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To invent an airplane is nothing.
To build one Is something.
But to fly Is everything.
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Facts and Figures e )/'
Institute of Flight System Dynamics b ., il M

— Established October 2007
— Former Institute of Flight Mechanics and Flight Control

Professors
— Prof. Dr.-Ing. Florian Holzapfel
— Prof. Dr.-Ing. Dr. h.c. Gottfried Sachs
— Prof. Dr.-Ing. habil. Otto Wagner

Senior Researchers
— Dr.-Ing. Matthias Heller — Rudolf Diesel Fellow
— Dr.-Ing. Dipl.-Math. techn. Johann Dambeck , ; e "
Researchers = R
— 37 scientific employees / PhD students including five foreign researchers
— Eight external PhD students
— Goal 2012: 45+ employees

Homepage: www.fsd.mw.tum.de E-Mail: florian.holzapfel@tum.de
Address: Boltzmannstral3e 15 Telephone: +49 89 289-16081
D - 85748 Garching Fax: +49 89 289-16058

Florian Holzapfel Institute of Flight System Dynamics 4



Institute of
‘2= Flight System Dynamics

Lectures

Flight System Dynamics | & I

Flight Control | & Il

Flight Guidance

Navigation and Data Fusion

Flight Dynamics Challenges of

Highly Augmented Configurations

Nonlinear Adaptive Flight Control

Development of

Flight Control Systems

Aircraft Trajectory Optimization

Aircraft Parameter Estimation (2013)

Technische Universitat Miinchen TI-r"

Teaching

o~

Practical Courses

Flight Guidance

Flight Testing

Fundamentals of Practical Flight

FCS Development (2013)

Florian Holzapfel
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Infrastructure

Research Flight Simulator

Student Flight Simulator

Certifiable Flight Simulator
FTD Level 5+ / Level 6

Representative Flight Control

Hardware (Iron Bird & Actuators)

Low-Cost Sensors

(GPS, Inertial, Pressure, Loggers, ...)

Three Quadrocopters fully equipped,
Sensors, Controllers, Data Links,...

Three different Fixed Wing UAVs

Fly-By-Wire GA Iron Bird

Motor Glider Grob G-109B

Development / Procurement

EMA Actuator and Testbed,
AFDX Data Bus, Interface ..

Twin-Engine Flying Testbed DA42MNG

Certifiable Avionics Platform

Additional Sensors:
Laser, Radar, Scanners, Airdata ...

Florian Holzapfel
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Modeling, Simulation & M a_l n Flight Control &
Flight Guidance

Parameter Estimation

Research
Areas
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Modeling, Simulation and Parameter Estimation

Principle: one model for all applications!

= Structural Model = high fidelity simulation models i

= Simulation

= Trim and Performance Assessment

» Linear System Analysis

» Flight Testing

= Parameter Estimation

Florian Holzapfel

Technische Universitat Miinchen Tu."

Simulation

Trim and Performance
Assessment

System Analysis

Linear System Analysis
Stability & Control

‘ A priori information

Flight Testing

Parameter Estimation

Modeling, Simulation and Parameter Estimation
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Flight Control & Flight Guidance

» High Level Objectives: \

= Development of control algorithms for
real flying systems (manned and unmanned)
= Application of modern control theory to flying systems
» Fault tolerant flight control systems
= Certifiable control systems with guaranteed stability,

robustness and performance characteristics

» Excellent handling qualities and intuitive flying

of manned aircraft

» Increased safety for manned and unmanned aircraft

Florian Holzapfel Flight Control & Flight Guidance 9
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Trajectory Optimization

Mayer Cost Function GBIl N
Minimizes/ maximizes properties at the beginning or at the™ —
end of the trajectory, includes limits for the whole
trajectory:

* Flight time

* Fuel consumption

¢ Maximum range Aol ' osiony ]
Maximum load factors .
Endurance
Energy at the end of the trajectory:

* Kinetic/ potential energy

* Energy stored in fuel cells/ batteries

Position x [m]

Lagrange Cost Function
Integral cost function,
accumulation over the trajectory
* Emissions
* Noise
* Threats
* Re-entry heating
* Control rates/ actuation activity
 Structural stress/ fatigue

Florian Holzapfel Research Area — Trajectory Optimization 10
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Navigation & Data Fusion

» High-performance algorithms for (low-cost)
navigation sensors

» Research on modern sensor data fusion concepts

» Navigation system performance and
integrity monitoring

» Analysis of modern navigation techniques: e Navigation
Filter

— Imaged-based navigation (IBN)
(indoor applications, Vision Enhanced Autoland System)

— Dual Airborne Laser Scanner (DALS)
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— Terrain Reference Navigation (TRN)

» Application of dynamic models and methods from
system identification and integrated navigation

« Simulation-Toolbox for integrated nav. systems I S,;{jg’;m‘

(Inertial navigation systems, GNSS simulation, data fusion
filters, sensor error propagation analysis, ...)

« Demonstration of navigation algorithms on UAVs

Florian Holzapfel Navigation & Data Fusion 11
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Video Rakete
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Aspects dedicated to Adaptive Control

« Controlling deterministic time continuous systems with parametric and dynamic
uncertainties

« Online parameter estimation based on measured error signals to maintain
consistent performance in the presence of uncertainties and failure

« Adaptive control techniques can be used to augment existing, robust controllers in
order to optimize performance

« Adaptive control can maintain performance in adverse conditions

« Has the potential for saving time and money
— No exact models needed as in classical control approaches
— Plant dynamic is assumed to be unknown
—  Uniform performance for all possible unknown dynamics

In the recent years a coherent theory was developed and
adaptive control was used in many practical applications

Institute of The Rough Way of Making Visions Fly 15 1'|.m
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Adaptive Control

» Control Objectives — “Our Objectives”

Autonomous following of highly curved trajectories

Full utilization of control power and redundancy

(all control surfaces, max. amplitude und max. rate)

Dynamic adherence to flight envelope limits

(without conservative margins)

Control objective conflict resolution: conflicting / unachievable commands

r

—

High robustness — model, parameter and sensor uncertainties

Fault Tolerant, Robust Flight Control

Adaptive control — failure, configuration change: “Never-Give-Up-Strategy*“
(e.g. blocked control surfaces; sensor loss)

Fast adaptation to increase survivability and reduce the dependence on model data
Certifiable adaptive systems with guaranteed stability, robustness and performance
Design of adaptive controllers based on performance and robustness metrics

» Applications in Multiple Projects:

* NAFC

* NICE
 FAT

+ MODUAV
 ALUSTRA

Institute of The Rough Way of Making Visions Fly
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Adaptive Control

Nonlinear Dynamic Inversion _ : " r‘v r— fc;zpﬁve
Lyapunov’s Direct Method T l(/; L 5 - Z:zf;rr?;ed
Backstepping, Adaptive Backstepping Yo T Y 7
Direct MRAC, Indirect MRAC, Composite MRAC Mﬁ ﬁvw— | o reerence
L1 Control %f 0 M AM
Update Laws (Derivative Free, Gradient, % s 10 1'5ﬁme = 25 0
Filter, Lyapunov Based)

Nonlinear Regressors (e.g. Neural Networks) Adaptive Laws:

Reference Models (linear, nonlinear) O, =-T sgn(A)B,Pe_ x, —ole|@,

Robustness Modifications 0, =-I',sgn(A)B,Pe,-r’ —cr||e”(-).,‘

Performance and Robustness Metrics @, =T, sen(A)B,Pe, -9’ (x,)-cle|®,

(;)a =-T, sgn(A)Bi,Pel, — O'He"Q ;

Institute of The Rough Way of Making Visions Fly 17 1'|.m
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Adaptive Control for Missile Applications

Different Missile Types: Tail-Controlled Missile,
Canard-Controlled Missile (Missile available),
Tail-Controlled Missile using Reaction Jets

Used Adaptation Strategies: L1-Adaptive Control,
Model Reference Adaptive Control,
Adaptive Backstepping

Type of Cooperation: Fundamental Research,
Research and Development

Work share of FSD in several projects:

» Adaptive flight control based on nonlinear dynamic inversion

for missiles featuring a high level of uncertainties and nonlinearities
+ Development and assembly of a reusable low cost missile
+ High fidelity missile simulations combined with flight tests

» Tailoring an Adaptive Backstepping approach to a tail-controlled missile using Reaction Jets

Gz CMD

az in [g]
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Innovative Control Designs and Evaluations
(NICE) — An EDA (European Defense Agency) project

+ Derivation and assessment of different baseline inversion strategies with respect to
nonlinearities addressed, relative degree, model assumed for inversion
(not necessarily the nominal model), model parameterization -

Angle of Attack ag

+ Applications:
* Generic surface-to-air missile model
e Combat aircraft model

+ Development of a new, physically motivated Reference Model
+ Highly nonlinear
* One Reference Model outputting all the necessary signals
» Uses the full physical capabilities of the plant

* Redesign of the Baseline Controller according to the change in the s = \—M prm—
Reference Model “a ]

= Leads to an almost linear error dynamics, which is perfectly
suitable for MRAC

+ Adaptive Augmentation of the Baseline Controller

_ Wyef ]
* Direct MRAC
. L1/PWC " Vi u
= Physically motivated choice of the S o "Kp o - ~A L (x) | Missile
learning rates
P el () o (v
= New developments lead to an increase in performance w yI e —
and utilizes the full physical capabilities of the plant Augmentation

Institute of The Rough Way of Making Visions Fly 19 1'|.m
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Adaptive Control for Aircraft Applications

* Type of Cooperation: Fundamental Research,

Research and Development

» Basic research on Model Reference Adaptive Control (MRAC)

» Application to Use-Cases
1) Pitch-up nonlinearity:

2) Nonlinear model of large transport aircraft:

Structure (Direct, Indirect, Combined, £,, ...)
Regressor (Linear, Nonlinear, Neural Networks)
Update laws and modifications (Lyapunov, Gradient, Filter)

Robustness modifications for parameter boundedness

Design of reference models (linear, nonlinear, constraints, ...)

0, = —TIysgn(A) - x- e.PBp —clle]| 0O,

0, = —T.sgn(A) - r- e.PB, —clle| 0y

Adaptive Laws:

—Tpsgn(A) - ¢(xp) - e.PBp —alle]| O

Heging of reference model

Elimination of gain scheduling parameters

Institute of The Rough Way of Making Visions Fly
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Adaptive Control for Aircraft Applications

1) Pitch-up nonlinearity: n
) P . / u% Delay [> Actuator 5%, =ApX|:ia¢rg<p)+pr :Z Stru.ctural ;}
* Short period model Yo =CoXp +050 117
* With nonlinear pitch-up
* Including sensor and actuator model 5
» To compensate for the nonlinearity different Bl

adaptive methods are applied and compared
= Performance Metrics
= Robustness Metrics (Time delay margin)

B e e e e Nu_reference

= = Na_covanond

2) Nonlinear model of large transport aircraft: - T S S S "

Mu_boseline

* Airbus Simulation Model 2 : _ : : Ns_odaptive
= 6DoF model 0 [ - DA S e
= Including sensor and actuator model ¥ 5 5 : 5 5 :

« Problem: Loss of scheduling parameters (V¢us) 0 > L H

+ Definition of Requirements
= Handling requirements R T Contour:

= Performance Metrics R baseline controller
= Robustness Metrics (Time delay margin) o
. . . . x + Level 1
+ Augmentation of the baseline controller with an adaptive controller = " + Level 2
= MRAC B aany + Level 3
= [, piecewise constant +>Level 3
* Application of Kalman Filter to estimate the scheduling parameters 3 i + unstable
* Investigation of performance and robustness HHH i)
* in the presence of uncertainties to 0 T2
M
Institute of The Rough Way of Making Visions Fly
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Our Academic Research in Flight Control at FSD
Nonlinear Adaptive control

Nonlinear Adaptive Control for Helicopter Applications

* Project Description:

* Closed loop real-time simulation with the nonlinear, adaptive
L1 control structure

* Development of a certification strategy for the L1 controller

« Evaluation in regard to existing baseline controller

Structure:

* For the helicopter a linear baseline controller exists

* In nominal condition, the baseline controller remains the active
controller

* In adverse conditions, the adaptive L1 controller augments the linear
one

Tasks:

* Implementation of an optional L1 controller by incorporating but not
touching the existing baseline controller

+ Development of a valid certification strategy

« Comparison of the augmented system with the controller designed
for nominal conditions

Institute of The Rough Way of Making Visions Fly 22 'I'I.m
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Our Academic Research in Flight Control at FSD
Nonlinear Control for Quadrocopters

« Design Objectives: high bandwidth, robustness and accuracy

— Able to utilize the accelerometer measurements in the control feedback
» accelerometer xy axis: external distrubance and aerodynamic forces

- New Mathematical model for control design
— Novel control variables: to decoupl¢ translational dynamics and simplify computations

NED frame

1

Body-fixed frame

(9193 — 9092)

sin@cosP 9x
gs=Mpy-gw=9"| 2243+ qoq1) |=g-| —sin® |=|9y
g2 —q? — g3+ q3 cos@cosP 9z1g
— Translational dynamic equation (W: world frame)
fx gx f’x gx
(BG)WW = MWB fy + gy = MWB f + gy
fIw f,+T/m—T/m Y _T
N 9z B 9z B /m B
~0 B Meas decoupled controls
Institute of The Rough Way of Making Visions Fly 23 1'|.m
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Our Academic Research in Flight Control at FSD
Nonlinear Control for Quadrocopters

Novel baseline position control structure designs using D.l./backstepping
Position loop of Relative Degree (RD) 2 + gxy loop of RD2
Position loop of RD3 + Rate loop of RD1 structure

Example: L1 Backstepping design structure

n;

ns

Control |L74]

Augumented L1 adaptive control based on the error model to account for
model uncertainties

Mapping

Flight System Dynamics

Lessons Involuntarily Learnt From Controlling Aircraft

Step 2 | X2ad A20a@2qa Step4 | Unaa
L1 L1
A A
U
*ic Referencd®!™ | Step1 |%1| Step 2 ¥ |
EN Ll ags a Lag « ‘ '
Model X, Position @1 | Velocity az‘ Step3 |as | Stepa ! ‘
dz Gxy d3 gxy Ump  Um
Te 7
Reference >
Model |7
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Video: Quadrocopter
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3. The Classic View on Flight Control
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The Classic View on Flight Control
Specific Challenges of Flying Vehicles

« Unique Plant to be Controlled: The Aircraft " ﬁq]tqﬁalﬁ a~AL~y]Ly~h{»

* Novel Systems (UAV, HAWE, ...)

