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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



Prototyping of a Digital Flight Control System

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-

E =E, mV

otential +

(1)

Eoine =mgh+

1elic

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.

4
American Institute of Aeronautics and Astronautics



Downloaded by Peter Chudy on March 2, 2016 | littp://arc.sisa.org | DOL: 10.2514/6.2011-6348

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.
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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.

250 T T T T T T T T T 01z T T T T T T T
i | 1 1 | | | | 1 1 1 1 i !
I I 1 I I I I 0‘ T T = oA T T T T e e e
I 1 1 1 I I Jr'r 1 1 i 1 1 I I
200 T I " " " * : \ ] ] | | I I
| | | | | | |/1‘ 008H- -4 — P Ll
: : ] ! : LA : ; | maxifhal flight path dngle alloveble by limiters
o sliett of mdnual speed cohtrol | | Py [RRILISN IN IO SR ST IS SO A
o0 ==l — bl b e ot e L L ] 5 i 1 ) [ |
. : |} : : : | | L] & I : J- L] L] | | |
£ L A = ooall L\ eftectolmanalspsedconol 11
= | | i | | | | E | i | | | |
100} - =3~ -~ iSs TS X 1 g'u.az-__l___:___- R A
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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
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TECS response I | |
T T | i |
BSl— - +— —— e e e e e e e
| | | | | |
| | | | | |
i | | | | |
| | | | | |
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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| | | ] ] | |
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+ |
35 i i i 1 i 1 i ' 1
0 20 40 80 80 100 120 140 160 180
tima [=]

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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