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Prototyping of a Digital Flight Control System

Summary

The limitations of early analog electronics and mechanical systems were overcome by reliable
computer platforms and safe digital data processing techunologies integrated within an inno-
vative digital flight control system for light aireraft. The required level of redundancy and
physical dimensions of a fully digital fly-by-wire installation are acceptable for large aircraft,
but represent a cost prohibitive solution with a substantial weight penalty considering the
operational concept of sport and leisure flying. A digital antomatic flight control system for
light aircraft presented in this thesis was designed and developed upon utilizing an industry
accepted single line system approach for flight controls and digital avionics. Redundancy
considerations were resolved through a parallel integration of the electromechanical actna-
tors to the primary mechanical control system. This approach found support in the digital
flight control system’s use case scenario, assuming the support of visual flight rules oper-
ations only and including a manual override capability (as such logic has been applied in
successfully marketed light aireraft antopilot designs). The control system’s flight envelope
protection zone was by design restricted fo a typical touring/cross-country flying profile.
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Shrnuti

Omezeni prvotni analogové elektroniky a mechanickych systému bylo prekondno spole-
hlivymi poéitacovymi platformami a bezpeénymi technologiemi pro zpracovani dat inte-
grovanymi do inovativniho digitdlntho systému fizeni letu pro lehkd letadla, Pozadovand
uroven zalohovant a fyzické rozméry plné instalace digitalniho systému fy-by-wire json ak-
ceptovatelné pro velkd letadla, ale s prihlédnutim k proveznimu koneeptu sportovniho a
rekreatniho 1étédni predstavuji pfili§ ndkladné feSeni s vyraznym hmotnostnim naristem.
Digitalni automaticky systém fizeni letu pro lehka letadla pfedstaveny v této praci byl
navrzen a vyvinut na zakladé primyslové akeeptovanveh pristupu v fizeni letu a navrhu
digitalnich avionickych systémii. Zalohovani bylo zohlednéno paralelni integraci elektrome-
chanickych aktudtorn do primarniho mechanického okruhu fizeni. Tento pfistup nasel oporu
v navrzeném provoznim scénafi digitalnitho systému fizeni letu, ktery predpokldada podporn
provozu pii letu za viditelnosti a zahrnuje moznost manudlniho prekondni automatického
tizeni. Vyuziva tedy podobnou logiku, kterd byla aplikovana na komeréné nspéiné systémy
autopilota pro lehka letadla. Ochranna zéna letové obdlky systému fizeni letu byla cilené
omezena na profily letu typické pro turistické létani.

Klicova slova

Systém Fizeni letu, zdkony Fizeni, linedrni fizeni, nelinedrni Fizeni, digitdlni fizeni, avionika,
hardware-in-the-loop, software-in-the-loop, rapid prototyping, lehké letadlo, elastické letadlo,
pohybové rovnice.
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Abbreviations

Symbel  Description

3D 3 Dimensional

A/P Autopilot

ADC Air Data Computer

AFCS Automatic Flight Control System

AGL Above Ground Level

AHRS Attitnde and Heading Reference System

ATAA American Institute of Aeronautics and Astronautics
ASTM American Society for Testing and Materials

ATC Air Traffic Control

BAT Battery

BIT Built—in Test

CAD Computer Aided Design

CAN Controller Area Network

CEST Central European Summer Time

CFD Computational Fluid Dynamics

CHT Cylinder Head Temperature

DAQ Data Acquisition Unit

DASC Digital Avionics Systems Conference

DNP Digital Navigation Platform

EGT Exhaust Gas Temperature

EMA Electromechanical Actuator

EUROCAE The European Organisation for Civil Aviation Equipment
FCS Flight Control System

FF Fuel Flow

FP Fuel Pressure

FPL Flight Plan

GPS Global Positioning System

IEEE Institute of Electrical and Electronics Engineering
MFD Multifunction Display

MIMO Multiple-Tnput Multiple-Output
MIRA Motor Industry Research Association
MISRA Motor Industry Software Reliability Association

MP Manifold Pressure

NDI Nonlinear Dynamic Tnversion
PFD Primary Flight Display
PMU Propulsion Monitoring Unit
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RMS Root Mean Square

RPM Revolutions per Minute

RTCA Radio Technical Commission for Aeronautics
SAE Society of Automotive Engineers
SISO Single Input Single Output
TECS Total Energy Control System
THCS Total Heading Control System
USAF United States Air Force

UTC Universal Time Coordinated
VFR Visual Flight Rules

WGSs4 World Geodetic System 1984
WPT Waypoint

Greek Symbols

Symbol Description

AB Incremental Sideslip Angle
o] Roll Angle
f Pitch Angle

Latin Symbols

Symbol Description

(y Lateral Acceleration at the Aircraft Center of Gravity
ALT Pressure Altitude

HDG Heading Angle

IAS Indicated Airspeed

Lat Geodetic Latitude in WGS84

Lon Geodetic Longitude in WGS84

N Load Factor at the Aircraft Center of Gravity

il Roll Rate

QNH Atmospheric Pressure at Mean Sea Level

% Vertical Speed
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1 Introduction

A successful design starts from a product utilization perspective. Prototyping a digital fight
control system beging with the definition of its contributing role to the overall aireratt design
concept.

Different approaches meet different design expectations. The philosophy of stability aug-
merntation elements is in the suppression of unfavorable inherent stability characteristics
originating from the aircraft designer’s structural and aerodynamic preferences and perfor-
mance driven goals. Their successtul implementation provides the crew and passengers with
improved comfort and performance. A widespread on-board automation concept is the an-
topilot. Its primary function is the reduction of pilot workload through the stabilization of
flight relevant quantities. In a combination with the flight management system, the autopi-
lot provides to pilots a workload relief solution in aerial navigation and precision frajectory
tracking. Reliability driven mechanical/electromechanical system complexity and associ-
ated weight penalty, along with advances in electronies and software engineering, brought
the aireraft flight control commumity to consider, design and implement fly-by-wire controls,
These systems integrate previously isolated flight control and automation elements into a
unifying framework, but introduce new challenges due to pilot's closed-loop interaction with
the control system. The selection of the flight control system specification has an impact on
the overall system architecture, extent of modeling and simulation, software and hardware
considerations including concerns of operational reliability, physical system redundancy, hu-
man machine interface design, system integration, validation, verification and festing. On
top of that, depending on the class of applicable aireraft, the flight control system design has
to comply with valid legislation framework installed by respective regulatory agencies. All
such constraints must be considered when designing a pilot centered flight control system.

The flight control system design process benefits from modeling and simulation techniques,
introduced to describe aircraft /systems dynamics and performance characteristics. An in-
dustry accepted framework utilizes two global approaches in modeling and simulation. The
first approach is based on the point mass approximation of rigid body dynamics described
by a set of nonlinear equations of motion; whereas, the latter approach accounts for the
structural elasticity effects due to fluid structure interaction phenomena. The former mod-
eling technique uses a set of differential equations to describe the translational, rotational,
attitude and position quantities. The equations of motion in translation and rotation in-
clude the effects of acrodynamie, mass and propulsion induced forces and moments. And,
it is these respective forces and moments that introduce uncertainties into the modeling
process. The need to estimate aerodynamic characteristics of wings and bodies dates back
to the origins of manned flight. The aviation pioneers introduced estimation of aerody-
namic characteristics in wind tunnels based on the similarity /scale concept. Their approach
finds its relevance even today, when high performance computer clusters capable of paral-
lel Computational Fluid Dynamics (CFD) processing are increasingly gaining in relevance.
Computational aerodynamics utilizes a variety of methods depending on the modeled physics
and aircraft design maturity level. At a conceptual stage. panel methods have been snccess-
fully used due to their favorable computational cost and modeling agility. However, these
methods usually predict conservative force and moment estimates as most of the available
implementations use potential field theory. The finite volume method based CFD tools offer
higher fidelity computation on complex 3D geometries as compared to panel methods. A
finite volume method implementation may use Reynolds Averaged Navier-Stokes equations,
supplemented with a variety of applicable turbulence models. However, the computational
expense to run high fidelity CFD aerodynamic analysis is higher even by today’s standards.
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A conceptual design level requires decisions to be made that predefine the course of future
development without the availability of high fidelity data to support the case. A proven alter-
native to computational aerodynamics is the utilization of United States Air Force (USAT)
Datcom. This method estimates respective aerodynamie, stability and control derivatives
based on similarity criteria derived from experimental data. The fallback of the method is
the lack of tools to predict behavior of unconventional aireraft configurations,

Aerodynamic computational analyses verified against wind tunnel measured data represent
an important element of modern flight control design. Once the designed aircraft takes Hlight.,
new source of information becomes available for a high fidelity estimation of aerodynamic,
stability and control characteristics. At this stage, test data acquired at flight envelope
target points become available to the aircraft flight parameter estimation process. This
however does not come cheap. The aircraft/subject of parameter estimation needs to be
instrumented with labaratory grade measurement and data logging equipment. The onboard
sensor network requires calibration before and verification after each experimental flight.
The mstrumentation is a necessary but not sufficient assumption in the testing process. A
balanced flight test program including identification maneuvers in longitudinal and lateral-
directional motion will provide information of the fight envelope test point coverage. Each of
the identification maneuvers must be flown repeatedly, to acquire sufficient amount of data
for the identification and subsequent validation procedures. Two basic options for execution
of the flight test maneuvers are at hand: the first accounts for a manual maneuver execution,
and the latter one relies on the automation. To achieve test execution repeatability in the
manual test mode, a graphical user interface has been developed and implemented by the
Brno University of Technology to indicate to the pilot a desired Hlight test trajectory. In
order to reduce the level of complexity in identification, Hight tests under no wind and no
turbulence conditions are preferred over flying through gust fields and modeling its effects
by wind /gust induced velocity and attitude rate increments. Several numerical optimization
methods can be considered in the parameter estimation process. Among the most popular
are the Equation Error and Output Error approaches. One of the main driving points
in identification i the kinematic consistency verification followed by the flight trajectory
reconstruction. But to reach this point, a sufficiently dense set of measured flight data must
be available. For aerodynamic, stability and control characteristic identification, this wounld
nsually require recording the data at a sample rate of 100 Hz. Recorded data also need to
be properly time synchronized.

Another important aspect having a direct influence on the quality of the identified data and
quality of flight simulation is the proper estimation of moments of inertia and instantaneous
location of center of gravity. These quantities can be conveniently estimated for smaller
objects using known experimental techniques. but their quantification for the entire aircraft
can become a challenge. Due to this, the mass and inertia characteristics are treated as
uncertain quantities. To avoid expensive and lengthy physical experiments, the moments of
inertia for respective mass configurations can be advantageously computed from the investi-
gated aireraft 3D Computer Aided Design (CAD) model. A virtual modeling approach may
also be used for definition of changes m fuel level of respective fuel tanks and their effects
on global inertia characteristics. A unique chapter in the modeling and simulation process
represents the modeling of the propulsion system. Description complexity may, in the best
case, be overcome by using engine mamifacturer provided data.

Aircraft designs with large wingspan and lightweight composite structure challenge the sim-
ulation and modeling community with structural elasticity effects causing redistribution of
loads due to elastic deformations and simultaneously influencing aircraft stability and control
characteristics. Estimation of the elastic effects on the aircraft flight dynamics is predomi-
nantly executed in the frequency domain with results being transformed to time domain for
more intuitive evaluation. The equations of motion for elastic aircraft contain eigen modes
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and eigen frequencies which can be conveniently estimated using computation—based tools
or a modal analysis experiment. Both estimation approaches have their own implementation
details that must be considered. The computational approach uses modal analysis theory
implemented within the finite element method environment. This approach, when properly
utilized, provides accurate results already from the virtual prototyping stage. The second
estimation method, based on ground vibration testing, requires the existence of a full-scale
prototype, sensitive testing and recoding infrastructure and experience in test execution
and evaluation. Once the mode frequencies and shapes are known, aeroelastic modeling can
proceed. Elastic bodies exposed to fluid flow are often subject to oscillatory motion, which
introduces unsteady aerodynamic phenomena leading to an increase in aerodynamic loads
causing higher structural stresses. The effects of structural elasticity on aireraft stability and
control characteristics gain importance with the increase in aircraft size, flight performance
and lightweight structures.

The solution of the equations of motion, whether for rigid body point mass dynamics approx-
imation or elastic structures. represents the computational basies in the overall simulation
framework. The leading objective of simulation technologies is to provide solutions with
adequate fidelity for research and development and positive training transfer when utilized
in training organizations, In case of flight simulators, this objective often leads to solutions
that contain technological sophistication influenced by human factor driven imperfections.

The man-machine interaction phenomena are in many cases of the same level of importance
as the hard science phenomena introduced through modeling, simulation. control, software
and hardware design. A poorly designed interface may devaluate otherwise brilliant technol-
ogy; whereas, a unique combination of intuitive elements may introduce new operational con-
cepts rendering the man—machine interaction a positive experience. The latter is a preferred
option as it typically blends technological advances with design innovation. As responsible
visual display design accounts for the human operator’s limited ability to process multiple
parallel data management tasks, an innovative utilization of advances in computer graphics
and hardware may serve to present differently composed redundant state information on a
single visual display; thus, improving the user’s situational awareness. A well designed visual
interface can stimulate user confidence by displaying data the user can correlate to images
acquired through a sirmultaneous independent observation of the outside world. The fight
control automation belongs to the mission eritical application group, with operational relia-
hility and redundancy playing a vital role in the system’s overall design. Reliability driven
considerations related to an automation system'’s enabling and disconnect elements intro-
duce user interface design requirements. Their utilization within the automation framework
must follow rational operational concepts avoiding hazardous transition states.

The flight control system prototyping should be guided by a complex development plan. Such
a plan should specify the design approach proposed along with clarification of the technolo-
gies and processes to be utilized to meet the software and hardware design milestones within
the project’s time and budget constraints. The development plan structure should include
performance, safety, reliability and maintainability verification strategies supplemented by
the plans for piloted simulations as well as ground and flight testing.

Linear-based control laws are currently those that are mostly employed when dealing with
automatic flight control problems. A flight control system based on these approaches (e.g.
Eigenstructure Assignment or Linear Quadratic Regulator) often assumes the availability of
a mathematical model of the aircraft. This model is typically subjected to an approxima-
tion through its linearization at a trim point of interest. This specific model is then used in
the controller design considering its functional and performance specifications. Commonly
known control applications contain the stability augmentation systems composed of sim-
ple Single Input Single Output (SISO) designs found in yaw dampers, pitch dampers and
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sideslip minimization controllers. Another category of controllers may be used to ¢command
aireraft flight trajectory through Heading Angle, Pressure Altitude or Vertical Speed con-
trol. These more complex controllers operate with MIMO strategies. From the flight control
system design perspective, it is useful to separate the controller structure into cascaded
levels known as the inner loop, outer loop and the navigation loop. The inner loop takes
the control of angular rates, while the outer loop controls the aircraft attitude or aerody-
namic angles since the Heading Angle, Pressure Altitude and Vertical Speed are addressed
by the navigation loop. Linear—based control technique utilization provides advantages i
availability of tools for system stability analysis, automatic flight control synthesis and the
possibility of certification. However, the drawback of this technique is in limited validity
of the controller settings ontside the trim point location, resulting into the need to adjust
controller gains with respect to the current aircraft state. This approach is known as gain
scheduling. An alternative to the classical linear-based control strategies is the nonlinear
flight control. A state-of-the-art control approach offering favorable design features is the
Nonlinear Dynamic Inversion (NDI). This approach embraces the entire state space of the
controlled aireraft without the need for gain scheduling. However, NDI's associated imple-
mentation costs include the need for accurate aircraft models, its incapability of dealing
with non-minimum phase systems and especially its lack of robustness. Another actively
researched alternative includes the use of nonlinear adaptive flight control algorithms, which
utilize online system identification techniques based on onboard sensor data. This approach
reduces aircraft model fidelity requirements in the controller development phase. A recon-
figurable system is capable of handling configuration changes influencing airceraft weight,
moments of inertia or acrodynamic characteristics.

Allocation of the digital flight control system’s respective software and hardware function-
alities is recommended to be guided by an industry standard such as (22|, in the optics of
which the main requirements specification processes originating from the conceptual system
development address the functional and safety requirements along with related requirements
validation, implementation verification, configuration management and process assurance ac-
tivities. A responsible digital flight control system’s item development process contains: a
definition of the system’s general funetional requirements, a system—level funiction allocation
and architecture design. and a specification of the hardware and software item requirements
that are the prerequisites to a full system implementation. Airborne systems and equipment
are known for their high safety standards. The reliability aspects of a digital flight control
system account for the execution of hazard and safety assessment as recommended by [23].
The assessment results provide the system designers with important inputs that directly
influence the system’s overall architecture,

1t is recommended that software design activities are guided by recognized standards such as
[L7}-{19], which provide considerations on software planning, development and verification.
The software development activities include the definition of high and low-level requirements,
software architecture and, finally, the composition of the actual source code. Considering
the specified verification strategy, the developed software should be at the integrated tar-
get level robustly compliant to the defined high-level requirements. An important aspect
in airborne system software development is the concept of maintained traceability between
requirements, architecture, implementation and testing. Given the considerable importance
underlying critical system software development bevond the aerospace industry itzelf, guide-
lines originally developed for reliable critical system automotive software applications have
found acceptance within the avionics industry. It is recommended that airborne hardware
design processes consider guidelines introduced in [15], [20], [24]. These design guidelines
recommend defining the high and low-level requirements, the architecture and its prototyp-
ing. However, unlike the case with software design, an early rapid prototyping of hardware
development boards is favored in order to investigate the functional characteristics and oper-
ational dependencies of respective hardware blocks. Clearing the software integration phase
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on a development board allows for the item’s hardware prototype design. Once available, the
prototype hardware can be subjected to tests under defined environmental conditions. The
final design step. prior to a system level testing, calls for the integration of the respective
software application onto the dedicated hardware platform.

Testing requirements form a natural part of the flight control system’s development process.
The scope and focus of testing includes ground-based laboratory hardware and software
tests followed by digital control system in-flight testing. Clear delineation of the methods
and infrastructure used to demonstrate compliance with the design requirements should be
made available beforehand. The defined software system specification compliance must be
evaluated throughout the system’s multiple development levels with the initial performance
demonstrations executed within the comfort zone of a laboratory level verification. The
system’s acceptance level testing includes the software execufion on the target hardware
platform. An important field of interest is digital interface testing with the communication
protocol’s messages content and traffic verification. Best practice standards that meticu-
lously capture and track compliance with the respective design specifications can lead to
piloted simulations for hardware functional evaluations. Research flight simulators utilized
for piloted trials should be able to support item design testing at its various level of matu-
rity. The safety of Hight testing is executed prior to piloted maiden flight for both safety
reasons as well as to document and confirm compliance with specified performance and sys-
tem integrity requirements. A critical testing aspect is the evaluation of electromagnetic
interference effects. Actual flight testing is to be executed according to approved flight test
program protocols set to investigate the flight control system’s performance at various points
of the operational flight envelope. Reliability driven issues are to be monitored and recorded
into the flight test program’s log book for further processing.

The following chapters introduce steps taken in prototyping a digital flicht control system
for light aircraft. Chapter 2 provides an overview of actions taken in system design, de-
velopment and testing, with different control strategies implemented and evaluated within
the prototyping framework. Chapter 3 introduces the designed Automatic Flight Control
Svstem (AFCS), its system architecture, developed hardware units, modes of operation and
operational evaluation. The presented test results include a brief evaluation of the system’s
user interface, operational trials and performance evaluation in smooth air and atmospheric
turbulence. The final chapter includes concluding remarks on the light aireraft digital flight
control system design process.
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2 Digital flight control system design

The complexity of operating and navigating a high-performance light aircraft, and the dan-
gers posed by weather, mechanical problems, and inevitable pilot carelessness pave a logical
frame for a pilot workload reduction system. A key role in facilitating the system’s de-
sign is attributed to accurate simulations. Two flight simulators dedicated to flight control
system research and development are introduced in Section 2.1 [14]. The functionality of
these devices has been extended over the last years by improvements made to their real-time
simulation environments, software and hardware compatibility, visual displays and digital
cockpit’s user interface design. Both simulators support the mtegration of commercial or
open-source flight dynamics models, or utilization of custom aircraft models run within the
simulators’ real-time framework. The open and modular architecture of the simulators allows
for a rapid prototyping of digital flight control svstems including their user interfaces.

A preliminary design of an intuitive flight display motivated by advances in state-of-the-art,
commercially available. products and conceptual research ideas is introduced in Section 2.2
[6]. Different aspects have been evaluated in order to propose a flight display layout that
would reduce pilot worklead and improve situational awareness. The aim was neither to
create a futuristic design beyond the support of current legislation, nor a design that would
require major retraining. Instead, the intention was to intuitively display Hight relevant
data without the bias imposed by secondary information. This led to an integrated display
solution featuring basic flight data visualization along with selected customized propulsion,
navigation and communication instruments, usually displayed on a separate Multifunction
Display (MFD). The display size and information structure do not support a full implemen-
tation of all information usually found on an instrument panel. as clarity and readability
issues limit the scope of implemented features and elements on a flight control system's user
interface.

The flight control laws for light aircraft are introduced in Section 2.3 [8]. Whereas poorly
coordinated SISO control laws reduce the controller performance if not properly managed by
the pilot or autopilot, the Total Energy Control System (TECS) and Total Heading Control
System (THCUS) represent an elegant way of controlling longitudinal and lateral-directional
aircraft motion. The TECS is based on energy distribution logic, compared to the THCS
that uses lateral-directional eriteria for aireraft control. The advantages of the TECS over
classical control law designs proved to be excellent performance, moderate complexity of the
resulting controller structure, and support provided by proven analytical tools compatible
with airworthiness certification procedures.

Desired fight controller performance over the specified operational flight envelope calls for a
sophisticated control system tuning tool based on numerical optimization techniques. The
evolution driven optimization approaches achieved recognition in acrospace disciplines when
successfully used in the design of high performance airfoils, efficient high lift systems and
unconventional aireraft configurations. The multi-criteria nature of the controller design
process supports the rationality of utilizing a robust evolution—based optimization technique.

Section 2.4 [11] discusses an evolution driven controller design approach that has been ap-
plied to a rigid-body light sport aircraft model. The model comprises inertial, aecrodynamic
and flight dynamics related elements and a controller architecture based on classical con-
trol theory., The evolution driven concept plays a significant role in the optimization of
the proposed controller structure by providing tuned controller parameters that meet the
designed fitness funetion criteria imposed through the optimization problem formmulation.
The proposed fitness function combines significant controller stability evalnation conditions
into a single abstraction. The use of a robust optimization framework based on the genetic
algorithms has allowed the suggested form of multi-criteria optimization definition.

11
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In order to demonstrate further henefits of employing evolution-based optimization ap-
proaches during the design of aeroservoelastic aircraft controllers. a realistic nonlinear sim-
ulation model comprising both structural and rigid-body dynamics as well as unsteady aero
and control surface dynamics has been implemented in Section 2.5 [13]. The controller de-
sign process integrates not ouly an evolution driven optimization technique but, also, makes
use of modern control design approaches such as the Nonlinear Dynamic Inversion (NDI).
The utilization of the NDI allowed creating a state-of-the-art baseline control system im-
plementation capable of handling complexities introduced through the elastic modes of an
aeroservoelastic aireraft model. The suitability of an evolutionary optimization has been
successtully tested on a set of examples that provided rigid body aircraft dynamics as well
as elastic strnctural modes. Time-domain simulation resnlts have shown the compliance of
the tuned controller performance to its anticipated behavior.

Section 2.6 [9] describes the general idea, design, and implementation of a safety enhanced
digital control system applicable to General Aviation aircraft. The proposed flight control
framework is intended to simplify piloting, reduce pilot workload, and allow low-end general
aviation aircraft to operate safely under deteriorating meteorological conditions. It repre-
sents control technology that transforms a simplistic control surface command into a sophis-
ticated motion control process, This capability is a next step in the technology’s evolution
that might ultimately lead to trajectory-based free-flight aircraft operations. Implemented
flight control laws are designed using classical control theory with measured variables fed
back through the controllers that contain proportional, integral and derivative gains tuned
to achieve desired stability and performance characteristics. The digital control technology
does not eliminate the human pilot from the control loop: instead, the technology conforms
the pilot’s role to more of a Hying platform manager.

Prototyping and simulation of an innovative assisting flight control system for light aircraft
is described in Section 2.7 [21]. The presented concept introduces a virtual co-pilot, en-
abling cockpit workload reduction and a redirection of pilot’s focus to careful navigation
and communication with the air traffic control. This approach utilizes hidden and unused
resources of modern digital Automatic Flight Control Systems while respecting the limita-
tions imposed through the weight and cost sensitivities of the light aircraft market, The
introduced flight control strategy integrates the mechanical and digital flight control system
into a synergic platform, combining the high reliability of mechanical controls with the com-
putation and actuation power introduced through a single line digital flight control system.
Classical control theory has been used for the flight control laws design. Its implementation
also includes flight envelope protection features. A prototype of the flight control system
has been subjected to validation trials during series of hardware-in-the-loop simulations.

Software and hardware-in-the-loop sinmlations are indisputably perceived as an integral part
of the flight control system'’s design and development process. Section 2.8 [12] introduces a
prototyping framework employed for the development of a light aireraft digital flight control
gystem. This framework accounts for simulations performed at two different ground-testing
levels. The first level consists of a laboratory grade testing phase. whereas the later accounts
for the full complexity of a digital Hlight control system’s aircraft installation. A series of
simulated flights were performed within the prototyping framework, with the mission profiles
selected to demonstrate the digital controllers’ stability and the ability to execute complex
flight trajectories. System elements whose evaluation has been of primary interest were the
flight control computer, visual displays, touch controlled user interfaces, a set of digitally
controlled electromechanical actuators and the onboard avionics network itself. Individual
units were connected within the simulation network using the Controller Area Network
(CAN) and CANaerospace communication protocol. Simulations aimed at the evalnation
of the antomatic flight modes under different operational seenarios confirmed compliance to
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selected performance objectives. Software and hardware-in-the-loop simulations provided a
deep insight into the fight control system’s performance prior to its maiden flight.

Transitioning from mechanical to digital flicht control systems is an evolutionary and qual-
itative improvement from designing simple systems to designing systems that are safe and
highly economical across a range of different light aircraft platforms. A digital Automatic
Flight Control System (Autopilot — A/P) has been developed using the prototyping frame-
work introduced in Section 2.8 [12]. Its units have been subjected to simulations in the
light aircraft flight simulator laboratory SimStar; and, such units were also tested under
conditions of full implementation onboard an Evektor SportStar aircraft, An important as-
pect of the flight control system development process was the performance evaluation of the
designed technology in real operating conditions. A series of flight evaluations provide an
incremental form of testing, spanning from ground testing up to full automatic flights. The
aim of the system inflight testing was both a quantifiable evaluation of the flight control pa-
rameters and, also, an investigation of the onboard automation’s user interface’s operational
intuitiveness.
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Affordable Light Aircraft Flight Simulators
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Two designs of a low-cost flight simulator for research, development and training
purposes are being presented in this paper. The first simulator has been designed and built
at the Brno University of Technology, Faculty of Information Technologies. This simulator is
based on a cockpit of a popular Evektor SportStar light sport aircraft. SportStar was the
first Light Sport Aircraft to receive the Federal Aviation Administration airworthiness
certificate. Due to Evektor’s strong tradition in the design and manufacturing of light and
general aviation aircraft, the SportStar represents a successful conceptual evolution that is
increasingly gaining popularity among the flying public worldwide. In contrast to the
original aircraft the simulator’s cockpit is equipped with an experimental dual 12" touch
screen flight data visualization system. The flight simulator designed at Rzeszow University
of Technology, Department of Avionics and Control, is based on the cabin of the M-15
aircraft. The M-15 was a unique “crop duster” jet plane built in Poland at the beginning of
the 1980°s. One cabin of this aircraft type hasbeen ado pted for didactical and demonstration
purposes in the 1990’s, Functionality of this device has been extended in last years by adding
a visualization system, real-time simulation environment and an electronic representation of
flight instruments. Both simulaters support two operational modes. The first mode uses a
model of the flight dynamics delivered from an external, commercial or open-source
software. The second mode supports custom aircraft models and an environment dynamics
run in a selected real-time simulation. Open and modular architecture of simulators allows
for a rapid prototyping of new cockpit layouts, the design of intuitive flight control systems
and user interfaces for the light and ultra-light aircraft.

Nomendature
o = angle of attack [rad|
by, bs, by = derivatives of hinge moments due to o, § and J,
Coiii = mean aerodynamic chord [m]
CAN = controller area network
CAS = control augmentation system
d, = control stick deflection [rad|
dy, = modified control signal
DOF = degree of freedom
d = control surface deflection [rad]
) = rimmer deflection [rad]

i
Adidx = control stick transmission ratio
E; total energy [J]
E specific total energy rate
EFCS = environmentally friendly flight control system
fid,) static component of shaping function
FCS ight control system
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FF = force feedback
FSA = flight simulator application
g = acceleration due to gravity [9,81 m.s7]
GA = general aviation
¥y = flight path angle (vertical) [rad]
h = height [m]
Iyvy = moment of inertia about the y axis [kg.m"]
K = confroller gain
LSA = light sport aireraft
n = mass [kg]
PFD = primary flight di:.}ola}'
= pitchrate [rad.s™"]
RTRPE = real-time rapid prototyping environment
P = air density [kg.m™]
s = Laplace operator
S = control surface area [m’]
SAS = stability augmentation system
T = aireraft thrust [N]
t = rime [s]
7 = pitch attitude angle [rad]
ULL = ultralight aircraft
14 = aireraft forward speed [m.s" |

I. Introduction

he light piston aircraft are becoming an increasingly popular option within the global personal transportation

network. The progress in light and ultra-light aircraft technology led in recent years to a significant reduction of
light aircrafts’ ownership and operational costs. Flying thus became more accessible, offering a convenient
alternative to the railway or car travel by utilizing a well developed network of local airports. Unfortunately for the
light aircraft industry, the public opinion often questions the comfortableness and safety of the light aviation
transport when compared to the commercial airliners or business jets. The principal issue behind the lack of the
public acceptance hides in the single pilot operations of mostly amateur crews. The inexperienced pilots with a
limited training are ill prepared for solving critical situations related to bad weather conditions or in-flight failures
and emergencies.

A multi-modal fly-by-wire (light) flight control system with an intuitive user interface can significantly support
and improve piloting process of a light aircraft and reduce the number of errors related to the “human factor”
phenomenon. Unfortunately, commercial fly-by-x systems are overly complex and too expensive designs for a
potential successful industrial application within the “small aviation™. The main problem remains the guarantee of
an overall sufficient fault-tolerance of the electronic and the electromechanical systems as a satisfactory system
redundancy cannot be achieved without a multiplication of expensive components and devices.* * "' In addition to
the hardware redundancy a reliable flight control system requires utilization of a reliable and redundant control code
and an implementation of (re)configurable flight control rules.™* Being aware of these difficulties, the authors have
decided to create simulation environments which can support automatic flight control system and user interface
designs aimed to simplify the piloting process of a light aircraft without introducing a control redundancy risk.