= New requirements and challenges

Profoundly nonlinear plant

Large Envelope concerning flight
conditions and configurations

Strong coupling of variables to be controlled

Unavailable or complex measurements

Large, manifold & changing model uncertaintiess
Highly dynamic external disturbances
Consequences of a Failure

Unconventional configurations/shapes
Novel operational concepts & strategies
Increased Need for Automation / Autonomy

Institute of The Rough Way of Making Visions Fly 57 Tl.m
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The Classic View on Flight Control
Definition of the most important properties for aircraft dynamics

Rudder ¢ . L
C\i

g Aileron &

\\ .
olllng moment L
' Roll rate p
V
XA

Elevator n

-

Aileron &

-

N

’ Pitching moment M
Yg Pitchrateq

Yawing moment N %B
Yaw rate r

A

™ xa

Zg A
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The Classic View on Flight Control
Definition of the most important properties for aircraft dynamics

Institute of The Rough Way of Making Visions Fly
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The Classic View on Flight Control
Definition of the most important properties for aircraft dynamics

DirectiSpatfatiighitude

Institute of The Rough Way of Making Visions Fly
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The Classic View on Flight Control
The physics behind steering an airplane

Example: causal chain from elevator deflection n to change in altitude h

An—M, —qjtqwjﬁ a—a—ifrr—if

al N
** '0
t.._,‘

}} *ten. .“"
AL
A7
V
C., Cony
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The Classic View on Flight Control

Model-based development

Development Environment

Project Goals

One model for
all applications

Simulation

Software in the Loop Hardware in the
Simulation Loop Simulation

I Structural model F .

System Analysis

Flight Control Design

Experiment Design /
Flight Testing

Verification I

System Identification/

Parameter Estimation

Institute of
Flight System Dynamics

The Rough Way of Making Visions Fly
Lessons Involuntarily Learnt From Controlling Aircraft



The Classic View on Flight Control
The simulation model

Simulation Model:

Mathematical representation of aircraft dynamics based on ordinary differential equations.

State Space Model:

The aircraft motion can be described by the concept of a state space model.
It describes the temporal change (first order time derivative) of the state variables as a
function of the current state variables and the current inputs (controls and disturbances).

The state vector consist of the minimum number of variables (states) required to

completely and unambiguously describe the actual situation of the system.

In symbolic expressions:

Example: rigid body states and control inputs

X=1(x,u) (\7}? ): Translation -
explicit model o .
- - T Propulsion
(ODE) (@), | Rotation P
O] ¢
Attitude
f(X X u) -0 X S ® U - d Aerodynamic
1N b 4 Control
Implicit model 2 S5, Surfaces
aps
(DAE) 1 Position _5Spoi,er |
— h -
Institute of The Rough Way of Making Visions Fly
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The Classic View on Flight Control

The rigid body simulation model
- X =1(x,u)
5T
- - Subsystems Environment
° 0.
U - d u . > Engine < Gravitation
3 = l
O iaps Ya » Aerodynamic [ Atmosphere
_5Sp0iler - 5Flaps ! 5Sp0iler B
- = B
_ | | ( K )B
(* 'B) External forces and moments | . \EB
K /B Time (\76)
- \E o Rigid body equation of motion derivations of K /B
( K )B R'g'td tBOdy the rigid body -
o e Rotation - DE SEUE A
A X X i
X _ u g Translation - DE ” K
h -, . e
- Position - DE ()
) .
: ®
© Attitude - DE .
N7 b4
Institute of The Rough Way of Making Visions Fly
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The Classic View on Flight Control
The rigid body simulation model

Force equations, no wind, flat and non-rotating earth

v:_9+[(X§)Bcosacosﬁ+( ) smﬁ+( ) smacosﬁ]
m m
. -L +—(X )S|na+(Z )cosa+g Cos ucosy
"~ mVcosf mV cos B V  cosp
. Q  [(x8), cosasin g+(v2), cos g (28 )smasmﬂ] g
P=—oH+
mV mV

—gsiny

+[g—tan g(pcosa +rsina)|

-Cos ysin u+(~rcosa + psina)

Moment equations, no wind, flat and non-rotating earth

p =l (S L NS (N D B[

4= ,ty(MG) Iiy-(MS)B+,1-['xz-(rz—pz)—('xx—'zz)-p-r]
r=i 1, -(L‘,i)B+IXX-(NE)B]+§-[IXZ-(L‘;)B+IXX-(N§)B]+%~[(IXZZ—IXX-IW+Ifx)-p-q—lxz~(lxx—lyy+lzz)-q-r]

L1, +1,) p-g=(1% -

oy +I2)q-r]

A1, —12)

Attitude propagation, Euler Angles
®) |1 sin®dtan® cosdtan® p

Modeling accuracy:

®|=/0 cos® —sin® | -/ q Depending on the purpose of the model, suitable
¥ |o S'”q@; Cosg r assumptions must be made concerning:
CoS COosS
iy . * Scope (rigid body only, dynamic subsystems,...
Position propagation WGS-84 _ p. (rig y _y y y )
N .~ - » Fidelity (Earth / gravity / atmosphere model,...)
X _ e’ _1-et L : :
iy ,(Nfi';),?,"iﬁ M“_ f—e*sin? ) “'iZersinzu |« Data fidelity (aerodynamics, propulsion, ...)
. uy
:].l - M, +h N = a
Institute of The Rough Way of Making Visions Fly
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The Classic View on Flight Control
Utilization of simulation models in a classical sense

Nonlinear simulation models:
* Time domain simulation

» Single point execution (trim, optimization, ...) = | S )
« Basis for numerical linearization Y 2O 2

* Real-time or batch C?syn(fggfgﬁgion
* Piloted, MIL, SIL, HIL,PIL

* Final clearing stage before real flight

closest to reality \ Tto’xo /

v

\ 4

b
y

Linear state space models:
« Stability and control analysis
 Eigenvalues and eigenvectors
« Transfer functions

* Classic controller gain design

* Classic stability margins

¢l [-071 63 -02 0 [r] [004 -26

gl | -1 -023 0 0158 | o oo F}
pl | 157 -146 -43 0 |p| |-124 18 ||¢
) 0 0 1 0 |o 0 0

Institute of The Rough Way of Making Visions Fly 36 1'|.m
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The Classic View on Flight Control
Simulink implementation of the process dynamics (“physical part”)

Atmosphere

Static atmosphere
Dynamic atmosphere

Earth model

WGS 84 ellipsoid
Round earth
Rotating / Nonrotating

Magnetic field

World Magnetic Model

Transformations

 Kinematic relations
 Avoid redundand

computation

External Forces
* Aerodynamic f&m
*  Propulsion f&m

Subsystems

* Actuation

*  Propulsion system
* Landing Gear

* Sensors

* Avionics

* Electrical system

Equations of Motion
+ Translation

e Rotation
e Attitude
e Position

States_Dot

s D

Qutputs

Gravity *  Hydraulics, fuel, ...

*  Somigliana

Commands
—>

States

—

States_Dot_in Ly L

— |,
—p
—
Environment
Motion_Kinem atics Rigid_Body_EOM_Coupled
Extemal_Inputs uel_Cell_UAV_Airframe_ConstAer L
Simulation_Control Sy
Institute of The Rough Way of Making Visions Fly
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The Classic View on Flight Control
Useful considerations during modeling

Top Level with interfaces to
design, analysis and
optimization tools

(one model fits all purposes)

Separation of

system process dynamics and s X=X, + J' xdt
time integration

(don‘tforget | —ESSE s >,
single point execution) : =

Modular process dynamics
model = fast adaption to new
projects/applications
(independence from specific
configuration)

Institute of The Rough Way of Making Visions Fly 38 'I'I.m
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The Classic View on Flight Control
Parameter Pre-Estimation — Model structure is easy, parameters are hard

* Aerodynamics

* Propulsion

« Control Surface Actuators
« Power Supply

« Weight and Balance

« Landing Gear

« High Lift Devices

http://fcaap.com/index.cfm?p=research&p2=research&focus=air_vehicles

Institute of The Rough Way of Making Visions Fly 39 “-m
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The Classic View on Flight Control
Parameter Pre-Estimation — The usual problem: forces and moments (aero&prop)

« Contribution to the dynamic system

e -2k ) e 2 o) e oot xfot ) e

m

(6):5)E :(IG);; ‘[Z(MG)B _(6):5)5 X(IG)BB (GJ:E)B:I

* Modelling with the help of nondimensional coefficients

-D _CD Lﬁ S'CI
(IE:)A: YAA |:Q]q8|: CQ] (MQ)B: M: Q'S'{C-Cn}

_CL

>
> >

« Consideration of a reduced set of dependencies

C:L — C:L(OlA’/BA’ p*’ q*’ r*,dA,,BA, 68,77, g’ 5Spoiler’ 5Flaps’ M ! R)

|:> C.=C,+C., '(a_ao)"‘cl_q °(q*_q;)+CL77 '(77_770)"""
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The Classic View on Flight Control
Parameter Pre-Estimation — Initial Aerodynamic Parameters

* Don’t overpower (Navier-Stokes, ...)

» Understand the rationale, the math and the physics behind the method

» Know the weaknesses and shortcomings of the method

» Check underlying assumptions and prerequisites (aspect ratio, speed, ...) — scope of validity

* Don’t trust tools

» Critically assess and question the results

» Use analytic approximations and scaled data for checking plausibility

« Use more than one method and analyze scatter

 Always be conservative and use worst-case

* Typical methods:
Lifting line, lifting line with nonlinear profile aero, panel, empirical (DATCOM, AAA, Roskam),
low-fidelity CFD

The results are always colorful — but are they correct and representative?

Institute of The Rough Way of Making Visions Fly a1 1'|.m
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The Classic View on Flight Control
Parameter Pre-Estimation — Initial Aerodynamic Data

Example — linear lifting line with nonlinear 2D profile polars

consideration of rotating parts

Create an Arrfoi:

00~ Famiy. NACA 4-dig (e.5. 2412)

| Number of Points: & H

Thickness. tic Ay
™

Camber fic: o Ay
Camber Location xtic: o Ay
(]

IV Modity NACA section to have closed traling edge

This is a general purpose airfoll series

Create Airfol

Airfoil Shape

< T

For later analysis the traiing edge should be closed

Updste View || Copy (Text)

T e [ =

Velochy | Flowteld | BoundaryLayer | Polar | Arcrat | Optins

“UEm—

Geometry | Modty | Desion

-0.6

vewcty | Fowted | Boundarylayer | Potar | arcran | optons

Artol Polars.
frst Reynolds Number: 100000 %} Tu: 100 [4]  festAngeof Atack 45 n
last Reynoids Number: 800000 H TL: 100 %] last Angle of Attack: a5 n
Reynokis number step: 100000 H Ange of Attackstep: 1 n
Surface Finish: bugs and dirt
circapiot | 100000 | 200000 | 300000 | 400000 | 500000 | 600000 | 700000 | 800000 it | Moment | upper | Lower

Stalmodet Caicfol ~

Transiion model:  Eppler standard

Ce| [ [l [

I~ Addto plots
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The Classic View on Flight Control
Parameter Pre-Estimation — Subsystem models: experimental analysis

Modeling as second order transfer function

D + 2w P + wi® = wiu

ldentification of actuator parameters
« Damping
« Natural Frequency

PT2
PT2 with rate saturation

Introduction of typical nonlinearities  °°
« angular acceleration saturation
rate saturation

position saturation

)
Amplitude
o
[=2]

[ J
o
~

« gear backlash 0 ]
« time delay
0 ]
08 1 12 14 L6 15
time [sec]
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The Classic View on Flight Control
Work Flow: Trim-Linearize—Analyze-Design—Compute—Assess — Implement

Lt N WD \
»

ight_ NORM_CMD Define_Inputs

r_left NORM_CMD
-

vator_right_NCRM_CMD

Motor NORM_CMD

State_Dot_in

Commands |

Initial_States

Output_Selection

Simulation_Control

Simulation_Frame

Trimming Linearization
Determination of |:> Determination of linear state space
steady state flight conditions models

Flight Performance Analysis Flight Dynamics Analysis:

Flight Envelope Eigenmodes,
Achievable Performance Transfer Functions
\ Ogtimum flight conditions ility Pr rti

Automatic numerical gain design (Determination of Controller Gains) '
p

Flight Control Algorithm

\
Institute of The Rough Way of Making Visions Fly 44 1'|.m
Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft



The Classic View on Flight Control
Automated trim and performance assessment

Trim and flight mechanics tool

« Efficient and robust algorithms for steady state trim
condition determination

«  Multi point (grid) trimming with enhanced trim strategies
« Determination of flight envelope
« Automated generation of flight performance charts

« horizontal flight
« coordinated turning and climbing A Flight envelope
H H * pull up / push over
Trim template object + bngine falure.
X X r N
Xs Vv =p() Vo o= Y \ Trim
a a =xs(1) Flight Vehicle a =r@) o .
Q Vi = x2) x="F(x,u) B = B =1 strategies
4 -;% = Hadaa || = =1 p =1(4) p
n g  =Haddad =1 = q SO q Q
¢ I'  =Haddad - r =r(6) F
S; Haddad Constraint @ = Haddad © =0(@uwo) _
[p.ar®0]= N = Hadda @ =0 (auto) - - - - »
b pore¥) w Ng= p(a) (utsy ] / Multi point trimming
B 7 egal ﬂ egal /
V][] [ Ao eqal | A el Q
p DD > h =p(2) h=V siny
\r{ | z u - Flight performance charts
=Xg(3 o Maneuverability Diagram
v N =x) - @ Tum Radius [m]
. (@ Load Factor [-]
b é, =xg(5) _ W.yswciﬁc Excess Power [m/s]
5 =x(6) r= f(xs ) D) \ :
,;15*
i
Nonlinear equation i
\ solver | )
S ! p 50 ! 100 200 mVeIoclty‘[nn‘:Is] 660 700
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The Classic View on Flight Control
Automated linearization and stability & control assessment

» Efficient and robust algorithms for the extraction of
linear state space model in trim conditions

* Numerical differentiation
* Linear system analysis
« Automated assessment of flying qualities

imagiary Ads
o

Linear system object g _j _

u linsys

_9
= Xlinsys
#

20
W= [ =

=l 041084 183307

T 053246 -275.5667

a|  0.0094243 o
q 0.047576 -184.8106

| Numerical linearization § J s W

aflins;ys,l aflinsys,l s "Pv }
aXlinsysl aXlinsysn 2220 : > 220 T ==
v — sl s \ \
Xiinsys = AXIinsys +Bu|insys A= : : "M}’ A .
a.I:Iinsys,n afIinsys,n ’ \[51 * °F !1[“1) o
ylinsys = CXIinsys + Dulinsys OXiinsys 1 OXiinsys.n
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The Classic View on Flight Control
Linear state-space models: Aircraft pitch dynamics

[ ., . e Zy X+ X+ X=X, Z, . i I X, -Z X,Zs |
Xv_xa Zv isin%, Xa —gcosy, Xa_xa Za q atAat q q Ta Xh_xa Zh 0 X -4 7 X5 _ e "oy
z,-1 V, z,-1 z,-1 1-7, z,-1 I A J T 7,1
Vv z, iy . L z, Z,+2, z, . Vv z, Z,
7 z, -1 v, "1-z, z, -1 z,-1 z,-1 /4 z,-1 z,-1
a|_ =y, gsmyo- 1 -Z, Z,+1 -7, ol1 %1, Z, Z;s n
g z, -1 v, z, -1 z,-1 -7, z,-1 q 1-7, 1-2, 5
. , . Z, M. +M. . +M_—-M_-Z. . M. .Z M. -Z u
h MV_M“ ZV gsinyo. Ma Ma_Ma Za qa o TMg+ q 9 Ta Mh_Ma Zh 0 h M ¢ Tn Mé _ Ta =o t)
% z,-1 v, 7.1, Z, 1 -7, z,-1 X 7z % Z
0 siny, V, cosy, 0 0 0 0 S 0 0
| cosy, -V, siny, 0 0 0 0] i 0 0 ]
A B
XV qOS ) MO-aCD 2CD|0 ZV _ qOS2 |:M0 aC|_ +2CL|Oi| MV zi _OSE M05Cm|
mV, oM |, mvg 0 l, Vo oM |,
q,S 0o S . 1
X, x> [, ~Co =y [c..+Col,] M, ~-=-G,SC-Cy,
yy
%S ¢ qS ¢ ~
X,=—22._~_.C Z,=-2>.~_.C 1 _ .. ¢
omoy, Ty, 2y, v M =--G, 58—,
—_ yy 0
9S op . %S op
X, ~— Nt BN Z m——— M, =0
" mp, ohl D|0 " mVep, ohly L|0 h
_ _ " = 1 __._C
X, ~-J3. C ¢ z,~-B5 % ¢, Mam QS oy Cna
’ m 2V, b mvV, 2V, W 0
0 __ %S, M -1.gsc.C
Xn:_ :T] 'CD'l Zﬂ mV, CL" 7 |yy 0 m
a(Xx _ a(z 1 oM@ Thrust influence
X _i. 8(XP)B COSaO-I-a(ZP)B Sinao Z§T :_i. @ Sln(lo—(—P)B Cos M5T =—. P
T om| a5 | o mv, | 05 o l, 5 | neglected
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The Classic View on Flight Control

Linear Analysis — Eigenvalues: Aircraft Pitch Dynamics
2.5 X

Typical position of the Eigen Values of the longitudinal motion 0.84 0.74 0.6 043 0.22
of a conventional aircraft in the complex plane: oL ®g sp ’C.»SP
0.91 ,
| Reference airplane and state data: 151
Airplane: DC 8 1 [ P96
£ Mach number: 0.443
Porotent ... = | Velocity: 142,6464 [m/s] 0.5 0.99
. . Weight: 86182,55 [kg] : ‘ . Wy py ’CPH
| @ pr +GpH
-0.5-0.99 - '
» Two conjugate complex Eigen Value pairs
— Two periodic and stable Eigen motion forms 1006
» Thetwo periodic Eigen motion forms differ strongly 15
concerning their 091 ~ ‘
2l @ sp sCsp
a/ 0.84 . 074 06 0.4?2(r 022
. Re@)[] | M) | ¢[1 | o rads] 25 y : - :
. -0.0027447| 0.089143 | 0.030776 | 0.089185 Long period (low frequency), o eeid o (PH):
ugoid mode I
L |:0.0027447 -0.089143 | 0030776 | 0080185 |veaM dameed T T T
e e e —w—w— [—— w=—~——~—— |
, -1.043 2.1613 0.43462 2.3998 |Short period (high frequency), !
|
strongly damped -
1043 | -2.1613 | 043462 | 2.3998 gy camp Short Period mode (SP);
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The Classic View on Flight Control
Linear Analysis — Eigenvectors: Aircraft Pitch Dynamics

Short-period mode Phugoid mode
-270 -270
210 -330 330
-180 0 0
-150
V* V*
v ¥
] a
x| arg(x) [°] IX| arg(x) [°]
\V*[  0.0039838 -68.8305 vl 041054 1| -267.7402
v | 0.089972 -213.2013 v b 053246 ! 0
o|i 028484 -97.5079 a| 00094243 -84.4333
q|i 062121 ! 0 q| 0047576 -269.2439
= The states pitch rate and angle of attack are the main factors in the Short-period mode
= The states velocity and climb angle are the main factors in the Phugoid mode
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The Classic View on Flight Control
Linear Analysis — Intuitively understanding the physics behind - aircraft pitch dynamics

For mastering real systems, correct math is a prerequisite —

however not enough.
Failing to understand what the system is doing leads to failure

in controlling it!

q
V, ;
M, | corresponds to spring constant of a mass-spring-damper-system
M,| corresponds to damping coefficient of a mass-spring-damper-system
Institute of The Rough Way of Making Visions Fly 50 'I'I.m
Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft



The Classic View on Flight Control
Control Objective — How should the aircraft behave? — Requirements

EASA CS
22/23/25/27/29]
VLA/NLR
FAR
23/25/27/29/103

(Airworthiness
Regulations)

,General, qualitatively
requirements for
airworthiness, for whose
implementation the EASA
reverts to MILs"

MIL-STD-1797A | [ MIL-DTL-9490E

MIL-F-8785C

(Military Standard and (Military Specification of
Specification of ,Flying | |,Flight Control Systems —

Quialities for Piloted Design, Installation and
Aircraft®) Test of Piloted Aircratft,
General Specification”)

,otability- and robustness
requirements for flight
controllers as well as

accurateness
requirements for
autopilots”

,Quantitative
requirements for the
handling quality”

Secondary
literature

(Papers, reports of
expert groups,
e.g. NATO RTO,
Garteur, ...)
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The Classic View on Flight Control
Control Objective — How should the aircraft behave? — Requirements

Concerning the function of the aircraft it is allocated to one of the four classes:

Class |

Small, light airplanes

Class Il

Medium-weight,

low-to-medium
maneuverability airplanes

Nonterminal Flight Phases

Category A

Require rapid maneuvering, precision
tracking, or precise flight path control

e.g.
= Air-to-air combat (CO)
» Ground Attack (GA)
= Aerial recovery (AR)

» Reconnaissance (RC)

Category B

Normally accomplished using gradual
maneuvers and without precision
tracking, although accurate flight-path
control may be required

e.g.
= Climb (CL)
» Cruise (CR)
» Descent (D)
» Emergency Descent (ED)

Class Il

Large, heavy,

low-to-medium
maneuverability airplanes

Class IV

High-maneuverability
airplanes

Terminal Flight Phases

Category C

Normally accomplished using gradual
maneuvers and usually require
accurate flight-path control.

e.g.
» Takeoff (TO)
= Approach (PA)
» Landing (L)
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The Classic View on Flight Control
Physically motivated choice of controller structure: Classic aircraft inner loop (CSAS)

Angle of attack command and stability augmentation system

> H

no

Aircraft ®

g. - specification:
The pitch rate corresponding to the commanded «o is computed.
The pitch damper is just feeding back the error in pitch rate, i.e. the deviation from the
precomuted value.
By that it is ensured that the pitch damper will not fight the commanded maneuver.
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The Classic View on Flight Control
Hierarchical structure of classic autoflight systems: “Vertical plane control”

Trajectory: Altitude Hold, Glideslope, Vertical Profile

Path: Flight Path Angle Hold / Vertical Speed Hold

Turn Compensation

Transformations
he An, ¢ _lnner-Loop

—p
glideslope] ﬁ-—» An, . An, . qc—-» M

N ; —_t —0 Ao — UAV
. . —p

vertical pro& L. I Cé
=
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The Classic View on Flight Control
Hierarchical structure of classic autoflight systems: “Vertical plane control”

Classic Altitude Hold Structure

A

/
1‘ +30°

cos ¢

AnZ,Turn
f E Ve[Tor 541

he he AR 1 A@)g 0 g A© Ve An ¢ g Oc
-4 f - - K v A f —4 g v Top S +1 - hq gj
1 T k B L0
75 || 17 s - Nk _h
7y ; h
&
: Flight-Path Trajectory Automatic
Attitude Control Control Control Speed Hold Landing FMS
. Vertical speed - By elevator Coupled Connection from
Heading hold hold Altitude hold or thrust approach flight phase to
flight plan/
mission
, Flight Path Indicated Airspeed Flare and Touch - )
Pitch hold Angle hold Track hold Mach Number or Down Consideration of
Groundspeed weather,
- economy...
Bank hold / Waypoint \ /
Wings leveler Course hold Navigation Roll to stop
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The Classic View on Flight Control
Designing the gains — choice of the control methodology

Analysis of openloop  , T e
. Time & frequency domain | | /

« Eigenvalues / -vectors E, -

 Pole zero distribution :

Stability, margins

Real Axis

Gain design method

Closed loop criteria fullfilled ?

Modal Control: SISO, MIMO pole placement, Eigenstructure assignment
Optimal control: LQR / LQG

Robust control: H-Infinity, Mu-Synthesis

Multi objective parameter optimization

Nichols Chart

Analysis and iterations

. ) o ver shoot e
- Automation is a main issue! |\
. . . _ [ag a

 Not in a single point, but ;o-el \ Steady state

response
over the whole envelope 17\
POl
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The Classic View on Flight Control
Designing the gains — automation of gain computation and closed-loop assessment

e W S0 ]
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File Edit View Insert Tools Desktop Window Help
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p
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.
v

108 — o_tat.k “0; * be integrator of the

108 ine.h =iz + e

0 — o_tne.c =15 .

