0156 1.0156 |
é‘lat_>¢ 5I _)9 5ed_>r é‘col_)W

on P

— Also matches physical characteristics of helicopter
— Interpretation:

e Lateral control is associated with the roll

e Longitudinal control is associated with pitch

e Pedal control changes the yaw rate

e Collective control changes the heave velocity

P] UNIVERSITY OF DENVER



Diagonal Dominance, Open-Loop

L _ Diagonal Domminance of Open Loop System
Z‘Zrc(J(DN 15 | | | | i
r=1 R | | - — heightls_,
dc (joo) = —— S | by,
¢ |ch(ja))| o | i Vped

«Calculated for all of the inner loop
variables.

sYaw, pitch and roll all below
required value.

*Results indicate that maximum
diagonal dominance for the
height/collective is approximately
1.5. This is only slightly above
recommended limit

sInner loop control to be treated as
four SISO controllers.
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Decentralized Control

Simplifying assumption: coupling is treated as a disturbance with linear
MIMO system treated as multiple SISO systems

Bjat fia - + roll ¢ é‘lat %(S) ¢
Blon hf;z - . pitch 6 Oon éin s) [
5 s
e < - yaw y O ped %ﬁt (s) v
< ‘\ )
Bcol T4 height -z
W = 5co| i(s) Z
Fully coupled MIMO system Helicopter control with

SISO subsystems
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PID Controllers

e Time-domain equation for the PID
controller with K, the proportional
gain, K, the integral gain, and K, the 9% 28 e e, 20 1O 1 gy | YO,
derivative gain :

- * * *@
u(t) = K, *e(t) + K, j e(t)dt + Ko * =

e(t) =r(t)-y(t) SISO PID closed loop control

e The derivative term of a PID
controller produces to suddenly

changing signals RE) +©E(s> Kook +E YO Plart Ye)
e to avoid an undesirable sharp - : -
response the derivative term is Ke™sY) [ o
moved from the closed loop forward °
path.
e If derivative term is measurable, this Rate feedback PID control

output is used directly rather than
implementing differentiator.

P] UNIVERSITY OF DENVER



PD-like Fuzzy Logic Controller

e The error e(t) is defined as the difference between the desired signal value
(set point) and the real value of the controlled variable

e Ae(t) is the error change.

e S, isthe scaling factor for the error, e(t).

e S_ isthe scaling factor for the change of the error, Ae(t).
e S, isthe scaling factor of the PD-like controller's output..

e(t) J S 3 R .
e 1 Fuzzy | Up,
PI 1
. PI I
Jal g A€ | | rulebase
dt ce +1 Uppp
+ A
Ly Fuzzy Uop Upp
PD > S,
» rule base
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PID-like Fuzzy Logic Controller

e The error e(t) is defined as the difference between the desired signal value
(set point) and the real value of the controlled variable.

e Ae(t) is the error change.
e S, isthe scaling factor for the error, e(t).
e S_ isthe scaling factor for the change of the error, Ae(t).

e S,andS§, are the output scaling factors of the PI-like and PD-like controller
that constitute the fuzzy PID-like controller.

e() Jc 1€ | :
> Se 1 Fuzzy 0., Up,
. PI S P &
d] JS A€ |, rulebase
dt b +1 Upp
+ A
—  Fuzzy |4, Upp
PD > S,
»| rule base
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Implementation

e The Control System implemented consists of
— A Attitude-Height (Inner Controller)
— A Inertial Position (Outer Controller)

Outer Loop
Controller
o ——— - HELICOPTER
u-velocity Set
point in the = g u-velocity ! o Lateral MODEL
s : B contoller | - iels TRAN(I;ORM
» FROM
v-velocity Set | : " BODY FRAME
Point in the | v-velocity ' > Inner Longltt:;jlnal REFERENCE
inertial frame > controller | oyclic_y, T0
[ »{ Controller INERTIAL
o REFERENCE
Yaw angle N (Att_ItUde-
Sl it " Altitude) Pedal
>
Altitud
-Mlpun:_; > Collective
~
>
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Optimization Based Controller Design

Based on results of diagonal dominance analysis, MIMO model may be

treated as a set of multiple independent SISO systems.

Helicopter controller implemented sing a set of SISO controllers.

Because of complexity of transfer functions obtained for each of
independent SISO systems, optimized-based controller was

implemented.