The transition from a flight control system’s laboratory testing towards the airborne phase of the experiments
should account for a pilot and hardware-in-the loop simulations on a suitably adapted ground based flight simulator,
A modification of a state of the art professional flight simulator is a feasible. but at the same time a challenging task
considering the number of difficulties related to the simulator’s withdrawal from the training process, the loss of
product certificate, potential violations of proprietary data protocols, different hardware standards. elc. A more
flexible and accessible solution seemed to be a purposely built experimental simulation equipment. Therefore. two
research simulators are being simultaneously developed at the Brno University of Technology (BUT) and Rzeszow
University of Technology (RUT). Both unique solutions are designed for the purposes of an Advanced Light
Aircraft (ALA) modeling and simulation.
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II. SimStar experimental simulator

The SimStar is a light aircraft simulator stationed at the Faculty of Information Technology at the Brno
University of Technology, Czech Republic. Tt is based on the cockpit section of the Evektor SportStar aircraft. Fig.
l.a and 1.b depict the SimStar with an opened canopy during a simulation break. Different from the original aircraft,
the simulator’s cockpit is equipped with an experimental dual 12" touch screen data visualization system, which can
be seen in Fig. 2. The “smart/touch screen” technology allows for a rapid visualization of design changes and quick
modifications to the flight display layout. This plays a critical role in the simulators overall conceptual design. An
instrument panel of a state of the art light aircraft (GA, LSA, ULL) typically features a “glass-cockpit”™ unit with
backup analog instruments, commonly referred to as the “steam gauges”. These provide the crew with basic aircraft
flight state information in case the electronics of the flight displays fails. In order to comply with the current
perception of the flight deck safety, an airspeed indicator and an altimeter have been installed into SimStar’s
instrument panel. to support the crew with a classical reference of the flight data readout. One of the principal
concerns during the instrument panel design phase was the enabling of a hardware environment with large digital
screens that would have the potential to evolve into a standardized interface combining different, currently
functionally isolated replaceable units (radio. GPS, round dial instruments). One of the PFD designs that
accommodate the above mentioned principles can be seen in Fig. 2.

Figure 1.a Front view. Figure 1L.b Rear view. Figure 2. Glass-cockpit’s displays installation.

A. Cockpit configuration and flight controls

The basic principle upon which the PFD has been composed is the clarity and the readability of the depicted
information. The flight display supports different modes of operation. ranging from a traditional visualization of the
flight instruments, to enhanced synthetic vision concept with a tunnel in the sky flight path symbols. All of the
advanced tools have been implemented with a single vision — to provide the pilot with a concept of visual aids that
would result into a safer flying.

Since the visual stimulation does not represent the sole source of the flight state information, other perceptual
channels needed to be included as well. A critical aspect in successful piloting of a light aircraft lies behind the
unique perception of the haptic clues experienced by a pilot in flight. Therefore a cautious approach has been
undertaken during the early stages of SimStar’s conceptual design. to correctly include this requirement to the
overall system’s architecture. The currently installed FF system for the control stick and the rudder pedals provides
the crew with a virtual link between the maneuvering state of the aircraft and the forces acting on its control system.
A rudder pedal assembly allowing dual, side-by-side. rudder control that can be found in a light aircraft is shown in
Fig. 2. In SimStar, the depicted system has been fitted with a loading mechanism that generates pedal forces due to
the control sutface deflection. based on the dependency between several flight variables extracted from the in-flight
experimental measurements. A similar design approach has been applied to the simulation of the stick forces. Part of
the future research is being directed towards the identification of smart visual cues that would supress the necessity
of an active force feedback in pilot’s inceptors for different fly-by-wire modes. Therefore, the loading mechanisms
in SimStar can optionally be disengaged or modified to provide linear variation between the perceived loading and
an adequate control surface deflection,

3
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Figure 3. SimStar during a flight simulation. Figure 4. Pilot’s view from SimStar’s cock pit.

B. Multimedia tools

In addition to the previously mentioned components, the SimStar has been equipped with devices supporting a
voice aclivated communication between the crew or belween the pilot and the SimStar’s operator. It not only
provides for more realism, but helps to identify and prevent possible emergencies. Simulator’s principal multimedia
platform features a planar 4m:3m projection screen and an audio system providing for enhanced authenticity during
simulated flight operations. For convenience, the simulator currently resides on a stable platform with an optional
alternation to a 6 DOF motion pad planned as a part of the future upgrades. A typical simulation run is presented in
Fig. 3 and Fig. 4. The modular design of simulator’s hardware and software architecture allows for a direct
integration or sharing of simulated system’s flight models. By applying extension blocks. the simulator can be
subsequently used for hardware in the loop ground based simulations of an experimental avionics. The simulator’s
architecture features a data recording platform used to store the time histories of the simulated flights, which are a
valuable source of information for a post-processing and debugging tasks.

C. Simulation of innovative flight control systems

It is industry’s belief that a control system with a direct stabilized control of airspeed and flight path will be a
major step in making personal air transport more accessible to broad public.” This opinion motivated the
experimental implementation of a flight control concept known as the Total Energy/Heading Control System
(TECS/THCS, Total-X). The total energy Er of an aircraft in longitudinal motion can be defined as the sum of three
energies: kinetic E¢. potential Ep and rotational Eg:

)
21
romtons = TN + % + % (H

Er =Exineic * Epgensia + E

Value of Eg is nearly zero during steady or quasi steady flight states as climbing, cruise and approach, when the
pitch rate approaches zero, g=0. Considering light aviation class of non-aerobatic aircraft, rotational energy terms in
Eq. (1) can be neglected. The difference (error) between commanded energy and actual flight state is defined as:

m(vcmll = Vz )

E, =mg(h_, -h)+

The principal motivation behind TECS strategy is to drive the energy error to zero with a minimal dissipation or
build up of total energy. Differentiating E. and making some detailed assumptions and manipulations, we can obtain

formulas for energy rate error E, and energy rate D, distribution error Egs. (3. 4).
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In a steady level flight conditions is the aircraft drag compensated by an engine thrust T and the rate of an energy
change can be produced directly by the change of the thrust AT .i=E.. In TECS control laws, the amount of a total
energy rate E, is being influenced by inputs through different thrust settings Eq. (5), whereas the changes of pitch
attitude lead to an energy redistribution Eq. (6) with the help of an elevator control #,.,4. The TECS control strategy
allows thrust and elevator control coordination in a decoupled response, causing the y.,, having a negligible
influence on speed fluctuation and vice versa,

K

Tl]bEe Gcmd =[KE‘+AJ'D1: (5)- [6)

5

T = (Kﬂ, +
5

The core feedback integral K. Kg and proportional Kyp, Kgp gains are designed to yield identical dynamics for
energy rate error and energy distribution rate error for either a flight path angle command or a longitudinal
acceleration command. Proportional feedback gains operate with absolute values of the energy rate and the energy
distribution rate. The TECS doesn’t command elevator deflection directly, but generates a pitch attitude command,
which is under the action of a pitch inner loop subsequently transformed to an elevator input. Similarly, a thrust
scaling inner loop is transforming the thrust commanding signal into thrust lever setting.
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Figure 5. Simulations of fully manual and EFCS assisted approach task.
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The concept behind the Total-X algorithms inspired the authors to work on an Environmentally Friendly Control
System (EFCS), which can assist pilots of light aircraft during typical piloting and navigational tasks to minimize
noise and fuel consumption.” Aircraft with standard avionics can be equipped with an additional set of sensors and a
dedicated control panel as the EFCS can work as a flight assisting tool and an autopilot simultaneously. After the
activation, the system initiates an electromechanical system which trims pilot’s inceptors (pitch channel and thrust
lever) to execute the flight plan in accordance with the energy conserving control and navigation algorithms. The
pilot is enabled to manually control the aircraft during all phases of flight, while the EFCS prompts het/him to
actively manage aircraft’s total energy states and reduce noise. Simulations of the EFCS have been performed on
XM-15 flight simulator featuring the mathematical models from the SimStar. A set of the Ilight parameters was
recorded during a fully manual as well as during an EFCS assisted descend on the initial approach to EPRZ runway
09 (Rzeszow-Jasionka airport). The test cases have been performed for a moderate turbulence conditions. A
comparison between the manual and an electronically assisted flight control indicates EFCS’s capability to support
the pilot to maintain precisely a constant airspeed and the desired flight trajectory. The manual flight regime exhibits
a significant throttle activity during a descent to the approach, while EFCS assisted flight allows maintaining a
constant engine sefting at a reduced thrust (Fig. 5). Performed experiments showed the average thrust setting being
close to about 10% higher in the manual mode than in the EFCS assisted control mode.?

1. Simulator based on M15 cabin

The next flight simulator, which was designed at the RUT, Faculty of Mechanical Engineering and Aeronautics,
Department of Avionics and Conlrol, is based on the cockpit section of an M-15 aircraft. The M-15 was originally a
“crop duster™ jet plane built in Poland at the beginning of 1980°s. One cabin of this aircraft type has been adopted by
the RUT in the 1990°s for educational and demonstration purposes. The functionality of this device has been
continuously improved during the last years by adding a digital visualization system, FF, RTRPE. an electronic
instrument panel and a set of FSA.

Console of experiment operator (manipulators, screens, etc.)
Real-Time Rapid Prototyping
Enviizanmiait Right Simulator Applications
FF Aircraft dynamics Aircraft dynamics
controlier ] and atmosphere and atmosphere
model (fully definable) model (defined)
.. T I i l
Flight displays/
FeS Visualisatio [ aknnts ‘
‘ RTRPE/CAN interface ‘ FSA/CAN interface ‘
1T
; il i can
£ b
11 | I I
CAN based monitoring
Inceptors ‘ and diagnoatics Additional modules ‘

Figure 6. Structure of experimental simulator XM-15,

A. Simulator architecture

The main modules of the simulator shown in Fig. 6 are connected by a CAN data bus.! Application of the CAN
network and CANaerospace standard communication protocol, described in Ref, 10, makes this solution compatible
and open to some of the other on-board systems. The experimental simulator XM-15 enables hardware in the loop
simulation of electromechanical actuators, control panels and inceptors equipped with CAN controllers.’

6
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Particular modules and subsystems of the XM-15 flight simulator are grouped into the following areas of
functionality:

» aircraft dynamics and atmosphere models,

* inceptors and FF system,

» flight control system,

o flight displays and visual system.

*  monitoring and experiment management,

» additional modules (hardware in the loop).

The designed structure of the experimental simulator allows for a straightforward integration of the modeled.
aircraft specific dynamics and atmospheric models with the RTRPE or to use defined, external models as a separate
application. The XM-15 simulator is equipped with an in-build non-linear model of the PZL-110 Koliber’s
dynamics."' However. the implemented specialized software provides libraries of tens of different aircrafts models. A
bi-directional accessibility of the external model parameters is realized through a TrueSight application which
constitutes a software element of the FSA/CAN interface.

The flight deck of the XM-15 simulator is based on the original and suitably adapted equipment of the M-15
cockpit as seen in Fig. 7. The instrument panel with an analogue flight state and system status indicators has been
replaced by a single 24" screen LCD. This solution proved more flexible and allowed for a visualization of different
types and configurations of classical analogue as well as digital indicators as seen in Fig. 8.

mmum" . T

Figure 7. General view of XM-15 simulator. Figure 8. Flight deck of the XM-15.

The XM-15 experimental platform offers monitoring and data acquisition on three particular levels. Selected
parameters processed in RTRPE system can be observed, tuned and recorded at the time of the experiment from the
operator’s console (designed especially for unexperienced operators). The external data recording, monitoring and
diagnostics is possible with the use of a CAN Monitor system,® The TrueSight application offers a simultaneous
access 1o the internal parameters of the FSA as well as to the data transferred via the CAN data bus. Advanced users.
especially programmers, have the option to define a detailed list of parameters which are recorded by the TrueSight
only.

B. Flight control system

The XM-15 simulator features the original inceptors: control wheel. rudder and thrust lever. The mechanical
system transmits movements of the inceptors to the block of potentiometers located at the back of cabin. Movements
are measured with the use of A/D converters of the RTRPE, and send directly via CAN to a custom designed data
acquisition unit. The force feedback controller takes into account the actual flight parameters, simulated wind effects
and the inceptor’s position to compute the desired force acting on the pilot’s inceptors. Estimation of the forces
acting on the controls is realized through the use of Eq. 7.

P, =-(b,-ct+b,-8+b, -as'_l-p-\ﬂ-s-i;i-L“—i§

7
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The forces in the pitch and roll channels are realized physically by the FF actuators integrated to a set of springs
and levers. The yaw channel is loaded proportionally to the rudder deflection.

The FCS module. depending on selected configuration, emulates the following control systems:
* mechanical control system based on levers, strands, pushers and springs,

* mechanical control system with hydraulic amplifiers,

s fly-by-wire system,

* autopilot (classical or Total-X mode),

* pilot assistant module (EFCS mode).

The fully mechanical control system is simulated with the use of the potentiometers connected to the strands and
bars. Signals from the A/D converters are calibrated. corrected by the gain factor and send via CAN to the aircraft
dynamic model as the actual control surfaces deflections and throttle settings. The control system with the hydraulic
components includes additional software components for the simulation of the rate limiting elements with the
backlash and hysteresis effect.

Simulation of the fly-by-wire is realized on three levels of control:

e normal,
* simplified,
* direct.

In the normal control, all the properties of a fly-by-wire are employed and a SAS is used. This mode provides the
pilot with a superior and easy control of chosen flight parameters and has a great influence on the handling qualities.
It improves the safety of flight and minimizes pilot’s workload. A simplified mode uses a simple CAS and can be
optionally engaged on demand for a more “manual flying”. The direct control is designed for an emergency control
only, the deflections of the control surfaces are directly related to the displacements of the inceptors.

In a mechanical control system, the deflection of a lever is proportional to a consequent control surface
deflection. In a fly-by-wire control system, this is not the case at all. Pilots of the aircraft equipped with a fly-by-
wire system should therefore be aware of this feature. The movement of the control lever directly influences the
flight parameters (not the displace ment of the aerodynamic surfaces).

A model of a fly-by-wire system simulated in XM-135 includes the dynamics ol
* shaping functions of control elements,

= control laws,

* actuators (rate limiting elements with backlash and hysteresis).

* measurement units and data buses (delays and quantization effect).

Signals from the controls are modified with the use of a shaping function presented in Eq. 8. This dependence
allows for a static as well as for a dynamic modification of signals. Using a cubic function from Eq. 9 as a static
component leads to small and precise corrections of the flight parameters without any limitations for maximal
control surface deflections. On the other hand, the dynamic component in Eq. 8 reduces phase lag and minimizes the
succeptibility of an aircraft to the pilot induced oscillations.

d

5,

dy, =min{|f‘-d»’+lkv'ds| sgnft@,) +k, -d). l'{di)-{d—‘-]_-sgn[d‘) (8). (9)

Models of three control laws are implemented in a fly-by-wire stnucture of XM-15:
* stabilization of the angular rates,

* stabilization of the attitude,

» stabilization of the flight path and heading.

The XM-15 simulated control laws based on the classical algorithms as well as on the Total-X theory
(stabilization of flight path and heading only)." A required control scheme can then be selected before the initiation
of the experiment from the operator’s console. The thrust lever sets the desired air speed for all algorithms. The
flight simulator’s environment also supports an integration of a real/hardware based autopilot solution as a part of

8
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the hardware in the loop simulation cycle. A pilot assistant module enables an interactive support of the piloting
process. After the activation, the system initiates a force feedback system which trims the particular inceptor to
execute the flight plan with an energy conserving control and navigation algorithms.” The pilot is also enabled to
manually control the aircraft during all phases of flight, while the FCS prompts her/him to actively manage aircraft’s
total energy states and reduce the acoustic emisions . The pilot assistant module has the potential to improve the
piloting performance or prevent a potential loss of control in a case of panic or bad weather conditions. The idea of
an interactive pilot assistant module is presented as block scheme in Fig. 9.
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Figure 9. Block scheme of interactive pilot assistant module.

IV. Condusion

To the current date, the design of the SimStar simulator is primarily targeted towards research and development
on issues related to the intuitive pilot/aircraft interfaces design. Integrated flight displays with applied synthetic
vision technology allow safety improvments of the single pilot operations. positively stimulating the social impact of
the light aircraft travel. Small aircraft equipped with the intuitive flight displays. an electronic assistance module and
autopilot have the potential to be safe, popular and affordable aids to the personal transportation systems. On the
other hand, the complexity of the man-machine interactions and some of their unpredictable aspects require
advanced pilot in the loop tests which can be realized on the high fidelity simulator of a specified aircraft type only.

Experimental flight simulator XM-15 was originally developed for the purposes of the fly-by-wire flight control
system design. A real time, rapid prototyping environment integrated with the simulator allows for a design,
prototyping and testing of the advanced conttol modes, including nontypical structures of the formulated models and
algorithms, This feature promoted the implementation decision of the Total-X concept on the XM-15. The positive
results of the real time experiments of the autopilot based on the Total-X boosted further research that led to the
EFCS. The solution of the flight assisting tool was verified during the simulated flight tests which confirmed the
suitability of a practical realization of a Total-X based system.

The genesis of the development of the flight simulators presented in this paper is different; however they
complement each other in a convenient way. The fusion of the solutions designed at BUT and RUT accelerates the
progress on both simulators. Practical tests of the identical concepts executed in parallel on two independently
developed experimental flight simulators allow for a more rigorous testing of the verified systems.
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Intuitive flight display for light aircraft.

Peter Chudy' and Karol Rydlo®
Bruo University of Technology, Brno, Czech Republic

Responsible piloting requires constant mental effort to monitor the aircraft’s systems,
conduct flight data management and, in extreme cases, to develop and execute a correction
plan within the constrains of limited time. This is in direct contradiction with human ability
to successfully solve simultaneous data management tasks while under stress. Modern light
aircraft are designed to support a wide community of pilots with different levels of piloting
skills and personal preferences. The SimStar light aircraft flight simulator with its intuitive
flight display was designed to improve situational awareness and to support pilot decision
making processes, Initial testing of SimStar and its advanced flight display system was
performed on the cockpit section of an Evektor SportStar, a popular light aircraft,
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I. Introduction

he appreciation of the value of time and living a low-stress lifestyle is increasingly gaining in importance.

Individual air transport. motivated by the advantages of useful time. avoidance of exhausting terrestrial travel on
crowded highways, along with the risks of terrorist attacks on transportation infrastructures, led to increased interest
in General Aviation, Ultralight and Light Sport Aircraft flying. Introducing aircraft categories intended solely for
private use and individual operations revitalized the light aviation market and opened it to a new class of users.
However, operational experience confirms the dangers associated with inadequate piloting skills and insufficiencies
in pilot training,

Piloting an aircraft is a demanding task requiring constant mental effort. However, safety improvements have
been rather gradual thanks to trainers with exceptional stick and rudder skills passing these on to new pilots. What
safely improvements have been introduced have been technological innovations flowing from proven “good
enough™ solutions. State-of-the-art flight deck designs, for example. integrate flight guidance. aircraft systems.
situational awareness control tools and display functions to a minimum number of interdependent electronic
displays. Even scaled down versions of such technology include electronic displays. control of all primary airspeed.
altitude and attitude instruments, along with all essential navigation and communication functions."

I1. Intuitive Flight Display

Advances in electronics, software design, accessibility of sophisticated testing tools and market availability of
new products made the integrated flight displays suitable for installations in light aircraft. Flight displays, offering
flexible presentation of flight instruments and system controls, became a preferred option among pilots and aircraft
operators. Based on a recent survey, 90% of new-built light piston aircraft were equipped with “glass cockpits™.*
This quantitatively high number doesn’t, however, account for a larger market of retrofit avionics designed to fit
earlier production aircraft models. Saying “people will get used to anything™ certainly has undisputable historical
ots, but it doesn’t allow for performance and safety improvements expected by today’s users. The objective of
intuitive display design was to create a flight display that features intuitive indicators allowing safe aircraft control
and comfortable aerial navigation across a wide range of piloting skills: from the novice to the expert.

A. Why intuitive?

The state-of-the-art flight displays stimulated improvements in situational awareness through data integration
and user centered visualization of flight surtounding events (weather image: traffic and terrain situation). The basic
principle upon which the flight displays have traditionally been constructed is the clarity and readability of the
presented content. This is of high importance as the correct interpretation of flight critical data reduces pilot
workload and can dramtically improve overall piloting safety. The display integration of the instruments redefined
the classical round dial appearance, but has failed to led to the next logical step of introducing intuitive indicators
that would simplify the task of creating a mental model of the current flight state. Energy based indicators of
currently isolated flight data, for example. have the potential to provide pilots with a tool that assists in optimizing a
system’s total energy distribution in flight and requiring less control effort.

Operational intuitiveness does not account for the display part only, however, but imposes requirements on the
display control elements as well. Advances in touch screen user interface designs directly support clarity of
operation and control by replacing buttons and encoders. allowing the user to approach the desired functionality
directly by accessing/ftouching the icons on the display’s screen.

B. Energy management concept

Since the evolution of heavier-then-air
flight, the concept of flying has been
traditionally tied to energy management
principles. Gliders, among others, are a
suitable  candidate  for  explaining
transformation  processes between the
kinetic and the potential components of the
total energy. Assuming zero wind
conditions. no convective air currents in
the atmosphere and a constant weight of
the system. the glider pilot uses the

Figure 1. Evektor SportStar - light sport aircraft.
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elevator and the elevator trim to command the distribution of airspeed (kinetic energy) and altitude (potential
energy) accordingly to the intended flight profile. If drag induced energy dissipation is not compensated for by an
additional power input, the glider enters an unpowered descent. The most demanding piloting task, however, is the
final approach and landing when the pilot needs to properly adjust the glider’s flight path and airspeed to avoid
optional deployment of speed breaks in order to enhance the dissipation of excessive energy on landing. Elevators
are thus used to control the distribution between the kinetic and the potential energy. Flying powered aircraft offers
more operational flexibility but, also, introduces additional complexity into the energy balance scenario, There are
two longitudinal motion control strategies commonly used by the pilots: “throttle to speed and elevator to altitude™
and the “throttle to altitude and elevator to speed”.’ Along with the glider analogy, the “throttle to altitude and
elevator to speed” seems to be a more appropriate and preferred control technique for flying light aircraft.’

It is industry belief that an aircraft control system with a directly stabilized control of airspeed and flight path
will be a major step in making personal air transport more accessible and safer to the broader public.” Considering
the above mentioned concepts of energy related to safe piloting techniques, the task at hand becomes answering how
to visualize control cues. Visualizing such cues would allow the pilot to easily make necessary coordinated
adjustments to elevator and thrust lever, leading to appropriate airspeed and flight path angle targets. The convenient
way to achieve this goal is through the concept of total energy E;*® For longitudinal motion, best suiting the
descent profile during approach and landing, the total energy of the system can be defined as the sum of energies:
EKulctic and El’ofcntml-
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By further manipulations of the energy balance equation from Eq. (1), and introducing a new quantity, the
specific total energy Es. the specific total energy rate equation can be derived according to Ref 9. This introduces
additional important quantities to describe the flight state of an aircraft, namely the FPA (y) and the PFPA (yp).
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Both, FPA and PFPA have been used in Head-Up Displays to provide an effective thrust guidance cue.” By
definition, the FPA is a quantity relative to air mass that does not necessarily match the pitch angle and can be
described through a function of airspeed and vertical speed (Eq. (4)). PFPA is a hypothetical quantity, which when
visualized provides the pilot with a optimal flight path angle margin. This margin is achievable if the actual excess
energy needed to maintain desired altitude and airspeed is fully transformed into potential energy in a climb. In
situations where the aircraft’s total energy level drops, the PFPA represents a flight path angle of constant airspeed
in continuous descent. In steady flight conditions. the deflection of elevator causes a change in /g that is equal and
opposite to the change in FPA. From Eq. (2) and Eq. (3), the changes in thrust setting influence the total energy of
the system and lead to changes in v, (PFPA).

C. Software implementation

The intuitive flight display application, internally designated as the AW-PFD, has been written in C++ using the
OpenGL and GLUT toolkit. The application is based on parallel data processing to benefit from available
performance data and better utilization of hardware resources. GPX files are implemented as a standard format
providing the information on displayed objects and airspace classes. Further advantage of using the GPX is its
convenient portability to different GPS navigations platforms.

The main thread services the initiation of visualization, communication and objects loading, and provides the
support for multithread operations. After the completion of the initialization phase. the main thread initiates
individual service threads and subsequently manages the visualization and the input/output (I/O) operations only.
The service threads encapsulate individual I/O operations with disk subsystem, network communication, and
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application timers as well as their actual status. The network communication is provided by the AW NetCom
module using the TCP/IP protocol. This allows for direct communication with the main server, or an individual
communication with applications serving the hardware sensors or the simulation core with the AW NetComSrv
module. Two pairs of threads (Near, Far) are used for asynchronous loading and data processing for the 3D ferrain
visualization in the SVS and the visualization of the moving map in the flight display’s lower left comer. In
addition, these threads are used 1o load and process objects (obstacles, airspace classes, significant points, mnways,
etc) presented on the flight display. The system timer controls the optimal utilization of resources by limiting the
number of frames per second. providing more computational capacity to the remaining service threads. The last
thread is used to initiate the internal simulation that is used for testing and presentation purposes with the server
connection closed.

AWPFD

Main Thread Service Threads

Lsiran

Ty Wienr Err

Figure 2. PFD’s software implementation scheme.

The synthetic 3D terrain is divided into tiles of given sizes being asynchronously loaded and processed using
service threads. The terrain processing service threads are utilized to correct potential errors. to avoid the occurrence
of artifacts on the tile edges. and to load tile related objects.

D. Flight display elements

As typical GA/LSA/ULL pilots transition between different aircraft makes and models, industry guidelines have
been implemented throughout the design phase in order to avoid an unnecessary increase in display diversity leading
to a potential safety hazard due to user irritation. '

The airspeed indicator. shown in Fig. 3, has been presented as a tape indicator with a fixed position of the digital
airspeed readout. There are different recommendations regarding the color of the tape indicators, ranging from
transparent with contrast edges to colored strips with white airspeed digits." Color coded speed ranges on the
airspeed indicator use standard color classification where the white range represents aircraft operating speed range
with flaps extended: the green strip indicates normal operating speed limits; and, the yellow airspeed range (ending
with a red line) for never exceed speed which assists piloting while in rough or turbulent air.

The altimeter, introduced in Fig. 3. is subjected to number of the recommendations already declared for the
airspeed indicator. The scale is based on 500 ft and 1000 ft altitude increment markers presented on a contrast
background. An important feature is the indication of minimum selectable sector altitude accompanied with an aural
warning. The vertical speed indicator can be based on the graphical design which is conveniently located on both
sides (left or right) of the altimeter presenting the pilot with important altitude trend information. Displayed range
depends on the aircraft’s performance class but generally shouldn’t span less then +/-2000 ft.min ™.

Figure 3. Airspeed indicator, Figure 4. Artificial horizon on Figure 5. Integration of the
altimeter and VSI. synthetic terrain. heading indicator.
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The artificial horizon uses standardized wedge shaped aircraft representation with horizontal marks on the sides,
along with a linear representation of the horizon. Further features include position markers in case the whole display
area is submerged into the artificial terrain or sky. Side marks on the round artificial horizon image indicate bank
angles of 10, 20, 30, 45, 60 degrees. The heading indicator is visualized as a circular pattern in the lower central part
of the display and allows manipulations with a selector bug. Visualized engine management indicators feature a set
of basic quantities: propeller speed, engine manifold pressure (engine power), oil pressure and temperature, fuel
pressure, remaining fuel quantity in fuel tanks, and immediate fuel flow indication.

e 1 5 d il N / \ X (TS i, e e - . of].T 6] i
Figure 6. Landing approach to LKTB. Figure 7. Terrain visualization with integrated
moving map.

State-of-the-art flight displays feature differently detailed synthetic 3D terrain models with a wide scope of
integrated safety features. The SVS uses aircraft position information. along with stored terrain data, to present the
pilot with a simational overview in front of the aircraft. Flight displays with operational SVS also support
visualization of airspace classes. graphic representation of obstacles along the flight path and runways ahead.
Collision detection algorithms identify potential dangerous terrain for the pilot to avoid.

Tape indicators, similar to those used for displaying airspeed and altitude data, have been implemented into
(energy) and on the inner edges (energy rate) of the airspeed and altitude indicators in order to provide the pilot with
an interpretation of the accumulated amount of kinetic and potential energy and their rates. The size of the energy
indicators has been subjected to scaling procedures.” The scaling factors for the FPA, PFPA were set to match the
pitch scale of the artificial horizon. Figures 8 and 9 show the indicators implemented within the intuitive flight
display design.
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igure 8. Potentially dangerous terrain and obstacles. Figure 9. Energy management flight indicators.

The wide range of integrated visualization remains the principal concept for situational awareness
improvements. Additionally. imbedded aural warnings have been shown 1o efficiently stimulate pilots’ awareness in
5
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critical cases such as low fuel level. prohibited configuration changes, collision avoidance. fire detection or airspeed
approaching stall limit for given configurations.

II1. Light aircraft flight simulator SimStar

The SimStar is a light aircraft flight simulator stationed at the Faculty of Information Technology. Brmo
University of Technology. It is based on the cockpit section of an Evektor SportStar aircraft. Figure 10 shows the
SimStar with a closed canopy during a simulation break. Compared to the original aircraft, the simulator’s cockpit is
equipped with a dual 12 touch screen flight data visualization system, as seen in Fig. 11. The “smart screen”
technology allows for rapid design changes and quick modifications of the display layout and plays a vital role in the
simulator’s overall conceptual design. A state-of-the-art light aircraft (LSA, ULL) instrument panel typically
features a “‘glass-cockpit™ unit with a host of backup analog instruments. In order to comply with current perceptions
of flight deck safety, an airspeed indicator and an altimeter have been implemented into the instrument panel to
support the crew with a classical reference for the flight data readout.

Figure 10. SimStar’s cockpit section. Figure 11. Instrument panel flight displays.

A. Architecture

Modules and subsystems of the SimStar are grouped into functional blocks shown in Fig. 12. The modular design of
simulator’s hardware and software architecture allows for a direct integration or sharing of different flight models
through Matlab/Simulink or via a direct upload of XML files with the aircraft’s dynamic model. The simulator is by
default equipped with a non-linear 6 DOF aircraft dynamics model of the Evektor SportStar light aircraft. "'

Upsrator’s consn e

Figure 12. SimStar’s architectural design with functional blocks.
6
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The simulator’'s multimedia platform
features a planar 4m/3m projection screen and
an audio system providing  enhanced
authenticity during simulated flight operations.
SimStar has been equipped with tools
supporting voice activated communication
between the pilots or between the pilot and the
operator. It not only provides for more realism,
but helps identify and prevent possible
emergencies.