1 - o ine.D =az *

uz2 - o_Toe_gys =33 (0_Tnt.A,0_Int.B,0_Tne.C,Q_Int.B): *

Hominscurs A iy ¢ | o B 4

Open-Loop Gain [dB]
Imaginary Axis
=]
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Open-Loop Phase [deg]
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The Classic View on Flight Control
Implementing the controller: The controller used for design is not fit for the system

=] Regler_Rahmen_v3 =10l x|
File Edit View Simulation Format Tools Help
DEEE $B2R | =1 | 22 r 5w Warmal FREmEs RER R
P
Sen
H_Alzron_ight_HORM_ChiD
Sensor_Raw_
outle doubls
Fta_Bewator_left_NORM_CHiD
Delta_x_CMD
double
Delta_y_CMD  oubie - ¥ Comma ’u\‘ "
Fta_Bewator_right_HORW_ChD
doutle
Delta_z_CMD

Ready

double

Delta_Thrust_CMD

Basic_Control_Laws

| PN
'i Propulzion_ChD

<08 _an_msb

double  3_sileron_Jeft_NORM_ChD

Xi_pileron_left_NORM_CMD
Roll_to_Xi_left - - -

o] <ROT < 16 B cal
BT

Sensars

double 36_sileron_right_NORM_ChaD

b1

Xi_pileron_right_NORM_CMD

Roll_ta_Xi_right
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Video: Student Snail flying waypoints
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Making Visions Fly

Now things can go wrong

Unmanned
Product

Manned Product

Manned
Product

Unmanned
Research

S P

~ Consequences of Failure:

Manned Loss of
L Product money
life

Unmanned
Research

Manned Research
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Making Visions Fly

Some thoughts on operational systems

« Failures lead to loss of money, property or life
« Public interest in safety = regulations (,certification)
« Operational systems need to be dependable
Dependability = Safety + Reliability + Availability + Integrity
— Safety: a measure of the absence of catastrophic consequences on
user and environment
— Reliability: a measure of the systems continuity of correct service
— Availability: a measure of the systems readiness for correct service
— Integrity: a measure of the absence of improper system alteration

« Many ideas successfully demonstrated in proofs of concept never
made it to real products

« The earlier showstoppers for real application are identified and
mitigated, the higher the chance for real application is
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Making Visions Fly

Consequences for development, implementation and operation of flying systems

=

=

=

Given characteristics have to be guaranteed with a given probability
Adherence to these requirements must be proven and documented

There is a tremendous gap between
“‘what can be done” and “what may be done”

The design is not driven by the nominal function but by failures
Available potential has to be sacrificed for the sake of testability and the
possibility to give proofs

Very often, system performance is no longer the optimization goal —
Required performance is boundary condition,
operational robustness is optimization objective

The “math” may no longer be considered standalone —
physics, algorithms and implementation need to be addressed in an integrated
manner

Traditionally, these points have been addressed by evolutionary steps and
growing experience

However, revolutionary new concepts like HAWE systems cannot build on
legacy experience

New approaches to answer the questions above are required
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Making Visions Fly

Appreciation for formalized development processes

Multi-domain systems:

« System functionalities result from interactions between

* mechanical structures,
« aircraft systems (mechanic, hydraulic, electric, ...) and
* avionics (hard- & software)

« Highly dynamic systems with multiple inputs and multiple outputs
« Hard real time systems

Approaches and methods in the different domains are dissimilar!
Every domain has specific and dissimilar methods, tools, ...

« The assessment of flight control systems can only be carried out on the

whole, integrated, closed-loop system!

« A proper system design relies on early deployment of a proper safety
assessment process, so that possible failure modes are identified and

treated in the design.

Institute of The Rough Way of Making Visions Fly
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Making Visions Fly

The V-Model — between a “Bullshit Bingo Phrase” and a valuable guideline

System
Level

e\ \\ &7 /
Level

Conceptual model for logical,
idealized workflow. Activities
can be iterative and can take

Component :
Level place in parallel.
In reality, most activities can
R Requirements | Integration i
D Design V Verification & Validation not be handled Sequentla”y !
De Development
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Making Visions Fly

Model-based development —types and roles of models

Requirement Models Plant Simulation Algorithm Design Validation &
Verification Models

(Formalized) Models Models
@ (e.g. HIL/PIL Test Beds)

Virtual Prototypes,

Physical Models & Platform independent Target Specific
Other Models Software Models C_:ode Models _
(e.g. FTA) (Software Design) (Graphical Programming)
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Making Visions Fly

Requirements — What do we want to develop

Before developing something, the objectives and goals must be
clear, complete, unique and non-contradictory

It needs to be quantified before development of the system

— What the design goal is (“Desired Performance”)

— What is considered as acceptable (“Adequate Performance”)

— How compliance is to be demonstrated (“Acceptable Means of Compliance”)
Therefore, all requirements must be quantified and formalized to be testable

Normally, everybody considers functional requirements —
however, there’s much more:

— Operational Requirements

— Environmental Requirements

— Safety Requirements

— Many Derived Requirements (depending on the design)
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Making Visions Fly
Requirements Formulation for High Altitude Wind Energy Systems

« Handling qualities are well-known & established requirements for designing flight
control algorithms in manned flight but not applicable to unmanned aerial
vehicles!

» Absence of flight dynamics and stability requirements for design of flight control
algorithms for UAV's and thus HAWE'’s

« High Altitude Wind Energy Systems arise a complete new domain of flying
systems, so where to get the requirements?

Approach:

* Probabilistic Analyses in consideration of system uncertainties and typical
stochastic systems errors (e.g. GPS position)

« Validation of high-level requirements w.r.t. flight dynamics and flight control

» Formulation of physically meaningful and consistent requirements for flight
controller design of HAWE'’s respecting inherent aircraft dynamics
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Making Visions Fly

Trajectory Optimization for Solar Aircraft

How to operate a new system in a way that it delivers the maximum outcome?

= QOptimization Problem!

Example: Solar Aircraft

60 7 : 5 r
RN
40
// ;\Mlaéximum &
_§, 20 {Summer North) q
g0 - )
j.:" ? Maximum
& -20 /_\é”\ {Summer South)
40, // //—\\\
60

50 100 150

200 250

Day of Year [d]

350

Trajectory Optimization leads to optimal solutions under nominal conditions but is
prone to disturbances and environmental influences

= Helpful to get a first “feeling” for the system

50

10

Powered Climb

Altitude h [km]

o

-

Lift Coefficient

Constant
Lift Coefficient

0.2 0.4 0.6 8
Fraction of Solar Day - starting at 7:45am

P77 Maximum Altitude

Altitude h [km]

Mere
Glide

Powered Flight
(Honzontal)

N

w
o

o
Solar Power [kW]

B
o

0.2 0.4
Fraction of Solar Day - startlng at 7:485m
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Making Visions Fly
High Level Design Objectives

Identification of the high level design objectives of a HAWE-System leads to:

Optimization with respect
to Availability!

bility .

Power Output

Avalila

Boundary Conditions:
= (Generation of a specific power output
= Under given safety requirements

Availability means less sensitivity to disturbances and external influences!

Optimization under consideration of:

Flight phases during normal and emergency operation
Environmental conditions and influences

Failure scenarios

System and component specific behavior

Future certification

3303

Institute of The Rough Way of Making Visions Fly 70 1'|.m
Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft



Making Visions Fly

Models for Requirements Determination

Why?

In early stages of the development life cycle information on aircraft rarely exists.

Most often requirements to subsystems of an aircraft (e.g. sensors, actuators, flight control
system) are stated and quantified based on assumptions using expertize from prior projects
or engineering judgement.

Overview about interdependence of requirements and their consistency and correctness
can hardly be gained.

What?

Derivation of physically motivated, quantified and consistent requirements for aircraft
subsystems and flight control.

How?

Simplified mathematical descriptions of aircraft flight dynamics including generic and
aircraft specific information

Institute of The Rough Way of Making Visions Fly 7 1'|.m
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Making Visions Fly

Models for Requirements Determination

Flight mechanics models are powerful tools for determination of requirements
in different stages of product development process and in different
engineering domains.

Flight dynamics and systems specification:
« stability and performance analysis
« specification of subsystems performance (sensors, actuators, propulsion system)
« weight & balance (bookkeeping)
« envelope determination

Flight control system specification
» specification of envelope protections and limitations
» specification of performance requirements
« specification of closed-loop behavior

Institute of The Rough Way of Making Visions Fly 72 1'|.m
Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft
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Evolution of Requirements Models

6 — DOF EOM
3 - DOF EOM
aerodynamic a, B, 4,6 a,,a,,a Vv v, %, 7.2
moments BrbarOr aerodynamic rey translation V%Y
—_— > ) :
rotation forces kinematics
kinematics

Modular approach:
Start deriving requirements using kinematic models

Enrich your model with aircraft specific data
(weight and balance, actuators, bank angle limitations)

available

CRONCIC

nonlinear system for further investigations

Enrich your model with aerodynamics, and subsystems dynamics as soon as aerodynamic data is

Build 6-DOF model, trim and linearize the aircraft motion and use linear approximations or

Institute of The Rough Way of Making Visions Fly
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Making Visions Fly

Application of (kinematic) Requirements Models

Probabilistic analyses

Perturbation of initial conditions and system
errors (e.g. position of flare initiation)

Perturbation of closed-loop dynamics

Overlapping of errors and simulation of
resulting probabilities

Preliminary requirements determination

Institute of
Flight System Dynamics

Determination of touch-down point
Determination of touch down velocity
Influence of sensor errors on flown trajectory
Sensor accuracy determination

Specification of closed loop dynamics

deviation in y-direction [m]

NE}F

Deviation of the point of touchdown

151

051

1
360

100

]
3

1 | 1
380 400 420
deviation in x-direction [m)]

|
440

c=18
=4 1e+0p2

00 350 400 450 500
& x[m]

g7 16 45 14 A3

hpgr (mis]
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Making Visions Fly

Trajectory Specification with Augmented Simulation Models

Specification of minimum waypoint distance for
different velocities and actuator dynamics using

Waypoint planning e.g. using vector fields

kinematic models

1200

1

1000

§ § 88 .88 8§ 5 8

&

400

-

300

200

J 77 FFF~

S
J S a A
e

100

-100

200Lr e w0

T

Q

1

2507
200~
01~

150/~

9
%

N
\ \

~ %
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%t

100

-150
-150
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Making Visions Fly
Linear State Space Models (Application Example 1)

Simple linearized approximations of aircraft motion can be used for e.g.:

« Validation of performance requirements (Example: Roll to 180° within 2 seconds)

* Linear system D =Lyp+Le
d=p
* Results time constant for roll motion compliant with requirement

Total Time for =0° to $=180° Acceleration Time (Yellow) & Decsleration Time (Cyan)
T T T T

Py 5]
ENNE e
;
&
&
W
L
Perar 78]

/ 3!
80 3 A
60 35 A8
4 5]
55 —— |
“ 45, g % —
02 0.4 06 0.8 1 12 14
T, 081
Maximum Roll-Rate Total Time for ®=0° to &=180°
200 T T T T T T T T T T T T T
/&5 il
W0 Bty —
wof— B 28
5 45
—
ol —— s 2
s
25
140 40| Ao

Institute of The Rough Way of Making Visions Fly

Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft



Making Visions Fly
Linear State Space Models (Application Example 2)

Simple linearized approximations of aircraft motion can be used for e.g.:
Derivation of actuator parameters and aerodynamic effectors for stabilization of unstable
yaw motion

* Linear system 7= Nyr+ NgB + N¢¢

p=r

* Results N¢ s Neyas Bomax:

Tge1ay (actuator)

Stabilizable B [] for different Ny,

- 452
hhhhhh =0.015 m¥s’

3

25 25 25
2 2 % 2
&
15 15 X 15
£
E
1 1 s 1
05 05 05
0 O P P —— 0 o 0
0 02 04 06 08 1 0 02 04 06 08 1
Toeaq [°] Toeaq [°] Toead (5]

- 42 - 42 _ 42
Npatmax = 0-025 m™/s’ Ny e = 008 ms N, =0.035 m¥s’

hat max

. A1s3)
N hat,max [m%s7]
o o o o o <
I<3 ? =3 o e IS
8 8 8 8 K R
T
)

I a—
& o o
. A1s3)

N hat,max [m%s7]

o o o o °
I<3 3 =3 o o IS
8 8 8 8 8 &
R a—
& o b
N b M%)

o o o o °
o o =3 =3 o I
8 8 8 8 8 &
ok B e om
& & &

0 o5 o8 1 0 0 0 o 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Toeaq [5] Toeaq [°] Toea (¢
- 452 - 452 -
Nyt = 004 ms Npatmax =0.045 m¥s Nyatma =0.05 m¥:
0.1 3 0.14 3 014 3
0 25 012 l 25 o 25
. o1 o1 . o1
o 2 “ 2 o 2
E o008 E 008 E o008
% 15 % 15 % 15
0.06 £ 006 0.06
3
B N B N B N
Z 004 Z 004 Z o004
0.02 05 002 05 0.02 05
0 o5 o8 1 0 0 0 o 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Toeaq 5] T [S] Tpeaq [S]
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Nonlinear 6-DOF Models (Application Example)

Trim curves for different flight conditions are useful for determination of
flight envelope, envelope limitations and optimum flight conditions

Climbing Flight @ const throttle: Level Flight: Envelope of constant power demand

Plot of y over velocity and altitudes

Using values of: Flap setting [deg] O; plot over electrical power [W]

Using values of: Flap setting [deg] O; Throttle[-] 1;
8 1000
2 il 21| il st 8 8 8
o =1 © S S @ S = S
o ~ o0
6 9001 / | I
4 800 l
S S o o S
l # g & g g ¥ & 35§
o ~ 0O ,
2 K 7001
wn
\\ | l
0 \\ 600 / [
E / A‘\ o o o o i
— —_ &) S S S o
-2 £ 500 !7 = 8 3757%70,7737:7&7*
< 3 \
4 400 4 —
i \
-6 I
300 8 3 2 S |8 s 8
T 8 g 8 g g & 3 95 9
\ o ~ 0 l
8 200 I
o
&
Altitud
-10 fude KRN 100 [
—%—0 | L
—O— 500 S g 2 S g8 8 |8
—— 1000 T «© S © 8 S o = S
12 o | € | & il S ! I
25 30 35 40 45 16 18 20 22 24 26 28 30 32
Velocity [m/s]

15 20
Velocity [m/s]
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Functional Controls Layout & Assessment
- E.g., it should be possible to take-off and

= High-Level | .
Requirements: _ land with up to 10 kts cross wind

(AMS)

Trim curve and perfor-
mance analysis for a
set of generic controls

Controls Re-Design

= Control Authority Requirements

Required (AC/) , [10°] for Trimmability
- -

= Attainable Moment Subsets

Trim curve & perfor-
mance analysis, sta-
bilization assessment

od g, []in Summary

Requir

5’ === Controls Layout Controls
N N B 1§ o tern Re-Design
< Y/ e = Controls Demand &

-5
30 40 S0 60 70 80 90 100 110 120 130

Vs [M/5]

Requirement’s Com

e ape - One main effector
for each axis
- Split/Schedules ...

areas at a=15° f=6°

-

Institute of
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Making Visions Fly
Total System Capability Approach: Idea & Methodology

» Overall system is required to deliver
a certain performance

» Behavior of integrated system is
driven by all contributing elements

= e.g. Sensors, Actuators, Computers, Dlsturbances

» Instead of allocating hard tolerance budgets to
the individual disciplines

= Consideration of the overall system simultaneously

« Certain Performance required to
provide a Safe System / Operation

= Using guantitative analyses, probability of
undesired Failure Conditions can be calculated

= The more severe a Failure Condition is,
the lower the risk for its occurrence is required

Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft



Making Visions Fly
Total System Capability Approach: Decomposition Tree

Total Performance

e.g. “Probability that the deviation in altitude
exceeds 1 meter shall be smaller than 10-°"

Navigation
Performance

Control Performance

igati Control E o,
Navigation Error (i, 0,...) ontrol Error (W, 0,...)