An iterative approach followed to obtain parameters of the Height, Yaw,

Pitch and Roll Controllers.
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Optimization

e The objective function used was the Integral of the Absolute Error (IAE)

IAE= | le(t)lt
e Each controller was optimized when the other controllers had a fixed set

point.

 The optimization was implemented using Matlab Optimization toolbox.
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Inner Loop Stabilit

e The system is stable as confirmed by all roots being in the left

half s-plane

Poles and Zeros of Inner Loop
80 ‘ ‘

=
60 -
40 - ®
20 -
2
x
<
>
g 0-® ® &
k=)
g
= -20-
-40 - ®
-60 -
_80 L 1 | | | | | ® | |
-350 -300 -250 -200 -150 -100 -50 0 50

Real Axis
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Diagonal Dominance of Inner Loop

Bode Diagram

e C(Closed inner loop transfer functions
become outer loop open loop transfer
functions.

&
T

Magnitude (dB)
N
o
T

&
(92
T

N
o

N
a

 Diagonal dominance checked.

(deg)
o

Phase
A
a

* First BW determined for inner loop
system determined to be e e e
approximately 3.5 rad/sec. |

0.35 -

height/heighiSp

|
03=—F- - vhg,

0/0,

e Diagonal dominance calculated over
bandwidth.

e Height had the greatest degree of
coupling.
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Linear Quadratic Control Techniques

* Helicopter is a “good candidate” for application of linear quadratic control
techniques:

— Highly coupled MIMO system
— Open-loop unstable in hovering mode
— Instrumentation requires sensor fusion and filtering techniques

e |t provides analytical bounds for relative stability, robustness and tracking
error.

e |t may provide better performance than initial SISO design approaches
* There are computational tools readily available

— MATLAB’s Control Toolbox

— MATLAB’s Robust Control Toolbox
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Control Strateg

Cascaded Control Structure

B — u Body- | ¢ oX | 1 q
Trajectory 0/~ ™ | Outer-Loop | /7 gllnner-Loop| ™ 0 g o » J(q) > — >
Generation \T/ Controller \T/ Controller Dynamics f >

‘ | / T
|

/

LQG Controller

Vv + u y
Ysel e Ko -Q » Model >

|
Lb Kalman hs K
» Estimator . LQR

Kiort
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Outer-Loop Control Design

* Inner-loop reduction

e Quter loop handled by 4 PID controllers and a correction block for
trajectory input.

Inner-Loop

X ) ] S :
\_E/ | Correction [ PID x s ™ I .
; i €1 Sp nner-

Ysp. _._::- ) > Block » PID ¥ : . : oop Bﬂt]}'— | :
- J[ i N Wwsp g C i . - » Frame » =] - 1

SP ! _ | Controller P
) > Pz Model '
LOQG '
' 1
1
1

Wsp li--lf' rsp

A

e PID controllers can be designed by SISO approximation using classical
control techniques.

e For now just manual tuning.
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Comparison:
PID vs Fuzzy vs LQG
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Reference Tracking

Set Paint

FID Caontrollers
Fuzzy Controllers
LOG Controllers

15 e

Rectangular Trajectory
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Reference Tracking

| =3¢t Paint

= PID Controllers
e | =—Fuzzy Controllers
LG Contrallers

Double CircleTrajectory
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Reference Tracking

| T Set Point

" | =—PID Controllers
| = Fuzzy Contrallers | "
) LAG Controllers

Take-off and Landing
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Second Phase
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PID Control Revisited

e Two degree of freedom
controllers with anti-windup

* Tuning
— Basic stabilization with

complete plant: four
proportional controllers.

— Reduce input/output channel
dynamics including cross
couplings.

— lterate procedure on other
channels.

From Outer Loop

Inner Loop Control

PID Lat.

Helicopter

Cyclics

Lateral
Dynamics

PID Long.

Cyclics

Longitudinal
Dynamics

Heave
Dynamics

Yawing
Dynamics

To Outer Loop

Prefilter

+
+1 %

+¥

\d

\

\/

PID
Structure

A

1
) Ts
i
: O
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LQGI Control

e LQG control with
integrator for tracking

— Plant augmented with Augmented Plant
2-DOF LQGI Controller

integrators 000 —-———--ioootoioo oo |

* Separation principle ; »?—»g [ | velcopter (-
— Kalman filter design B i

Kalman Filter LQR Gain

— LQR gaindesign | s

e Full support of
Computer Aided
Control System Design
(CACSD) tools: MATLAB
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MPC Control Position Tracking System