A critical aspect of successfully piloting a
light aircraft lies in the unique perception of
haptic clues experienced by the pilot in flight.
Therefore. a cautious approach has been
selected during the early stages of SimStar’s
conceptual design to correctly include this
requirement  into  the system’s overall
architecture, The currently installed force-feedback system for the control stick and the rudder pedals provides the
crew with a virtual link between the maneuvering state of an aircraft and the forces acting on its control systems.
The simulator’s design philosophy retained the concept of using the original pilot inceptors, i.e., control stick, rudder
pedals and thrust lever, where the control inceptors’ deflections are transmitted via mechanical linkages to
potentiometers. In order for the controller to compute the forces in the control stick, the force feedback controller
accounts for the actual flight parameters. atmospheric conditions and the inceptors’ position. Forces in the pitch and
roll channels are introduced through the force feedback actuators. During simulations. the yaw channel is
proportionally loaded to match the rudder deflection.

The integrated flight control system (FCS) block emulates control system configurations depending on aircraft
models and makes. The FCS offers a classical mechanical control system with pushrods, levers, cables and springs,
circuits with hydraulic systems. or a fly-by-wire system when using the available direct CAS (Control Augmentation
Stabilization) and SAS (Stability Augmentation System) modes. By default, it features autopilot algorithms for
longitudinal and lateral-ditectional modes, with classical or energy based control logic.*" Due to the simulatot’s
open architecture and its inbuilt hardware-in-the-loop capability, experimental avionics hardware can be integrated
and tested within the SimStar as well. The simulator’s architecture supports data recording capability primarily used
o store the time histories of simulated flights. These histories are a valuable source of information for post-
processing and subsequent debugging tasks. One of the principal objectives during the instrument panel design
phase was to utilize a large digital screen display environment that would could evolve into a standardized interface
combining different, currently functionally isolated. replaceable units (radio, GPS, round dial instruments) as seen in
modern integrated avionics solutions. One of the Primary Flight Display (PFD) designs that accommodate the above
mentioned principles can be seen in Fig. 13,

Figure 13. Initial design of SimStar’s instrument panel.

B. Integration into SimStar
SimStar’s flight display integration was provided by the main communication server AW-COM-SRV that
supports connection to different systems and their encapsulation during communication with the AW-PFD.

AW Comnmmnication Server

Figure 14, Server communication scheme for integration into SimStar.
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Communication is based on a proprietary coded protocol running on TCP/IP. The server uses a server module to
service client applications (PFD, Hexapod platform), client modules for the communication with different flight
simulation systems (X-plane via AW-Xplane-plugin). or a client module for communications with sensor data
applications. The server module and the client module are executed in parallel with only one client module running
at a time. The selection of the client modules is accomplished through custom settings during the loading process.

As already mentioned, communication is based on the server module AW NetComSrv, which runs in data
gathering applications, and the server module AW NetCom. The server module supports the clients independently
and works in an asynchronous regime with the client receiving all data with a given guaranteed time marker. The
client module works in an asynchronous regime as well and periodically attempts to reestablish server connection in
case the source data becomes lost or unavailable. AW-COM-SRV allows replaying recorded flight data captured in
the GPX format.

IV. Simulation and verification
Pilot-in-the-loop simulation of intuitive flight displays has been performed with three groups of users ranging
from inexperienced novices, to intermediate ULL/LSA/PPL pilots, to experienced certified flight instructors (FI,
CPL). Candidates were give instructions in terms of position and airspeed targets they were asked to acquire. The
intention of the verification phase was not to conclude the experiments with a lengthy statistically correct outcomes
of the designed display implementation suitability: instead, it was intended to evaluate the intuitiveness of the
presented features and to issue recommendations for the design improvements on an expert basis.

Pilot-in-the-loop simulations

Figure 15. Groups for Pilot-in-the-loo p evaluations in SimStar simulator.

As expected, novice candidates had initial difficulties with accomplishing the predefined tasks, which included
3D maneuvers in both vertical and horizontal planes, and flying VFR patterns at LKTB (Brno Turany International
Airport, Czech Republic). After brief familiarization training under the supervision of a skilled instructor, and
practicing awareness distribution during maneuvering, the inexperienced candidates were able to maneuver the
aircraft correctly into the required position and speed profile (also while being supervised by an instructor). This
group, initially overwhelmed by the display’s information content richness. tended to use the display as a primary
reference during the entire simulation without employing the VFR specific “looking out and remembering the
scenery” technique. This observation confirmed the integration capability of the display. Relevant flight indicators
were presented in a SVS environment that helped the users to mentally correlate the current flight state to the outside
terrain. The flight display with its integrated energy states and path indicators assisted in explaining and correcting
candidates’ maneuvering habits. Adding total energy through operating the thrust lever was conveniently indicated
by the growing energy rate indicators and motion of the PFPA symbol. While selecting the airspeed and altitude
targets is an indisputably well accepted concept
for automatic flight control modesm it introduces CRunsE e
extra work when flying the aircraft manually.

The ULL/PPL holders. with a total flight time

between 100 — 200 hours, flying different aircraft
models primarily equipped with classical
instrument panel, enjoyed the added functionality
of the energy and flight path indicators integrated
into the SVS environment. However, it was found
that the SVS can cause irritation in near terrain
flight when the terrain data do not exactly match

the real environment as seen from the cockpit. Lt Lo S
Energy management indicators, with properly
defined target values used fo define the energy

Figure 16. Simulated pattern at Turany Airport.
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differences between the desired and the actual states. supported the aircraft control technigue “throttle to altitude and
elevator to speed”. The FPA and PFPA indicators on a synthetic terrain background, along with the energy trend
tapes, helped create intuitive terrain awareness solutions. The mental image extracted from the collision avoidance
indicators resulted in the expected collision avoidance reactions, with the PFPA and FPA positions also suggesting
the amount of energy needed to clear/avoid obstacles. The pilots were not provided with direct avoidance maneuver
cues, but were given the status information that increased their situational awareness, Since this group has had
sufficient flying experience, the energy management and flight path indicators were perceived useful in precision
piloting tasks as, for example, during landing approach maneuvering.

gl BT T o £
- - v A

LT T L

Figure 17. Excess energy used to change altitude. Figure 18, Excess energy used for acceleration.

The experienced pilots who took part in the display design evaluation stressed the importance of situational
awareness. They also suggested moving the terrain awareness features to a HUD instead of requiring a VFR pilot to
redistribute focus between the instrument panel and the view from the cockpit, especially during precision flying.
Compared to heavier aircraft classes, the light/sport aircraft have a lower degree of inertia that makes them more
susceptible to turbulences and unintended control inputs. Displaying flight relevant information within the
ergonomic field of view thus reduces the amount of distracting factors, and unnecessary redistribution of pilot’s
attention and positively influences overall flight safety.

V. Condusion

This paper describes an intuitive flight display designed to improve light aircraft flight safety. The design has
been studied and preliminary evaluated in the SimStar laboratory. The aim of the work was the design of an intuitive
primary flight display with an inbuilt terrain visualization capability that shows offending obstacles and alerts the
pilot to avoid hazardous/restricted areas. '

The preliminary design of the intuitive flight display was motivated by the advances in state of the art,
commercially available, products and conceptual research ideas. Different aspects of the concepts have been
evaluated in order to design a flight display layout that would reduce pilot workload and improve situational
awareness. The aim was not to create an overly futuristic solution that would not find rational support in current
legislation, or which would suggest major retraining issues, Instead, the intention was to display flight relevant data
without the possible bias imposed by unnecessary secondary information. This led to an integrated display solution
featuring basic flight data visualization along with engine and NAV/COM instruments, usually displayed separately
on a MFD. Logically. the display size and information structure does not support a full implementation of all
information usually found on a MFD, as clarity and readability issues limited the scope of implemented features and
elements.

Experimental, ground based SimStar simulations proved the suitability of the designed intuitive flight display for
light aircraft cockpit installation. The final hardware implementation will be flight tested on board of Evektor
SportStar microlight aircraft.
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TECS/THCS based flight control system for general aviation

Peter Chudy’
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and

Pawel Rzucidlo”
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This paper discusses the implementation of TECS and THCS based flight controller for a
low-end general aviation application. TECS is based on energy distribution logic, whereas
THCS uses lateral/directional criteria for aircraft control. TECS/THCS control system was
subjected to simulations. The advantage of the TECS over classical control law designs
proved to be in excellent performance and moderate complexity of the resulting controller
siructure. TECS/THCS’s expected ability to support proven analytical tools compatible with
the airworthiness certification procedure makes it an ideal candidate for implementation on
board of a General Aviation aircraft.

Nomendature
A, B,C, D= airplane dynamics in state-space form
x,y,u,r = airplane states, outputs, inputs and references
Jij = sideslip angle [rad]
D = aireraft drag [N]
d,.0, 0, = control surface deflection [rad]
Ay = throttle setting [ %]
Er = total energy [J]
E = specific total energy rate
&b = roll angle [rad]
g = acceleration due to gravity [9.81 m.s”]
¥ = flight path angle (vertical) [rad]
h = height [m]
K = feedback gain matrix
L = aircraft lift [N]
L = specific energy distribution rate
m = mass [kg]
q = pitch rate [rad.s™]
§ = Laplace operator
T = aircraft thrust [N]
t = time [s]
0 = pitch attitude angle [rad]
u = body axis forward speed [m.s™]
v = aircraft forward speed [m.s”]
w = body axis downward speed [m.s"]
Z = earth axis downward disp. [m]
w = heading [rad]
0 = Zzero matrix
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I. Introduction

he complexity of operating and navigating an airplane. magnified by the dangers posed by weather. mechanical

problems, and inevitable pilot carelessness advocate the rationality of a pilot workload reducing system. As
General Aviation aircraft are mostly flown by a single pilot, their operational concept would benefit from an
intelligent flight control system assisting in aircraft’s safe operation.

Logical implications of a functionally isolated. “purpose driven”, classical design philosophy resulted in
suboptimal performance of separate trajectory and speed control single input singe output (SISO) control laws,
Traditional design approach for conventional aircraft configurations assumes the flight path being controlled solely
by means of elevator, whereas speed control is maintained by throttle," > * However, elevator and thrust command
responses of conventional configuration are coupled phenomena, logically requiring a coordinate control action.”
SISO speed control law doesn’t consider flight path angle as a parameter for estimating desired thrust, whereas the
classical autopilot’s control logic operates without the knowledge of aircraft’s steady state performance. Serious
safety implication has the current SISO autopilot/autothrottle system’s lack of capability to provide integral flight
envelope protection and prevent control coupling problems, requiring the pilot to continually monitor automatic
system’s performance. Inconsistencies in operation and limitations of control modes make it difficult to effectively
manage an onboard auto mation based on SISO control logic.’

It is industry’s belief that a control sysrem with a direct stabilized control of airspeed and flight path will be a
major step in reducing pilot workload.’ This opinion motivated the authors to experimental implementation of a
flight control strategies known as the Total Energy Control System (TECS) and Total Heading Control System
(THCS). The former concept mimics an intuitive human piloting for longitudinal aircraft motion by commanding
the flight path angle and speed simultaneously. The coupling of V and y is elegantly resolved in TECS core in a way
that eliminates a functional disharmony between thrust and flight path control loops. TECS and THCS were
reportedly successfully implemented in a UAV program called Condor.”

This paper is organized as follows. The next two sections introduce TECS and THCS control strategy. in lieu
with basic description of their control logic. The section thereafter introduces linear model of experimental flying
platform for a number of configurations used in controller tuning, Controller designs based on TECS and THCS
strategies are initially evaluated in off-line simulation regime and subsequently implemented into purposely built
simulator described in section V and V1. The final section features concluding remarks on design and testing of the
controllers,

II. TECS for longitudinal aircraft control

TECS was derived from a point mass apptoXimation of the aircraft dynamics. Its control logic uses energy states
of the system based on premises of trajectory control being a point mass kinematic problem sufficiently described by
time history of trajectory acceleration.” Hence the aircraft dynamics could be rewritten using energy states as
following

E.

T

=F

Kinetie + Emmu.fuf 1 (1 )

Aircraft thrust change alters proportionally the aircraft flight path angle y and acceleration along flight trajectory.
In TECS, the amount of total energy rate is being influenced by inputs through different thrust settings® Eq. (2)
whereas the changes of pitch attitude lead to energy redistribution® Eq. (3) with the elevator control assuming the
ole of a conservative energy distributor.™ Subscript e refers to error in control variable.

Twlld = [KTP + KH ] : Er (2)
§

grmd = {KEP + KE; ]. L" (3)
5

The TECS control strategy allows thrust and elevator control coordination in a decoupled response, causing the
flight path angle command having a negligible influence on speed fluctuation and vice versa. The core feedback
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integral K;, Kp; and propottional Krp, Kpp gains are designed to yield identical dynamics for energy rate errot £, and

energy distribution rate error L_for either a flight path angle command or a longitudinal acceleration command *

.V .V .
E=—4y., L =—"-7. (4),(5)
4 8
yr = yrmi.f =V ":,r - l;:'ﬂiif - "} (6)- (7)

As seen in Fig. 1, proportional feedback gains operate with absolute values of energy rate E and energy
distribution rate L . The classic TECS core shown in Fig. | does not command elevator deflection directly, but
generates a pitch attitude command, which is under the action of a pitch inner loop subsequently transformed to an
elevator input. Similarly. a thrust scaling inner loop transforming thrust commanding signal into thrust lever setling
is being included in the control scheme.

(‘:?_

ernma Fad]

\'.;n’q A

B

v.deldle

Munuat FF Codtrul

T.dat 7 F Gommand

Figure 1. General structure of longitudinal control of aircraft motion based on TECS.

For the case of a decoupled longitudinal motion. the TECS core algorithm influences system’s phugoid
dynamics. In order for the system to stabilize fast short period aircraft dynamics, an inner-loop design from Fig. 2 is

being implemented. TECS core algorithm requires feedback of £, and L_, which are a linear combination of the

aircraft states x and control inputs u. E, and L, need to be identical, otherwise energy is added or subtracted from the
variable that is commanded to be held constant.”

Fn:n:maj I: £ g'; D o matrad]

Gain3 Gipind

2 {2
Thmat] dT_amd ]

3
il [ma]

Figure 2. Aircraft dependent design.

TECS has been successfully implemented on a NASA B737 technology demonstration airplane. followed by
application onboard of Condor UAV project.” More recently published results describe successfully simulated TECS
based designs for medium size transport aircraft type.’”
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II. THCS for Iateral-directional aircraft control

THCS eliminates the traditionally separated Yaw Damper. Turn Coordination and Thrust Asymmetry
Compensation functions as these are functionally integrated as part of the THCS algorithm.® " The control strategy
introduces roll control loop and yaw control loop as shown in Fig. 3, with yaw emor i, and sideslip error f, being
determined during flight based on following relationship

fpf = w('md —z){" 3 ﬁ" e ﬂrmﬂ‘ ‘*ﬁ (S)v (9)

Similarly to TECS, the THCS core does not command aileron deflection directly, but generates a roll attitude
command (Eq. 10), which by means of a roll inner loop subsequently transforms @, to an aileron input d,,.q. For
the yaw control loop. rudder command 4, is being developed from yaw rate command. which is, as shown in

Eq.11. a difference between yaw rate emworyr, and sideslip rate error ,6' . Under normal operational conditions,
sideslip command £,y will equal zero. The integral gains Kg; and Ky; should be equal "

. _ g . 8 1Ky
Vet = [lpcKw,,v_T_ip]_-[ﬂrAﬁ,rrhﬂ] % (]0)
i 8.
8 ; . 8 V. Ky .
Pona = [ﬁ,K ,—~.8]+[-4fn& ,,,—~rlf] == (11)
j A Vi 3 ’ Vi g 95
. V.

General composition of the outerloop design eliminates control system’s across-platform integration
dependencies for a particular aircraft. Platform tailored inner loops provide effective stability augmentation for all
control modes and flight conditions.

psi_dol [rad/s|

Kosi Gand Gain2 KR [GIL _omd [rad}

Kpsi'Gand shoud be = 0,25 of KRI
bata_omd [rad] a k .I ol - pst_dat_omd [=d]

betn [md] bets_dol [radis|

psi_omd [rad]

Figure 3. THCS core for lateral-directional aircraft control.

o fFas|

s, s o > D
ot _coenemand {med] rutidsr omed frad]
LS L Gt |
(2
ol [met i)

Figure 4. Aircraft specific inner loop designs.
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IV. Experimental flying platform

A typical representative of a low-end general aviation single engine propeller aircraft. Socata Rally/PZL-110
Koliber, has been identified by the authors as a suitable candidate for the purpose of modeling and simulation of the
TECS/THCS based controller. The rationality of the choice was not only in Koliber’s availability to the research
team, but also in well predictable performance characteristics and favorable unaugmented handling qualities,

A. Aircraft description

PZL-110 Koliber has been produced in Poland
during the 1980°s under the license of Morane-
Saulnier, It is an all metal single engine low wing
monoplane equipped with a fixed landing gear.
Cockpit provides room for up to four occupants.
Initial version was powered by PZL licensed 116
hp Franklin 4A-235 engine. which has been later
replaced by 112/175 kW Lycoming 0O-320/520
engines. Koliber’s have been traditionally used for
enjoyable cross-country flying and flight-schools
based training.

Figure 5. Experimental flying platform PZL-110 Koliber.

B. Linear model
Linear model of PZL-110 Koliber aircraft
dynamics, for 4 selected flight states, has been used for the initial computations and testing of the TECS & THCS
based flight control system. State-space models of aircraft dynamics' in the form of Eq. 13 and Eq. 14 have been
used for the simulations

r=Ax+ Bu (13)
y=Cx+ Du (14)
State vector: X = [ u [m.s"] a'[md ] glrad .s"] 9[;'(1(1] ]( i (15)
Control vector ~ u=[ dhfrad] difrad] ¥ _ (16)

Values of state and control matrixes that correspond to four particular flight states are presented in Table 1. More
detailed models of aircraft and control system dynamics are included in Ref. 11, 12, 13. State space matrices C and
D from Eq. 14 have the following form

1 00 0 0 0
co|® 200 5 100 (17), (18)
00 10 0 0
Do o0 1 00
5
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Table 1. Particular values of state-space matrixes for four characteristics flight conditions

Config. A B

-0.1149 -0.2350 0 -0.7987 0 0.0200
-0.0254 -1.2766 1.0000 00142 -0.1058 0.0001

i 0.0027 -24726 -0.9682 0 -3.6408 0

0 0 1.0000 0 0 0

h=250m,y=23deg,v=278 mVs,ad = 15.7 deg.dT0=99.1 %.L/D=6.1,
m= 670 kg + 2x70 kg. remarks: take-off, ¥ flaps.

-0.0894 0.6188 0 -9.7932 0 0.0190
-0.0210 -1.3664 1.0000 -0.0168 -0.1147 0.0001

5 0.0032 -2.9479 -1.0505 0 -4.4901 0

0 0 1.0000 0 0 0

h =400 m.y=3.0deg.v=30.6 m/s, 00 = 14.6 deg.dT0=99.7 %.L/D = 7.2,
m= 670 kg + 2x70 kg. remarks: climbing.

-0.0561 28748 0 -9.8066 0 00144
-0.0099 -1.8862 1.0000 0 -0.1613 0.0001

3 0.0064 -6.0187 -1.4825 0 -10.6727 0

0 0 1.0000 0 0 0

h=750 m,y=0deg,v=444 n/s, o0 =7.1 deg,dT0=84.2 %, L/D= 7.9,

m= 670 kg + 2x70 kg, remarks: cruise.

-0.0944 0.6786 0 -9.8066 0 00191
-0.0210 -1.3882 1.0000 0 -0.1164 0.0001

" 0.0033 -2.9910 -1.0657 0 -4.9833 0

0 0 1.0000 0 0 0

h=250 m.y=0deg,v=30.6m/s, o0 =10.9 deg,dT0=74.6 %, L/D= 6.8,

m =670 kg + 2x70 kg, remarks: approach, full flaps.

V. TECS/THCS controller with linear models

The TECS controller structure shown in Fig. 1 was used to construct a controller for a linear aircraft model seen
in Fig. 6. Initial TECS controller gain selection was based on authors' educated guess and subsequently manually
fine-tuned to meet system’s desired performance. The
CRuIsE controllers’ performance has been demonstrated in
series of simulations using linearized models of
aircraft dynamics and nonlinear actuators. Typical
flight regimes and related configurations have been
investigated. In off-line simulation, these featured:
take-off, climbing. cruise at specified airspeed and
final approach. Even the controller structure is
1 i compact and excellently readable, the manual tuning
RUNWAY |‘+ ali process has been found a lengthy and emor prone
= procedure. The approach discussed in this chapter uses
a subset of linear controllers, with Altitude Command
Figure 6. Simulated flight configurations. and Speed Hold modes implemented for TECS based
controller structure (Fig. 7) and Heading Command

Mode for THCS controller (Fig. 8).

APPROACH TAKE-OFF CLMB
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A. Simulation scheme of TECS and THCS based linear controller
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Figure 7. General structure of longitudinal control of aircraft motion based on TECS.

psl_al
beta cmd frad] i emd frad) 4 > aeron i:':ﬂdr [rad) T (] piracs) §
sy Golol
o= dat [radis]| . e
Caonstantl -—bnsi dol [radis| Gata2
Fromd Ji 1
-—bpsuradr Froem fead 4‘
[e=dist Gotod
Froma _ - i rudds ool [rad) B ndder (o] i [rad] —p-
"‘"" B ey ot o fra} Frami ' o
- fi frad] L
Dotmiatied bels [rad] -_’ #l_got: [rarl 1

From2 i

> A Td 1 Aarcralll atasal gynamcs Gotds

Froms TR crafl depnden Srcralll ataral dyna
Al i on

par_dot.,

Figure 8. General structure of lateral-directional control of aireraft motion based on THCS.

B. Simulation results for longitudinal centroller with TECS core.

Figure 9 depicts response of the investigated linear system in different above mentioned configurations to a step
input in altitude. The desired altitude was captured with an average 1 m.s” overshoot in airspeed without any
significant control variable couplings.
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i | 1 1 | | | | 1 1 1 1 i !
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Figure 9. Altitude control with TECS. Figure 10, Flight path changes related to Fig. 9.
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Series of bumps in Altitude Mode in Fig. 9 appeared
as a result of manual speed inputs in simulations with
various aircraft configurations. Fig. 10 comelates the
influence of altitude step input and manual speed
corrections on flight path angle y, which has been. for
our purposes, limited to a maximal value of 0.lrad =
5.73deg. Figure 11 shows a response of linear model to a
20 ms' step demand in airspeed, Airspeed has
converged (o its desired value after a vertical altitude
overshoot of 10 meters, without any noticeable delay.
Compared to a classical SISO design TECS provides
very precise airspeed stabilization (Fig. 13). Responses
for analyzed configurations feature minimal overshoot
and short time of regulation. Classically designed
regulator causes overshoots in airspeed up to almost
10% over commanded value as seen in figure 13, Similar
conclusion can be made about flight path stabilization.
Also in this case the TECS responses to control input

T T 1 1 1 T
= Command : : :
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T T | i |
BSl— - +— —— e e e e e e e
| | | | | |
| | | | | |
i | | | | |
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50 I l i - [T
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W | | I | | !
E | | I | | 1
— | | | | | |
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i | | | | i
o e, e | T S TR S e T R
i i I I | | I
| | | | | | |
i i | | | | |
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| | | ] ] | |
] I i ] | I I
| | | | | | |
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Figure 11. Changes in speed related to altitude
step input of 200m as shown on Fig.9.

demands are more gentle and free of oscillations,
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Figure 12, TECS based manual control mode of flight Figure 13, TECS hased vs classical PID design.
path vs. classical PID design.

C. Simulation results for lateral-directional controller with THCS core.

0

60

heading
8

Figure 14. THCS heading control mode.

Figure 14 illustrates the response of the modeled aircraft
configurations to a step input in heading. The desired
heading was captured for all observed states with a
negligible overshoot in roll and with an almost identical
response development. Figures 14-16 show a comparison of
responses for a THCS based controller and a classical SISO
lateral directional controller. Roll overshoot for the classical
design is substantially larger (0,08 rad) then the plotted
response with THCS. More visible differences are seen on
the sideslip plot (Fig. 16). The SISO controller exhibits
oscillations almost twice the magnitude of THCSs. As seen
in Fig 14-16 THCS lateral-directional controller performs a
mote precise aircraft control with less overshoot and
undesired system oscillations.
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Figure 15. Changes in roll corresponding to Fig. 14,
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Figure 16. Side-slip response corresponding to
heading command input from Fig. 14,

VI. Real time simulation of TECS/THCS controller

Simplified flight simulator was designed and built especially for testing of the TECS/THCS based flight control
system (Fig. 18, Fig. 19). It showed to be a necessity due to the absence of both technical and formal possibility to
modify a simulator used for pilot training, Experimental flight simulator is based on PZL-110 Koliber nonlinear
aircraft dynamics with the cabin from PZL M-15 “Belfegor”. DSpace rapid prototyping environment linked to
Matlab/Simulink was used for the preparation of simulator’s flight control system. This solution enabled coupling of
chosen flight control system components with the simulator core (Fig. 17). This solution is based on CAN data bus.
There are four elements connected directly to CAN. First of them is rapid prototyping environment which enables
building of real-time models, eg. control laws, aircraft dynamics, atmosphere disturbances, inceptor’s shaping

functions, force feedback, elc.

Flight simulator software and FS/CAN
interface constitute the second block. This
block is responsible for visualization of
surroundings,  indicators  and  knobs
operations as well as for simulation of in-
build aircraft dynamics and atmosphere
influences, Operator of experiment can select
what kind of aircraft dynamics and
atmosphere model should be used for
simulation purposes: model from rapid
prototyping card or model from the software
module. Third and fourth blocks. connected
directly to CAN. are experiment operator’s
console and data recorder (Fig. 20). This
solution enables connecting of additional
equipment to the simulator. Particular
software or rapid prototyping modules can be
replaced by real parts of aircraft control
system. Additional actuators, indicators or
other hardware modules equipped with CAN
interface and CANaerospace protocol can be
connected directly to the bus and can work in
the loop (hardware in the loop simulation).

CAN
data bus
Real-Time | Fight Simuiator
regid polohping  softvare
anvironmant
‘ hcaﬂcrsJ masad  Converters | —#
FF Force
actalors }'"*“"' feacback ||
CAN | FS/ICAN [ Visual
cantroller | | T interface i sysism
Shaping 3
il | ndcators
e ca
control laws T andknobs
Alreraft Aireraft
dynamics: || G  cynamics
1 ’ = +
atmosphera (1) atmosphers (2)
External | Consde of
recordar exparimant oparator

Figure 17, Block scheme of experimental flight simulator.
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Figure 18. General view of real-time simulation Figure 19. Pilot’s and Operator’s workplace in a
environment. real-time simulation environment.

Results of real-time simulations of PZL-110 Koliber aircraft equipped with a TECS/THCS based autopilot are
presented in figures 21-27, All simulated flights were performed in good weather conditions (weak turbulence and
wind, perfect visibility). Experiments wete initiated in a horizontal steady-state flight at altitude 1500[ft] and
preselected heading of 180 degrees. Figures 21-24 illustrate an example of longitudinal motion control. Autopilot
maintains the altitude of 1500[ft] (457[m]) during first 50 seconds of flight and then subsequently executes a
commanded change of altitude to 2100[ft] (640[m]). The altitude changes smoothly by maintaining the desired
altitude within a range of +5[m] (Fig. 21). Changes in flight path related to altitude command are presented in Fig.
22. TECS flight path command is nearly identical to off-line simulation (Fig. 10). with moderate oscillations
observed in flight path response between (=350 and t=90 seconds. The above mentioned effect is caused by the
differences in the linear and non-linear aircraft dynamics models. The inner-loop (aircraft dependent design)
coefficients have initially been tuned for the linear model. so the slight oscillations due to non-linear effects can be
in the future minimized by a precision tuning process of the simulator’s non-linear model. Nevertheless, the
observed oscillations do not exceed +0.012[rad] and they are virtually unnoticeable. The altitude hold task was
combined with the airspeed change command between t=160 and t=220 seconds of the experiment (Fig. 23). Speed
changes smoothly and continuously from 37.5[m/s] to 47.5[m/s] and doesn’t essentially influence the altitude or
flight path control.

= Command

—— Respaonss

Tima [s]

Figare 20. Window of CAN2 Monitor application Figure 21. Altitude control with TECS/THCS.
(recording and diagnostics of CAN data bus).
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Figure 22, Flight path changes related to Fig. 21. Figure 23. Speed command and changes in speed

related to altitude step input as shown on Fig. 21.

Real-time simulation results for lateral-directional control are presented in figures 24-26. The aircraft holds an
initial heading of 90 [deg] until (=35 seconds and is subsequently commanded to align to a new heading of 135
degrees (Fig. 24). The response of the aircraft is similar to the results obtained from the linear simulations (Fig. 14-
16). Significant differences occur, after =50 seconds, in bank angle plot only (Fig, 25). Damped oscillations are
present in THCS command and they are repeated in aircraft response. It indicates that the THCS core (aircraft
independent design) should be tuned additionally for a non-linear model to achieve perfect solution (the already
mentioned oscillations due to nonlinear effects do not exceeds +£0.03[rad] and are virtually irrelevant). Side slip
angle is stabilized during the whole time of the flight and the maximal temporary error is less than 0.03[rad].

e o : : :
: : e THES command
(1] P T 025 , Tl — mosssize
| |
02— ———- === e e
120-— - ———— |
|
= OB - —— - -
g = |
R | E 1
’E 110 F ' :
T e e | B
100 —— = —— - —— . |
L e e e e B
|
90 a : |
%y ey S W0 5 & 00 120
Time [s] Time [s]
Figure 24, TECS/THCS heading control. Figure 25, Changes in roll corresponding to Fig. 24,

TECS/THCS algorithms implemented to a real-time simulation environment allow for an independent control of
the flight path, airspeed and heading. Graphs demonstrating simulated system’s capabilities are presented in figure
27. The development of monitored system’s performance confirms the expected suitability of a precise control of the
three main flight parameters (solo or simultaneously). System’s responses to the commanded inputs closely follow
the shape of the commanding signal. Unfavorable interactions between control algorithms for longitudinal and
lateral-directional motion have not been observed. Designed control laws support simultaneous control for both
types of motion. The results of the nonlinear real-time simulations prove that the TECS/THCS based automatic
flight control logic has a strong potential in the flight automation of low-end General Aviation aireraft.
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Figure 26. Side-slip response corresponding to heading Figure 27. Simultaneous control of altitude,
command input from Fig. 24, airspeed and heading with TECS/THCS.

VII. Concdusion

Responsible piloting requires a constant mental endeavor in monitoring the aircraft systems, prioritizing flight
data and if necessary taking a corrective action under real-time constrains, This seriously contradicts with the human
ability to successfully perform simultaneous data management processes in stressful conditions. Due to the lack of
proper control coordination, SISO control modes never functioned satisfactorily if not properly managed by pilot or
autopilot, TECS and THCS represent an elegant way of controlling longitudinal and lateral directional aircraft
motion and thanks to their compact and clear structure they became authors’ preferred choice over classical
controllers. Nevertheless, the total energy and total heading control systems support proven analytical tols which
are in line with the airworthiness certification procedure, making it transparent to an implementation processes. The
effects of time delays. lost or damaged control data remain beyond the scope of this paper, but represent topics
which are of high importance and remain to be investigated. Finally. the issue of robustness of the resulling
controller would need to be addressed by utilization of advanced techniques that are able to cope with system's
nonlinearities.