Measurement Integrity & Model External
Accuracy Availability Uncertainties Disturbances
* Probability of
(undetected)

Failures

* Availability under

ext. disturbances Parameters 1...m

e.g. aircraft mass

Sensors 1...n
e.g. Accelerometer

e.g. Probability of
Turbulences

* Redundancy,...

J
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Making Visions Fly
Total System Capability Approach for Image Aided Landing

* Prediction example for longitudinal touchdown point
« Based on known distributions of relevant variables the numerical probability of a runway
overrun can be calculated

Narrow runway, = i/m -E-:F- =t - el S
. e g e 07 Wi

T T T T T T T

I
-200 -100 0 100 200 300 400 500

Wide runway,
Narrow wheel
track

Total Deviation * Formulate requirements

* with respect to total deviation
* related to actual situation & environment
* Define safety driven alert levels to meet safety goals
* Predict system performance statistics online
» Compare performance prediction to alert level
« System only useful if resulting availability is high

Control Error I

Navigation Error
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Sensitivity Analysis of Environmental Influences

How is the system influenced by changes of external parameters?

= Environmental conditions
= Static atmosphere: temperature, pressure, density
= Dynamic atmosphere: wind, gust, turbulence
= Precipitation (rain, snow, hail, icing)

= System effects not accounted for in modeling
= Tether artefacts (vibration, stiffness, expansion etc.)
= Higher order dynamics
= ...

= Foreign objects (bird strike, ...)

And how can those influences be considered with respect to their impact on the

Availability as the global optimization parameter?

= Sensitivity analysis

Institute of The Rough Way of Making Visions Fly
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Wind Speed Sensitivity Analysis — Sagitta ATOL

Crab Angles and Linear Impulse on

pll1@ Vaabs = 25 m/s B 1@y, =6m/s

8 8
Landing Gear during Landing: ) i
4 4
— 2 . 2
*  Final approach with E o E o
2 2
— massm = 100 kg N N
-4 -4
— constant path slope -9% (TLR) 6 P
E> yK = 5 ° —8-6 -4 -2 0 2 4 6 -825 26 27 28 29 30 31 32 33 34 35
vy, [M/s] \% [m/s]
— constantV, " e
A’abs . L. |h*| [m/s]@VAlabS=25 m/s 1h°| [m/s] @ v, = 6 m/s
Vk abs depends on wind conditions 8 8
- - 6 6
 Head/ tail wind up to 15 kts (TLR) . .
= Uy € [—7.7,7.7] m/s _ 2 _ 2
. E E
«  Cross wind up to 10 kts (TLR) N E
= vy € [-5.1,5.1] m/s 4 “
-6 -6
= Crab angle B, sink rate h oaE pgr b B Vom0
and lateral linear impulse p; 4r sl N1 @ Vi . = 25 s oLl INS] @ v, = 6 mis
W.r.t. V4 aps, Uy and vy, ’ °
’ 6 6
4 4
- 2 - 2
E o E o
3; 33
2 -2
-4 -4
-6y -6
UW — 0 ]/K 8 8 o o = o o o o o
-6 4 2 0 2 4 6 25 26 27 28 29 30 31 32 33 34 35
vy [m/s] VA,abs [m/s]
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Making Visions Fly
Wind Speed Sensitivity Analysis — Red Bull AirRace Trajectory Optimization

Sensitivity analysis of the nominal trajectory against disturbances

10

200
100
4
O ‘

Position z [m]

200
-400

Position y [m]
Position x [m] -600

= Sensitivity measure: d—Si(IOo)= (dl(po)j [dy‘(po)] (di(Po)J
dp dp

= Displacement of optimal trajectory in respect to wind speed!
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Flight phase dependent requirements

From functional considerations to the Storybook of Flight
— Operational phases and their requirements

Identification of
» Different flight phases of the system
» Their boundary conditions
 Initialization and initial values (especially for simulation and computer based
optimization)
» Entry and exit criteria
* Phase transition criteria
* Non-Nominal flight phases:
= Failure recovery
= Emergency situations
= Degraded and alternate operational modes

Every flight phase needs its Requirements!
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Consideration of Flight Phases - Automatic Take Off and Landing

Functions and Moding for Nominal Landing Maneuver (Example)

Phase

Lateral

Vertical

Speed

Systems

intermediate

standard precision
trajectory control

high precision
trajectory control

standard precision
trajectory control

high precision
trajectory control

standard precision
trajectory control

high precision
trajectory control

automatic gear deployment

final

decrab touchdown derotation

heading by yaw,
bank angle control

high precision

trajectory control heading by yaw

heading by yaw

vertical speed vertical speed vertical speed nose down command

speed by throttle idle thrust idle thrust idle thrust

deceleration

heading by NWS

nose down command

idle thrust

brakes command

D
© ©
©
©
N7
© ©) © ©
Institute of The Rough Way of Making Visions Fly
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Identification of Potential Flight Phase dependent Requirements for HAWE Systems

Possible Operational Flight Envelope of a High

Altitude Wind Energy System:

Height
A Max. Tether Length

Power |

Generation

Takeoff &
Landing

oo

Components
Mechanical
Limit

Speed
>

0

Fixed Wing HAWE System:

Phases:

« Start/ Launch

* Acceleration

* Transition

* Power Generation Phase
» Transition and Deceleration
* Hover

* ReelIn

* Dock / Locking

Kite Based HAWE System:

Phases:

« Start/ Launch

* Acceleration

* Transition

* Power Generation Phase
* Transition to Hover

» Depower / Folding

* ReelIn

» Transition and Deceleration
* Hover

* ReelIn

» Dock / Locking

Pumping
Cycle

Institute of
Flight System Dynamics
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Making Visions Fly
Flight Phase dependent Requirements for HAWE Systems

Exemplary requirements for kite based systems:

Phase Lateral Vertical Speed Systems

Start / Launch

Acceleration

Transition

Power Generation Phase

Transition to Hover ?
Depower / Folding

Reel In

Transition and Deceleration

Hover

Reel In

Dock / Locking

)/|Institute of The Rough Way of Making Visions Fly 89 '"m
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Product Definition and Requirements Engineering

Requirements Engineering

« Top-Down process: formulation and formalisation of High-Level
requirements down to Low-Level software and hardware requirements

* Requirement-Standards:

= Verifikation
= Traceability
= Testability

= Reusability

or:

How to make sure that no requirement is left open and the system does
what it shall do...

Institute of The Rough Way of Making Visions Fly 9 1'|.m
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Product Definition and Requirements Engineering

Templates and Guidelines for Requirements Analysis:

System Functional High-Level Low-Level
Environment DunCt.lor.]a - |g .' eve - OW.' eve
Description escrlptlon eqUIrement eqUIrement
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Making Visions Fly
Formulation of High-Level Requirements
Requirement ID Requirement Name

DA42AP-001 |

RO i .. (03_2.} I
1

Derived From: Functional Description (03_3.)

I N N BN D B BN BN BN B B BN B B B D B D D D B D B S ST T I T BN B B B BN B B B S B . . -

R e u I re m e nt I:O rm u |at| O n é Altitude Capture: When the difference between aircraft altitude and selected altitude is within a later defined
boundary the mode changes from Altitude Acquire [AA) to Altitude Hold [AH).

I.--------------'-----------------

Requirement Definition: (03_4)

An Altitude Select & Hold functionality shall be implemented. It shall consist of three modes:

Altitude Acquire: The Altitude Acquire functionality takes the desired altitude and approaches the reference
altitude by climbing with a constant rate.

Altitude Capture: When the difference between aircraft altitude and selected altitude is within a later defined

boundary the mode changes from Altitude Acquire (AA) to Altitude Hold (AH).
F-----------------------------

. ) _ | Variables and their Validity Boundaries for Altitude Select and Hold

Altitude Hold: This functi - — - pr—r — -

Variable Validity Boundaries Reference Justification of Validity Boundaries

maneuver. The Altitude HE Mariwde [200, 18 000] 3 page 57 | a) Altitude>200ft for departure and climb

b) Max. demonstrated altitude is 18000ft

Airspeed [00,180] KIAS 3, page 57 operation range desired by the customer

Mass [1250,1785] kg 3, page 48 MTOM = Mass,,, =1785

¥-Position of [2.35,249] m 3, page 49 There are Intermediate limitations that depend on

center of gravity mass

Bank angle [-30,30]° MIL 94900 | The accuracy defined by MIL 94900 depends on the

actual bank angle

o
@)
--&----

L--------

Flap position Up: [0, 2]° 4, page 2 a) Moving range includes tolerances

Validation Status —>
Approach:[18, 24]° b) Vo tandine: 113 KIAS

P O [ T, V=T TN PR A - e T R T AP |- N {1 ————

[ validation status:
: |:| not accepted & temporarily accepted Daccepted
|

sasl L

Validation Remarks:
Mone

l-.-.-.-.-.-.-.-.-—-.-.-.-.—.—-.—.—.—-.—.—-.—.—.—-.—.—-.———————
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Making Visions Fly

Formulation of Low-Level Requirements

Category \\

Low-Level Requirement ID —> [&rowss Performance

D P-

Inc

De ----------J---------‘

sh

MIC

De R-FFWQ‘ R-FC-W509

Mean of] DA42AP-001.02

Performance

]
TDI DA Check med Description/ Quantification:

Input Data Generoti using a Ve D not accepted

Increment normal acceleration: En Performance
No 4 | O ofiy :
mput Dat shall not result in an incremental (ACCUracy KCe
4‘ L T p afs .
Mean of Compli K SDECI fd‘TELFH?gIEDD 3125 51ablll.t? I'IEStIl:
Check Mechanism i Descn'ph'o! - s Design
O offLine compal] | The corred | Vialfdation Status: C . . Id will be verified
Limitations

ted [ MIL-F-0400D

M f C | %‘ Execution I [ vatidation Remarks: Safety/Reliability I
eans O Omp Iance % Thacorrectbehawo! setthe air Mone Prntectinns
using a Verification _I
ExecmfanOrderafTesl Eo{mect:: Maintainahilit? I
- eta verti .
ConnacTne cloved § | Run simul , — Usability/HMI  —
seta varYI:icaI speedd RepnrtAsi MEEH Df l:ﬂlTIp |IEII'ICE - SIITIU Lngil‘.'fS‘la‘tES I
Run simulation an
Report Assertions if Cammen!sl Check Mechanism ..:Inpu.t u.ther:,. I
Cmﬂmemsandfxpfaml None 1 O] off-Line Comparison Ty orFomeEcomparsmn |

None

N
Input Matrix I fﬂp ut Mﬂ'ﬁk‘
Variable Variable

Signal Range and Increment Size | Justification of chosen signal range and Size

Altitude of the Aircll | | Altitude of the Aircraft

[200:50:18 00O] ft

Maximum operating range

[200:50:18000]ft

Maximum values specified for the altitude
hold functionality

[90:10-180] KIAS

Operation range of the Autopilot

AliugecMD 1| [Caltitude cMD
[Airspeed )

Bank angle Airspeed
erarspee | | 2ok o8
AHMaode

[-30:1:30]

Engagement of the functionalities shall be
tested for the whole possible range.

| Wertical Speed

[0:10:2000]fpm

Test Range for the actual requirement

Output Matrix I AHMode

Variable

Vertical Speed I

[0:1]

Engagement of the AH Mode is needed to
verify the Requirement

Ang | Output Matrix

Reason for Monitoring

Pass Criteria e S y | [variabie
|

Vertical Speed

Main variable to be changed during the test

Ang

S |
Pass criterio s

This variable needs to be within 0.2g to successfully pass the test
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Formalization of Requirements

Requirements are captured in templates and translated into formal expressions
= Verification of functionality during runtime

Max_Pitch_Rate

3.1.2.5 Altitude hold. of the altitude hold Mc! ion nl Tates
of climb or descent less than 2,000 fpm shall select the sting indicated
barametric altitude and control the MTcraft to this altituds as s r:iux:n ce.
The resulting normal acceleration shall not exceed 0.2g incremental £
MIL-F-8785 Classes I, II and 111 aireraft, or 0.5g incremental for KIL-F*ETHS

Class IV aiPeraft. FOT emgagement at FATes above 2,000 Teer per minute che
AFCS shall not cause any unsafe maneuvers. W the mircraft thrust-drag

capobility and at steady bank angles, the shall ,?u contrel accuracies
specified in table I.