Waypoint Model
tr?{ﬁgtr(t)i;es :> Multi- PID jl> Tb J\ (Plfriir(glil\;er J\ BO:i)r/;:fr;af:ne J‘l> _I_i
COr?efglc;ﬁtge’S, Controller i _l/ (Body _l/ reEt | o L
time) Frame)
| clcy cOsy —s6 |
where: T’ =|sgsfcy —Cosy s¢gsOsy +Cécy  S@co and T =(T")
| CPSOCy +Sgsy CPsOSy —sgcy  Cpcl
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B Ascending Spiral
3D trajectory

— Set Point
——PID Velocity Tracking
— PID Fosition Tracking

X responses y responses

~{|——MPC Position Tracking|. AP
40 ; ] ahe: Postsan Tiacung
AlE {/—\ / _
30 NN A X
25 ' NS R S
g ) 5 3 0 L = = g
20
=2 .
1]
T 15 Heading responses
10 ’ B
=
5.4 i 27
“}I—I 1af //
0 LY i =
e i

Y (ft) X (1t)
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Double Circle with Variable Height

Height (ft)

100 N\

; - | ——Set Point
. .| —PID Velocity Tracking
o= . |—PID Position Tracking
“<=zhe4 | —— MPC Position Tracking

80
0| oo
0, oo
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Parameters Estimates

States Estimates

Joint Kalman
Filter

Helicopter

Controller Control
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Inertial Body-frame Inertial
velociti velocities positions
and and Inertial and

yaw rate yaw rate ' i Velociti heading

MPC
Controller q *

Joint
Extender
Kalman
Filter

Parameters
Estimates
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Accidents and damages

-

|
. . Ground e : |
Primary Accidents . M'c_l .alr Unintended I
Impact collision movement |
Falli |
. alling '
Secondary Accidents .
Y debris :
|
{ and/or
‘\ / oy
Injury or Damage Damage to Impact on Impact
fatality to system property environment on society
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Catastrophic? |Hazardous® [Major ¢ |[Minor @ |No safety effect

Frequent =107 /hr
Probable <1072 /hr
Remote < 107* /hr

Extremely remote < 107> /hr
Extremely Improbable | < 107° /hr
@ Uncontrolled flight and/or uncontrolled crash, which can potentially result in a fatality. Potential
fatality to UAV crew or ground staff.

b Controlled-trajectory termination or forced landing potentially leading to the loss of the UAV

where 1t can be reasonably expected that a fatality will not occur. Potential serious injury to UAV
crew or ground staff.

¢ Emergency landing of the UAV on a predefined site where it can be reasonably expected that a
serious injury will not occur. Potential injury to UAV crew or ground staff.

4 Slight reduction in safety margins or functional capabilities and slight increase in UAV crew
workload.

Fig. 4.1: UAV operations risk reference system (the grayed areas sigmify unacceptable risk).
Source: [43]
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Total fatality rate per hour of flight

107

n_-:’_‘_'_-.-.-.-.-::............__......_..___. ®

—e—  Gen. Aviation
—--  Commuter

----- ®-—  Air Carrier

[ T

I — 1 T g
s e 7
Pl 2N P .
S
g
* -
:I:': ”\ ’."-.

{ P =
* " .

I:"- I i:: L i I | [

1984

]
1988 1992 1996

2000 2004

Fig. 5.2: Fatality rates from general aviation, commuter and air carrier accidents as a function of
time. Based on analysis of NTSB accident data [15] between 1983 and 2006.
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Table 5.3: Fatality rates for accidents where an in-flight collision with obstacles (e.g. birds, trees,
powerlines) occurred. Based on analysis of NTSB accident data [14] between 1983 and 2006.

Rates per hour Air Carrier  Commuter  General Aviation Total

Accident 1.34% 107 3.22x10°6 1.33 %103 8.17x10°6
Fatalities aboard 9.67 x 1077 2.67x10°° 6.27 x 10°8 4.25%10°°
Ground fatalities 5.97x107° 3.81x10°® 5.73 < 1078 3.93x 1078
Total fatalities 0.73x10°7 271 x10°6 6.32 % 106 4.29 % 106

Table 5.4: Fatality rates for accidents where a mud-air collision with another aircraft occurred.
Based on analysis of NTSB accident data [14] between 1983 and 2006.