Future work on flight control system for General Aviation will focus on more rigorous testing of TECS/THCS
based controllers in pilot-in-the-loop simulations and on substitution of designer’s manual inputs with automatic
gain search procedure introducing a suitable option for optimized future development.
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EVOLUTION ASSISTED FLIGHT CONTROL SYSTEM DESIGN
Peter Chudy, Jan Vik, Petr Dittrich, Brno University of Technology, Brio, Czech Republic

Abstract

An evolution driven controller design approach
has been applied to a rigid-body aireraft model of a
light sport aircraft. The model comprises mertial,
aerodynamic and flight dynamics related elements
and the controller architecture is based on Classical
Control Theory. The evolution driven concept plays a
significant role in the optimization of the proposed
controller structure by providing tuned controller
parameters, which meet the designed fitness function
criteria imposed through the optimization problem
formulation. The proposed fitness function combines
significant controller stability evaluation conditions
into a single abstraction. The use of a robust
optimization framework based on the genetic
algorithms has allowed the suggested form of multi-
criteria optimization definition. The suitability of the
evolutionary optimization has been successfully
tested on a model with rigid-body aircraft dynamics.
Time-domain simulation results have shown the
compliance of the tuned controller performance with
its anticipated behavior.

Introduction

The evolutionary approach is a popular tool in
optimization tasks of nonlinear problems. The design
of a flight controller must typically satisfy a range of
oplimization criteria which can be later transformed
into a cost function. The principal advantage of using
evolution driven tools is their suitability to account
for heterogeneous optimization conditions. Even
though traditional techniques for solving nonlinear
optimization tasks offer computationally less costly
solutions, their applicability imposes higher demands
in terms of cost function definition and may therefore
be limited in utilization and robustess. The
implemented evolutionary approach offers a robust
platform, which allows tuning the -controller
performance to the required levels.

Evolution driven approaches got recognition in
acrospace disciplines when successfully used for the
optimization of high performance airfoils, efficient
high lift systems or unconventional aircraft
configurations. Its scientific potential has been put on
display when human powered aircraft whose design

978-1-4799-1538-5/13/$31,00 ©@2013 IEEE

elements were influenced by the outcomes of the
evolutionary optimization took flight and made its
public debut. The multi-criteria nature of the task
formulation. which has been used for the
aerodynamics, introduced the rationality of using the
robust nonlinear optimization technique also on flight
control related tasks [1. 2].

Rigid-Body Dynamic Model

The dynamic model used during the simulation
runs was extracted from a series of flight experiments
performed on an Evektor SportStar experimental
aircraft equipped with a laboratory grade data
acquisition system. The aircraft is shown in flight in
Figure 1.

Figure 1. Evektor SportStar - Light Sport Aircraft

Measured data were subjected to parameter
identification procedures, results of which were
integrated into a nonlinear aircraft model structure.
The identification was concluded by the model
quality assurance process. Based on the initially
drawn assumptions of the flight envelope margins,
the model includes only basic estimates of stall and
spin characteristics as post stall and spin recovery
tasks were not primarily addressed in the research.

x=A-x+B-u |
y=C-x+D-u &)

The implemented dynamic model in its
approximated form was described by a standard
linear state space model. which includes the dynamic
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matrix A, input mairix B, outpul matrix € and feed-
forward matrix D, as shown in Equation 1.

The actators have been modeled as standard
second order linear single input single output systems
and described by a transfer function with natural
frequency w, and damping coefficient &,, as shown
below:

w5
GArr (S} =

s?twe & s+ wh

The complex number s acts as the standard
Laplace operator. The next part of this section deals
with the longitudinal/lateral decomposition of the
aireraft motion.

Longitudinal Motion

A linearized longitudinal motion state space
model for steady state level flight has been obtained
by making use of the dynamic matrix from Equation
4 and the input matrix presented in Equation 5. As
seen in Equation 3, the longitudinal state veclor X5,
contains the true airspeed V. the angle of attack . the
pitch angle & and the pitch rate q. Furthermore, the
input vector #),, includes the elevator deflection n
and the thrust lever position 8y as seen below:

x!onz[v a 0 QJT

Won = [0 87]" ©)
Xy Xy —g-cosy, Xq
Z —— Z
A =|"" & T, O M (4)
0 0 0 1
My M, 0 M,

The dynamic matrix consists of the linearization
force elements (Xy. Zy ), force and moment variables
influenced by the angle of attack (X, Z,, M,) and
force and moment elements, which are functions of
the pitch rate (Xg, Zg, My). The constants Vg and y,
refer to trim point conditions for true airspeed and
flight path angle, whereas g provides the gravity
acceleration.

X?T Xﬁ'."
P4 Z

By = [-;]I ;T (5)
M"F Mg,

The input matrix includes force and moment
variables as functions of the elevator deflection ['X,?,
Z,, My) and thrust (X5 . Zs . Ms_ ). Before
proceeding to the derivation of the control law, the
approximated longitudinal dynamics of the pitch
angle and the pitch rate must also be introduced.
These are based on Equation 6, which contains only
one eigenvalue in its dynamics thus indicating a
priori aperiodic stable behavior.

ol =1 ol L1+ [5]

v=[p 1[6]

Lateral Directional Motion

The following equations describe the full lateral
motion and show the extraction of lateral directional
aircraft motion. The lateral state vector x;,; contains
the yaw rate 7, sideslip angle f3, roll rate p and the
bank angle ¢p. The input vector u;,; is composed of
the aileron and rudder deflections, respectively given
by ¢ and {. Both vectors are shown in Equation 7.
The dynamic and the input state space model
malrices are described in Equations 8-9. The dynamic
matrix of the lateral directional motion consists of
linearization moment elements, which are functions
of the yaw rate (N, L,), force and moment variables
related to the angle of sideslip (Ng Yg Lg) and

moment elements influenced by the roll rate (N, L,).

x{'ﬂt:[r !8 P ¢]T

u!at.:[{ Z]T (?)
N Nz N, 0
)
A= 8 Vo (8)
L Ly L, 0
0 0o 1 0
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The lateral directional input matrix includes the
force and moment elements as function of aileron
(Ng, Yz, Lg) and rudder deflection (N, Yz, L¢).

Ne  Ne
Yo Y
By = £ ¢ 9
a L{ LC’ (9)
0 0

The roll mode has been extracted directly from a
full lateral directional model with its main states
being the roll rate and the bank angle. The roll mode
is primarily excited by the aileron deflection and it
has been employed for the lateral controller design.
Similar to the reduced longitudinal state space
dynamics represented by Equation 6, the roll mode
contains only one eigenvalue in its dynamics thus
indicating a priori aperiodic stable behavior.

The roll mode equations that have been
extracted from the lateral directional slate space
description are shown below [3]:

i A L
v=lo -4

Baseline Control Strategy

This chapter describes the control stralegy,
which allowed the design and implementation of a
baseline flight controller. The main objective of the
baseline controller is to ensure that the modeled
aircraft successfully tracks the desired pitch angle
and bank angle command signals with small static
error. The implemented flight control system acts as a
longitudinal and lateral autopilot providing the
necessary elevator and ailerons deflections for the
demanded pitch angle and bank angle given by the
reference signal. Since for the presented application
only the longitudinal and lateral commands are

demanded, it is assumed that the mdder deflection is
zero [4].

Classical Controller Design

In order to ensure that the modeled aircraft
successfully tracks the desired pitch and bank angle
commands, a longitudinal/lateral autopilot based on a
classical control theory has been designed. The
longitudinal/lateral controller structure has been
ispired by the plant dynamics, thus achieving a
linear inputoutput behavior of the closed loop
system. The architecture of the implemented closed
loop system contains the aircraft dynamics divided
into longitudinal and lateral motion and augmented
with actuator dynamics. The flight control system
(FCS) includes two control loops for both the
longitudinal and the lateral motion. The cross
coupling effects have been neglected in this case. The
cascaded longitudinal controller contains blocks for
the control of the pilch angle and pitch rate. Standard
PI architecture has been applied to each of the
cascaded loops [5]. The whole flight control system
includes a pitch angle and pitch rate controller in the
longitudinal controller sticture and a roll angle and
roll rate in the lateral block.

The input signals of the FCS are the pitch angle
command (PITCH CMD) and the bank angle
command (ROLL CMD). They are transformed to
the pitch rate and roll rate command signals by
blocks PITCH CTRL and ROLL CTRL. which
belong to the outer loop controller. The pitch rate and
roll rate command signals are inputs of the pitch rate
and roll rate controllers. These controllers comprise
the inner loop and generate the control signals for the
aircraft’s elevator and aileron deflections. Figure 2
introduces a block scheme depicting the whole closed
loop system. Each controller block includes classical
proportional-integral controller with saturation at the
output and a simple anti-windup filter. Suitable
controller parameters were automatically computed
by the evolutionary optimization algorithm as lo
fulfill the design specific criteria, which are
mentioned in the following chapters. Equations 11-13
show the general mathemaltical description of the
linear controller structure depicted in Figure 3.
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t

u(t) = Ke(t) + f [Ke(t) — K, dugy (©)]dt (1)
0

where K,,, K;, K, are constant parameters of the PI

controllers, e(t) is the error between commanded and
measured signal which is given by:

e(t) = Xemd (t) = xm:ms(t)- (12)

and d,, (1) is the difference between the samrated and
the non-saturated output signal:

dsat ) =u(t) - u(t); (13)

where u(t) is controller output before saturation and
u(t) is controller output after saturation.

Evolutionary Principles

Evolutionary Algorithms (EA) are a class of bio-
inspired, stochastic search-techniques based on the
principle of natural selection, which is known from

biological evolution. The theory was first proposed
by Charles Darwin. In contrast to the traditional
optimization approaches, evolutionary algorithms
operate over a population of candidate solutions
rather than over a single case. Each candidate
solution (called phenotype) is encoded in a
population of individuals (called genotypes, genomes
or also chromosomes) that represent a particular
problem solved within the evolutionary algorithm. In
this case, the goal is to obtain a proper controller gain
combination for the Flight Control System of a light
aircraft. Therefore, the candidate solution is a set of
feedback gains. The process of evolution consists of a
sequence of search-steps, where each step involves
the creation of a mnew population through
reproduction. It is possible to talk about generations
of individuals developed over time. Every new
population is created by the means of reproduction,
which performs the selection of chromosomes
according to their suitability to represent a solution to
a given problem. This ability is expressed by a fitness
function. While the genetic operators work over
chromosomes, the fitness function evaluates the
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candidate solutions. Since the selection operator
prefers more fit genomes, there is a selection pressure
motivating the evolution process to provide better
outcomes. The selection pressure causes more fit
individuals to live longer and allows them 1o create
offspring, which inherits their genetic information.
Selected chromosomes are then modified by the
genetic (also variation) operators, which are also
inspired by the relevant processes known from
biological evolution. These modifications give rise to
new candidate solutions forming the next generation.
Note that the way of implementation and use of
specific genetic operaters (including selection)
depends on the evolutionary algorithm and also on
the problem to be solved [6].

The genetic algorithm (GA) is the most well
known variant in the evolutionary approach. The
genotype of every individual in the population is
mnitialized with random gene values (using a priori
information about the solution). The main loop of the
algorithm begins with a corresponding phenotype of

every individual in the population being evaluated
and gives a fitness value according to how well it
fulfills the problem objective or fitness function,
Evaluation scores are used to describe how many
samples of a particular individual are found in the
mating pool. The actual reproduction (creation of a
new population) then proceeds as follows: two
individuals (parents) are randomly chosen from the
mating area and their two offsprings are generated by
the genetic crossing operalor (recombination), which
replaces the value of the selected genes between
parental chromosomes. Crossing is a probabilistic
genelic operator, which means that the modification
of two chosen parent chromosomes is carried out
only with a certain probability. A genetic mutation
operator is applied after the recombination (also with
a cerlain probability), which randomly selects a gene
(or several genes) in the chromosome and generates
new values (alleles) [7]. The basic GA strategy is
depicted in Figure 4.

Childiren rtam e

Intaal Pren " . Cremimge new e Frimal
populitian popudation. Selecting parerts populution Stap swolwion
K
Clenernbing parenit
P plarivon from
shildren
Figure 4. Basic Genetic Algorithm Block Diagram
Initializing Genetic Sets includes quantities, which are to be optimized. It may

The first step of the genetic algorithm is to
create an initial population built from individuals
with random genes. This population is in most cases
represented by parameters of a function, which is to
be optimized. A priori information used as an initial
expert guess may be used in order to reduce high
computation costs and in order to lead the genetic
algorithm to an optimal solution much faster.

Computing Fitness Function
The fitness function represents the solution
quality of every population member and its definition

take a general form as its composition is related to
expected limitations, interferences, behavioral trends
or penalties for crossing predefined functional limits.

Selection of Best Parents

This operation is often simply called the
selection, deriving from its biological origin in the
natural selection. For the creation of a new
population, individuals with a minimal fitness
function value are employed in the majority of cases.
Furthermore, the probability by which the individual
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candidate solution might become parents according
to their own fitness function can also be chosen.

Parents Crossover, Creating New Population

A new population is created through an
interaction of parent genes chosen in the previous
step. In the presented optimization framework, a
mixing method has been implemented. This method
uses a random part of the genotype from one parent
and the rest of the genes is taken from the second
parent.

Mutation Effects

Some genes of the population members might be
affected by the so-called mutation process, which
modifies these genes within a scope of predefined
probabilities.

It is possible to use any representation for the
individuals in the genetic algorithm. Individuals built
from strings of bits are often used, due to inherent
speed and simplicity in the implement nmtation and
crossover processes. It is also possible to use trees,
arrays, lists or any object, but it is then necessary to
define genetic operators (initialization, mutation,
crossover) for any representation the user decides to
employ. Figure 5 shows an individual with a binary
array representation (ie. chromosome). The
operations of crossover and mutation are shown in
Figure 6.
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Figure 5. Binary Representation of Genetic
Individual
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Figure 6. Genetic Mutation and Crossover
The abovementioned algorithm steps are

executed until the fitness function value reaches a

desired precision threshold related to a number of
virtually produced generations. The implementation

of the genetic algorithm includes parameters whose
specification is left to the designer. These parameters
include the number of initial population members,
initial means and deviation of initial gains, weights of
the fitness function (or a whole fitness function).
Among the parameters to be defined is the number of
chosen parents used for the creation of a new
population, gene distribution between parents or
number of children the parents can create. Almost
every parameter may be affected by a predefined
probability value [8].

Controller Tuning

In order to define adequate controller design
parameters for the implemented rigid-body dynamic
model, a simple genetic algorithm has been
employed. Each chromosome in the population
contains a list of controller parameter values that
needs to be identified. The goal of the genetic
algorithm is to find a set of controller parameter
values that fulfill pitch angle and bank angle step
response requirements like minimal overshoot,
adequate settling time and minimal steady state error.
In addition, closed-loop stability requirements (gain
and phase margins) have also been taken infto
account. The fitness function is calculated as a
weighted sum of the abovementioned quantities. The
objective of the evolution driven optimization is to
minimize the fitness function in order to obtain
desired controller parameter values.

Stability Requirements

Two of the most common characteristics, which
describe the control stability of closed loop system,
are the gain margin (GM) and the phase margin
(PM). Its values characterize how far from instability
is the closed loop system (aircraft with the flight
control system) based on a frequency response
analysis of a linear system (Bode magnitude and
phase characteristics). The optimal values for a stable
system are GM > 6dB and PM > 45° The flight
quality measure known as the Gibson-Dropback
Criterion (GDC), was also employed for the
longitudinal controller tuning. This limits the pitch
rate overshoot related to the attitude dropback. The
value of GDC should be kept within predefined limits
to avoid unwanted aircraft behavior (e.g. Pilot
Induced Oscillations) [9].
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Evolutionary Algorithms

The controller parameter optimization routines
are implemented within a tool performing the
identification of optimal control parameters for the
aircraft’s longimdinal/lateral motion. This tool
represents an application-specific software code
composed in Matlab that runs the genetic algorithm
routine to tune the parameters of the aimplane
controller described by a set of physical quantities
related to the longitudinal/lateral motion. The genetic
algorithm searches for the optimal values of the
parameters that represent a set of controller gains
used for a given airplane.

The evolution starts with the initial values of the
controller parameters specified in accordance with
the settings from a similar airplane category, The
functional behavior of the observed quantities is
evaluated by the main characteristics of the response,
overshoot (OVS). settling time (ST) and steady state
error (S§SE), using a weighted sum approach, which
represents a fitness value for each candidate solution
and is composed of a combination of controller
parameters, The selection pressure leads to the
optimization of the fitness values for each new
generation within the genetic algorithm. If a
combination of parameter values is found whose
fitness value is less than a specified threshold fitness
value, this parameter combination is considered being
a result of the optimization process. The fitness
function is defined as a weighted sum of the pitch
angle and bank angle overshoot and of their steady
statle errors.

There are also penalization flags that should
prevent unwanted system behavior (e.g. unstable
system, too long or short settling time, violated GDC
conditions ete.) [9]. The implemented fitness function
FF is shown in the following equation:

FF=k1‘0V5+k2‘SSE+k35T
+ZFLAG€ - pen (14)

1

The implemented penalization flags may reach
values 0 or 1 (0 - the criterion is fulfilled, 1 — the
criterion is violated). The penalization constant pen
multiplies the sum of the penalization flags, which is
numerically a large number.,

Simulation Results

This chapter presents some of the simulation
results obtained with the implemented rigid-body
dynamic model. The initial section is dedicated to the
implemented baseline controller performance as it
contains the time history of the rigid-body states after
one of the longitudinal motion maneuvers is
executed. At the beginning of the simulation, the
aircraft is considered to be in a steady state flight
condition. For this particular case, the chosen flight
condition is the following: altitude of 6000 ft and IAS
=90 kts. All time simulation results and plots were
obtained via Simulink®, a Mathworks environment.
The genetic optimization routine initiation consisted
of filling the matting pool with an initial set of
parameters taken from a random distribution around
the a priori controller setting values, The algorithm
created 100 generations of individuals within this
experiment, The number of generations is a variable
influencing the quality of the system behavior with a
large impact on the computational cost.

Longitudinal Motion Controller

Figure 7 shows the aircraft response (blue curve)
to a step input of the pitch angle (red curve). The
following subplots include responses of pitch rate and
elevator deflection, which are important for the
computation of the flight quality and control
sensitivity criterions.
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Figure 7. Longitudinal Motion Results

The optimization routine has tuned the baseline
controller to a minimum response overshoot and
static error (both under 1%), optimal settling time and
passed flight quality and stability criteria from [9].
The optimization algorithm also minimized the
dropback and pitch rate overshool to avoid pilot
induced oscillations (PIO). Figure 8 shows the
progress of the longitudinal fitness function over all
generations.
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Figure 8. Longitudinal Fitness Function Progress

Table 1 displays the final controller gain
seltings, and performance characleristics in pitch
angle step response overshoot, static error and
settling time for the modeled aircrafi.

Table L. Longitudinal Controller Setting

Set of Gains
Kpy Kiy Kp, Ki,
1.946 0.0001 1.001 2.673
Performance Results
Overshoot Static Error Settling Time
4.982% 0.076% 1.430s

Lateral Motion Controller

Figure 9 shows the results of the lateral motion
aircraft response. The plot includes bank angle step
response (blue curve) for the commanded signal (red
curve). The following subplots contain the response
of the roll rate and the right aileron deflection.
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Figure 9. Lateral Motion Results

Figure 10 shows the progress of the lateral
fitness function over all generations. The fitness
function value tends to decrease, which is a desirable
effect of the evolution driven optimization.
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Figure 10. Lateral Fitness Function Progress

Table 2 presents the final gain settings for a roll
controller and its performance results like bank angle
step response overshoot, static error and settling time.

Table 2. Lateral Controller Settings

Set of Gains

Kpy Kig Kp, Ki,
1.784 0.0001 0.731 0339
Performance Results
Overshoot Static Error Settling Time
0.079% 0.096% 2.04s

The optimization routine kept the bank angle
overshoot and static error below 1% and settling time
around 2 seconds, leading to a very good result,

Conclusions

A modern controller design and optimization
approach for a light sport type of aircraft has been
introduced and implemented. The controller design
process integrates not only an evolution driven
optimization technique but also makes use of a
classical control design approach. The use of
classical control theory enabled creating a state of the
art flight control system implementation for a rigid-
body aircraft model.

The evolutionary concept played a significant
role in the optimization of the proposed controller
structure by providing tuned controller parameters
meeting the designed fitness function criteria
imposed through the optimization problem
formulation. The proposed fitness function combined
significant controller stability evaluation criteria into
a single abstraction. The suggested form of
multicriterial optimization definition was allowed by
using a robust optimization framework based on
genetic algorithms. A suitable combination of
stability criteria with robustness of the evolution
driven algorithms enabled the authors te propose and
fine-tune a complex control structure of a rigid-body
model of a light sport aircraft. The suitability of the
evolutionary optimization has been successfully
tested on a set of examples. which accounted for
rigid-body aircraft dynamics. Further development
should account for hardware accelerated genetic
optimization algorithm with real-time auto-tuning
capability of an aircraft conlrol system.
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An evolution driven controller design approach has been applied to an aeroservoelastic
model of a large passenger aircraft. The aeroservoelastic model comprises structural,
aerodynamic and flight dynamics related elements and the chosen controller architecture is
based on Nonlinear Dynamic Inversion. The evolutionary concept has played a significant
role in the optimization of the proposed NDI controller structure by providing tuned
controller parameters which meet the designed fitness function criteria imposed through the
optimization problem formulation. The proposed fitness function combines significant
controller stability evaluation criteria into a single abstraction. The use of a robust
optimization framework based on the genetic algorithms has allowed the suggested form of
multi-criteria optimization definition. The suitability of the evolutionary optimization has
been successfully tested on a set of examples, which accounted for rigid body aircraft
dynamics as well as for the case with elastic structural modes, Time-domain simulation
results have shown the compliance of the tuned controller performance to its anticipated
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M§ = Aerodynamic Moments Vector n = Elevator Deflection
Ns = Vertical Load Factor n = Aeroservoelastic State Vector
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T = ThrustForce wy = Kinematic Angular Rate Vector

' Ph.D., Faculty of Information Technology, Email: chudyp@fit.vutbr.cz, ATAA Member.
~ Ph.D. Candidate, Faculty of Information Technology, Email: ivlk@fit.vutbr.cz.
*Ph.D. Candidate, Institute of Flight System Dynamics, Email: miguel leitao@tum.de. AIAA Student Member.
*Ph.D. Candidate, Institute of Lightweight Structures, Email: stroscher@llb.mw.um.de, ATAA Smdent Member.
1
American Institute of Aeronautics and Astronautics

Copyright © 2013 by Broo University of Technology. Published by the American Institute of Aeronautics and Astronaulics, lnc., with permission,



Downloaded by Matthias Rieck on August 26, 2013 [hitp:/farc aiasorg | DOL: 10.2514/6.2013-5153

I. Introduction

he evolutionary approach is a popular tool in optimization tasks of nonlinear problems. The design of a

controller accounting for aeroservoelastic phenomena must typically satisfy a range of optimization criteria
transformed into a cost function. The principal advantage of using evolution driven toels is in their suitability to
account for heterogenous optimization conditions. Even the traditional techniques for solving nonlinear optimization
tasks offer computationally less costly solutions, their applicability imposes higher demand on cost function
definition and may therefore be limited in utilization and robustness. Implemented evolutionary approach offers a
robust platform allowing the uming of controller performance to required levels.

Evolution driven approaches gol recognition in aerospace disciplines when successfully used for the
optimization of high performance airfoils, efficient high lift systems or unconventional aircraft configurations. Its
scientific potential has been put on display when human powered aircraft whose design elements were influenced by
the outcomes of the evolutionary optimization took flight and made its public debut. The multi-criteria nature of the
task formulation, which has been used for the aerodynamics, introduced the rationality of using the robust nonlinear
optimization technique also on the flight control related tasks."”

II. Aeroservoelastic Simulation Model

In order to successfully demonstrate the potential benefits of employing evolution-based optimization
approaches during the design task of aeroservoelastic aircraft controllers, a realistic nonlinear simulation model
comprising both structural and rigid-body dynamics, unsteady aerodynamics and control surface dynamics has been
implemented. The main purpose of this section is therefore to introduce this simulation model which is based on
data derived from a conventional large passenger aircraft.

A. Structural Dynamics

The dynamic properties of a large commercial aircraft with slender load bearing structural elements have been
the foundation for the aeroservoelastic modeling tasks with a state of the art Finite Element (FE) methods applied to
describe its structural dynamics behaviour. The wing FE model has been rigidly connected at its root section lo a
node at the aircraft’s modeled center of gravity (CG node). The dynamic properties of the fuselage, the tail unit and
all nonstructural elements have been virtually represented by their dynamic substitutions in a form of concentrated
mass elements with assigned moments of inertial located at the CG node. In order to model the aeroservoelastic
effects and their relationship te the rigid-body dynamics in a representative form. the FE model has been augmented
with the following components: elastic model of the tail structure, structural representative of trailing edge control
surfaces located on the wing, elevator and rudder composed of shell elements. The aforementioned control surfaces
have been connected to the modeled primary structure using a stiff bar and spring elements, ensuring that the control
surfaces are statically decoupled from both the wing and the tail structure. The structural properties of the half-span
FE model have been assessed by analyzing the symmetric and antisymmetric normal modes. For both cases, the
three rigid-body modes and the first thirteen elastic modes have been computed and stored in a database containing
respective eigenvectors, modal mass and stiffness matrix. Furthermore, an additional modal analysis considering
movable control surfaces has been carried out by disabling rotational support around hinge axis. The modal database
has then been augmented by lhc extracted l'lgld body ﬁ)GdLb ot conh-ol aurtaces whlch are inertially coupled to the
full aircraft structural modes

Figure T. Structural Dynamic Model (Firs Symmetric Elastic Mode)
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B. Unsteady Aerodynamics

The unsteady aerodynamic forces of the lifting surfaces have been taken into account by making use of the
linear, subsonic panel method ZONAG6." The mid-surfaces of wing and tail have been discretized into aerodynamic
panels, for which the so-called Aerodynamic Influence Coefficients (AIC) have been computed. These relate normal
pressure distribution of the upper and lower surfaces of one panel with the dynamic motion of all other panels,
represented in the frequency domain. A depiction of the employed panel model for the unsteady aerodynamic is
shown in Figure 2.

In order to relate the unsteady pressure coefficients acting on the aerodynamic panels with the structural model,
an infinite plate spline approach has been applied.” The constructed spline matrix G, which directly relates the
aerodynamic degrees of freedom with the structural physical degrees of freedom has been obtained. As a modal
approach has been employed for the aeroelastic equations of motion, the unsteady pressures have been transformed
into the modal space by the eigenvectors @, defined on physical degrees of freedom. The so-called Generalized
Aerodynamic Forces (GAF) can then be written as follows:

GAF = ®"G" - AIC- G®. (L

The required GAF have been computed for a set of reduced frequencies. In order to be able to apply them in a
time-domain sinulation model, these generalized forces have been approximated in the Laplace domain by making
use of the minimum-state method.” The relationship between generalized aerodynamic forces and minimum-state
matrices can be seen in the expression below.

= = 2

GAF(s) = A +( e )A +( e )A 24D (1 Wras R)E 2)
¥ = —— A, s+ |(=—] A, s (res ——=- -5
( 0 \2Was? Wias! 2 ¢

Figure 2, Aerodynamic Panel Model (Top and Side Views)

If the number of lag states is given by [, the identity matrix I and the diagonal matrix R are defined as: L R €
R™!, The resulting minimum-state matrices A,, A;, A,, D and E can be further broken down by taking the nature of
motion of its components into account — rigid-body modes “r”, elastic modes “e” and control surface modes “c”.

(Ai)rr (Ai)'re (Ai)rc

A= (Ai)er (Ai)ea* (Ai)ef ! i=012 A e R (3)
(Ar)cr (A:‘}cc (A!}c:

D=[D, D, D.J, D € R™! (4)

E

[E, E, E.J, E € RO*" (5)
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In the expressions above, n represents the total number of states and is given by the sum of rigid-body, elastic
and control surface modes. All the A, sub-matrices corresponding to the rigid-body and control surface modes are
neglected in this framework since their modal frequency is much lower when compared to the elastic modes. This
indicates that a purely unsteady s*-proportional aerodynamics are only considered for the elastic motion (only
(Az)e = 0). Additionally, if one assumes purely steady aerodynamic response from the rigid-body motion, its
aerodynamic influence in the lag equations can also be neglected (E, = 0). This approximation implies that the time
delays influencing the acrodynamic forces which are induced by rigid-body motion will not be considered in this
document.

C. Atmosphere, Engine and Actuator Models

The simulation model makes use of a simplified atmospheric model based on the international siandard ISO-
2533 which is valid for an altitude range between -2 and 20 kilometers (Troposphere and Lower Stratosphere). The
atmospheric model is employed to acquire important air-related physical properties which influence the modeled
aircraft dynamics, such as air temperature, Mach number, dynamic pressure, etc.

The commercial aircraft model considered in the simulation possesses a total of four engines located under the
wing (two per wing) which generate the necessary thrust. The total thrust force has been modeled by a linear
function influenced by the throttle level state. static pressure. Mach number and aircraft altitude as seen in the
expression Eq. (6). The moments generated by the propulsion are zero since all engine gyroscopic effects have been
neglected. Additionally, the engine dynamics has been modeled by a first-order linear filter.

T £ (S8, Ma, p?, hE)
o1
0lg 0

B

Regarding actation systems, the implemented simulation model considers a total of thirteen different control
surfaces: three high lift devices and two ailerons per wing, as well as two elevators and one mdder. The control
surface positive deflections are defined in the conventlional way, respecting the right-hand rmle over the body-fixed
frame. The modeled actuators are nonreversible and have been modeled by second order filters with acceleration,
rate and deflection limits.” The actuator model takes the aerodynamic hinge moments computed by the aerodynamic
model into account, as seen in the following expression:

2
5= . “Ocmp (N
s24 %qus + w]

where H is a dimensionless variable given by a nonlinear function which depends on the abovementioned
aerodynamic hinge moments acting on the actuator at a particular time.

D. Rigid-Body Equations of Motion

The rigid-body equations of motion implemented in the simulation model have been obtained by making use of
the standard angular and linear momentum conservation laws. Their derivation can be found in several bibliographic
references.”” The translational and rotational equations of motion are respectively given by the following
expressions:

u Fe o [Px] uf
v§), =|vE =Ema— [ x [vg | (8)
wEl Tl i,
P e P
@y = |Gx [ = (Lgp) ™" - MG — |Gk | X (Igg) - x|, (9)
Ty LT | Tk

where Trg and ﬁg respectively represent the total forces and moments acting on the CG defined in the body-fixed

frame. Whereas 'ﬁg comprises the effects of the aerodynamics, gravity and propulsion, Eg only depends on the
aerodynamic effects.
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Instead of following an Euler angle-based approach for obtaining the aircraft orientation, the implemented model
makes uses of quaternions in order to avoid the known singularities with the pitch angle. The differential equations
respective to the quaternions are provided next:

do 1 0 -px —qg —Tk do
; i1 pk O Tk G| |9
—_— ¥ I e - " 10
1 G| 2 gk %« 0 px| (% (10)
s w q¢ —px 0 s

Furthermore, the quaternion constraint law (g§ + q7 + g2 + g% = 1) must always be enforced.