AP_Mode

TABLE I. MINIMUM ACCEPTABLE ROL ACCURACY

POS_h_R_WGSE4 CMD

o
30,000

These sccuracy requiresents apply For sirpeeds up to Mach 1.0. Dauble these

Values a7e permiticd above MAch 1.0 ind triple thase values apply above Mach

2.0. Foliowing engagosent ot portu h tion of this “aode at 2,000 feet por

minute or lass, the spes: achieved within 10 sacon
Any periodic residual oeeiliation vithin hese Limits shall have 4 pe‘riod
of at least 20 seconds.

Altitude Hold
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Collection of requirements in libraries for the purpose of reuse

Recurring requirements (like requirements to autopilots) are collected in libraries

for the purpose of reuse

E Simulink Library Browser
File Edit View Help

[1 & + Entersearchterm - i

Libraries

i+ Communications Blockset
- | Control System Toolbax

W Data Acquisition Toolbox
-1 EDA Simulator Link MQ
&8 Embedded IDE Link CC
(- FSD Compliant BASE
-1 FSD Compliant ONBOARD
- W8 FSD Custom BASE

W FSD Custom ONBOARD
B FSD Custom SIM

FSD Tolerated BASE

Altitude_Hold

{ght Simulation
Lagic Toolbox
uges Blockset
Image Acquisition Toolbox
- B8 Instrument Control Toolbox

| Model Predictive Control Toolbox
¥ Neural Metwork Toolbox
-8 OPC Toolbox
W PsSL
- B8 Real-Time Windows Target
ﬂ Real-Time Workshop
¥ Real-Time Workshop Embedded Co...
- Report Generatar
= Requiements Libay |
é---Archwe
i~ Generic Reauirement

m

=l=Es

ary: Requirements Library |« »

Archive

Generic
Requirement

Logic

MIL §785C Ha-

System 1

ndling Qualiti

MIL 94300
Autopilots

Requirements
Modules

System 2

System 3

.

Block Description

System N

@ Requirements Library/Archive: Select the settings for the

subsystem block.

Showing: Requirements Library

)

= Reduction of time and effort as well as better comparability of systems!

Institute of
Flight System Dynamics
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Complex Requirement

»a
A =B > @
DELTA_ACC_w_K_R_IB_B_MEAS_UNIT_m_d_s2 »lo
Assertion2
normal acosleration shall not
ACC_Grav_z_R_O_UNIT_m_d_s2 exceed 0.2g ingremental
_normal_
FOS_h_Dot_R_WGS84_MEAS_UNIT_m_d_s
Engagement_at_\V'S_less_2000ftm
-
»
ALT_HLD_FLG — _
AND A C
t+1 -=-
B NOT A
@ . e por bt T
ALT_HLD_SWI_NMCF st 1501 t B 2
- Fulse Delay N
AND ! T ot & inf A =B - @
»E
Forever ) ) Assertion
ALT_CMD_MCF Following engagement or perturbation
of this mode at 2,000 fpm or less,
the spedi shall be achieved within 20 seconds
POS_h_R_WGS84_CMD_UNIT_m
ATT_Euler_Phi_MEAS_UNIT_deg
accuracy_check
»a
A =B g @
POS_h_R_WGS84_MEAS_UNIT_m B
Asserion]

Any periodic residusl oscillation
within these limits shall have a pericd of at least 20 seconds.

residual oscillation check
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Traceability:

Requirement to model / model to requirement

R-5C-WS09 Altitude Select & Hold
DGLROS-001
Derived From: Functional Description

Requirement Definition:

Altitude Capture: When the difference between aircraft altitude and selected altitude is witl
boundary the mode changes from Altitude Acquire (8A) to Altitude Hold [AH).

Altitude Hold: This functionality shall hold the desired selected altitude after the acquir
maneuver. The Altitude Hold functionality shall be designed to satisfy the accuracy giv

An Altitude Select & Hold functionality shall be implemented. It shall consist of three modes:

Altitude Acquire: The Altitude Acquire functionality takes the desired altitude and approaches {
altitude by climbing with a constant rate.

Exdemal CMD

Senzars

Moding_Logic

Longitudinal DGLR £ ool
5 X

op_System

Msx_Pitch_Rate

= al CMD 0
. o
p{5F_bode
Altitude_Haold

Delta_Stab_CMD)

Altitude_Dot_CMD_xFeed,

Longitudinal_Rutopilot

Lateral_Autopilot

Pitch_Hold_Accuracy

0

Max_Load_Factor
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Automatic test reports and coverage statement

W Test Frame *
File Edit View

DEd&

Simulation Format Tools  Help

———— * Web Browser - Test_Frame Coverage Report =10l x|
File Edit View Go Debug Desktop Window Help A x
= oy e e D EHEEE REES @ % | | @ | Locaton: [e:///CiTemp/tpa7529585_670d_37e7_Baba_eB4a1c6cd7a _Test Frame_main.ntri I Bmaso
Summary | Details | Help
Summary =
"o . . -
S Model Hierarchy/Complexity: Test 1
Cloed, Loop. System Test Objective
1. Test_Frame 3 38% mm
- 00 2. . ) Altitude Hold 1 44% w=m
MIL_9490_D_Altitude_Hold 0 44% =
e Any periodic residual oscillation within these limits shall have a period of at least 20 seconds. 0 25% w
""""""""""" Implies 0 0%
....... .. . invariant stop watch2 0 33% ==
e ) 7 Engagement of mode below 2,000 fpm, specified accuracy to be achieved within 30 seconds 0 50% e
™ = 8. . ... Implies 0 0%
— 9 invariant stop watch1 0 67% —
'''''' — 10 .. normal acceleration shall not exceed 0.2g incremental 0 100%  o—
09 i Pitch_Hold_Accuracy 1 25% m=
12 MIL-F-9490D _Static Accuracy Pitch_Hold 0 25% w
13 Implies2 0 0%
= e 14 .. . invariant stop watch 0 33% = =l

Formalized requirements can be enriched with test objectives and assumptions
which will be automatically checked during test execution

The evaluation of test objectives and the report genetation are performed

automatically
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Offline verification with simulation results

=> Standardization & Automation Template for results documentation

Large number of tests must be managed S
Controller for 8 Small Unmanned Aerial V'
Time response of vertical speed hold with Vs =4 [m/s] Time response of vertical speed hold with Vs _ =4 [m/s] 4315 T-DAFCS03.4
i : Quérshoot Requiteme ' " i i _ _
- - Requirement Name: Gain Phase Margin 13
Requirement 1D R-DA_FCS_03, R-DA_FCS_03.1 =N
7 1 Descrgtion of Reguement Compillance Frocedue =15
) 1 Complianceis shown by means of frequency response Bode and Michols plots for the
v w different control loops. The plots are generated at different velocities and altitudes along
E 25[ 1 E 1 the operation flight envelope.
kel
g » i g_ | el [[15.20.25.30]
% 2 i [0.3000]
o Lt 4 o - . —
g 15 },E', The smallest gain and phase margin is presented.
> >
1 B 1
Roll rate command loop:
05 4 ALT2000VEL14 1 in.Gain Margin [ 145 [dE]
. . . ~¥-ALT2000VEL18 inPhase Margin | -180 [deal
0 Settling Time Requirement = ALT2000VEL22 ~Non-linear Simulation
05 . . . —®-ALT2000VEL26 . . L Linear Simulation
) 5 10 15 20 25 30 10 15 20 25 30 20—
Time [s] Time [s] I
— 0= pram—
~ . ~ . D VeliSAD
Vs, =4 [mis] Turb Intensity = 1 Vs =4 [mis] Turb Intensity = 2 = VeZDAKD
- . . - -40f WelZ5 AlD
w5 75 , Stability Margins of Vertical Speed Hold 2 ol Vel30 AD
AN 2 o] Y —Ti
83 8 3y L = =
g g ot . Vel2S ARID00
@ ol -4- ALT2000VEL14 D5 20 ] 80 -10o) V:mmm:-a H
g 4 -¥-ALT2000VEL18 8 -4- ALT2000VEL18 18 ﬁ 75 sz 120 = e
gl -- ALT2000VEL22 £l ~¥-ALT2000VEL22| — = - 0
>0 -8-ALT2000VEL26 >0 -®- ALT2000VEL26 g 16 § 5 70 v
0 10 20 30 40 0 10 20 30 40 £ £ =)
Time [s] Time [s] g 14 ﬁ 265 - 2 90p-
[}
Vscmd =10 [m/s] Turb Intensity = 1 Vscmd =10 [m/s] Turb Intensity =2 = = v ;"
12 ﬁ % 60 - ]
@ 7 % g * g 180 f-
E100 g e Eqo 4 55
F 3 * 7 :
2 2 50 S| PR R PR ER: PR EPPEE A PRER = )
Tw“ 58 -4- ALT2000VEL14 % sl -4- ALT2000VEL14 % - 451 - " 10 10 10t 10° 10t
8 ~¥-ALT2000VEL18 K] ; ~¥-ALT2000VEL18 15 20 25 30
5 ~#- ALT2000VEL22 5 ~#- ALT2000VEL22 Velocity [m/s] 0 15 Veloci%)[/) [m/s) = Frequency (rad/sec)
Z ol -8-ALT2000VEL26 Z ol -@-ALT2000VEL26 Figurs 4.43: Bods Plot poctop
0 20 30 40 0 10 20 30 40 — -
Foelsl Toelsl [ # ALTO v ALT1000 O ALT2000 — Requirement|
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Safety Assessment Process

The Safety Assessment Process aims at answering the following
guestions:

What could go wrong in the system?

What are the consequences? How severe are they?

How safe does the system need to be?

Can the proposed system design be expected to be as safe as it should be?
Is the actually implemented system design as safe as it should be?

Are assumptions made during the system design analysis actually valid?

Can we trust our system to be as safe as we want it to be?

The Safety Assessment Process must be a combination of top-down and
bottom-up activities for a holistic approach to system safety!

Institute of The Rough Way of Making Visions Fly 100 1'|.m
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Safety Assessment Process

What happens if essential components fail?

T e -
—

Data Fusion
Institute of The Rough Way of Making Visions Fly 101 1'|.m
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Interaction of Safety Assessment & Development Processes

I Integration
Vv Vernflcatlon & Validatio =
D Design
Aircraft
, Requirements (1))
Aircraft FHA b, <Aircraft Verification |
®
_ 2
Aircraft | Arcratcca Aircraft

VA

Design fb
\ )
°

Level V

Validation of /
requirements at
next highest
level Mech
R

System FHA
PSSA

SW

System
Level

-

I&\%I&V

Aircraft
Verification
& Validation

ASA
Aircraft CCA

—

SSA
System CCA

System FMEA
!

mec
1 &

Bottom-Up Safety

Top-Down Safety

Requirements

Requirements
Development &

Verification

Validation
| System FTA
I System CVA | \__ Manufacturing /
Item \
Level Manufacturing
\_/
V
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Making Visions Fly
Excerpt CS-23 — Normal, Utility, Aerobatic & Commuter Aircraft

CS-23.1309 Equipment, systems and installations

(b) The design of each item of equipment, each system, and each installation must
be examined separately and in relationship to other aeroplane systems and
installations to determine if the aeroplane is dependent upon its function for
continued safe flight and landing ...

Each item of equipment, each system, and each installation identified by this
examination as one upon which the aeroplane is dependent for proper functioning to
ensure continued safe flight and landing, or whose failure would significantly reduce
the capability of the aeroplane or the ability of the crew to cope with adverse
operating conditions, must be designed to comply with the following additional
requirements:

(1) It must perform its intended function under any foreseeable operating
condition.

(2) When systems and associated components are considered separately and
In relation to other systems —

() The occurrence of any failure condition that would prevent the continued
safe flight and landing of the aeroplane must be extremely improbable

(i) The occurrence of any other failure condition that would significantly
reduce the capability of the aeroplane or the ability of the crew to cope
with adverse operating conditions must be improbable.

How probable is improbable / extremely improbable?

CS-23

Certification Specifications

Book 1

Airworthiness
Code

Book 2
Acceptable Means
of Compliance

AC 23.1309-1D
Acceptable Means
of Compliance

ARP4754A

ARP4761

ED-12B
DO-178B

ED-80
DO-254

Institute of The Rough Way of Making Visions Fly
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Acceptable Means of Compliance

EASA CS-23 Book 2 - Acceptable Means of Compliance: Certiication oenifications
*  What AMC'’s are available for Flight Control Systems?

« Book 2 of the CS-23 does not provide any acceptable means of showing
compliance relevant for Digital Flight Control Systems.