Rates per hour Air Carrier  Commuter  General Aviation Total

Accident None 2.76 x 1077 5.90 % 1077 3.74 % 1077
Fatalities aboard None 6.96 x 107/ 1.04 % 1078 6.82 %« 107
Ground fatalities None 1.91 x10°8 2.86 %108 1.87 x 108
Total fatalities None 7.15x 107 1.07 x 1078 7.01 %10
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Fig. 5.4: The probability of fatality as a function of kinetic energy impact as estimated by Weibel -% 0.4 :'
[20] and models denved in RCC321 [18] and RCC323 [17]. 0 ’ |
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= L Il 4
o [ Y A 4 A RCC323
L i i
1
i [
0.2 / RCC321 -
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Fig. 5.5: The probability of fatality as a function of kinetic energy impact for the proposed model
with ot = 10%], B = 1007 and for several values of p,. For comparison purposes the estimates of

Weibel [20] as well as the models of RCC321 [18] and RCC323 [17] are given.

Equivalent levels of safety - study
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Case Study Results — Over the US

Table 5.12: The percentage of the US area over which each UAS can loiter without violating
set TLS requirement, based on exhibited reliability. The bold column represents the reliability of
manned general aviation. Population density data: [1].

Terin hr
10* 10° 10* 10° 108
RQ-4A Global Hawk  0.4% 7.1% 38.8% 79.5% 96.6%
MQI Predator 2.5%  25.6% @ 64.2% 93.8% 99.0%
RQ-2 Pioneer 14.7% 52.9%  90.3% 98.3% 100.0%
Neptune 43.8% 83.9% 97.2% 99.9% 100.0%
Aerosonde 532% 90.4%  98.3%  100.0%  100.0%
RQ-6 Fire Scout 7.7%  40.8%  81.4% 96.8% 99.8%
Guardian 32.7% 72.4%  95.5% 99.5% 100.0%
Rmax type IIG 559% 91.5% 985%  100.0% 100.0%
Vario XLV 79.1% 96.5%  99.7%  100.0%  100.0%
Maxi Joker 89.4% 98.1% 100.0% 100.0% 100.0%
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Case Study % of US — Flying over

T T T P i g ~.
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oy 2t ===

x x i,.:._ = Lo : A

- ikl =~ . = )
~ % o -
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(a) RQ-4A Global Hawk

(b) MQ-1 Predator

(1) Maxi Joker 2

Aceeptable Ty in hours wo overfly corresponding area Acceptable Tz in hours to overfly eorresponding area
1 — | (— == —1 [ ]
< 17 10° - 10° 107 — 10° 10— 10° > 10° <107 10° - 10 10° — 10 104 - 10° =100
Fig. 5.6: The areas of the US, the RQ-4A Global Hawk and the MQ-1 Predator UAS are allowed

Fig. 5.8: The areas of the US, the Yamaha Rmax IIG and Maxi Joker 2 helicopters are allowed to
to loiter over based on their reliability with respect to ground impact occurrence frequency. loiter over based on their reliability with respect to ground impact occwrence frequency.
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Case Study % of Europe- Flying over

(a) Yamaha Rmax IIG

(b) Maxi Joker 2
(b) MQ-1 Predator

Acceplable Tz i hours Lo over(ly corresponding area
Aceeplable Ty in hours 1o overlly correspending area — — —_ = .
] [ [ PSlE [t MG ot - 108
<107 0107 IR 10t 1 = 109

Fig. 5.11: The areas of Europe, the Yamaha Rmax IIG and Maxi Joker 2 helicopters are allowed to

Fig. 5.9: The areas of Europe, the RQ-4A Global Hawk and the MQ-1 Predator UAS are allowed loiter over based on their reliability with respeet to ground impact occunrence frequency.

to loiter over based on their reliability with respect to ground impact occurrence frequency.
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ADDED SAFETY: THE CURRENT STATE

Tier 3
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Controller 1 Alreraft

INS Sensors
(GPS, IMU) " Semsor Fusion ——

UAS
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THE PROPOSED SYSTEM
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THE AUGMENTED’ SYSTEM FOR MANNED HELICOPTERS
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A Long Term Concept Objective
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Idea of launching and recovering on the move

D] UNIVERSITY OF DENVER



UAS Workshop, Turin, Italy, November 2011

CONCLUSIONS

A LOT HAS ALREADY BEEN DONE, AND CONSIDERABLE

PROGRESS HAS BEEN MADE IN
Controller Design

Navigation Systems
Sensors
Integration

BUT,
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