The final set of rigid-body equations of motion provides the aireraft CG position dynamics defined in the North-
East-Down (NED) Frame. The aireraft position dynamics are computed via the kinematic velocities defined in the
body-fixed frame, as seen below:

bl ug
xg:[i’a] =Myg - | % |, (1)
261, wg 5

where My € R*** simply defines a transformation from the body-fixed frame to the NED frame. Making use of
general flight dynamics relations and neglecting all wind effects, the Euler angles and other impertant variables such
as true airspeed and aerodynamic angles are respectively given by the Eq. (12) and Eq. (13).

‘tan'l (2 _ thi i5 Q‘gf!s 2)
@ o+ 91 —q; —q3
@ =|0|=| sin"'[-2(q:q5 — qoq2)] (12)
W M (2 4292 + Go s )
! 95— ai —ai +43
w03 + @03+ w3
Vias - tan™? M]
[ s ] - () (1)
tan~! [—(FK)H ]

E. Aeroservoelastic Equations of Motion

The aeroservoelasiic equalions of motion have been assembled by combining the dala derived from the siructural
dynamics and from the unsteady aerodynamics. A second order differential equation which can easily be found in
literature related to structural dynamics has been augmented with aerodynamic loads. as seen in Eq. (14).” The
aerodynamic loads depend on the rigid-body states, elastic states, control surface states and the lag states.

= o oD

C
L '+-( ) A,ij +GDx, (14)
v A+ (55 —) Addi+apx,

Mij + Ky = gA,n+ g

In the above expression, the vector § = [1» e 7¢]" contains the elastic states 1., the modified rigid-body
states which are computed via a linear transformation and are defined as i, = f (x5, V%, V%, @, wg, @), and the
control surface states . = f (8, & &). On the other hand, the rational part in the time-domain approximation is given
by a first order differential equation incorporating the so-called lag states x,. as seen next.

VTAS

% =225 R, + Ei (15)
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Since the rigid-body and control surface states are separately computed. their contributions have been removed
from Eq. (14), meaning that the elastic equations of motion shall only take the integration of the elastic and lag
states into account. The final result is shown in the following expression:

- -1
g \? é
i, = |M, — ( )Ae] -['A,,—Ke}- o+ G——A R, +GD.x,|. (16)
i [ qzvm 2 (A, n qzvmln gD.x

II. Baseline Control Strategy

This chapter describes the control strategy which allowed the design and implementation of a baseline controller
for the aeroservoelastic model described in the previous section. The main objective of the baseline controller is to
ensure that the modeled aircraft successtully tracks desired load factor command signals with small static error, even
in the presence of uncertainty deriving from approximated aerodynamics and unmodeled dynamics (e.g. structural
dynamics). The implemented flight control system acts as a longitudinal autopilot providing the necessary elevator
deflections for the demanded load factor given by the reference signal. This section starts with the description of an
approximated model which has been used for the control design and then proceeds through a brief explanation on
how the control laws have been designed. Since for the presented application only the longitudinal commands are
demanded. it is assumed that the aileron and rudder deflections are kept lo zero and that only the symmetric elastic
modes are able to influence the aircraft dynamics.

A. Model Used for Control Design

Due to the fact that the elastic modes cannot be conveniently measured in flight and are therefore not directly
available to the flight control system, an approximated unsteady aerodynamics model has been obtained by making
use of modem computational fluid dynamics tools. This approximated model describes the aerodynamic forces and
moments acting on the aircraft stmicture in a particular flight regime, even though only depending on rigid-body
states and on the control surface deflections, which are assumed to be available to the controller. The aerodynamic
forces acting on the X-axis of the body-fixed frame are neglected by this approximation due to the nature of the
limitations introduced into the aerodynamic part implemented within the aeroservoelastic model. The approximated
longitudinal aerodynamic force Z§ and the moment M§ are given by the following expressions:

(ZA )B = qS [CZO + CZaa o ZV Cqu + CZ?;U] (17)

(M$)g = gSc - [Cm + Cpet + Woms Crqq + CM:;U] (18)

where q represents the pitch rate, i is the elevator deflection and the multiple C;; with i = {Z, M}, j = {0, a, q,n}
provide the respective aerodynamic coefficients. As previously mentioned. the mam objective of the implemented
controller is to track a given vertical load factor command (n;).. Taking Eq. (17) into account, the plant load factor
can be approximated by the following expression:

(Z§)g qs ¢
Ny = e Cpg + Cppa + Wons Czqq + sz;??], (19)

with g = 9.81 ms 2 representing the acceleration due to gravity. Before proceeding to the derivation of the control
law, the approximated longitudinal dynamics of the angle of attack and of the pitch rate must also be introduced.
These are based on the Eqs. (17) and (18) and are respectively given by:

(Z9)% (Z%)z + mg cosO] cosa — [T —mg sinO@] sina .
_ TK+qz[AB g ] [ ) ] +q (20)
mVy 6 mVyag

(M%), §SE
=l R, b Gatk — i@ Gl 1)
lyy vy ZVTAS‘
where [, represents the moment of inertia around the Y-axis.
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B. Noenlinear Dynamic Inversion and Control Law

In order to ensure that the modeled aircraft successfully tracks the desired load factor commands, a longitudinal
autopilot based on a Nonlinear Dynamic Inversion (NDI) technique has been designed. Nonlinear dynamic inversion
is a control method motivated by the plant dynamics which achieves a linear input/output behavior of the closed
loop system. Its main objective is to find a state transformation which is able to convert a nonlinear system of the
form depicted in Eq. (22) into a linearized system by applying nonlinear state feedback.'™' NDI has been
successfully applied in various aerospace applications and its usefulness has already been proven in some theoretical
frameworks'>" and flight tests."*""*

X=flx)+g)-u
y = h(x).

The global linearization of such nonlinear system via nonlinear feedback requires a dynamical relationship
between the inputs u and the outputs y. This dependency on the input can be achieved by finding the r-th output
derivative where the input appears for the first time. The variable r is the so-called Relative Degree (RD) and its
existence is a necessary condition for the existence of a linearizing feedback law. For this particular case, the
baseline controller considers the existence of two NDI-based cascaded loops (both relative degree one), one
corresponding to the fast aircraft dynamics in Eq. (21) — inner loop, and another representing the slower dynamics
given by the Eq. (20) — outer loop. The architecture of the implemented baseline controller is depicted in Figure 3.

(22)

Sensaor Measurements

ol (n.)c Qe Ac Nc
Commands I n: Conversion Outerloop ———»  Innerloop ————» Plant

Baseline Controller

Figure 3. Baseline Controller Architecture

As seen in the schematic above, the employed NDI-based cascaded approach requires a commanded angle of
attack signal, Therefore, the first step is to algebraically convert the provided vertical load factor command ()
into the corresponding angle of attack . Furthermore, feedforward and feedback proportional integral (PI) control
strategies have also been applied inside the block named “n, Conversion” in order to improve performance and
avoid static error. According e Eq. (19). the commanded angle of attack is then given by:

_ L [mg ¢ ;
ac—_C_Zcr gvnz_czu_mcmq_cznn’ (23)

where the pseudo-control v,,, simply consists of:
Vay = (Nz)c + Kpnl[(nz)e — ng] + Ko [(n2)e —nzldt. (24)

with Kp,, and K, being the controller parameters to be designed.

Now that the commanded angle of attack is known, it is possible to apply the standard NDI architecture to each
of the RD1 cascaded loops. As seen in Figure 4, each of the baseline control loops contains four different
components which will be briefly discussed next: reference model, linear error controller, dynamic inversion and
pseudo-control hedging,
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Figure 4. Architecture of a NDI-based RD1 Control Loop

1. Reference Model

Linear and nonlinear reference models have been successfully employed in many {rameworks comprising NDI-
based control loops.'™" The main purpose of implementing a reference model in such architectures is to come up
with a feasible reference signal yg based on the commanded signal y.. The reference model is designed in a way
which guarantees that the resulting reference signal can be tracked by the plant without demanding extensive and
burdening control effort. For this particular control problem, both cascaded loops are RD1, which means that first
order linear reference models have been selected (Figure 4). The reference model dynamics on both loops are
defined by the following pair of equations:

Vg = Ta(Ve — V&)

, (25)
Yr = Vg — Vi
where T}, is a design parameter and vy is the pseudo-control hedging signal which will be defined later.

2. Error Controller

In order to successfully track the designed reference signals, both control loops include a linear error controller
comprising feedforward and feedback terms. The implemented baseline controller considers proportional feedback
for the inner loop, whereas the outer loop comprises proportional-integral feedback in order to reduce potential static
error in the angle of attack signal. The pseudo-controls for the inner and outer loops are respectively given by:

Vg = Vpq + Kpy (gr —q), (26)
Vg = Vpg + Kpo(ag — &) + Koo J (ag — a)dt, (27
where Ky, Kp, and K, are feedback gains that need to be chosen according to the defined requirements.
3. Dynamic Inversion
The block named “Dynamic Inversion™ is responsible for providing the control laws for both loops. By
considering the following system representation
y=A-u+b, (28)

the approximated aircraft dynamics given by Egs. (20) and (21) can be rewritten as:

5 [(Z5)g + mg cos O] cos @ — [T — mg sin O] sin
o4 Vs : (29)
ba

[
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] aSEC + L1 [C +C +—=0L
= «
q L v 11 MO Ma ZVT,,_.,- mqd | (30)
Ag by

The commanded elevator deflections 7 (inner loop) and the commanded pitch rate g (outer loop) can thus be
finally obtained by respectively inverting Egs. (30) and (29).

e = Ag* (Vg = by), (1)
Ge = A3 (Ve = bo). (32)

4. Pseudo-Control Hedging

In order to overcome the undesired effects deriving from actuator saturations, a technique named pseudo-control
hedging has been employed.'® The so called hedging signal vy, is able to decelerate the reference model dynamics by
taking the expected plant reaction deficit into account. The hedging signals which have been applied to the inner and
outer loops are respectively shown in the following equations:

Vg = Aq ('?c - '?) (33)

Vig = A (Gc — 9)- (34)

5. Control Laws
The inner and outer control laws have been obtained by expanding equations (31) and (32) with the results of
Eqgs. (26) and (27) respectively. The final results are then:

Ne = A?["'Rq + KFq (g —q) — bq] . (35)

Qe = A Ve + Kpo(ag — @) + Ky [ (ag —a)dt — by . (36)

IV. Evolutionary Principles

In contrast to the traditional optimization approaches, evolutionary algorithms (EA) operate over a population of
candidate solutions rather than over a single case, with the candidate solutions encoded into chromosomes. Every
new population is created by the means of reproduction, which performs the selection of chromosomes according to
their suitability to represent a solution to a given problem. This ability is expressed by a fitness function. While the
genelic operators work over chromosomes, the fitness function evaluates the candidate solutions. Since the selection
operator prefers more fit genomes. there is a selection pressure motivating the evolution process to provide better
solutions. The selection pressure causes more fit individuals to live longer and allows them to create offspring;
which inherits their genetic information.

The genetic algorithm (GA) is the most well known variant in the evolutionary approach. Genetic algorithms
work with a population of candidate solutions that represent an encoded version of the solution to a given problem.
The genotype of every individual in the population is initialized with random gene values. The main loop of the
algorithm begins with the corresponding phenotype of every individual in the population being evaluated and given
a fitness value according to how well it fulfils the problem objective or fitness function. Evaluation scores are used
to describe how many samples of a particular individual are found in the “mating pool”. A simple GA uses two
genelic operators known as crossover and mutation.' " The basic GA is depicted in Figure 5 and will be introduced
to the reader in the following paragraphs.

9
American Institute of Aeronautics and Astronautics

Copyright © 2013 by Brng University of Technolpgy. Published by the American Institute of Acmnautics and Astronaulics, lne., with permission.



Downloaded by Matthias Rieck on August 26, 2013 | hitp://arc aiaa.org | DOIL: 10.2514/6.2013-5153

Children mutation
y \ 3 l r YES
Initial Parent > . | > Creating new 3 Children f ) ; Final
| population populaticn | Selecting parents | | population * | population Stap ewiution | salution
NO
Ganarating parent
{ population from -
| " children

Figure 5. Basic Genetic Algorithm Block Diagram

A, Initializing Genetic Sets

The first step of the genetic algorithm is to create an initial population built from individuals with random genes.
This population is in most cases represented by parameters of a function which is to be optimized. A priori
information used as an initial expert guess may be used in order to reduce high computation cost and leads the
genetic algorithm to an optimal solution much faster.

B. Computing Fitness Function

The fitness function represents the solution quality of every population member and its definition includes
quantities, which are to be optimized. In may take a general form as its composition is related to expected
limitations, interferences, behavioral trends or penalties for crossing predefined fimctional limits.

C. Selection of Best Parents

This operation is often simply called the selection, deriving from its biological origin in the natural selection. For
the creation of a new population, individuals with a minimal fitness function value are employed in the majority of
cases. Furthermore, the probability by which the individual candidate solution might become a parent according to
their own fitness function can also be chosen.

D. Parents Crossover, Creating New Population
A new population is created through an interaction of parent genes chosen in the previous step. In the presented

optimization framework, a mixing method has been implemented. This method uses a random part of the genotype
from one parent and the rest of the genes is taken from the second parent.

E. Mutation Effects
Some genes of the population members might be affected by the so-called mutation process which modifies
these genes within a scope of predefined probabilities.

Chromoseme

Geana

Figure 6. Binary Representation of Genetic Individual

It is possible to use any representation for the individuals in the genetic algorithm. Individuals built from strings
of bits are often used, due to inherent speed and simplicity in the implement mutation and crossover processes. It is
also possible to use trees, arrays, lists or any object, but it is then necessary to define genetic operators (initialization,
mutation, crossover) for any representation the user decides to employ.'® Figure 6 shows an individual with a binary
array representation (i.e. chromosome). The operation of crossover and nutation are shown in Fig. 7.
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Mulation Crossover

Figure 7. Genetic Mutation and Crossover

The abovementioned algorithm steps are executed until the fitness function value reaches a desired precision
threshold related to a number of virtually produced generations. The implementation of the genetic algorithm
includes parameters whose specification is left to the designer. These parameters include the number of initial
population members, initial means and deviation of initial gains, weights of the fitness function (or a whole fitness
function). Among the parameters which need to be defined is the number of chosen parents that are used for the
creation of a new population, gene distribution between parents or number of children the parents can create. Almost
every parameter may be affected by a predefined probability vahe."”

V. Controller Tuning

In order to define adequate controller design parameters for the implemented aerservoelastic model, a simple
genetic algorithm has been employed. Each chromosome in the population contains a list of controller parameter
values that needs to be identified. The goal of the genetic algorithm is to find a set of controller parameter values
that fulfill some load factor step response requirements like minimal overshoot, adequate seftling time and minimal
steady state error. In addition, some flight qualities and control sensitivity requirements have also been taken into
account. The fitness function is calculated as a weighted sum of the abovementioned quantities. The objective of the
evolution driven optimization is to minimize the fitness function in order to obtain desired controller parameter
values.

A. Flight Qualities and Control Sensitivity Requirements

One of the most common characteristics which describe the control sensitivity of an aircraft is the Control
Anticipation Parameter (CAP). Its value characterizes aircraft controllability in longitudinal motion and is defined as
the ratio of initial pitch rate acceleration fo steady state value of load factor due to elevator step input.”* To provide
the pilot with a consistent ,,sense of control* over the entire operational flight envelope, the value of the CAP is
required to remain constant. The expression used for computing the numerical value of the CAP is introduced
below.

nC - ) nz/a

CAP = 37)

The second flight quality criterion which has been employed within the controller tuning algorithm is the
Gibson-Dropback Criterion (GDC) which limits the pitch rate overshoot related to an attitude dropback. The value
of GDC should be kept within predefined limits to avoid unwanted aircraft behavior (e.g. Pilot Induced
Oscillations).

Pitch Rate Overshoot _q;*’“"
A8
Attitude Dropback qpeak

Figure 8 depicts the aircraft response to a step input of the load factor n,. In addition to the commanded and
measured load factor signals, the time response of the angle of aftack a, elevator deflection 1, pitch rate q and pitch
angle O has also been included. The two subplots at the bottom contain the flight quality analysis expressed through
the Gibson Dropback Criterion (GDC) and the Control Anticipation Parameter (CAP), which defines the control
sensitivity of the simulated aircraft.
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Figure 8. Ilustration of some Controller Performance Criteria (CAP, GDC)

B. Evolutionary Algorithms

A mathematical model of the aeroservoelastic problem includes a description of the longitudinal motion
supported by a set of quantities related to aiplane’s geometrical and physical properties, unsteady aerodynamics and
an atmospheric model. The controller parameter optimization routines are implemented within a tool performing the
identification of optimal control parameters for the aircraft’s longitudinal motion. This tool represents an
application-specific software code composed in Matlab that runs the genetic algorithm routine to tune the parameters
of the airplane baseline controller described by a set of physical quantities related to the longitudinal motion. The
genetic algorithm searches for the optimal values of the parameters that represent a sel of controller gains used for a
given airplane.

The evolution starts with the initial values of the controller parameters specified in accordance with the settings
from similar airplane category. The functional behavior of the observed quantities is evaluated by the main
characteristics of the n; response, overshoot, settling time and steady state error, using a weighted sum approach
which represents a fitness value for each candidate solution and is composed of a combination of controller
parameters. The selection pressure leads to the optimization of the fitness values for each new generation within the
genelic algorithm. If' a combination of parameter values is found whose fitness value is less than a specified
threshold fitness value, this parameter combination is considered being a result of the optimization process. The
fitness function is defined as a weighted sum of the load factor overshoot (OVS) and of its steady state error (SSE).
There are also penalization flags that should prevent unwanted system behavior (e.g. unstable system, too long or
short settling time, violated CAP or GDC conditions). The implemented fitness function is shown in the following
equation.

FF =05-0VS + 0,5 - SE + (Forapback + Fear + Fess + Fors + For + Frr) - pen (38)
Implemented penalization flags can reach values 0 or 1 (0 - the criterion is fulfilled, 1 — the criterion is violated ).

The sum of the penalization flags is multiplied by the penalization constant pen, which is numerically a large
number.
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VI. Simulation Results

This chapter presents some simulation results obtained with the implemented aeroservoelastic model. The initial
section is dedicated to the implemented baseline controller performance as it contains the time evolution of rigid-
body states after one of the longitudinal motion maneuvers is executed by the aircraft. At the beginning of the
simulation, the aircraft is considered to be in a steady state flight condition. For this particular case, the chosen flight
condition is the following: altitude of 11000ft and Ma = 0,85. All time simulation results and plots were obtained via
Simulink®, a Mathworks environment. The genetic optimization routine was initialized with a set of parameters that
were distributed randomly around the predefined values (n,, =1, n,, =1, T, =1, ap=1, o, =1, T, =1,
gp = 1). The algorithm created 1000 generations of individuals within this experiment. The number of generations
is a parameter subjected to change and effects the quality of system behavior and obviously the computational cost

A. Controller for a Rigid Aircraft

Figure 9. shows the aircraft response (blue curve) to a step input of the load factor n; (red curve). The following
subplots include responses of angle of attack . elevator deflection 7). pitch rate ¢ and pitch angle ©, which are
important for the computation of the flight quality and control sensitivity criterions. Table 1 shows the final baseline
controller gain settings and performance and stability criteria values for the rigid aircraft model. The optimization
routine has tuned the baseline controller to a minimum n, response overshool and static error (both under 1%),
optimal seltling time and passed flight quality and stability criteria. The optimization algorithm also minimized the
dropback and pitch rate overshoot to avoid pilot induced oscilations (P10).

qlrad 57

[s] 1fs]

Figure 0. Results for a Rigid Aircrall

Set of Gains
Nzp Nz, Ty ap a T qr
0.699 0.1078 0.363 0.338 0.0001 4.646 2.003
Stability and Performance Assessment
Overshoot Static Error  Settling Time  Gain Margin ~ Phase Margin CAP GDC
["] [a] [s] [dB] [°] [-] [-]
0.896 0.734 7.795 9.114 69.19 0.200 1.867

Table 1. Results for a Rigid Aircraft
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B. Rigid Aircraft Controller Acting on an Elastic Aircraft

This experiment was initiated by using a set of evolutionary tuned controller parameters taken from the last
optimization run and applied to the aeroservoelastic model including the aircraft elastic modes. After analyzing the
simulation results, it has been found that the performance of the controller substantially degraded. The nj step
response overshoot increased by more than 10%, similarly to the static error monitor value which shows an increase
of almost 7%. Both of the evaluation quantities indicate highly undesireable behaviour. Nevertheless, the stability
criterions of the gain and phase margin have been successfully met, The dynamics of the closed loop system are also
very slow as the settling time reached values above 15 s . To conclude the list of monitored quantities, the pitch rate
overshoot crossed the upper limit of the Gibson Dropback criterion, indicating control system’s possible
susceplibility to P1O.

1 lm s

0 5 0 %5 2 B
1[¢] t[s]

ﬂgm*e T0. Resulis for an Elastic Aircrall with ngna Aircrall Controller

Results in this section indicate that the controller parameter settings obtained from the evolution driven
optimization on a rigid body aircraft model do not satisfy the performance criteria when directly implemented into
the control system of an aeroservoelastic aircraft model. Instead of the presented non-optimal approach, the control
system’s internal parameters must be subjected to a new optimization run which accounts for the influences
introduced throught the elastic modes of the aeroservoleastic aircraft as these modify the aircraft’s dynamic response
significantly.

Set of Gains
Nz, Mgy T ap [24] Ty ap
0.699 0.1078 0.363 0.338 0.0001 4,646 2.003
Stability and Performance Assessment
Overshoot Static Error  Settling Time  Gain Margin =~ Phase Margin CAP GDC
[%4] [%%] [s] [dB] [°] [-] [-]
11.50 7.584 15.16 6.199 60.43 0.188 3.120

Table 2: Results for an Elastic Aireraft with Rigid Airceraft Controller
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C. Tuned Controller for an Elastic Aircraft

The concluding experiment shows some simulation results of the controller, which has been tuned for the
aeroservoelastic aircraft model by the genetic algorithm introduced in chapter IV. From a performance point of
view, the responses to driving manouvers identical to previous experiments indicate a siginificant improvement over
the simulation results mentioned in the previous subsection. New optimization routine results have led to a
modification of (he baseline controller gains with a compliance to the complex cost function from equation (37).
Overshoot and static error of the n, step response were driven close to 1% with the dropback and pitch rate
overshoot which also qualified below the critical values. Detailed simulation results with a set of the tuned controller
gains are shown in Fig. 11 and Table 3.

1fs]

Tigure 1. Results for an Klastic Aircralt with Tuned Coniroller

The genetic algorithm driven optimization routine shifted some of the gain values in different directions due 1o
the changes in model dynamics introduced through the elastic states. The gains in the integral path of the n; and a-
error controllers decreased rapidly, whereas the proportional gains of g-controller experienced an increase.
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Set of Gains
Nzp Nz, Ty ap o Ty qp
0.768 0.0001 0.321 0.165 0.0001 4331 4.576
Stability and Performance Assessment
Overshoot Static Error  Settling Time  Gain Margin ~ Phase Margin CAP GDC
[a] ["a] [s] [dB] ("] [-] [-]
1.551 0.991 7.591 6.049 56.94 0.171 1.783

Table 3: Results for an Elastic Aircraft with Tuned Controller
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VII. Conclusions

A modern controller design and optimization approach for an aeroservoelastic passenger type aircraft model has
been introduced and implemented. The controller design process integrates not only an evolution driven
optimization technique but also makes use of modem control design approaches as the Nonlinear Dynamic
Inversion. The utilization of the NDI allowed creating a state of the art baseline control system implementation
capable of handling complexities introduced through the elastic modes of an aeroservoelastic aircraft model.

The evolutionary concept played a significant role in the optimization of the propesed NDI controller structure
by providing tuned controller parameters meeting the designed fitness function criteria imposed through the
optimization problem fornmlation. The proposed fimess function combined significant controller stability evaluation
criteria into a single abstraction. The suggested form of multicriterial optimization definition was allowed by using a
robust optimization framework based on the genetic algorithms. A suitable combination of stability criteria with the
robusiness of the evolution driven algorithms enabled to propose and finetune a complex control structure of an
aeroservoelastic model of a large passenger aircraft. The suitability of the evolutionary optimization was
successfully tested on a set of examples, which accounted for rigid body aircraft dynamics as well as the case with
elastic structural modes. The results of the presented simulations unveiled the expected differences among
optimization results for a rigid aircraft and its elastic counterpart. The evolutionary optimization tool was able to
handle both type of aircraft models and made the controller parameters to comply with the designed fitness function.
To demonstrate the limited suitability of migrating the controller setup optimized for a rigid body aircraft model to
its aeroservoelastic relative, an experiment has been proposed, results of which are presented within the paper. The
direct migration of non-optimized controller settings showed to violate the designed fitness function and proved fo
be inferior to the controllers’ whose stability has been directly influenced by the optimization process. Further
development should account for hardware accelerated genetic optimization algorithm with real-time auto-mning
capability of an aircraft control system.
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Abstract

Purpose — The purpose of this paper is to describe the general idea, design, and implementation of control system for general aviation aircraft which
reduces pilot workload.

Design/methodology/approach — Proposed indirect flight control system framework is intended to simplify piloting, reduce pilot workload, and
allow low-end general aviation aircraft to operate under deteriorated meteorological conditions. Classical control theory is used for the design of the
flight control laws. Although not inherently robust, controllers with classical control logic are made sufficiently stable using a correct and updated
controller structure.

Findings — Despite controversies between perception of a modern manned aerial vehicle and limitations imposed by legacy airworthiness codes it is
shown that a pilot workload reducing system can be successfully implemented onboard of a low-end general aviation aircraft.

Research limitations/implications — Hi-level control laws and optimization of handling qualities can lead to unfavourable and unpredictable farms
of man-machine interactions, e.g. pilot-induced oscillations.

Practical implications — General aviation aircraft are mostly flown by a single pilot, who could benefit from an intelligent system or “virtual copilot”
assisting in or supervising the aircraft's safe operation under any conditions. Aircraft with this capability represents a next step in the evolution that
might ultimately lead to trajectory-based free-flight concept of aircraft operations.

Originality/value — The paper introduces a safety enhanced digital flight control system on board small general aviation aircraft.

Keywords Safety measures, Flight control, Control systems, Aircraft

Paper type Research paper

1. Introduction research programs such as the Advanced General Aviation
i Transportation Experiment — AGATE and Small Aircraft
For decades, gencral aviation (as all noncommercial, Transportatiou Syﬁt&ﬂ] — SATS prcdicted signiﬁca,ut gl‘l.‘)WI‘.b
nonmilitary flying is r{fﬁciaﬂy c‘ategorized) hag been hampered potential for a future airborne transportation system
by the expense and time required to get a pilot’s license and capable of flexible point-to-point deliveries (AGATE, 2008;
the instrument rating required for flight in less-than-ideal SATS, 2008).
weather. The complexity of operating and navigating a high- IFCS, also known as fly by wire (FBW), originated in the
performance light-plane, and the dangers posed by weather, “analog” military application traced back to the WWII Mistel
mechanical problems, and inevitable pilot carelessness pave a Project (Tomayko, 2000). The perception of the FBW
logical frame for a pilot workload reducing system. technology as a simple extension of an autopilot is generally
Indirect flight control system (IFCS) allows utilization of misleading and underestimates its full potential. Even the
complex and highly sophisticated functions aimed at increasing simplest FBW system replaces the mechanical signaling of the
the flight safety and performance. IFCS represents a control control surface actuators by electronic signaling with little or
technology that transforms a simplistic control surface no control augmentation. By comparison, the high-end FBW
commanding into a sophisticated motion control process. schemes include augmented control design thar requires
The anticipated future growth of the general aviation market utilization of inertial and air data sensors, onboard computers,
arises from the social needs for individual transportarion. IFCS flight software, high speed data-buses and their respective
provides the essential ingredient for delivering an easier to mterfaces. Modern digital flight control technologies greatly
handle, safer, operationally attractive and environmentally improve handling qualities and flight safety compared to the
friendly airplane to the general aviation indusiry. NASA even best narurally stable, non-control system augmented,
aircraft designs.
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2. Digital flight control strategy

There are several key advantages leading to a successful
implementation of a IFCS strategy. IFCS offers an
optimization of aerodynamic performance, and a reduction in
maintenance and flight crew training requirements by
providing unified flight decks, automated and instantly
accurate handling qualities tuning, and a host of flight safety
enhancements. The last mentioned area represents a
substantial advantage in relieving crew workload. By
providing integrated protection against exceeding airspeed
and aircraft attitude limits, for example, the digital flight
control system (DFCS) implementation reduces the risk of an
inadvertent control loss due to pilot error or environmental
conditions. Installation of an electronic control system directly
promotes a synergistic process of avionics system integration.
Of course, IFCS must maintain aircraft’s basic handling
characteristics and flight envelope protection features, in order
to avoid the need for costly retraining and possible pilots’ errors
in the unlikely event of platform failures.

The main advantage of a DFCS i1s the ability to influence the
flight characteristics at every point of the flight envelope using
appropriate flight control laws. Utlization of a DFCS allows
implementation of complex algorithms, capable of modifying
the inherent dynamic behavior, suppressing turbulence effects,
and resulting in increased passenger and pilot comfort
throughout the flight. Flight envelope protection is an
important feature of IFCS allowing full and even extreme
control inputs without the danger of violating the aircraft’s
inherent control limits or structural overload. Overall, safety
improvements primarily due to reducing a pilot’s routine
operational workload demands create concomitant benefits of
allowing more time for pilot awareness of often neglected
navigarional and other cockpit management tasks (Lambregts,
2005). Digital flight control allows quick and flexible
implementation of configuration changes and has significant
potential for further development. An interesting aspect of the
IFCS is the ability to reduce direct operating costs due to
system’s high reliability and resulting low-maintenance
features.

3. System architecture

A sophisticated FBW control design can be seen as an
automatic control system with specialized input devices in the
form of pilot’s control inceptors. To take maximum advantage
of ever changing state of the art hardware and software
technologies, considerations must be given to the system
architecture’s funcrional design. Simplicity often results into
safety enhancements based on the wildly held premise: “What
isn’t present can’t fail”.