«  EASA Certification Review Item GA/G/001 refers to AC (Advisory Circular)
23.1309-1D from the FAA for showing compliance with §23.1309

Book 1
Airworthiness
Code

Book 2
Acceptable Means
of Compliance

Development Guidelines:

« SAE ARP4754 Revision A (issued Dec 2010): AC 23.1309-1D
“Guidelines for Development of Civil Aircraft and Systems” Acceptable Means

of Compliance
« SAE ARP4761 (issued December 1996)
“Guidelines and Methods for Conducting the Safety Assessment Process on

Civil Airborne Systems and Equipment” ARP4754A
« RTCA DO-178B (issued December 1992)
“Software Considerations in Airborne Systems and Equipment Certification” —

« RTCA DO-254 (issued April 2000)
“Design Assurance Guidance for Airborne Electronic Hardware”

ED-12B
DO-178B
These standards outline methods — but not the only methods — of showing
compliance with the Advisory Circular AC 23.1309 and therefore ED-80
to the § 23.1309. DO
Institute of The Rough Way of Making Visions Fly 104 1'|.m
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Acceptable Means of Compliance

Classification of No Safety <—-Major-—> < Catastrophic>
Failure
Condirions
Allowable No Probability Probable Remote Extremely Extremely
Qualitative Requirement Remote Improbable
Probability
Effect on Airplane No effect on Slight reduction in Significant Large reduction in Normally with
operational functional reduction in functional hull loss
capabilities or capabilities or functional capabilities or
safefy safety margins capabilities or safety margins
safety margins
Effect on Inconvenience for Physical Physical distress Serious or fatal Multiple
Occupants passengers discomfort for to passengers. injury to an fatalities
passengers possibly including occupant
injuries
Effect on Flight No effect on flight | Slight increase in Physical Physical distress Fatal Injury or
Crew Crew workload oruse of |  discomfort or a O excessive mcapacitation
emergency significant workload impairs
procedures increase in ability to perform
workload tasks
Classes of Allowable Quantitative Probabiliries and Software (SW) and Complex Hardware (HW) DALs (Note
Airplanes: 2)
Class1
(Typically SRE No Probability or | <107 <10* <10° <10°
under 6,000 Ibs.) SW &HWDALs | Note 1 &4 Notes 1 & 4 Notes 4 Note 3
Requirement P=D. S=D P=C. 5D P=C. 5D P=C.5=C
P=D, S=D(Note 5) | P=D, S=D{Note 5)
ClassII
(Typically MRE, | No Probability or | <107 <10° <10°¢ <107
STE. or MTE SW&HWDALs | Notel& 4 Notes 1 & 4 Notes 4 Note 3
under 6000 Ibs.) Requirement P=D. S=D P=C. 5D P=C. 5=C P=C.5=C
P=D, S=D(Note 5) | P=D, S=D{Note 5)
Class IIT
(Typically SRE. No Probability or | <107 <10° <107 <10°%
STE.MRE. & SW&HWDALs | Notel& 4 Notes 1 & 4 Notes 4 Note 3
MTE equal or Requirement P=D. S=D P=C.5=D P=C. 5=C P=B. 5=C
over 6000 Ibs.)
Class TV
(Typically No Probabilgag
Commuter SW & HW DALs
Category) Requirement
Note 1: Numerical values indicate an order of probability range and are provided here as a reference. The applicant is usually
not required to perform a quantitative analysis for minor and major failure conditions. See figure 3.
Note 2: The alphabets denote the typical SW and HW DALs for most primary system (P) and secondary system (S). For
example. HW or SW DALs Level A on primary system is noted by P=A_ See paragraphs 13 & 21 for more guidance.
Note 3: At airplane function level, no single failure will result in a catastrophic failure condition.
Note 4. Secondary system (S) may not be required to meet probability goals. If installed. S should meet stated critena.
Note 5. A reduction of DALs applies only for navigation. comumunication. and surveillance systems if an altitude encoding
altimeter transponder is installed and it provides the a iate mitigations. See paragraphs 13 & 21 for more information.

Classification of
Failure Conditions
and Probability:

e Minor <1073
+  Major <10°°
« Hazardous <1077

« Catastrophic < 107°

“FIGURE 2. RELATIONSHIP AMONG AIRPLANE CLASSES, PROBABILITIES, SEVERITY
OF FAILURE CONDITIONS, AND SOFTWARE AND COMPLEX HARDWARE DALs”

CS-23
Certification Specifications

Book 1
Airworthiness
Code

Book 2
Acceptable Means
of Compliance

AC 23.1309-1D
Acceptable Means
of Compliance

ARP4754A

ARP4761

ED-12B
DO-178B

ED-80
DO-254
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Fault Tree Analysis

Example
Fail-Op Dual-Duplex FCS

e Two FCCs, each with one command and
one monitor lane.

Redundant
sensor bus

e If command or monitor lane fail, entire FCC

IS passivated.
 FCS failure if both FCCs fall

Redundant
actuator bus

FCC1

FCC 2

CMD | MON

CMD | MON

A=4-10"8/h

Qualitative Evaluation:

Loss of all FCCs

Fault Tree for Top-Event
“Loss of all FCCs™:

| N_ |
Loss of FCC 1 Loss of FCC 2
A=2-10"%/h g A=2-10"%/h g/
‘ {
A=10"%/h || 2 =10"%/hn A=10"%/h || 2=10"*/h

Loss of FCS if FCC1 AND

( ( j )/ FCC 2 are lost

Loss of FCC1/2 if
Command OR Monitor Lane
fails

= Formulation of derived requirements considering safety aspects.
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Common Cause Analysis

A common cause analysis (CCA) examines the
proposed aircraft or system architecture(s) to ensure
that independence between functions, systems or
items required to satisfy safety or regulatory
requirements exists.

The CCA identifies individual failure modes or external
events that can lead to catastrophic or hazardous
failure conditions. It consists of the following analyses.

Component A

Component B

Coupling
Factor

Patricular Risk Analysis (PRA):

Particular Risks are events or incidents
affecting the system from the outside:

* EMI/HIRF,

* Hail, Ice, Snow
 Bird strikes

* Fire, Smoke,

« Enginge rotor burst, tyre burst, ...

Common Mode Analysis (CMA):

A CMA is a simulateous failure of multiple
components otherwise considered
redundant, e.g. due to:

+ Software error (OS, libraries, compiler)
+ Hardware (processor, layout, ...)
» Power supply

Zonal Safety Analysis (ZSA):

Ensure that installation meet safety
requirements regarding interference
between systems, potential cascade
failures, environmental factors,
maintenence errors etc.

Institute of The Rough Way of Making Visions Fly 107 'I'I.m
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Consideration of System and Component Specific Behavior

Consideration of the characteristics of involved systems and subsystems
= Sensors
= Actuators
=> computers
= communication channels
Analysis of available sensors and measurement data
Data fusion principles
Component specific tradeoffs concerning:
= Avaliliability
Price
Accuracy and precision
Integration effort
Reliability
= Error behaviour
 Redundancy Concepts

=
=
=
=
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Consideration of System and Component Specific Behavior

The most important FCS Components are:

FCC (Flight Control Computer) redundant, dissimilar architectures
Data busses aerospace specific busses like ARINC 429
Sensors like IMU, AHRS, GPS, ADS, ...

for deterministic real time execution of periodically called controller

RUOS @F SEEELE] functions and I/O handling

Application Program including control algorithm, moding logic, health monitoring, ...
Actuators EMA, EHA

:> Multi- domain system, which fulfils its functionality by interaction of all components on overall
system level (closed — loop including aircraft)
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Sensor Errors (1)

Sensor measurements are normally faulty. The output signal differs from the input
acceleration to be measured.

Bias, Scale Factor Error, Asymmetry
Nonlinearity
Output “N““__Scale Factor Error output A 0
// Input
0,,
Hysteresis
>
Input OutputA !
o -
/, nput
= Bias: Non-zero output value even though there is no input
= Scale Factor Error: Deviation of the output / input ratio from the ideal scale factor
= Nonlinearity: Non-linear scale factor
=  Asymmetry: Different scale factors for positive and negative inputs
= Hysteresis: Different outputs for increasing and decreasing inputs
Institute of The Rough Way of Making Visions Fly 110 1'|.m
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Sensor Errors (2)

Bias Instability Dead Band Resolution Turn-On Bias
Bias A Output - Scale A
- e Bias
> L TE
t //‘ Input Resolution
’/
Al >
t t+At
« Bias Instability: Random medium to long-term bias variation

 Dead Band, Threshold: = Small area around null where inputs are not detected
e.g. due to stiction

* Resolution/Quantization: Minimum measurable input/floating point representation

* Turn-On Bias: Variation of scale factor and bias from day-to-day

* Misalignment: Non-orthogonality of sensor axes

* Noise: Random short-term variation

» Temperature Effect: Sensor errors caused by temperature variation

Institute of The Rough Way of Making Visions Fly 111 1'|.m
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Data Fusion Architectures

Centralized Eet

) stimated
Data Fusion : states
Architecture:

: Feedback correction

Cascaded
Data Fusion
Architecture:

Estimated

sta;es

)/|Institute of The Rough Way of Making Visions Fly 112 '"m
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Redundancy Concepts

fHardware Redundancy h
Similar sensors Similar navigation systems  Dissimilar systems/sensors
Sensor-level redundancy System-level redundancy
e.g. e.g. e.g.
multiple inertial dual, triple or quadruple INS INS, GPS,
sensors radio navigation, air data,
magnetic heading
\ v,
(Analytical Redundancy A
e.g. plausibility tests
e.g. change of position with
time vs. velocity
\& J
~N
(Software Redundancy
W,
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Redundancy Levels

Inertial
Navigation

Inertial

Processor

Inertial
Navi

tion

Nav

System Level
Redundancy

Navigation Navigation Navigation
States States States
Monitoring & Voting
Navigation ‘
States
Inertial Navigation System
Accelerations Accelerations
Angular re;tes Angular rates
® &
Sensor Level $
Redundancy L%
Nav Processor
3
Navigation Navigation Navigation
States States i States
Monitoring & Voting
Navigation
States v
Institute of
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NAV Sensor Concepts for ATOL

COTS ADAHRS with internal GPS

Advantages
* Low integration effort

Disadavantages
* No integrity information on GPS( VPL, HPL)
* No GBAS functionality available

COTS ADAHRS and external GPS (SBAS / GBAS)

Advantages
*  Medium integration effort
Disadavantages
* Inconsistent navigation solution
(GPS vs. IMU)
Sensor Data Fusion required

COTS ADAHRS aided by external GPS (SBAS / GBAS)

Advantages
*  Medium integration effort
«  Consistent navigation solution

Disadavantages

* No integrity information of resulting navigation solution

from GPS aided AHRS

Additional things to be considered

» High precision altitude sensor integration and data fusion
for consistency and integrity of vertical navigation channel
during approach

* Integrity monitoring of VPL, HPL and other integrity
information

* Provision of integrity Information to GCS

* Degree of redundancy in navigation solution
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Real-time Systems

Implementation aspects on real-time systems

=

=

=

=

Real-time OS and driver layer
Framework development

Nominal and failure handling modes

Synchronization of independent systems

Timings
Latencies
Jitter
Determinism

Bus-load analyses

Maximum system loads

@e.g. Alps
A ?

N-Bit Counter

Overflow

“v

»

i

<
N

2

A

Capture Z,

»

counter steps

Timer
Capture Z,

Y ¢!

Source: M

‘v

icroSys
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Real-time Systems

Flight Control Computer & FCC Algorithms

»

Development
process

Development
guidelines

Certification Defacto

regulations standards

ylnstitute of The Rough Way of Making Visions Fly 117 '"m
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Timings and Latencies

Signalfluss FCS HW20 - Latenzminimierung — 70Hz
ror A A A A
Q c € € c
< E E E E
ams
o | oms NS INs
E sarnple INS Tx Samgle INS T sample INS Tx
o 1o Bx 1 1o 1o Ex1 1o 1/
[z com [ Inter FCCs Y1 | com Com IR Inter FCCs YL com com | A
Wait for stick or
mar 1,5 ms
= T T
g o .
g i ACE B ACE
= 5 5
Wait(1,5)
= ——
a
Exl Ex2 Exl B Exl a2
= Read
© ooy | nter | VL | Cross [ w2 T;;CGE T;:;E 5:::; inter | V1 | cress | w2 T,:I;C T;;? 5::‘2' inter | i | cross | vz T:;;Z‘: T"MASEE
ﬁ Stick Cockpit Stick Cockpit Stick Cockpit
=
v
Gms
n
& )
> Stickto ACE | Stick to ACE FCC to ACE Stickto ACE | Stick to ACE FCC ta ACE 5“;{':‘;"
=y
i | \
Tick | 10ms \ 0 ms
Nachricht von Nachricht von
2. DCUam 2.DCUam
gleichen Bus gleichen Bus
-+ Latenz INS to ACE L
-+ Latenz Stick to ACE -

-4———latenz Stick to ACE Direct Law————»
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Simulation of the overall system

« The more complex the simulation model gets, the more detailed the reality

will be represented.
= ODbjective: simulation of the overall system!

« Attempt to model as many uncertainties, characteristics and external

influences as possible

* Anticipation of problems and obstacles in the simulation
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Foreseeable obstacles to be adressed already in simulations

Plant uncertainties

« Parametric uncertainties (aerodynamic coefficients, weight and balance, ...)

« Simplifications and unmodelled dynamics (dynamic order of subsystems, aeroelastics, ...)
« Unknown dynamics (nonlinear structure of aerodynamics, interferences, ...)

Atmospheric disturbances

e Turbulence, Gusts
e Wind

Hardware characteristics

« Sensor measurements (noise, bias, outliers, delays ...)

« Digitalization effects (quantization, data types, delays,...)

« Flight control computer (processor load, interrupt and 1/0O-handling,...)