Initial analog electronic devices and mechanical instruments
technological limitations have been overcome by high speed
and safe digiral data processing rechnologies integrated within
state of the art avionic systems. Basic research for development
of requested functonal design changes not only overcame the
identified insufficiencies in the previous systems, but also led to
resultant technologies with better functional integration
characteristics that naturally include flight envelope
protection and elimination of excessive complexity. These
technologies continue to evolve for these reasons into safer and
more efficient flight control designs.
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A. Identified key requirements for a IFCS
Operational reliability and safery. This requires utilizing
automated onboard air space separation logic with a real
time health monitoring capability, implying efficient
emergency diagnostics and in-flight software supported
reconfiguration capability.

* Carefree handling. This requires easy handling in all
operational flight modes and under any weather
conditions (manual, automated air traffic management),
supported by a human centered cockpit design with
ergonomic displays and controls.

*  Enwironment friendly. This requires an optimized aircraft
design featuring advanced lightweight structural design,
stability and control, and advanced aerodynamics.
Optimization of aircraft operations consequently results
in reduction of perceived noise levels and emission
concentrations by allowing flexible flight path definition.

*  Economy of scale. This requires the affordability of
commercially available components manufactured in
large numbers, which meet strict aviation regulation
requirements and allow for efficient utilization of
resources (e.g. maintenance, installation, etc.).

Future operations in high-traffic density flight areas require
advances in air traffic management (ATM). This encourages a
substitution of the state of the art tactical instructions issued by
air traffic controllers with an autonomous trajectory-based
ATM environment. Carefree handling is considered to be a key
artribute of the IFCS framework. A majority of general aviation
aircraft are being operated under the private operator’s rules
generally known as FAR Part 91. The accident rate in this
specific segment has achieved a level that is approximately 25
times higher then general aviation fleet operated in accordance
with commercial airliners standards. The higher safety level in
the later case, however, is not without significant cost. The
reduced accident rate seems more a function of increased
operational complexity and a requirement for highly qualified
pilots and mammtenance staff than many other factors which
makes transferring this same standard globally to general
aviation aircraft, ipse facto, economically prohibitive.

Another important dimension of IFCS is closely related to
the concept of flight training. Examples from the commercial
airline industry show improved safety and efficiency records
as a result of, among other factors, complex avionic systems
implementation. These are, however, prone to sudden failure
which oftentimes results in performance degradation. Various
failure scenarios are thus periodically exercised and simulared
as a part of ongoing pilot training. The concept of system
integrity, or lack thereof, however, strongly flies in the face of
the requirement for a carefree handling. An airborne system
dedicated to individual point to point deliveries simply cannot
exhibit or be prone to significant changes in handling
characteristics when operating in emergency modes. The
development of simpler and better integrated system designs
that are generic in architectural structure, in future aircraft
development projects would lead to remarkable cost
reductions. These reductions would come from a myriad of
areas, including the lower procurement cost of stand alone
flight control system and time penalties associated with overall
system design process. Figure 1 shows the overall system
architecture of a compact DFCS IFCS. At the core of the
depicted system is a precise and accessible instrumentation
and sensors (global positioning system — GPS, inermal
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Figure 1 General structure of IFCS architecture
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measurement unit, and Air Data Computer — ADC). The
computer platform processes the input data from these
sensors and, in accordance with predefined flight control laws
imbedded in its software algorithms, initiates control inputs
activaring electromechanical actuators operating control
surfaces, high-lift devices, and thrust unit settings.

4. Controller design

The design approach adopted within this framework is based
on the classical control theory, which uses feedback of
measurable variables fed to the controllers based on
proportional, integral and derivative gains tuned to obrain
the required performance characteristics. The method,
however, is not inherently robust. Many different operating
conditions need to be simulated and iteratively adjusted in
order to achieve desired level of robustness. Classical control
methods were the only methods available for many years.
Their use within the aviation industry includes applications,
such as piloted flight control, autopilot, and auto-stabilization
units in the form of pitch and yaw dampers. The main
advantage of this design methodology is that it has been well
proven and a large amount of knowledge exists about its
actual implementation (McRuer e al., 1990). The principal
disadvantage is the large amount of prior knowledge
concerning the operational characteristics of the controlled
system. The techniques used in the design process generally
require knowledge of a system (linear) parameters model at a
given operating point together with the input variables used to
generate the required outputs. For a system whose behavior is
well understood, the methodology is quite suitable an
efficient. As the system’s complexity grows and becomes
more dynamic in nature, however, you begin to experience a
fair degree of uncertainty in its application. For an aircraft
application, the required inputs are the principal control
surfaces (elevator, ailerons, and rudder), supplemented with
the engine controls.
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By linearising the aircraft model in steady and level flight,
the longitudinal and lateral equations of motions can be
decoupled in a convenient way for use independently in the
design process. For each aircraft model component, the inner
loops are designed first using linear analysis, primarily using
robustness, comfort, and performance criteria. The
controller’s inner and outer loops can thus be split into
longitudinal and lateral ones with no interaction berween the
two. The inner loops are used to provide the necessary
stability augmentation while the outer loops regulate the
augmented aircraft’s flight path performance.

5. Simulation

Simulation plays a key role in facilitating the effects of control
parameter variations during the DFCS controller design
procedures. Linear simulations are used as a starting base
within the initial design stages, subsequently followed by the
full non-linear simulations dedicated to “fine tuning” the
system and providing the controller’s final check. A block
diagram of a simulation system is depicted in Figure 2. The
intention of this procedure is to prove that the controller’s
performance in the non-hnear domain exhibits an acceptable
behavior, which is in accordance with declared design goals.
Pilot’s inceptors used for a simulation process feature joystick,
rudder pedals, and a thrust lever. Simulaton of the
surrounding environment, ammospheric models; aircraft’s

Figure 2 Simulation scheme
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dynamic model, and actuator controllers run as routines on
the main simulator computer, connected to an electronic
flight deck simulator and an actuator model representing a
real aircraft’s installed unit. This configuration allows for
analyses of the investigated system in both manual and
automatic mode of operaton. Simulatons can show, for
example, whether a particular controller change affects the
ride quality. This effect can be achieved and manipulated by
careful selection and alternation of system variables. The
principal emphasis of the simulation is to justfy designers’
satisfaction with desired controller robustness criteria. A trade
off between robustness, comfort and performance results in
controller settings which exhibit acceptable overall balance.

6. Experimental IFCS design

Even FBW is a popular and an extensively used term
addressing physical dimension of its implementation;
“indirect flight control system™ describes more precisely the
intended mode of aircraft control where the pilot commands
an aircraft implicitly via an onboard computer system. An
IFCS serves primarily the purpose of shaping the control
properties of an aircraft regardless of its narural responses.
The aircraft is thus virtually automatically controlled, with the
pilot entering desired flight parameters to the system’s control
computers by means of control inceptor displacements.

The main goal of the IFCS project was to improve flight
safety through active adjustments in handling qualiies of
general aviaton aircraft, by making use of an intuitively
ergonomic flight control system. Furure IFCS equipped
aircraft will originate into a new general aviation class thart
targets improved safety and operational efficiency — safe flying
airplane or facilitated airplane — FA (Tomczyk, 2004).

Indirect flight control system

The basic idea of the project was to employ an indirect
software-based flight control system characterized by a high
degree of integrated automation, leading to a safe and pilot
friendly general aviation aircraft. The indirect control
methodology does not eliminate a human pilot from the
control loop, just alters its role to a flying platform manager.
User-friendly control system affects the handling qualities of
an aircraft in a way thar flight control becomes more intuitive
and flying safer. Pilot retains the crirical role of a decision
maker, while the control system performs sequences of
control tasks to execute pilot’s intentions, or suggests an
optimal method of implementing his decisions. IFCS,
frequently perceived as a virtual copilot/assistant, integrates
simplified aircraft handling with autopilot functions, and
reduces the complexity of interactions in flight regimes. Its
flight envelope protection feature monitors aircraft
configurations, attitudes and power settings, and assists
avoiding an “unintentional™ loss of control. General
functional properties of the proposed system have been
presented at the SAE/ATAA World Aviadon Congress,
Los Angeles, CA, 1998 (Tomczyk, 1999). The main
functional characteristics of the system are best described by
a continuous stabilization of attitude orientation of an aircraft
and guidance (for example, flight along a selected path at
constant aldtude). The pilot can influence the flight state at
any moment by displacing the side-stick (SI) for a manual
control following the general rule: if pilot does not take any
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action (SI in neutral placement), the preplanned flight plan is
executed, or, previous safe flight conditions are maintained.

A closer description of the experimental IFCS is presented
in Figure 3. The system relies on three independent flight
control computers (CC-x) that control redundant
electromechanical actuators. During a flight, pilot selects a
control option (control mode) using a control mode selector
panel and then controls the aircraft with a SI and throttle
lever,

The main sources of information related to aircraft’s
attitude come from the attitude and heading reference
systems (AHRS). Flow field related paramerters are
measured and interpreted by ADC. Low cost ADC and two
versions of AHRS (one based on a fiber optic gyro, the other
on MEMS technology) were used for the design and
installation of the IFCS. Navigation system consisted of an
integrated receiver GNS-530 (GPS, VOR, ILS and COMM)
and backup receiver GPS-35. This combination assured
proper navigation and created a basis for future instrument-
assisted landing trials. “Other measurements” present
remaining sensors and systems, including engine monitoring
instrumentation. Functional core elements were installed in a
double pack in order to achieve system’s desired hardware
redundancy. Integration of the system was established by a
triple digital, low cost, bi-directional darabus network CAN-2
(CAN1H - high-speed bus, CAN2L and CANL3 - low
speed, higher reliability buses) which connected all system
elements with the control computers. A direct mechanical
linkage was applied for an emergency control of the engine. In
a case of the experimental system malfunction, if all three
controlling computers or all three CAN-2 network lines fail,
or a total malfunctdon of the ADC/AHRS occurs, an
emergency direct control of actuators via independent pulse-
width modulation (PWM) signaling (PWM line) generated in
the SI module enables sufficient maneuvering capability to
provide rime and space for a safe deployment of an onboard
rescue parachute gystem. This feature was implemented due
to the experimental/risky nature of the project and would be
disabled in future fully operational versions of the IFCS.
The described IFCS experimental installadon featured a
maintenance computer, which has been connected to the
system to complete the maintenance tasks, testing or
adjustments of the system.

Since future operations of IFCS rely heavily on a high
degree of operational reliability, diagnostic systems that
monitor and evaluate IFCS’s health have been developed
and further refined based on the flight test evaluations.

The method for controlling the experimental installation of
IFCS was determined on the basis of rules established for the
following control complexity levels:

*  Normal conmol. All features of the IFCS are employed and
work flawlessly.

* Emergency control. Displacement of aerodynamic control
surfaces directly proportional to the SI displacement.

A change of control level would be reported by an onboard
diagnostic system if imperfect operations of crucial elements
of control system emerge. Emergency control in the
experimental version of the IFCS was intended to be used
in emergency cases only, for reaching a safe area where
parachute rescue device could be activated.
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Figure 3 Structure of the experimental IFCS
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7. IFCS technology demonstrator initially verified in a flight simulation experiment before
An experimental IFCS was designed, built, and tested thﬂr acrual ’mplmnentau?n onboard of the PZL-110 ter?t
(Figures 4 and 5). All basic modules of the system were aircraft. A highly challenging conceprt related to the IFCS is
designed by the research team, build and pre-tested in the pilot induced oscillations (PIO) phenomena. The results
laboratory conditions. The proposed control laws were obtained from the PIO detector show no PIO tendency in

Figure 4 Test platform PZL-110 “Koliber” aircraft; preparation to in-flight tests (left), and cockpit (right)
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Figure 5 VUT-100 Cobra Aircraft (left) and twin-engine EM-11 Orka aircraft

longitudinal motion during simulations of the experimental
aircraft. Results of analytical criteria, which enable
prediction of susceptibility to oscillations in general aviation
aircraft, ground simulation-based experiments and flight
tests, have been the subject of previous research (Rzucidlo,
2006).

Successful hardware implementation of indirect flight
control design led to series of flight tests (Tomczyk, 2004).
Emergency direct flight control mode has been thoroughly
examined during the initial test flights and reportedly found to
be difficult to cope with. Even unpleasant for regular flight
operation, the emergency mode provided for extra “flyable”
tme for eventual safe acrivation of parachute rescue system.
The normal flight mode, due to its automatic aircraft attitude
stabilization features, provided the pilots with a comfortable
flight experience.

Exemplary in-flight test results of IFCS are presented in
Figures 6 and 7. Objectives of presented experiments were
stabilization of roll and pitch angles. Manual mode allows
pilots a safe and direct control in emergency situations. Flight
control computers (FCCs), digital data buses and
measurement units are being bypassed in this partcular
mode, Control signal is transmitted directly from SI (without
response shaping), through PWM signals to the actuators.

Figure 6 Pitch and roll stabilization in emergency control
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It is obvious that manual stabilization of the flight regime is
possible, but requires effort some piloting skills resulting in a
higher cockpit workload (Figure 6). Left chart presents
measurements obtained from AHRS whereas SI deflections
responsible for longitudinal (dh.) and lateral (dl;) motion are
presented in right chart.

Normal mode enables a carefree control of the aircraft.
Conrrol signals are shaped and processed in the FCCs. It can
be seen (Figure 7) thart pitch and roll stabilization process is
more precise and pilot is less engaged in control (mild
longitudinal and lateral motions of SI). Between 1,000 and
1,100 s two “peaks™ can be observed in left chart of Figure 7.
The first peak was induced by an intentional disturbance (fast
and wide moton of SI), the later peak was caused by a
superposition of atmospheric gust and release of SL

Significant PIO were not observed during flight tests so far,
but that does not mean that the aircraft is PIO free. The
power of actuators installed onboard the PZI-110 was
insufficient, especially during aggressive maneuvers. An
aircraft equipped with a powerful actuation system can be
much more susceprtible to this phenomenon in some cases
(possibility of rapid maneuvers) and can be resistant to some
forms of PIO on the other hand (better man-machine
coupling). The flight envelope of the experimental PZI-~110
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Figure 7 Pitch and roll stabilization in normal mode
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aircraft was limited for the obvious reason of safery. All tests
were conducted in the summer and autumn seasons only.
Flights were also limited because of economic reasons. It was
pracucally impossible to test the control system under all
possible flight conditions, system configurations, trigger
events, and human behavior.

Results of performed flight tests confirmed simulation-
based estimates. Rather high expenses for the flight tests
caused, that only the main propertes of the flight contral
system were in-flight verified. More sophisticated experiments
using a modified flight simulator Alsim AI-200 multi-crew
cooperation, routinely used for pilots training at Rzeszow
University of Technology (RUT), are currently being
formalized. Evaluations of control law designs for different
aircraft as Socara TB-20 Trinidad, Piper Seneca II, or Beech
King Air 200 will provide an additional verification capability.

Experiments show a positive role of human-aiding
automarion in introducing safe single-crew flight operations.
Presented research addresses recommendations related to
new types of pilot training and certification procedures as a
result of emerging requirements on new types of piloting
skills. A new version of IFCS is evaluated for a future
application onboard of the VUT 100 Cobra and EM-11 Orka,
which are currently being certified by the aviation authorities.

8. Conclusions

IFCS must mainrain intended aircraft’s handling
characteristics and flight envelope protection features in
order to avoid costly retraining demand and possible pilot
errors in the unlikely event of platform failures. Introducing a
safety enhanced DFCS into general aviation industry justifies
the innovative idea of light aircraft flight envelope protection.
This framework addresses reduction of pilot error induced
accidents caused by loss of situational awareness and
unintended stalls and spins resulting there from.

Classical control methods are most commonly used in
aerospace applications. Although not inherently robust,
controllers with classical control logic can be made sufficiently
stable using a correct and updated controller structure. These
deterministic structures are analyzable and also convenient for
certification processes. The relatvely low number of

dl, [%], dh, [%]
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components makes failure assessment and testing a
straightforward task. The principal disadvantage of classical
control approaches is the time required to perform the overall
design process. If an outline design is at hand, this time can be
dramatically reduced. In order to support the design procedure;,
however, a significant amount of knowledge concerning the
particular aircraft and its characteristics is required. Transition
from mechanical to DFCSs is an evolutionary and qualitative
improvement from designing simple systems to designing
systems that are safe and highly economical across a myriad of
general aviation aircraft platfforms. A system’s functional
degradation in handling qualities is simply an unacceptable
simplification of the design task.
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Abstract

Purpose — The presented paper aims to describe the general idea, simulations and prototyping process of an assisting flight control system (FCS) for
light sport aircraft (LSA). The praposed FCS framewark is intended to simplify piloting, reduce pilot workload, and improve system's reliability and
handling qualities of manual flying.

Design/methodology/approach - Assisting flight control strategy integrates mechanical and digital FCS into a synergic platform, combining the high
reliability of mechanical controls with the computation and actuation power introduced through a single line digital FCS. Concepts drawn from classical
control theory along with flight envelope protection algorithms have been used throughout the design of the flight control laws. A prototype of the
assisting FCS has been subjected to validation trials during series of hardware-in-the-loop simulations.

Findings - Despite controversies between the pilots’ perception of a modem aircraft and limitations imposed by the legacy airworthiness codes, it has
been shown that a pilot assisting and workload reducing control system can be successfully implemented on board of a LSA while satisfying the
expectations on a state-of-the-art equipment meeting required level of safety defined by the current legislation.

Research limitations/implications — A transition between specific flight modes as well as nonlinearities in the FCS may lead to unfavorable and
unpredictable forms of aircraft-pilot interactions. The number of accessible flight control modes should be therefore limited to the most significant ones.
Practical implications — Sport aircraft are mostly flown by a single pilot, who could benefit from the pilot assisting FCS as the system has the
potential to supervise the aircraft's safe operation in various flight conditions.

Originality/value — Introducing an assisting FCS on board of a LSA through an innovative approach which utilizes hidden and unused resources of
modern digital automatic FCSs while respecting the limitations imposed through the weight and cost sensitive nature of the LSA market.

Keywords Assisting flight control system, Hardware-in-the-loop, Light sport aircraft, Prototyping, Simulations

Paper type Research paper

Nomenclature HDG = Heading
S G HIT. = Hardware in the loo
Definitions, acronyms and abbreviations HLD = Hold P
ADC = Air data computer IAS = Indicated airspeed
AGL = Above ground level LSA = Light sport aircraft
AHRS = Artitude heading and reference system MSL. = Mean sea level
AIT = A?nmde NAV = Navigational
ATC = Air traffic control PFD = Primary flight display
CAN = Control area network TRK = Track
CTRL = Controller VFR = Visual flight rules
EFIS = Electronic flight instrument system Vs = Vertical speed
EM Electro-mechanical

FCC Flight control computer
FCS = Flight control system .
FMS = Flight management system Introduction
GPS = Ground positioning system Introducing aircraft categories intended solely for privare use
and individual operations revitalized the light aviation market
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operational experience of dangers associated with inadequate
piloting skills and insufficiencies in pilot training.
Improvements in this matter have been rather gradual thanks
to trainers with exceptional stick and rudder skills passing these
on to new pilots. Safety enhancing avionics equipment has been
introduced through technological innovations flowing from
proven “good enough” solutions. Innovations in avionics
integrated dispersed indicators on the instrument panel with a
virtual/synthetic terrain and intuitive guidance cues.
Nevertheless, even the increase in pilot’s situational
awareness, achieved through the integraton, has not
eliminated the danger of entering an unsafe flight regime
(McRuer er al., 1997; Stanton ez al., 2001). An inspiration to
overcome the effects associated with pilots’ fatigue, unfavorable
stress reactions or a low level of flying skills may come from high
workload cockpits equipped with an advanced digital flight
control technology (Carter and Stoliker, 2000; Stachowiak and
Bosworth, 2004; Bauer ez al., 2007). Nevertheless, the fly-by-
wire FCSs with an active flight envelope protection utilized
onboard of the state of the art military and transportaircraftare
complex technological products with a narrow downscaling
potentialinto the price sensitive market of light sport or general
aviation (Tomczyk, 2004). The required level of redundancy
and physical dimensions of a full fly-by-wire installation are
explainable for large aircraft designs, but are cost prohibitive
solutions with a substantial weight penalty considering the
operational concept of sport and leisure flying.

Even the light aircraft community does not speak the same
language of safery. On one hand, there is a logical motivation
for a continuous production of nonaugmented aircraft with a
direct mechanical FCS, which by many opinions provides the
pilot with rhe unique sport experience the community
promotes, on the other hand, is the previously stated
attitude that distracts potental new buyers who are looking
for a safe point-to-point delivery platform.

Assisting FCS

Principles
An assisting FCS combines the industry accepted solutions in
mechanical flight controls, automared flight and digital avionics
with three fundamental modes of operation: free manual flight,
active pilot’s assistant and an autopilot. This is achieved through
a parallel integration of the electromechanical actuation units to
the primary mechanical FCS, including an auto-throttle system
(Chudy et al, 2009). General structure of proposed control
system is shown in Figure 1. The presented approach enables an
intermediate step of an assistant mode, which provides the pilot
with a sufficient authority to execute a manual flight while
introducing tactile cues to the mechanical controls by means of
the electromechanical actuators. From a user experience level,
the pilot is provided with a feedback she/he is familiar with
since the training days with a flight insructor. One of the vital
parts ofthe system is the correct definition ofthe supported flight
modes and their interpretation by the onboard automation.
The design on the CTRL structure uses the stability
evaluation principles know from the classical control theory.
Hence the phase and gain margins may be estimated based on
the tools available for the linear, time invariant systems. Other
criteria, known as the serling tme, control antcipation
parameter, etc. have been used for the CTRL tuning and
optimization.
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Active pilot’s assistant mode

Active pilot’s assistant is introduced by the control strategy
which interacts with the pilot when she or he attempts to
exceed predefined limits. The FCS remains in a standby
mode when the actual flight parameters remain within the
mtended design margins. Exceeding at least one the design
limits activates the FCS which in turn engages the dedicated
actuators and/or the auto-throttle (Figure 2).

In the scenario described above, the FCS behaves as a
virtual flight instructor, leaving the pilot with an option to
adjust to the cues generated by the active virtual assistant in
order to execurte the flight within the safe flight envelope or to
disregard the automated advices. Throughout the entire
duration of the flight, it is the pilot who has the final authority
to overdrive the tactile cues generated by the FCS or to
disable the active assistant at every moment of the pilotage.
The assisting mode was designed with the capability to advise
the pilot to maintain the monitored flight parameters within
predefined limits, but was not intended to provide for a safe
aircraft recovery from an unusual attitude. Limits protected
during the assisted flights are following:

*  IAS: 8B0-105 kis.

* ALT: not less than 1,000ft AGL and not more than
10,000 fr.

* VS: min. — 900, max. 900 ft min 1.

* Bank angle: min. — 30, max. 30°.

* Pitch angle: min. — 15, max. 10°.

*  Pitch rate: max. 10% ',

* Roll rate: max. 10% ™.

CTRL blocks of active pilot’s assistant mode detect, when
defined limits of particular flight parameters are being
exceeded and thereafter enable the actuation system. The
identification of the actuation imitiation is executed through
the implemented dead zone blocks, which activate the EM
actuators (clutches) along with PID CTRLs that generate
control signals for particular actuators. Electromechanical
actuators are disengaged when flight parameters fall back into
predefined boundaries.

Autopilot mode

The implemented control logic draws upon the assumptions
and considerations described in the following section. The
FCC, a balanced set of sensors, data communication network
and user interface elements (flight displays) are operational in
every control mode as opposed to the electromechanical
actuators and the autopilot panel which remain inactive
during the unassisted free manual flight. While being in the
manual flight regime, the control surface actuators, as well as
the auto-throttle module are disengaged at all time as opposed
to the autopilot mode with the EMAs working continuously.
The scheme of the digital autopilot includes a control system
block with the autopilot flight control laws based on the
classical control theory (Etkin and Reid, 1996). Control
algorithms designed for the digital FCS are grouped into
three formal levels: inner loop, outer loop, and navigation and
flight management as shown in Figure 3. The inner loop is
responsible for the stabilization of basic flight parameters,
such as the pitch and bank angle, indicated air speed (IAS) as
well as for the turn coordination and side-slip compensation.
Part of the inner loop includes the pitch force CTRL (pitch
force CTRL) that is designed to reduce the force/moment
loading at the elevator’s EMA stepper motor through the
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Figure 1 General structure of the assisting FCS
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setting of the longitudinal trim. The pitch CTRL takes into
account the cross-feedbacks from the roll and airspeed
stabilization loops. Similarly, the IAS CTRL uses the cross-
feedback from the pitch channel. The outer loop layout
consists of three CTRLs arranged in two separate channels:
vertical speed (VS) and ALT in the longitudinal motion,
heading and track (HDG/TRK) in lateral motion. In the
navigation mode the HDG/TRK CTRL stabilizes the ground
track. In the manual mode, the pilot can select stabilization of
the ground track or magnetic heading. The ALT CTRL
stabilizes the ALT. The pilot may select required VS in both
manual and automatic navigation modes. The NAV CTRL
block is responsible for the horizontal and vertical navigation
on particular air route sections. The FMS block manages
specific sections defined by a set of waypoints.

CTRL blocks of the autopilot mode contain modified PID
CTRLs which include variable gains in the proportional paths
and account for the samuration of integrators. The cross-
couplings from pitch, roll and IAS in the inner loops are
executed within the proportional blocks. Rate limiting
elements on the inputs of the selected CTRLs (pitch, roll)
reduce their rapid responses. Saturation blocks limit the
inputs and outputs of the inner loop CTRLs as well as the
input of the vertical speed CTRL in the outer loop.

Compliance with legislation

Considering the relatively high accident rate in the amateur
flying a rationale for a pilot assisting tool remains an attractive
approach to alleviate the effects of insufficiencies in training,
limited experience and wunintentional flight into adverse
weather conditions. Even the LSA category revitalized the
new aircraft market through the introduction of attractive and

A 4

477

I
Data recorder |~1

easy to operate products supported by a favourable

legislation, the safety aspects remained unchanged.

Considering the FAA requirements and respective ASTM

standards (ASTM F2245-11) for the LSA designs, following

conclusions affecting the architecture of the assisting FCS
may be drawn:

* Having a digital FCS as a parallel implementation to the
primary flight control structure does not jeopardize the
overall reliability of the system as the electromechanical
actuators may be disabled/disengaged or overdriven by the
pilot.

* The EFIS infrastructure is extended to an automatic flight
executable level by the inclusion of electromechanical
actuation of control surfaces and throttle.

* Asthe LSA are operated mostly under the day/night VFR
rules, the level of sophistication/redundancy of the sensor,
computational and actuation units may be kept within the
scope of a simplex system.

Therefore, the FCS was designed as a single line system
without additional redundancy and parallelism
considerations. These assumptions were derived from the
user case definition, assuming a support of VFR operations
only and including a manual override capability as similar
logic have been applied to successfully marketed LSA
autopilor designs. The envelope protection zone was
intentionally “limited” so the pilots are assisted throughout
a typical touring/cross-country flying and the on-board
installarion does not call for a bulky actuation system, with
a redundant disconnect capability.

The targeted application segment does not require the
designers to show compliance with the certification standards
typical for FAR part 23 aircraft. Nevertheless, best practices
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Figure 2 The control scheme for an active pilot's assistant mode

Folume 85 « Number 6 - 2013 + 475-486

E Manual 2l

' control i

|

E | Pitch angle, pitch rate,

: VS and ALT protection B 2 >

H EM actuator

' CTRL

: (I

' |

E Bank angle Ailerons

! — and roll rate protection  ——f— —* —*  control
} EM actuator

| CTRL surfaces
E | and

: | aircraft
: ‘ dynamics
i Rudder

H T Inat p— 5 o—o

i — urn coordinator CTRL ‘# EM aétiiator > >

; IAS protection Throttle ‘—

i —» B —_— ——

: CTRL EM actuator

Sensors:
ADC, AHRS, GPS,
elevator loading

! Active pilot’s assistant

drawn from MISRA C, C++, RTCA-DO178, ARP 4754 are
implemented into the coding process and are used by the
authors throughout their work.

Prototyping of system components

Control algorithms

Complete algorithms for the control, navigation and flight
management have been implemented within a real-time rapid
prototyping environment and depending on the selected
mode, emulate following configurations:

* manually controlled mechanical FCS;

* mechanical system controlled by an autopilot; and

* active pilot’s assistant (assisted control).

The rapid-prototyping environment featured a set of
standard /O interfaces. Hardware as well as software
layers of inputs and outputs were compatible with the
prototyped autopilot module. This solution enabled
convenient modificatons to the real-time rapid prototyping
environment and prototyped autopilot hardware within the
flight simulator environment.

Autopilot mode selection panel

The autopilot mode selection panel shown in Figure 4 is a
peripheral device primarily intended for light aircraft
installarions. The implemented funcrional logic allows for the
selection and serting of flight parameters needed fora successful
execution of an automatic flight. The panel’s hardware includes
a microcontroller of the MC9S08 family, LED displays,
switches, rotary encoders and CAN drivers, Selectable
parameters include IAS, ALT/ALT HILD (ALT held), VS,
HDG or TRK (course/track). The remaining options feature
the activation of the auto-throttle and the autopilot control
modes. The values of airspeed IAS are displayed in knorts [kts]
with the inital value set to 80 kts, as demonstrated following the
panel activation. The chosen value respects the selectable min/
max airspeed limits as implemented within the autopilot flight
control laws. For steady horizontal flights in clean
configuration, the recommended max. selectable airspeed is
limired to a value of 105 krs. To account for the uncertainties
and nonlinearities in the system’s description, a 10 percent
safety margin was included into the < min.; max. > IAS limits.
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Figure 3 Control scheme of the autopilot mode
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The next selectable value is the ALT displayed in feer. The
initial ALT value was pre-set by design to 2,000 ft, with a
minimum operationally safe ALT being limited to 1,000 ft
above the ground level (AGL) and max. ceiling of 10,000 ft.
The ALT selector/encoder was configured to operate with an
ALT increment of 100 ft. The value of the vertical speed was
also subjected to limitations arising from the dynamics of the
flying system to a safe envelope of <—900, 900 > ft min~ ",
The VS increment reflects the operational experience and has
a value of 100 ft min ', The remaining navigation quantities

flight management S Py BV S S SV S S O S oy S |
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power

Autopilot control board
cantrolfsigral

Rotary encoders

Microcontroliar

operated via the mode selection panel are HDG and TRK,
whose initial values after the activation were defined to be 07,
The full scope of the selectable values for both cases covers
the interval <0°% 359° >, with an increment of 1°,

Flight displays

A state-of-the-art light aircraft instrument panel typically
features a “glass-cockpit™ installation with a host of backup
analogue instruments. Advances in electronics, software
design, accessibility of sophisticated testing tools and market
availability of new avionics made the integrated flight displays
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suitable for a larger scale implementation. Figure 5 shows an
intuitive PFD installed into the SimStar’s flight deck
(Chudy et al., 2010).

The flight displays are typically used for a compact and
intuitive visualization of flight related quantities as previously
done in an isolated fashion by the means of individual
analogue instruments (Popelka and Paces, 2012). This
assumption indicates the amount of data that need to be
processed by the PFD’s processor unit in order to allow the
software application to generate an intuitive representation of
the aircraft state. A PFD typically presents the measured
values of airspeed (IAS), ALT, vertical speed (VS), pitch and
roll angles, HDG and GPS related navigarion data presented
in the form of a synthetic terrain or a moving 3D map.
Further display enhancements include data relared to the on-
board power network, propulsion guantities and the flight
control unit’s status reports.