« Equivalence between simulated control laws and compiled and linked code on target
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Foreseeable obstacles to be adressed already in simulations

Correctness of implementation and coverage over operational envelope
« Implementation flaws(Initialization, Anti-Integrator wind up and reset, interfaces, ...)
« Verification Coverage (consideration of all operational conditions)

=> Closed loop simulations can address these obstacles...
* Model-in-the-Loop

« Software-in-the-Loop

« Hardware-in-the-Loop

* Processor-in-the-Loop

=> ... Many of them even without a validated model
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Modelbased Development Process

Adaption of the simulation model to reality with the help of parameter
estimation and system identification as an iterative process!
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Reality

o o o o o o B System Identification
Parameter Estimation

Nonlinear

Linearized

Model

Making Visions Fly

Modelbased Development Process

Commands

Simulation_Control

Simulation_Control -

ki

States_C

Simulation_Frame

-----------------l Auto Code Generation l'------->

Analysis Tools

L.

Trim & Linearization
Abgleich Flugdynamik

.
X=AX+Bu

y =Cx+Du

(=

Development of
Flight Control Algorithms

4

Design and Analyses

'Control Parameter
K, 0

« Performance can be increased by the use of high-level development systems at simultaneous
control of functional complexity

 The development process can be almost entirely computer based
*  Deterministic and reproducible development

Institute of
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Aspects of Implementation

Aspects of implementation:

* Proceedings during implementation

« Styleguidelines

* Model-in-the-Loop simulation

« Code generation and requirement tracing
* Processor-in-the-Loop simulation

« Hardware-in-the-Loop simulation

* Iron-Bird testing
Processor-in-the-
Loop
‘ Model-in-the-Loop l

Automatic Guideline Code Generation and
Compliance Checks Traceability
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Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft

Styleguidelines

(for Modeling and Coding)




Making Visions Fly

Design and Code Standards: MATLAB / Simulink Styleguidelines
Design Standards Guideline Name
Code Standards A mmwmvl.l

Lehrstuhl fiir Flugsvstemdvnamik - [nsﬁtu# Flight Svstem Dvnamics
["§ MNAME?

Guideline ID — |SL_t6. Block Resizing
SCOPE® PRIORITY: COMPLIANT WITH: ||
EMANDATORY CIARP 4754 . .
SCOpe % EONBOARD O STRONGLY RECOMMENDED Obo175-B @ Comp“ant W|th

ESIMULATION CIRECOMMENDED . | OMisrA-C

- AUTOMATION: —

POSSIbIe ﬁ none

PREREQUISITES " 7

Automation

DESCRIPTION?

* All blocks in a model must be sized such that their icon is completely visible and \ . .
recognizable. P rl O r I ty

In particular, any text (e.g. tunable parameters, filenames, equations) in the icons

Descript|0n _9 ) must be readable.

Note:

This guideline requires resizing blocks with variable icons or blocks with a variable

number of in- and outputs

EXAMPLES?
=

B> inatl |
Example — e

PENALTIES BEMNEFIT

H * unreadable models. * readable models
Pe n a.ltl eS ﬁ * problems in understanding the model | » understandable presentations @. Be n efits

LAST UPDATE(NAME/DATE)™ Surinowitsch / 06/10/2009

Stanislav Surinowitsch Fage 27
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Guideline compliance with model advisor

Verification of guideline compliance with model advisor and custom FSD rules

W Model Advisor - C_Star_Controller 20072 o ==
Fle Edt View Help
Task Hierarchy: C_Star_Conlioller_20073
[=- [ Mode Advizor Task Manager
= @E v Product
-9

Check FSD Configuration
Analysis

Checks if the FSD Configuration is set to Simulation

Pun This Check

Resuk @ Passed

Configuration Settings are comect Simulation Settings

heck &2

T

mple: times o
I () Runtime diagnostics for 5functions
I (=) Runtime diagnostics far Data Stare blocks.

———— W Modsl Advisor - FCS_DGLR. (=l

Fle Edt Run Vew Hep

Task Herarchy: FCS_DGLR

| Check for blacks that do not link to requarements.

o TERE
= ¥ Cmink vericaton and aldaton
- ¥ Cgodemng stancards
£ C300-1788 Chedks
- 7 @IChec satety-elted ntimszstion settns
o safatyeisled dagrosbe setirgs fo sivers
ek safetyialed dagrosbc setings for sample b
ek safaty isted dagrosbe setings for sgrneldeta
ek safety+iated dagrsic setings for prameters
2 Chec safety-rsisted dagreste setings for cata Laed or debuggng
) hec sty sciated dagrost setings for data store memory
) hec sty sciated dagrast setings for He conversans

Check safty-velated dagnostic settings for bus cornesty

o settings that apgly o

Check safety +lted dagnost settings for compatibty
tings

SRR

¥ (IEC 51509 Chacks
. [¥ CoMatiores Automotve Advisory Bowd Checs
=™ CoRenuraments Consstency
™ ity equrement ks veh missng documents
™ ey 2 specty e
7 ety seectorrbased s having descroton het o ot match s recureme

7 ety requrement ks veth et type inconsstent vith prefirences
I (P Checis

Objectives:
« DO 178B compliance, FSD styleguidelines compliance
« Automatic generation of compliance reports
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Model-in-the-loop Verification

Model-in-the-loop test harness layout

¥

manitar_processing

Flight_Control_Algorithm output_signal_propagation
Plant_Simulation_Model
<Static_Temparaturs ATM_UNIT K

<ACC_Grav_R_O»
<Static_Pressure_ATM_UNIT_N_d_mz>

ic_Pressure_Aera_Inf_UNIT_N_g_m2>

&

h A

-
g

Sim_Output_Processing

Sim_Ststes_Dot_Processing

Sensor_Model

Test objectives

All related requirements are covered
All foreseeable obstacles are adressed
100% model coverage achieved

Test cases and results are well presented
Test cases are repeatable and automated

| Cutputs

Definition of a verification plan

Visuslization

Date  2010-10-19
’—' Simulink Models Verification Standard
¥ Rev V-0001
Verification Plan and Results Page 38150
3.5 Vertification of Operational Requirements
3.5.1 Testing Environment
Test Harmess: 3-323
Folder 3-324
Test Model Name 3-325
Link 3-326
Type of Test Time-based simulation [] Single-point execution (] 3-327
Data Generation Specified Data [] Gridding [] Stochastic (]~ 3-326
Check Mechanism Off-Line Comparison [] On-Line Comparison [] ~ 3-329
Qutput Signal Dependencies
Qutputs .
No | Name Names of Required Inputs
3-330
Test Hardware
Type
cRU Speed
Type
RAM Speed
Memory §
Type &
HDD Speed
Wemory
0s
Matlab

3.5.1.1 Structural Layout of the Test Harness

Link to HTML established by Export to Web Functionalility
For algorithmic systems (e.g. Embedded Matlab): Nassi-Shneiderman diagrams
For state transition logics: State Graphs

For dynamic process models: Block diagrams
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Conclusion of Model-in-the-Loop Verification

Complete system functionality can be built up and verified, e.q. up to mission flight

j 7 — O ® I
g 2 / / \ :gn:) ;;L
g L i N .
AT
) N
) 10 20 30 40 50 60
sones
20 r
15 Vi O ||
10 // DG
AR —
. Ve ™ r,,.»..m N e
5 \ / '
10 N 7 Cooglc earth
1 10 20 30 40 50 60 -
s0Nes
30
20\ ﬁ
% 10
g
% -10
-20
-30

SONes

Closed-loop simulation is a key advantage for modelbased verification

Code generation and target deployment is effectively eased

Institute of The Rough Way of Making Visions Fly 128 'I'I.m
Flight System Dynamics Lessons Involuntarily Learnt From Controlling Aircraft



Making Visions Fly

Tool Chain Structure and Workflow for Power PC

* Final Tool Chain ~__' | 4\ MATLAB
. ::L:;:Iy Itn usetm giffi\pace = SIMULINK
ndustry up to |
Model Link
Code Generatio‘r\

Lp}C/OS-II“‘

The Real-Time Kernel

]

- My @ G | i P0|y5p5gé

Source Code

Integrated

Build Code
Reference
\[EROCEL In-Circuit e A
" The Software Verification Company Debugglng E%:'éE‘LJOTP.EEﬁTBTégyI Processor
Structural Coverage S

In the Loop

on Target
Target Deployment
pC/Probe™ Hardware &
L}Run-ﬂme Monitoring ) M - s PrOCGSSOI‘
Run-Time ICrooysS In the Loop
Debugging Power PC
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Code generation and requirement tracing

<Piot_CMD, pitsh NORM Lor o i

PILOT_CMD

¥

¥

* kT

¥
T

la
+

o

<ROT_Omegs_y_IB_B_MEAS_UNIT rad_d_s>

¥

-

a
¥

et CMD_NORM N
>

Eta_CMD_NORM

iz
e 12 #include "RC 2H Pitch WM Example.h"
14 #include "EC_AH Pitch . _Example private.h"
15
1& J* Initial conditions £ eferenced model: 'RC_AH Pitch Axis Example'*/
i7 void mr RC AH Pitch Axi ampl Tnic(rtDW mr RC AH Pitch Axis Exampl *locallW)
18 {
19 A* InitializeConditio r atomic SubSystem: '<Root>/Alpha Ohserver' #*/
20
21 /* InitislizeCondition r DiscretelIntegrator: '<S1>/Discrete-Time Integrator' */
22 localDW->Discretelimel ator DSTATE n = 0.0;
23 localDW->DizscreteTimeIn| ator PrevRe j = 2;
24
25 /* end of InitizlizeCo 15 for SubSystem: '<Root>/Alpha Cbsesrver' #*/
2E
27 A* InitializeConditions for W eoratalptegrator: 'vRoot»/Discrete-Time Integrator’ *
2} lock requirements for '<Root>/Discrete-Time Integra
2 * 1. Pitch HeoldStatic accuracy (smooth air):+ 0.5°
30
31 1r:n::..ill]Z:II-I—>Dis»:.‘.rete'.l."i.myaIntIer;[ratt:nr_Dlsm;= 0.0;
32 localDW->DiscreteTimeIntegrator PrevRese = 2;
o
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Processor in the Loop (PIL) Test Bench

General Description
* New approach for PIL:
v No instrumentation of target software

v" Final software product including all frameworks,
drivers and operating system

v Communication via JTAG

v' Compatible to auto generated code and handwritten
code

» Focus on numerical accuracy on target processor (e.g.
differences in libraries and floating point operations)

* Fully integrated in Simulink and TRACE32 Debugger

» Seamless debugging of generated code on real target
(e.g. executable links between model and object code,
definition of break points through Simulink block menu)

+ Structural code coverage analysis on object code using
either VerOCode or TRACE32

Additional information:
http://www.lauterbach.com/simulink_2012.pdf

Processor in the
Loop via Debugger

Comparison of

Results
(Test of
Accuracy)

e

Coverage Control

| Reference to Platform Independent

L | I e )

Model of Control Algorithm

Fie B Vem Vo bodk Run U M Time Pl Coc MECSS Wndom teb

HE dve v b 2K 0 HuD Sed ®LP

Traceability between
Simulink and Trace32

Institute of
Flight System Dynamics
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Hardware in the Loop (HIL) Test Bench

Pilot Interface

General Description - DA42 Flight Training Device

+ Test bench for integration testing of fly by wire system.
* Focus on performance, robustness and interface testing

* Reuse of controller development plant model and requirements
based test cases.

| Debugging Host |

Simulink Host
Flight Gear Visualization

 Integration of HIL testing and flight simulation through direct
interface between DA42 flight training device and HIL test bench llg<—>

Also Virtual Pilot
for Test Automation

Embedded Onboard System
- In the Loop -

MathWorks xPC Target Simulation Desktop

» Real time operating system running on standard
desktop computer

* Fully integrated within Matlab/Simulink

» Multiple 1/0s through National Instrument PXI
System (supported by xPC Target)

Additional Equipment
» Tektronix TDS2004C Oscilloscope -
* Vector CANoe for ARINC825 simulation and testing
* Multiple Lauterbach Debuggers, 500MHz logic

analyzer and stimuli generator
* B&R PLCs for simulation of bus devices

Tektronix TDS2004C
with Matlab Interface
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In-Flight-Testing

Diamond DA-42 Flight Training Device

General Description

 Built with original aircraft components from Diamond Aircraft to achieve
a most realistic cockpit environment

» Certifiable up to FTD Level 5+, Level 6 dynamics under development

» Accurate replication of aircraft flight dynamics and systems

* Original Garmin G1000 PFD and MFD hardware

» Electrically operated three-axes control loading system

* Multi-screen instructor operating station (I0S) aft of cabin

» Extensive capability to simulate malfunctions of multiple aircraft systems

Flight Dynamic Model (FDM)

* FDM includes accurate aerodynamics, engine, propeller and gear models

+ Based on reference data from airframe manufacturer Diamond Aircraft and
parameter estimation performed by Diamond Simulation

External Visual System (EVS)

» Three-channel external visual system (EVS) with 180-degree cylindrical screen

* Visual software: CAE Tropos 1000, based on full-flight EVS Tropos 6000

* Projection system and the visual databases meet certification requirements up to
Level B Full Flight Simulators according to the regulations of the JAA and FAA

4 w4 X
=l e ———
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Iron-Bird-Testing

« Testing and analysis of flight control systems
« Test of hardware components embedded in the
real system environment

= Actuators

= Clutches

= Intervention to flight controls
Test of handling qualities

Test of safety mechanisms

Test of faults and automatic fault recovery
Hardware-in-the-Loop-Testing / Interface to D-
Sim42 NG Simulator
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Thank you very much for your attention!
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