The designed system features a direct implementation of a
terrain database with the option of the database being further
improved and updated. The AGL ALT is calculated using the
digital terrain model and the outputs from a GNSS receiver
(GPS + GLONASS) equipped with EGNOS corrections.
The preselected safe minimal AGL value accounts for the
possible imperfections in the vertical position estimates and
the quality of the terrain data. The inclusion of additional
sensors would lead to an additional complexity and cost
penalty, which could render the system implementation cost
prohibitive.

Electromechanical actuators

Implemented electromechanical actuators wuse the
CANaerospace communication protocol as an interface to the
FCS. The mechanical implementation of the electromechanical
actuators includes a stepper motor with a custom built gearbox
and an optional electromagnetic clutch. The control board
electronics consists of a COTS microcontroller, stepper motor
driver, galvanically isolated CAN driver, switch and high
precision rotary potentiometer serving as a source of angular
position information.

The configuration shown in Figure 6 was used throughout
the design, implementation and verification phase of the
actuation units. The potentiometer used as a source of
feedback signal is not shown. A physical implementation of

Figure 5 SimStar's cockpit section (left) and schematics of PFD
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the CTRL and feedback structure was introduced to
actuators serving the primary flight control surfaces
(elevator, aileron, rudder) and an auto-throttle unit attached
to the propulsion system. The actuator operating the elevator
trim tab was not physically included into the HIL simulation,
but was substituted by a virtual model

HIL experiments

SimStar lab

The transition from mathematical abstraction of an assisting
FCS to a rapid prototyping and experimental flight testing
environment should allow for a pilot and hardware-in-the
loop simulatons on a suitably adapted ground-based flight
simulator (Rogalski er al., 2009). Modifying a state-of-the-art
certified professional flight simulators is a feasible option, but
at the same time a challenging task considering the number of
difficulties related to the simularor’s withdrawal from the
training process, loss of product certificate, potential
violations of proprietary data protocols, differing hardware
standards, etc. A more flexible and accessible solution is to
utilize a purposely built experimental simulation equipment.
This proposed solution has been achieved in a light aircraft
simulaton lab designed and built at Brno University of
Technology (Chudy et al., 2010). The simulation framework
of this lab accommodates different simulation modes, from
commercial products to hand coded simulation and control
software.

The SimStar is a light aircraft flight simulator based on the
cockpit section of an Evektor SportStar (Figure 7) and
equipped with SportStar’s 6 DOF nonlinear dynamic model
(Evektor-Aerotechnik, 2009). Due to the simulator’s open
architecture and its built-in hardware-in-the-loop capability,
experimental hardware may be integrated and tested within
the SimStar. The application of CAN network and CANaero
communication protocol (Stock, 2006), allows this solution to
be compatible and open to other on-board systems. SimStar
thus enables HIL simulations of hardware units equipped
with suitable CAN CTRLs (Chudy and Rzucidlo, 2012). The
simulator’s architecture also supports data recording that is
primarily used to store the time histories of simulated flights.
The HIL simulation environment integrates peripheral

— i Primary flight display
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Figure 6 Actuator equipped with a controller (left) and its schematics
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devices connected to the simulation network through the SportStar experimental aircraft equipped with a laboratory
CANaerospace protocol as shown in Figure 8. grade data acquisition system. Measured data were subjected

The dynamic model used for the simulations was extracted to the parameter identification procedure, results of which
from a series of flight experiments performed on an Evektor were integrated into a nonlinear aircraft model structure.

Figure 8 SimStar's HIL architecture with functional blocks
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The identification was concluded by the model quality
assurance process. Based on the initially drawn assumptions
of the flight envelope margins, the model included basic stall
and spin characteristics as post stall and spin recovery tasks were
not primarily addressed in the research.

Active pilot’s assistant — results of selected experiments

The pilot in the loop simulations of the assistant mode have

been performed in the area of EPRZ airport (Figure 9). The

flight plan assumed a manual take-off and subsequent

climbing to 3,000 ft MSL. After passing the 1,000ft AGL

mark, the pilot changed the control mode to the “virtual

assistant” . First section of the simulated route was executed as

a typical cross-country flight. After passing the first waypoint,

the pilot was instructed to test particular limits of the

envelope protection. Performed test included listed

MANOEUVIes:

*  turn right and next turn left with maximal attainable bank
angle;

* descending and climbing with maximal artainable pitch
angle;

* rapid roll (roll rate limit test);

* rapid pitch manoeuvre (pirch rate test);

* combinations of turning and climbing (test of mixed
limits);

* steady descend and climb (test of VS limit); and

* full and idle throttle in horizontal flight and at various
combinations of turning/climbing (test of IAS protection).

After the tests of the flight envelope prorection the pilot
initiated an approach to EPRZ airport, with the flight
assistant mode being switched off after passing the last
waypoint. The simulated flights have been performed in calm
air conditions as well as in the presence of moderate
turbulence. Figure 10 shows the recorded MSL and AGL
ALT during the simulation runs. As shown in the figure, the
pilot attempts to overcome the protected 1,000 [ft] AGL level

Figure 9 Recorded tracks of manual flights with assistant mode
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in flight no 1 between the timestamps 1,200-1,400s. In the
other cases, the flights have been performed over the
threshold of the protected level. Achieved bank and pitch
angles are presented in Figures 11 and 12, with hapric cue
activations indicated by the red dash-dotted ellipses. The
assisting FCS protected the preselected envelope limits
allowing only short or small overshoots. Overshoots were
efficiently damped out in the longitudinal motion (Figures 11
and 12). Low amplitudes of sustained oscillations have been
observed in the lateral moton. These were related to strong
nonlinearities and had a form of limit cycles (Valentin and
Biannic, 2003). This phenomenon can be observed in
between 920 and 960s in Figure 11, as the pilot attempts
to permanently overcome the protected bank angle. The
behaviour cannort be classified as pilot-induced oscillation, as
the operator’s activity is not executed in an opposite phase to
the bank angle (Van der Weerd, 2000; Mirtchell ez al., 2003).
These oscillations are marginal if the pilot follows the advisory
system’s recommendations (850-880s).

The simulated turbulence effects have not significantly
mfluenced the required level of the envelope protection. From
operational point of view, a demanding situation emerged for
the case of angular rate limirations as shown in Figures 13
(tmestamp: 800-1,000s) and 14 (omestamp: 700-950s).
Short-period changes of roll rate reached double the limits
and this effect appeared to be significant in a turbulent
atmosphere (Figure 14). Results of IAS and VS protection are
satisfactory and qualitatively comparable with the bank and
roll angle limitations. Subjective opinions of the test pilots
regarding the operational suitability of the proposed system
were largely positive and supporting. The virtual assistant
does not jeopardize handling qualities within the protected
envelope; whereas outside the safe flight envelope the FCS
provides an inruitive stimuli to direct the flight crew back to
the safe margins (as comparable to the flight instructor’s
mputs).
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Figure 10 AGL and MSL ALT related to Figure 9
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Figure 12 Pitch and bank related to Figures 9 and 10 (flight no. 2, moderate turbulence)
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Additionally, the instances of the active pilot’s assistant
mode activation have been shown in Figures 11 and 12.
Actuator generated forces reached a power range from 15 to
200N. A closer in-depth study of the simulated time histories

is temporarily not accessible mainly due to limitations of the
measurement system. The handling qualities in the range of
active pilot assistant mode have been estimated with the use of
Cooper-Harper scale.
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Figure 14 Angular rates related to Figures 9-10 and 12 (flight no. 2, moderate turbulence)
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Autopilot mode - selected experiments

Series of experimental evaluations have been performed using
the SimStar Lab within two of the simulated flights. The
planned and the real tracks are shown in Figure 15, with the
recorded flight path shown in Figure 16. The mission profiles of
the flights were selected to demonstrate the stability of the
CTRL and the ability to define complex flight trajectories
through a mode selection panel and the upload of predefined air

routes into the PFD. An important aspect of the simulation was
the definition of characteristic atmospheric conditions for
specific flights. The first simulated flight has been performed in
calm air conditions, followed by a low turbulence environment
introduced throughout the subsequent second flight. The
simulation results are demonstrated through the time history
plots of ALT, IAS, VS, pitch and roll angles which provide a
quick visual guide for the assessment of system’s stability and

Figure 15 Automatic flights with manually executed take-off and landing (EPRZ-EPML-EPRZ route)
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performance characteristics. The simulated flight duration was
approximately 1 hour and 10 minutes.

The automatic FCS has been activated in both flights, in
about 2 minutes after the take-off and over the 2,000 ft MSL
threshold (Figure 16). The FCS stabilized the aircraft precisely
at the desired ALT levels of 3,000, 4,000 and 6,000 ft MSL.. The
climb and descend were executed with an established vertical
rate of 900 ft min~ ! (Figure 17). The deviations in VS reached
up to 200 ft min "' during the flight in a simulated turbulent
atmosphere (Figure 18). The IAS has initially been stabilized,
depending on the route section, at 80, 90 or 95 kts (Figures 17
and 18). The variations in pitch angle for both flights are shown
in Figure 19, with the FCS limiting the maximal values similarly
to the active pilot’s assistant mode.

Figure 17 IAS and VS related to Figures 15 and 16 (calm air conditions)
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Conclusion

The advantage of an assisting FCS design based on the classical
control laws is in the moderate complexity ofthe resulting CTRL
structure and the ability to support the design by proven
analytical tools compatible with the airworthiness certification
procedures, which makes it an ideal candidate for a cost effective
implementation on board of state ofthe art LSAs. The described
control strategy integrates a smart FCS to the LSA’s mechanical
circuits, enabling improved comfort and safety by maintaining
high reliability standards along with the capability of manual
recreational/sport flying. The advisory character of the system
represents a technological innovation by mimicking human
piloting techniques and provides the flight crew with an intuitive
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Figure 18 IAS and VS related to Figures 15 and 16 (turbulent atmosphere)
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Figure 19 Pitch roll angle related to Figures 15-18 (calm air conditions as well as turbulent atmosphere)
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flight envelope protection interface. In all aspects of the increased
level of the on-board automation, it is the pilot in command who
has the final authority over the FC8’s commands/interventions.
Presented concept benefits a typical LSA pilot by introducing a
virtual co-pilot, enabling cockpit workload reduction and a
redirection of pilot’s focus to careful navigation and
communicaton with the ATC stations. When transitioning
from the manual to a fully automatic flight, the system continues
watching and protecting the safe flight envelope by commanding
respective control surfaces and auto-throttle unit. By introducing
the assisting flight control concept to the LSAs, the pilot will be
provided with a flight safety enhancing system with selectable
level of envelope protection based on their preferences and
immediate expectations. This, along with advanced graphical
user interfaces, synthetic vision systems and augmented reality
will introduce new level of user experience, increased comfort
and a commitment to a safer execution of flight.

The level of technological innovation was referred to the
LSA segment reflecting all its limitations in cost, redundancy
and power and weight penalties of complex architectures
(Goyer, 2010). A MIL grade actve stck, or FAR 23, 25
compliant technology would introduce a technological
advancement at a price tag that would prohibitively increase
the price of the flying equipment.
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PROTOTYPING FRAMEWORK FOR DIGITAL FLIGHT CONTROL
SYSTEMS

Peter Chudy, Jan Vik, Petr Dittrich, Brno University of Technology, Brno, Czech Republic

Abstract

Hardware-in-the-loop simulations are
indisputably perceived as an integral part of the
avionics design and development process. This paper
describes a prototyping framework, which has been
employed to develop a digital autopilot for a light
sport aircraft. Related simulation processes have been
performed on two different ground-testing levels. The
first level consisted of a laboratory grade
development and testing phase, which supported the
initial functional estimate of the designed and
implemented autopilot features. The subsequent
testing level already included the embedded autopilot
system installation on board of the test aircraft
System prototyping was performed at the light
aircraft simulation lab SimStar at the Brno University
of Technology. Additional ground simulations were
employed to verify and ground fest the operational
suitability of the designed autopilot flight control
system elements. The implemented hardware units
wetre connected into the simulation network using the
CANaerospace communication protocol. Simulations
focused on the real time automatic flight modes
operational scenarios and confirmed the anticipated
performance of the autopilot design features.

Introduction

Progress in aircraft technology has led in recent
years to a significant reduction of light aircraft
ownership and operational costs. Unfortunately for
the light aircraft industry, the public opinion often
questions the comfort and safety of the light aviation
transport  concept when compared to the
professionally operated commercial airliners or
business jets. The inexperienced pilots with limited
training are ill prepared for solving critical situations
related to bad weather conditions or in-flight failures
and emergencies, Therefore, new technologies aimed
at comfort and safety improvements are quickly
being introduced to the lower segments of light
aviation (GA, LSA). These technologies are
generally built around Commercial off-the-shelf
(COTS) components and require a conveniently

978-1-4799-1538-5/13/$31,00 ©@2013 IEEE

lower level of certification effort compared to the
complex systems found on military aireraft or
airliners. However, even (hese rapidly emerging
solutions require thorough testing during the design,
development and preproduction stages. In order to
verfy the design suitability of the autopilol’s
components, a protolyping framework as the one
proposed throughout the paper has been developed.
The prototyping framework contains the following
components: SimStar simulator, dynamic model of
the Evektor Sportstar aircraft, autopilot peripherals
and flight control system. These will be presented in
nex! paragraphs.

Prototyping Framework

The transition from flight control system’s
mathematical modeling into rmapid prototyping
environment ftowards experimental flight testing
should account for pilot and hardware-in-the loop
(HIL) simulations on a suitably adapted ground based
flight simulator. Modification of a state-of-the-art
certified professional flight simulator is a feasible,
but at the same time challenging task considering the
number of difficulties related to the simulator’s
withdrawal from the training process, loss of product
certificate, potential violations of proprietary data
pretocols, different hardware standards, etc. A more
flexible and accessible solution seemed to be a
purposely-built experimental simulation equipment.
Therefore, a light aircraft simulation lab SimStar has
been established at the Brno University of
Technology. The  prototyping  framework
accommodates different simulation modes, from
commercial products as X-plane to hand coded
simulation and control software [1, 2].

Simulator

The various modules and subsystems of the
SimStar simulator have been grouped into
functional blocks as shown in Figure 1. The
modular design of the sinmlator hardware and
software architecture allows for a direct
integration or sharing of different flight models.
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Figure 1. SimStar’s Architecture Design with Functional Blocks

These models can be shared through the
Matlab/Simulink or via direct upload of the aircraft’s
dynamic model. The simulator is by default equipped
with a nonlinear aircraft dynamics model of the
Evektor SportStar light aircraft [1]. The peripheral
modules of the simulator shown in Figure 1 are
connected by CAN databus [1]. Application of the
CAN network and CANaerospace communication
protocol described in [3] makes this solution
compatible and open to other on-board systems.

Figure 2. SimStar’s Cockpit Section

The SimStar simmlator (see Figure 2) enables
HIL simulation of electromechanical actuators,
control panels and inceptors equipped with CAN
controllers [4].

Dynamic Model

The dynamic model used during the simulation
runs was extracted from a series of flight experiments
performed on an Evektor SportStar experimental
aircraft equipped with a laboratory grade data
acquisition system. Measured data were subjected to
the parameter identification procedure, results of
which were integrated into a nonlinear aircraft model
structure. A model quality assurance process
concluded the identification. Based on the initially
drawn assumptions of the flight envelope margins,
the model included basic stall and spin characteristics
as post stall and spin recovery tasks were not
primarily addressed in the research.

Rigid-Body Equations of Motion

The derivation of the rigid-body equations of
motion is based on the momentum conservation laws.
Let H be an angular momentum, then the angular
moment time variation equals the sum of all external
moments acting on the body.
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As the angular momentum is simply given by
the expression H=1-w, where | is the inertia
matrix and w = [Px  qx Tx]" is the angular rate
vector, it is possible 1o define the time variation of
angular rates via the following expression:

(&{) =lgg- (ﬁ,‘?) = (@y)g X Igg - (@x)a  (2)
B

where ﬂ_ff? is the total momentum acting on the
aireraft Center of Gravity (CG). A simplified form of
the momentum equation is shown in Eq. 3. The
reason for such a simplification is the fact that the
external forces do not contribute to the creation of
additional moments around the CG.

P L Px Pk
G| =1Iga - |M{| —|9k| XIgg- |k (3)
f‘K N‘f b T B rK B

In the expression above, the

vector[LS M§ NE]T represents the aerodynamic
moments acting on the aircraft CG. The following
expression depicts the inertia matrix, which is
required for the computation of the angular rates.

!)?x =4 J?Y - fgz
—Ify (4)
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A similar procedure has been employed for
deriving the translational equations of motion. The
time variation of the linear momentum is equal to the
sum of the external forces acting on the rigid aircraft,
as introduced i Eq. 5.

dp

- "_d PRy . :
== Fhajr () -p(t)-dv (5)

The following equation represents a vector in the
Body-Fixed Frame, rofating at an angular rate w:

d() da(.)
(?)I = (ﬁ)g +w % (-), (6)

where subscripts / and B refer to the Inertial and the
Body-Fixed Frame, respectively. Eqs. 7-8 show the
translational equations of motion in a veclor
description of the Body-Fixed Frame.

- 1 ~ _
(Vi), =—(Ff), = @ax V),

where (?;()B=[uk Vg Wg]h is the velocity

vector defined in the Body-Fixed Frame and ﬁr is a
vector containing the influence of all external forces
acting on the aireraft C.G. Equation 8 provides a
more detailed view on the translational dynamics.

? {7
v K = — YA
' m P

Pk U
—[QK] X [”K] i
Tk lp Wiclg

where X, Vs, Z4, Xp, X are aerodynamic (index A),
propulsion (index P) and gravity (index G ) forces
acting on the aircraft CG. There are many wavs (o
express the aircraft’s atlitude between the Body-
Fixed and Inertial Frames. One of the most common
ways is through the Euler angle description. This
description has however been avoided due to possible
singularities arsing while crossing a pitch angle
value of +m/2 Therefore. the presented
implementation of the dynamic model uses the
quaternion approach as described by Eq. 9.

[aK] i X§+ XF + Xx¢

f{o 0 -px —qx -7k do
dx =1_ pk O % —qg| |0 ©)
G2 2 [k - 0  px 92

-

s % Ok —px 0 lp 143

Equation 10 introduces the condition, which the
quaternions have to fulfill.

qs +qi+q3 +q3 = (10)
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Equation 11 describes the standard Euler angles
(bank angle ¢, pitch angle 8, yaw angle ¥ ) by means
of quaternions and trigonometric functions.

il Gy Gzt qo-qs
tan (2—-_———-———-—)
95 + 97 —q3—q3

H =|sin"*[~2- (g1 - g3 — G0 - G2)] (11)
v : -
— (zi‘I_ﬂf"_‘i’_)
qs —qy —q3+q3

The last important information about the aircraft
position defined in the NED-frame is expressed
according to the abovementioned velocity vector
(V‘r()E and the transformation matrix Mgg The
position vector includes the xyzp and Yygp
coordinates, as well as the hyg; .

4
e Uy Ui
G| — o - -1 G
V| =Mog-|wg| =Mzs-|Wk| . (12)
A i G
Z wil, wil,

where x, y, z provide the position in the NED-frame.
In order 1o express the velocity vector in the
aerodynamic frame, it is necessary to consider the

wind velocity vector Vi, . This vector has to be
transformed form the body-fixed frame to the NED-
frame as shown in Egs. 13-14.

(17")3 = (VK)B - (VW)B (13)
s ug ugy
vi | =|wE| —Mao - |wiy (14)
wil [wgl, wiirl,

@b + 03+ 3]

Vras _ (wg)
a | = tan™* E}f (15)
Ba

(vi), ]

t -1
| = [(uf{)é + W3

The true airspeed Viyys. angle of attack a, and
sideslip angle 8, are defined using the aerodynamic
velocity vector components uy vy wy and are
required for the Flight Control System design [5].

The identification of flight parameters has been
accomplished using elements of modeling, simulation
and numerical optimization. Significant contribution
in acquiring results of desired precision has been
introduced through a correct model structure and its
mathematical description. Validation of the dynamic
model has been performed via comparison of the
numerical simulation results with measured flight test
data under the constraints of equal initial conditions.
Figure 3 shows time histories of modeled and
measured data for flight conditions at 3000 ft, true
airspeed 95 kts and CG forward location.

In order to support the flight control system
protolyping  process with a  convenient
implementation of linear stability evaluation criteria,
linearized dynamic models have been extracted from
a full nonlinear model at various flight conditions
(airspeed, altimde, mass and inertia characteristics)
and formulated as state space models composed of
four matrices A. B, €, D introduced below.

A-x+B-u
C-x+D-u (16)

=
y =
where 4 is the state matrix. B is the input matrix, C is
the output matrix and D is the matrix of direct input
output relation, x is the state vector, u is the input
vector and y the vector of system outputs.

Xy X, —g-cosy, X

q
g
Z, Z, —2-cosy, Z
a=|v fa Ty 00 L (17)
0 0 0 1
My M, 0 M,

The dynamic matrix consists of the linearization
force elements (X, Zy ). force and moment variables
influenced by the angle of attack (X, Z,, M,) and
force and moment elements, which are functions of
the pitch rate (X,, Zy, My). The constants V; and y,
refer to trim point conditions for true airspeed and
flight path angle, whereas g provides the gravily
acceleration.
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The input matrix from Eq. 18 includes force and
moment variables as functions of the elevator
deflection (X, Zy, My) and thrust (X;,., Zs,.. Ms,.).

X'}' X5t
Z, Zg
— n L1
B= 0 o | (18)
M, Ms,
with vectors x and u having the following form:
x=[V a 6 q", u=[n & (19 - -k oD [ b

Considering full state feedback, the matrix
C € R is simply given by the identity matrix,
whereas the matrix D € R*? is a zero matrix with
the corresponding dimensions [6].

Autopilot Peripherals

Peripherals shown in Figures 4 — 7 have been the
principal elements controlled via CANaerospace
protocol and investigated in the simulation. The aim
was to subject the digital and electromechanical
components to virtual operational scenarios typically
encountered during light aircraft flight operations.

Figure 5. SimStar’s Cockpit with 2 PFDs
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Figure 6. Actuator Controller Board

Figure 7. Actuator Assembly

One of the digital peripherals implemented for
the laboratory level HIL simulations was an intuitive
Primary Flight Display (PFD) shown in Figure S as
integrated into the SimStar’s instrument panel. The
integrated PFD is built around an embedded
computer system with a state-of-the-art multicore
processor, equipped with an integrated display unit
and a touch sensor layer. Visunalization of flight
related air data, navigation and system quantities
requires a substantial amount of data that need to be
processed by the PFD’s processor in order to allow
the software application to generate an intuitive
image of the aircraft state to the pilot. The
implemented inmitive PFD screen layout design,
including the visualization of the measured values of
Airspeed (IAS), Altilnde (ALT), Vertical Speed
(VS), Pitch and Roll angles, Heading (HDG) and
GPS related navigation data presented in a form of
synthetic terrain or moving 3D map, is shown in
Figure 4. Further display enhancements include data
related to the on-board power network, propulsion

quantities and the flight control unit’s status reports.
PFD’s connectivity to the communication network
was accomplished via the implementation of the
CAN aerospace communication protocol.

The second of the implemented peripherals was
a set of digitally controlled electromechanical
actuators shown in Figure 6 and Figure 7. The
mechanical assembly of the electromechanical
actator includes a stepper motor with a custom built
gearbox with optional electromagnetic clutch. The
control board electronics consists of COTS
microcontroller, stepper motor driver, galvanically
isolated CAN driver and a switch. This configuration
is supported by an extemal high precision rotary
potentiometer used as a source of angular position
information. In order to utilize the potential of the
digital control, the following main operational
functions have been implemented on the
electromechanical actuator’s microcontroller:

1) position measurement of an
electromechanically actuated control surface,

2) commanding of the stepper mofor through
the stepper motor driver,

3) commanding of the electromechanical clutch
(optional),

4) monitoring of the state outputs at the drivers
integrated circuits,

5) communication using the CANaerospace
protocol through the CAN data bus driver.

This scheme has been used throughout the
design, implementation and verification phases of the
actiation units. A physical implementation of the
controller and feedback structure was introduced to
the actuators serving the primary flight control
surfaces (elevator, aileron, rudder) and the auto-thrust
unit attached to the propulsion system. Actuators
operating the elevator and trim tab were not
physically included into the HIL simulation, but have
been replaced by their respective virtual models.

CAN aerospace implementation on SimStar
introduced a convenient integration capability to the
simulation framework as standardized components
communicating on the CAN aerospace level have
been seamlessly integrated into the network.
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Control Schemes

The control scheme includes a flight control
system block with the autopilot flight control laws
based on Classical Control Theory [7]. The
prototyped control algorithms have been grouped into
three formal levels: inner loop, outer loop, navigation
and flight management as shown in Figure 8.

The inner loop is responsible for the stabilization
of basic flight parameters, such as pitch and bank
angle, Indicated Air Speed (IAS) as well as for tum
coordination and sideslip compensation. Part of the

inner loop includes a pitch force controller (pitch
force CTRL) that is designed to reduce the
force/moment  reacting on  the elevator’s
electromechanical actator stepper motor. Pitch force
CTRL operates the longitudinal trimmer to minimize
the electromechanical actuator’s loading. The pitch
controller takes into account the cross-feedbacks
from roll and air speed stabilization loops. Similarly,
the IAS controller uses the cross-feedback from the
pitch channel. The outer loop consists of three
controllers in two separate channels, VS and ALT in
longitudinal, HDG/TRK in lateral [8, 9].

flight management
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Figure 8. Autopilot Control Scheme

In navigation mode, HDG/TRK CTRL stabilizes
ground track. In manual mode, the pilot can select
stabilization of ground track or magnetic heading.
ALT CTRL stabilizes the altimde in a way that the
pilot can select required VS in both manual and
automatic navigation mode. Blocks FMS and NAV
CTRL are responsible for computing desired heading
and altitude, which is the main input for the FCS
Outer loop. They primarily contain the navigation
logic, which affects computation of desired heading
angle and automatic switching between waypoints in

the flight plan [4]. Controller blocks of the autopilot
mode contain modified PID controllers, which
include variable gains in the proportional, integral
and derivative paths and account for the saturation of
integrators. The cross couplings from pitch, roll and
IAS in the inner loops are executed within the
proportional blocks. Rate limiting elements on the
inputs of the selected controllers (pitch, roll) reduce
their rapid responses. Saturation blocks limit the
mputs and outputs of the inner loop controllers, as
well as the input of the vertical speed controller in the
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outer loop. Simple anti-windup filters for every
controller with saturation on the output have also
been implemented.

Options of autopilot selection modes:

1) Automatic  navigation ~—  primary
navigation function where the pilot
defines the waypoints through a

Multifunction Flight Display.

2) Stabilization of selected flight parameters
— the pilot is able to enter flight
parameters (e.g.  altitude, airspeed,
heading) via an autopilot interface panel
and the autopilot holds selected values.

The design on the controller structure uses the
stability evaluation principles known from classical
control theory. Hence, the phase and gain margins
may be estimated based on the tools available for
linear, time invariant systems. Other criteria, known
as settling time, control anticipation parameter elc.,
have been used for the controller tuning and
optimization [10].

Simulations

Complete flight control algorithms, as well as
navigation and flight management systems have been
mplemented in a real-ime rapid profotyping
environment or, depending on the implementation
level of the autopilol’s embedded units, alse in a
handwritten code compiled on the target hardware
platform. Two principal flight control configurations
have been emulated depending on the selected
autopilot mode. First, sofiware configuration
mimicked the manually operated mechanical flight
control system, whereas the second configuration
virtualized the autopilol commanded
electromechanical system. An integral part of the
autopilot flight control system prototyping and HIL
simulations with the embedded peripherals was the
verification of the functional integrity within the
scope of its implementation. The overall design
integration and the suitability of the autopilot modes
have been verified through the compatibility on the
communication network level. Hardware elements
whose functionality has been primarily investigated
throughout the simulations included the primary
flight display and a sel of digitally controlled
electromechanical actuators,

Quantities provided by the aircraft state,
navigation and system sensors were for the purpose
of HIL simulations virtualized and replaced by a state
description from respective simulation sub-models.
Engine quantities used for a macroscopic description
of the propulsion state definition have been derived
from the engine’s mathematical model. The
AutoTrim unit found its virtual replacement in a
software block integrated info the autopilot’s control
system. Virtualized elements of the autopilot whose
physical integration would have required increased
simulation framework complexity included the
Digital Navigation Platform, AutoTrim and the
Propulsion Monitoring Unit,

Laboratory Testing

Laboratory level HIL simulation focused on the
evaluation of automatic flight modes with autopilot’s
peripherals connected to the simulation network via
CANaerospace  protocol. Included  peripherals
featured the flight display and a set of
electromechanical actuators. One of the actuators
attached to a laboratory grade loading mechanism
simulating the control surface loading is shown in
Figure 9.

Figure 9. Electromechnical Actuator Testing

Simulated flight experiments were executed
from the SimStar lab operator’s console. Selection of
the autopilot modes (FMS, direct stabilization of
flight parameters) initiated automated flight
sequences. The operator was given the choice of
altering IAS, ALT, VS, TRK. HDG. By activating
the mode selection, the commanded values appeared
on the console. In order to account for the safety
aspects, the IAS value needed to be selected under all
flight conditions when controlled by an automatic
flight control system. For this reason, canceling the
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IAS setting while in an automatic flight was not
possible. Preprocessed waypoints were allowed o be
uploaded from the mission-planning interface.

A series of simulated flights have been
performed using the laboratory level prototyping
framework. The mission profiles of the flights were
selected to demonstrate the controllers’ stability and
the ability of a complex trajectory definition. The
simulation’s commanding and monitoring parts were
executed wusing the Matlab/Simulink modeling
environment. An important aspect of the simulation
was the definition of characteristic atmospheric
conditions for the specific flights.

Aireraft Ground Testing

After a successful laboratory level simulation in
SimStar lab, the simulation process proceeded
towards experimental implementation of the primary
flight display and parallel installation of
electromechanical actuators onboard of the Evektor
SportStar aircraft shown in Figure 10. The aim of
simulated navigation flight was to verify operational
suitability of investigated autopilot components for
the performance and installation compatibility,

Figure 10. Aircraft for Ground Simulation

Therefore, the research aircraft’s flight program
was temporarily put on hold and the aircraft has been
modified to be used as “iron bird” for ground
simulations of the autopilot program. The actual
instrumentation and installation of new avionics was
extended by a ground command and monitoring
station. This installation is depicted in Figure 11.
Attitude, force, navigation and system quanlities
were obtained from numerical flight simulation and
considered as inputs replacing hardware elements of
the autopilot installation. The inclusion of external

loading mechanisms mimicking the effects of flight
loads on the control surfaces hasn’t been considered
due to substantial increase in complexity of the
simulation loop and a considerable increase of
simulation cost, Considering the mentioned
limitations, the simulation loop has been
supplemented with a software substitution of loading
mechanism dynamics.

Figure 11. Command and Monitoring Station

For the ground verification of the prototyped
autopilot, a navigation task has been programmed
into the flight management unit. The aim of the
simulation was also to demonstrate the coordination
of individual elements of the control algorithms and
the controller stability in a reaction to external
disturbances introduced via an external signal. The
test operator has artificially injected the externalities
into the system. An overall picture of the simulation
setup is shown in Figure 12. Controller’s response to
externally introduced signal is shown in Figure 13.

Figure 12. Overall Picture of the Simulation Setup
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Figure 13. Response of Digitally Controlled Aileron to External Disturbance

Simulated navigation flights are shown in
Figure 14. The aircraft took off in a manual regime
from Syracuse airport (SYR) and after activating the
autopilot continued in an automatic flight regime.
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Figure 14. Automatic Flights with Manual Take-
Off and Landing

The route included SYR followed by the Oneida
Lake, Fulton, and Cross Lake back to the point of
take off. Part of the simulation included selection of
flight conditions — calm and turbulent air. After the
manually flown take-off, the aircraft was guided to
climb to 3000 ft MSL. The second part of the flight
required a descent to ALT 2500 ft MSL while
holding 100 kis IAS, followed by an automatic climb
to 4000 ft in the third phase and a subsequent descent
to 2000 ft MSL in the final phase. The flight was
concluded through a manual approach and landing on
SYR. Altitude and airspeed profiles are shown in
Figure 15 and Figure 16. Figures 14-16 show two
parts of the flight trajectory which have been marked
as a specific flight regime: steady state flight (1) and
steady banked turn (2). These trajectory elements
have been used for the evaluation of the FCS stability
according to SAE AS94900. Drawing from SAE

requirements, the pitch angle shall be maintained in
smooth air conditions with static accuracy of +0.5
degree (wings level) with respect to the initial
reference.

4530

40301

LN S

Figure 15. Vertical Profile of Automatic Flights
from Figure 13 Referenced to MSL
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Figure 16. Indicated Airspeed Graph for
Automatic Flights from Figure 13

Furthermore, the RMS attitude deviations shall
not exceed 5 degrees in pilch angle [11]. For the
coordination in steady banked tums, the sideslip
angle shall not be greater than 2 degrees in smooth
air. Figures 17 and 18 show the recorded flight
quantities and related criteria in the abovementioned
trajectory  elements, which demonsirate the
compliance with the FCS design requirements. Both
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figures present computed responses under calm and
turbulent air. In the steady state horizontal flight
example from Figure 17, the pitch angle deviation in
a calm air was practically negligible and similarly did
not violate the 4 degree threshold from RMS initial
value under turbulent air.
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Figure 17. Pitch Angle during Steady State Flight

For the steady banked turn shown in Figure 18,
the controller was able to hold the FCS angle of
sideslip below 5 degree for the turbulent air
conditions. The deviations of angle of sideslip in
calm air were practically negligible.
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Figure 18. Angle of Sideslip during Coordinated
Steady Banked Turn

Conclusion

A digital flight control system (autopilot) has
been designed using the presented prototyping
framework. Its peripheral units have been subjected
to simulations in the light aircraft flight simulator
laboratory SimStar and were tested under the
conditions of hardware implementation on the
Evektor SportStar aircraft. The primary flight display
unit and electromechanical actuators were under both
scenarios connected to the network using the

CANaerospace  protocol.  Laboratory  level
simulations allowed testing of prototyped system
features in real-time simulation environment before
the actual installation onboard of the experimental
aircraft. A similar approach has been applied to the
software and simulation elements from the laboratory
testing level as these could have been customized and
re-implemented for the flight control system ground
simulations on the test aircraft. Simulations with the
prototyped aircraft installation demonstrated the
expected performance and the compliance to the
defined qualitative objectives. HIL simulalions
provided a deep insight into the developed flight
control system performance prior to its experimental
flight-testing.
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Prototyping of a Digital Flight Control System

3 Automatic flight control system

The AFCS is a complex antomatic Hight control system with a touch operated user inter-
face designed to meet the light aviation industry requirements. The AFCS contains a touch
controlled Primary Flight Display (PFD) built around an asymmetric multicore computer
platform, which supports deterministic execution of flight control tasks, The PFD is con-
nected to the onboard CAN network to provide commands and to read feedback data from
digitally controlled Electromechanical Actnators (EMA) used for the automatic control of
thrust, for commanding the deflections of control surfaces and Autotrim. The aireraft avion-
ies network also contains data from onboard systems, attitude, and navigation sensors. The
only two implemented hardware buttons are the push-buttons on the control stick grip and
the instrument panel installed Home button.

The AFCS executes automatic fight in pilot selected modes of operation using computer
processed digital data for a 4-axis aircraft control. The AFCS control concept includes an
antomatic regulation of Indicated Airspeed. This feature alone represents a beyond state-of-
the-art system design used on light aircraft, see Figure 1. The PFD’s asymmetric multicore
computer platform is a distributed system designed for an efficient implementation of flight
control and flight data visnalization. The Hight control task can therefore be continuonsly
supported even in the unlikely event of a visnalization system malfunction.

The AFCS allows for pilot workload reduction and an intuitive redistribution of attention
towards execution of navigation tasks and avionics control. The ergonomic aspects or limi-
tations imposed by the state-of-the-art solutions are resolved through the pilot/automation
interaction modes using a touch controlled user interface. These modes account for the
pilot’s physiological limits and cockpit environment restrictions including the vibration ef-
fects and maneuver or turbulence-induced abrupt Load Factor changes. This requires an
uninterrupted accessibility of touch controlled elements using a palm—stabilized position.
The AFCS’ user interface was designed to be conveniently operated by an unrestrained or
stabilized hand. The user interface design introduces activation and direct control of com-
manded flight quantities within the visual representation of individual flight instruments,
User confusion and irritation is avoided through careful location of touch sensitive areas over
the PFD/MFD visual area.

Figure 1: Light Sport Aircraft

An important aspect of the AFCS is the ability to support flight along defined trajectories,
while managing the flying system’s total energy, reducing the environmental footprint and
related acoustic emissions. The AFCS supports continuous system health monitoring, Due
to the utilization of CANaerospace protoeol, serving as a communication standard for data
exchange within the onboard networks, the AFCS has a wide implementation and config-
uration potential. The AFCS units included in the installation are listed in Table 1 [1],

(2].
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Table 1: AFCS components

Units of the AFCS

Primary Flight Display with integrated Flight Control Computer

Multifunction Display

Digital Navigation Platform (DNP) including ADC!', AHRS? and GPS? receiver
Propulsion Monitoring Unit (PM1)

Autotrim

Digitally Controlled EMA

Data Acquisition Unit (DAQ)

Figure 2 displays a general scheme of the AFCS including a schematic diagram of data
and power networks. Communication within the AFCS network is done using CAN and
CANaerospace communication protocol [2].

—l POWer
AFCS
—> Commands/Signals
Avionics Bus
v A 4
BAT P PFD MFD
DNP PMU
DAQ
EMA
AltaLHm Propulsion Unit
> Relay EMA EMA EMA
AFCS Elevator Rudder Aileron

Figure 2: Block scheme of AFCS aircraft installation

The AFCS operational envelope limits are displayed in Table 2. Indicated Airspeed. attitude
angles, Pressure Altitude and Load Factor ranges define the cruise regime of a light aircraft
[2], [10]. The following description introduces individual phases of the AFCS operation.
The AFCS regimes are shown in Table 3 [10]. Figures 3, 4 and 5 display the PFD and
MFD interface for regimes A/P ENABLED, A/P ENGAGED and A/P DISCONNECT
respectively [2].

LADC — Airdata Computer

2AHRS - Attitude and Heading Reference System
FGPS — Global Positioning System

4AGL - Above Ground Level
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Table 2: AFCS operational envelope

Quantity Description Unit Range
IAS Indicated Airspeed kts 70 to 100
ALT Pressure Altitude ft =000 AGL*
HDG Heading Angle deg 0 to 360
] Roll Angle deg -20 to 20
f Pitch Angle deg -10 to 10
s Load Factor 1 0.5 to 1.5

Table 3: AFCS operation

Regime

Action

Activation

The system is powered on using the Master switch.
Subsequent activation of the Awvionics and A/P
switches initiates an automatic Built—in Test (BIT)
sequence.

AJP ENABLED

Inflight activation of the A/ P pushbutton, located on
the control stick grip, or activation of a predefined
flight plan activates an automatic BIT. Snccesstul
completion of BIT will activate system status A/P
ENABLED. The main screen of the PFD will dis-
play the AFCS graphical user interface. This regime
supports the setting of the AFCS’ variables.

A/P ENGAGED

The AFCS can be switched over inflight from A/P
ENABLED to A/ P ENGAGED by pressing the A/P
pushbutton on the control stick grip.

AJP DISCONNECT

Pressing on the A/ P pushbutton at the control stick
grip, any of the trim switches, the Home button
located at the instrument panel, or turning off the
A/P switch will disconnect the AFCS and cause the
transition to a manual flying regime. Inflight vio-
lation of operational limits will cause an automatic
AFCS disconnect indicated by a Hashing sign A/P
DISCONNECT.

Deactivation

Turning off the A/P switch deactivates the elec-
tromechanical actuation units. Deactivation will in-
terrupt powering the rudder, aileron, elevator and
propulsion unit’s electromechanical actuators. The
Awionics switch must be turned off for a complete
system deactivation.
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Figure 5: A/P DISCONNECT interface on PFD (left) and MFD (right)
The AFCS operational parameters are set through the PFD's touch interface which supports
individual selection of QNH, ITAS, ALT and HDG. Table 4 shows the main types and

ranges of adjustable control parameters [2].

Table 4: Adjustable AFCS quantities

Quantity Deseription Unit  Increment
QNH Atmospheric Pressure at Mean Sea Level hPa 1

1AS Indicated Airspeed kts 10
ALT Pressure Altitude ft 100 or 1000
HDG Heading Angle deg 1or10
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3.1 Operational trials

An important aspect of the AFCS development process is an inflight evaluation of the de-
signed technology under real world operating conditions. A series of flight tests were orga-
nized incrementally form ground testing up to and including the evaluation of fully automatic
test flights [4]. The aim of the system’s inflight testing was twofold: first, to quantifiably
record and evaluate flight parameters and, second, to investigate the intuitiveness of the
user interface operational modes. This section is based on [5].

The initial tasks of the testing methodology contain an operational evalnation of Primary
Flight Display and Multifunction Display performarice, acceptance tests of individual control
elements, and inflight evaluation of ergonomic aspects of flight display user interfaces. Fig-
ure 6 displays the PFD and MFD visualization modes at the take—off roll on a paved runway.
Preflight setting of the PFD/MFD variables for a planned execution of flight is performed
before taxiing. Figure 7 displays the pilot activation of the A/P ENABLE mode, which
executes a BIT for the evaluation of system’s operational status and flight mode readiness.

Figure 8 introduces the pilot’s activated transition to A/P ENGAGED regime and the
activation of the AFCS. After engaging, the AFCS controls the aireraft into steady level
flight. When in automatic flight, the crew is provided with system interaction modes using
touch controlled PFD and MFD interfaces to alter commanded values of ALT, TAS and
HDCG. Figure 9 shows the selection of ALT target values using a touch sensitive area over
the PFD’s altimeter graphics.

Figure 10 displays active heading control using a touch sensitive interface over the PFD
compass for selection of Heading Angle. An option in the flight data visualization is a visual
interface mode in which the PFD displays basic flight instruments, 3D synthetic terrain, a
moving map, basic engine parameters, and autopilot settings; and, the MFD presents the
crew with navigation aids, flight statistics, and an extended engine management display. In
the A/ P ENGAGED mode, the AFCS automatically commands all 4 available control axes.

Figure 6: AFCS before take-off Figure 7: A/P ENABLED

Figure 8: A/P ENGADED Figure 9: A/P ENGAGED - ALT
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Figure 11 displays an automatic flight under modified target 1 AS conditions. The reduc-
tion of pilot workload due to automatic flight control system autonomous operation allows
the crew to redirect its attention to navigation and management tasks., such as uninter-
rupted communication with Air Traffic Control (ATC). The return to manual Hight mode
is shown in Figure 12, where the pilot deactivates the AFCS by pressing the A/FP button
on the control stick. The disconnected AFCS is indicated by the A/P DISCONNECT icomn.
Disconnecting the AFCS automatically transits the MFD interface to visualization of pri-
mary flight instrument graphics, and clears the AFCS selected target values. An automatic
disconmiect can also occur when the AFCS’ operational envelope limits are exceeded.

Figure 13 shows a cabin view on the landing approach with both of the displays set to
PFD vigualization mode. This mode imtraduces basic flight indicators displayed on top of a
synthetic 3D terrain background with an integrated virtual aerodrome and related ground
infrastructure models. The left bottom part of the PFD and MFD containg a moving map
representation with a graphical interpretation of colliding terrain colored in a psendospectral
palette with red indicating dangerous terrain proximity.

Figure 12: A/ P DISCONNECT Figure 13: AFCS at final approach

Flight crews rated the AFCS user interface positively due to its intuitiveness, precision,
clarity of displayed data, and appealing design. This positive recognition can be attributed to
the selected touch control strategy, which improved pilots’ learning curves when experiencing
the new avionics. Perceived correlation between the AFCS displayed synthetic terrain and
the cockpit view of the surrounding environment stimulated pilots’ confidence in the AFCS’
Hawless operation.
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3.2 Performance evaluation

An important aspect of the auntomatic flight control system’s design is the evaluation of
the guantitative control performance indicators under both smooth air and atmospheric
turbulence conditions. Actual flight testing was executed according to approved flight test
program protocols from [4]. Selected paragraphs of SAE AS94900 [24] were used to establish
criteria for the control performance evaluation. Althongh [24] is not a legally binding docu-
ment for light civil aireraft, its unified character provides a complex basis for an automatic
flight control system design.

Performance characteristics of the AFCS have been investigated for control modes and flight
conditions shown in Table 5. Since the AFCS provides an integral 4-axis aircraft control in
longitudinal and lateral-directional motion individual control criteria for both smooth and
turbulent air conditions were used in the performance evaluation process. The presented
combination of modes and respective atmospheric conditions forms a representative sample
for the control quality evaluation.

Table 5: AFCS control modes

Mode Condition

Steady banked turn Smooth air
Straight and level flight Smooth air
Attitude hold Turbulence
Heading hold Turbulence
Heading select Turbulence
Altitude hold and altitude select  Smooth air
Airspeed hold Smooth air

The AFCS supports user selection of visual displays system units. The user has the option
to choose between imperial or metric units for visualizing flight instruments. The flight
tests used in the evaluation process were performed with the AFCS visnal interface set to
imperial units. However, due to author’s preference, the Pressure Altitude and Indicated
Airspeed data shown in graphs supporting the evaluation process have been converted to
the metric system. For the evaluation of flights in turbulence, the measured quantities were
supplemented with their respective Root Mean Square (RMS) values,

Steady banked turn

Figure 14 shows the flight trajectory of the AFCS controlled aircraft in a steady banked
turn in smooth air. The aircraft is commanded to execute a level right turn, changing its
Heading Angle from 159° to 200° at Pressure Altitude of 550m. The figure with fight
trajectory displayed over a geodetic grid is supplemented with graphs showing time histories
of measured Heading Angle H DG, Pressure Altitude ALT, Incremental Sideslip Angle Af
and Lateral Acceleration a, at the aircraft’s center of gravity.

The observations made from the graphs shown in Figure 14 are summarized below:
e The measured Heading Angle H DG reached its commanded value of 200° in a steady

right level turn with an initial overshoot of 1.3°. The measured maneuver accuracy
range remained within the limits [—0.4°, +0.5°].

e The measured Pressure Altitude ALT remained throughout the investigated AFCS
controlled coordinated steady level right turn within the range [542.7 mn, 558.4m).
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Figure 14: Coordinated steady banked turn

e The measured Incremental Sideslip Angle Ad at a steady bank angle remained through-
out the investigated AFCS controlled steady right turn within the range [-1.2°, +1.7°].

e The Lateral Acceleration a, at the aircraft’s center of gravity remained throughout the
AFCS controlled steady level right turn within the range [—0.29 m.s 2, 4+0.27 ?'n..s_"z].

Based on the evaluation of criteria defined in [24], it can be stated that the investigated AFCS
performance complies with the requirements pertaining to coordinated steady banked turns
introduced in the specified aerospace standard.

Straight and level flight

Figure 15 shows the AFCS controlled aircraft trajectory in straight and level flight in smooth
air conditions, Displayed trajectory is complete with graphs showing time histories of mea-
sured Heading Angle HDG, Pressure Altitude ALT, Incremental Sideslip Angle AfF and
Lateral Acceleration a, at the aircraft center of gravity.

The observations made from the graphs shown in Figure 15 are summarized below:
e The measured Heading Angle H DG maintained its reference value of 1029 in straight
and level fight within an accuracy range [—0.4°, +0.3°].

e The measured Pressure Altitude for the AFCS controlled ALT target of 581 m re-
mained throughout the straight level flight within the range [572.1m,586.4m|.

e The recorded Incremental Sideslip Angle A remained throughout the AFCS con-
trolled straight and level flight within the range [—0.90°, 4+0.85°].

e The Lateral Acceleration a, at the aireraft’s center of gravity remained throughout the
AFCS controlled straight and level flight within the range [-—[}.17 m.s~2, +{).19'n':..3_2].
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Figure 15: Coordination in straight and level fight

Based on the evaluation of criteria defined in [24]. it can be stated that the AFCS perfor-
mance complies with the requirements for straight level flight introduced in the specified
aerospace standard.,

Attitude hold

Figure 16 shows the aircraft’s trajectory in steady level AFCS controlled flight under at-
mospheric turbulence conditions as part of the attitude hold evaluation. As the AFCS
implemented flight control laws do not directly support general attitude hold commands,
the selection of wings level maneuver serves as the evaluation basis. Depicted trajectory
is completed by graphs showing time histories of measured Heading Angle H DG, Pressure
Altitude ALT, Roll Angle ¢ and Piteh Angle 6.

The observations made from the graphs shown in Figure 16 are summarized below:

e The AFCS maintained after engaging in steady level flight its measured Heading Angle
HDG at a value of 160.4° RMS, with deviations ranging from [158.2° 162.5°]. The
AFCS target H DG value was set to 160°.

e The AFCS maintained after engaging the measured Pressure Altitude ALT throughout
the investigated steady level flight within the range [544.5m.558.2 m].

e The recorded Roll Angle ¢ remained thronghout the investigated AFCS controlled
attitude hold flight in atmospheric turbulence within the range [—6.2°, +7.1°], with a
RMS value of 3.7°.

e The recorded Pitch Angle # remained throughout the investigated AFCS controlled
attitude hold flight in atmospheric turbulence within the range [—1.8%,42.1°|, with a
RMS value of 1.2°.

117



Prototyping of a Digital Flight Control System

49.13 - 20
¢ ——— AFCS ON 10l
49.125 | A AFCS OFF =
= B
4912 -10
1 .20 : :
o 49.115 ¢ : 300 310 320 330 340 350
- Time [
=1
S 4911 | 10
5
48,105 | e
=0
491+ 5 .
49.005 : : : " 0
TUA748 17485 1749 17485 175 L ﬁffw[sfau S ¥
Lon [7]
180 — -
— 1700 | 1625
@ 160 [k
2 160 !
S|
140 T :
300 310 320 330 340 350 300 310 320 330 240 350

Time [s] Time |s]

Figure 16: Attitude hold in atmospheric turbulence

Based on the evaluation of criteria defined in [24], it can be stated that the AFCS com-
plies with the attitude hold requirements for a wings level flight introduced in the specified
aerospace standard.,

Heading hold

Figure 17 shows the aireraft trajectory in steady level AFCS controlled flight in atmospheric
turbulence conditions. The displayed trajectory is completed by graphs showing time his-
tories of measured Heading Angle H DG, Pressure Altitude ALT, Roll Angle ¢ and Roll
Rate p.

The observations made from the graphs shown i Figure 17 are summarized below:

e The engaged AFCS maintained the desired Heading Angle H DG of 107°. The Heading
Angles measnred during heading hold mode in atmospheric turbulence remained within
the range [105.6°, 108.5°], while the Heading Angle RMS reached a value of 107.2°.

e The measured Pressure Altitude for the AFCS controlled ALT target of 58Lm re-
mained throughout the heading hold flight in atmospheric turbulence within the range
[573.1m,587.2m).

e The recorded Roll Angle ¢ remained throughout the investigated AFCS controlled
heading hold flight in atmospheric turbulence within the range [—2.6°, 43.7°], with a
RMS value of 1.8°.

e The recorded Roll Rate p remained throughout the AFCS controlled heading hold
mode in atmospheric turbulence within the range [— iyl +6.2°.s_1].

Based on the evaluation of criteria defined in [24]. it can be stated that the AFCS complies
with the heading hold requirements introduced in the specified aerospace standard.

118



Prototyping of a Digital Flight Control System

49.1175 - 20
- —— AFCSON | 10
AFCS OFF -
49.117 B g s
. - 0 |Rms
-10
49.1185 -
-20 L . - -
— 575 580 585 590 585
3 49.116 Time [s]
20 T T T T
49,1158 - 10 P2
0 L |
49,115 .
\ &0 / 27 -
| 20 . i i

49.1145 ' ' 575 580 585 500 585
175  17.505 1751 17515  17.82 Time |s]
Lon [']

120 - 600 5872
o4 1085 i3 N P .
t 110 [ S i | g_/
= RME |
= 100 - .| -1'-0;7' 380 3

! 540

a0 | '

575 580 585 590 595 575 580 585 590 585

Time [s] Time [s]

Figure 17: Heading hold in atmospheric turbulence

Heading select

Figure 18 shows the aireraft’s trajectory with an AFCS commanded heading change in
atmospheric turbulence. The left turn maneuver starts from a steady level flight. Depicted
trajectory is reflected in the graphs showing time histaries of measured Heading Angle H DG,
Pressure Altitude ALT, Roll Angle ¢ and Roll Rate p.

The observations made from the graphs shown in Figure 18 are summarized below:

e The AFCS commanded target Heading Angle H DG of 1707 is approached through a
lett level turn. The measured angles at the target heading remain within the range
[169.1°,170.4°]. The RMS Heading Angle in the heading hold mode reached a value
of 169°.

e The measured Pressure Altitude for the AFCS controlled ALT target of 642m re-
mained throughout the investigated level left turn in atmosgpheric turbulence within
the range [636.6m, 649.11m].

e The recorded aircraft Roll Angle ¢ remained for the wings level sections of the ma-
neuvers within [—3.2°,2.9°], with a RMS value reaching 1.7°. The max. Roll Angle ¢
measured in the left turn maneuver reached a value of —15.7°. The Roll Angle RMS
value during the turn reached —13°.

e The recorded Roll Rate p remained throughout the AFCS controlled maneuvering in
atmospheric turbulence conditions within the range [-—8.30.8_1, +9.4°.s_1].

Based on the evaluation of criteria defined in [24], we can state that the recorded AFCS per-
formance in heading select mode complies with the requirements introduced in the specified
aerospace standard.,
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Figure 18: Heading select in atmospheric turbulence

Altitude hold and altitude select

Figure 19 shows an AFCS controlled aircraft’s trajectory, Hown in smooth air conditions,
consisting of an initial altitude hold sequence at 620 followed by a commanded descent to
a target Pressure Altitude of 490 m. The altitude descent profile includes two commanded
ineremental changes in heading. The flight trajectory graph displayed over a geodetic grid
is supplemented with time histaries of measured Heading Angle H DG, Pressure Altitude
ALT, Roll Angle ¢ and Load Factor n. at the aircraft’s center of gravity.

The cbservations made from the graphs shown in Figure 19 are summarized below:

e The aircraft maintained its Heading Angle HDG of 240° within [—-0.5%,40.4°] after
engaging the AFCS in steady level flight. The following set of 20° stepwise Heading
Angle inicrements resulted into a series of right turns.

e The engaged AFCS held the target Pressure Altitude ALT of 620 within the range
[618.3 m.622.3 m| before entering the descending profile to reach the commanded ALT
of 490 m. The target Pressure Altitude remained within the range [483.0 m. 490.2m].

e The AFCS maintained throughout the descent maneuver an average Vertical Speed
VS of 2m.s7L.

e The recorded Roll Angle ¢ remained thronghout the initial level flight within the range
[—0.9°, +1.0°]. The AFCS' commanded changes in H DG resulted in a series of right
turn maneuvers with measured Roll Angles up to 14.8°.

e The Load Factor n. at the aireraft’s center of gravity remained throughout the investi-
gated AFCS controlled flight in smooth air conditions within the range [—0.82, +1.20].

Based on the evaluation of criteria defined in [24], it can be stated that the AFCS’ perfor-
mance complies with the requirements on altitude hold and altitude select as introduced in
the specified aerospace standard.
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Figure 19: Altitude hold and altitude select

Airspeed hold

Figure 20 shows an AFCS controlled aircraft’s trajectory for climb and straight level flight
conditions. The aircraft is commanded to reach ALT of 460 m, while mamtaining its Indi-
cated Airspeed TAS at 41m.s~! and Heading Angle HDG of 345°. The flight trajectory
displayed over a geodetic grid is supplemented with a recorded time history of measured
Heading Angle HDG, Pressure Altitude ALT, Indicated Airspeed ITAS and Roll Augle ¢.

The observations made from the graphs shown in Figure 20 are summarized below:

e The AFCS maintained the commanded Heading Angle H DG at 345° within an accu-
racy range [—0.3°, 40.5°] throughout the climb and level flight.

e The AFCS reached the target Pressure Altitude of 460.0/m, having an average Vertical
Speed VS of 2m.s~!. The ALT accuracy remained throughonut the investigated flight
within the range [—3.7 m, +2.5m|, with an overshoot of 0.2 m.

e The recorded Roll Angle ¢ remained thronghout the investigated AFCS controlled
flight in smooth air within the range [—0.80°, +0.95°].

e The commanded Indicated Airspeed 1AS remained throughout the investigated AFCS
controlled flight within the range [40.36 m.s~1,41.90 m.5~!].

Based on the evaluation of criteria defined in [24]. it can be stated that the AFCS complies
with the airspeed hold reguirements introduced in the specified aerospace standard.
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Figure 20: Airspeed hold in smooth air conditions

3.3 Results

The AFCS evaluation included the assessment of the user interface under real flight condi-
tions, a series of operafional trials with the flight crews commanding the automatic control
system to acquire and maintain desired flight state and, finally, an analytical performance
evaluation of the integrated control system. The user interface was found to comply with
the design poals and received positive crew ratings for its ergonomic design, intuitive layout,
unobstructed clarity of visualized data, and swift responsiveness to touch commands. The
control for differences across flight crews and how they might affect results remained beyond
the scope of presented work. The operational trials were executed in various atmospheric
conditions at different operating points of the aircraft's flight envelope. The flight crew en-
tered commands into the AFCS computer by using the system’s touch screen interface. In
order to analyze the system’s inflight performance, selected flight quantities were recorded
and subsequently evalnated against the requirements introduced in [24]. Even though the
system provides a coordinated 4-axis control in longitudinal and lateral-directional motion,
individual criteria for steady coordinated turn, level fight, attitude hold, heading select and
heading hold, altitude select and altitude hold and, finally. airspeed hold of [24] were con-
sidered. The evaluations confirmed the AFCS' compliance with performance requirements
of [24] in smooth air and atmospheric turbulence.



Prototyping of a Digital Flight Control System

4 Conclusion

The presented prototyping framework with its individual steps mmtroduced throughout this
thesis led to the development of an innovative digital Automatic Flight Control System for
light aircraft. The AFCS was designed using industry accepted standards for flight controls
and digital avionies in a single line system. with redundancy considerations resolved through
a parallel integration of the Electromechanical Actuators to the primary mechanical control
system. This approach found support in the digital flight control system’s use case scenarios,
assuming the support of VFR operations only and including a manual override capability.

The flight control system’s prototyping relies, at the laboratory level, to a large extent on
rapid prototyping protocols and simulation technologies with the system’s fidelity depend-
ing on the modeling accuracy of individual simulation blocks. In order to operate with
high fidelity data, parameter identification techniques were used at the aircraft and system
component levels, The flight parameter estimation required the investigated aircraft to be
equipped with a laboratory grade data acquisition system. The recorded data were, after
careful post-processing and consistency checks, used in the parameter identification process
based on numerical optimization methods. Similar identification techniques were used for
the estimation of the system’s component models.

Design of the flight control laws strongly benefit from using a rapid prototyping environment
with integrated performance evaluation tools. Matlab®/Simulink® was used in the design
of the investigated flight control laws based on a mumber of approaches reflecting both
classical and advanced control theory. Presented control strategies featured coordinated
SISO. MIMO. and NDI schemes. The software implementation of the AFCS flight control
laws considered best practices drawn from (7], [L7]-[19]. These control codes were subjected
to careful software-in-the-loop simulations prior to their installation on the flight control
computer’s hardware platform.

Individual AFCS hardware units were developed considering best practices drawn from [15].
[16]. [20], [23]. [24]. The development of the AFCS' dedicated hardware units introduced the
option of laboratory level hardware-in-the-loop simulations. These simulations were typically
performed within the SimStar flight simulator framework optionally extended with modules
to provide desired system interfaces. The SimStar flight simulator was used throughout the
design and evaluation of the AFCS' user interface, the investigation of the AFCS' interaction
modes, evaluation of the flight dynamics models, pilot-in-the-loop simulations of integrated
flight control laws, and laboratory tests of the CAN-based on—board network including the
AFUS peripherals. Successfully accomplished laboratory level hardware-in-the-loop simula-
tions were a prerequisite to the aircraft level system integration and testing.

The AFCS’ aircraft integration represented another important qualitative step towards the
system’s testing. The AFCS equipped aircraft was subjected to a series of inspections,
calibrations, measurements and ground tests to prove the system's airworthiness [3]. The
ground experiments with a fully operational flight control system included the “iron bird”
simulations with computer generated state and feedback information. These experiments
were of a great value not only to the flight test engineers but, also, to the flight crew
itself. Subsequent testing meant leaving the comfort zone of carefully orchestrated laboratory
experiments and exposing the AFCS to real world environments, such as low and high speed
taxi trials initially.

After clearing the ground-testing phase, an AFCS equipped aircraft took its maiden flight,
The flight test series included initial avionics familiarization flights with the AFCS actuation
units temperarily disengaged, followed by a series of successful automatic fight experiments
with the full onboard antomation active [4]. The fight experiments were performed in
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smooth air ag well ag in turbulent atmospheric conditions to record flight data for post
fight analysis and performance evaluation. Based on the evalnations of criteria defined
in [24], it can be stated that the developed AFCS complies with the design requirements.
The exposure to regular operating environments and routine onboard procedures confirmed
compliance with the system’s design goals.

As the density of high-traffic flight areas grows, advances in air traffic management will
be required. State-of-the-art tactical instructions issued by air traffic controllers will likely
be replace with autonomous trajectory—based digital flight control systems such as the one
described herein,
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