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Abstract

Formal Specification of Requirements
for Analytical Redundancy based
Fault Tolerant Flight Control Systems

By Diego Del Gobbo

Flight control systems are undergoing a rapid process of automation. The use
of Fly-By-Wire digital flight control systems in commercial aviation (Airbus 320 and
Boeing FBW-B777) is a clear sign of this trend. The increased automation goes in par-
allel with an increased complexity of flight control systems with obvious consequences
on reliability and safety. Flight control systems must meet strict fault-tolerance re-
quirements. The standard solution to achieving fault tolerance capability relies on
multi-string architectures. On the other hand, multi-string architectures further in-
crease the complexity of the system inducing a reduction of overall reliability.

In the past two decades a variety of techniques based on analytical redundancy
have been suggested for fault diagnosis purposes. While research on analytical redun-
dancy has obtained desirable results, a design methodology involving requirements
specification and feasibility analysis of analytical redundancy based fault tolerant
flight control systems is missing.

The main objective of this research work is to describe within a formal frame-
work the implications of adopting analytical redundancy as a basis to achieve fault
tolerance. The research activity involves analysis of the analytical redundancy ap-
proach, analysis of flight control system informal requirements, and re-engineering
(modeling and specification) of the fault tolerance requirements. The USAF mili-
tary specification MIL-F-9490D and supporting documents are adopted as source for
the flight control informal requirements. The De Havilland DHC-2 general aviation
aircraft equipped with standard autopilot control functions is adopted as pilot appli-
cation. Relational algebra is adopted as formal framework for the specification of the
requirements.

The detailed analysis and formalization of the requirements resulted in a better
definition of the fault tolerance problem in the framework of analytical redundancy.
Fault tolerance requirements and related certification procedures turned out to be
considerably more demanding than those typically adopted in the literature. Fur-
thermore, the research work brought up to light important issues in all fields involved
in the specification process, namely flight control system requirements, analytical
redundancy, and requirements engineering.
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Chapter 1

Introduction

The use of Fly-By-Wire (FBW) digital flight control systems is playing a more and
more prominent role in commercial aviation. Airbus and Boeing FBW-airliners pro-
vide a clear sign of this trend. In FBW technology electronic devices coupled to
a digital computer replace conventional mechanical controls. The net result is a
more efficient, easier to control aircraft. However, this increased automation goes in
parallel with an increased complexity of flight control systems with obvious conse-
quences on reliability and safety. A FBW flight control system is made up of several
subsystems including mechanical, electronic, and software components. Each of these
subsystems may fail during flight, with disastrous consequences. For this reason flight
control systems must meet strict fault-tolerance requirements. The standard solution
to achieving fault tolerance capability is the adoption of a multi-string architecture.
This architecture is based on redundant units working in parallel and a voting scheme
that disengages a unit when faulty. Triple and quadruple string architectures are cur-
rent practice in flight control systems of both military and commercial aviation [62],
[21]. On the other hand, multi-string architectures further increase the complexity

of the system, induce a reduction of overall reliability, bind to closer maintenance
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schedule, and require larger budgets. These factors have induced in recent years an
increased interest toward alternative approaches to achieving fault tolerance in flight
control systems.

Similar interest comes from fields related to satellite and Unmanned Aerial Ve-
hicle (UAV) applications. Under the ongoing process of globalization the telecom-
munication industry is growing without rest and commercial satellites are playing
an important role in this growth. Weight and size largely affect launching costs of
satellites. Weight and size also affect UAV applications. Starting in the late '80s a
variety of UAVs have been built for either military or scientific purposes. They vary
significantly in size, mission profile, and payload weight carrying capability. With
some of them having a payload weight below 20 lbs and dimensions below 15 feet it is
clear how weight and room requirements are a major issue. Despite costs, complexity,
and weight drawbacks physical redundancy is adopted to achieve fault tolerance.

Redundancy is a must in achieving fault tolerance; the question is whether re-
dundancy other than physical can be adopted. In the past two decades a variety of
techniques based on analytical redundancy have been suggested for fault diagnosis
purposes. Analytical redundancy identifies with the functional redundancy of the sys-
tem. No extra hardware is required; fault tolerance is achieved by means of software
routines that process sensor outputs and actuator inputs to check for consistency
with respect to the analytical model of the system. If an inconsistency is detected,
the faulty component is isolated and the control law is reconfigured accordingly. The

first analytical redundancy scheme implemented within a flight control systems dates



back to the 70’s, when the same aircraft used to conduct research on fly-by-wire tech-
nology was also used as testbed for an analytical redundancy management algorithm
[56]. The algorithm showed desirable performance during flight test; however, poor
robustness to modeling errors and the degree of modeling necessary retrained further
development. Since then, a number of results have been obtained in the area of robust
fault diagnosis [47]. While research on analytical redundancy has been obtaining de-
sirable results, a design methodology involving requirements specification, feasibility
analysis, and certification of analytical redundancy based fault tolerant flight control
systems is still missing. Exploring strengths, weaknesses, related degree of reduction
of physical redundancy, and overall reliability is a fundamental step in the engineering
of such systems.

The main objective of this research is to describe within a formal framework the
relevant aspects of Analytical Redundancy based Fault Tolerant Flight Control Sys-
tems (AR-FTFCS) to allow the analysis of the implications of adopting the analytical
redundancy approach to achieve fault tolerance. The outcome of the research identi-
fies with the requirements specification for an AR-FTFCS.

The De Havilland DHC-2 general aviation airplane equipped with standard au-
topilot control functions is adopted as pilot application. The steps of the research
work are those typical of requirements engineering: analysis of the problem and elic-
itation of the requirements, requirements modeling, and requirements specification.
The USAF military specification MIL-F-9490D [2] and supporting documents are

adopted as source for the autopilot performance and fault tolerance requirements.



[37] and [53] are adopted to produce the detail-specification of the DHC-2. The im-
plications of adopting the analytical redundancy approach are analyzed in detail to
modify the fault tolerance requirements accordingly. Relational algebra is adopted as
formal framework for the specification of the requirements.

Given the multidisciplinary nature of the research work some background infor-
mation is provided. Analytical redundancy is introduced in Chapter 2; the focus is
on the implications of adopting the analytical redundancy approach in flight control
systems. The flaws of the fault-diagnosis design approach and of the evaluation pro-
cedures for AR-FTFCS are highlighted. The second part of the chapter introduces
the main concepts of requirements engineering and briefly discusses the advantages of
adopting a formal specification language. Appendix A provides a description of pred-
icate logic and relational algebra. The FCS fault tolerance requirements as specified
in [2] are illustrated in Chapter 3. In the same chapter the target of the requirements
specification is defined and an introductory analysis of the implication of adopting
analytical redundancy is performed. Chapter 4 provides a detailed description of the
re-engineering and formalization process of the requirements. The composition of the
AFCS performance specification and of the DHC-2 detail-specification is illustrated.
In Chapter 5 the analysis of the fault tolerance requirements is carried out one step
further and the formal specification of the system providing fault tolerance is devel-
oped. Appendix B contains the bulk of the specification, while appendix C contains

the related supporting tables.



Chapter 2

Background information

This chapter provides some introductory information about two concepts that play
a central role in this research work: analytical redundancy and requirements engi-
neering. The first section provides a definition of analytical redundancy and briefly
illustrates the most relevant techniques adopting analytical redundancy as a basis
for fault tolerance. The focus is mainly on closed loop systems. A discussion about
the implications of adopting analytical redundancy to achieve fault tolerance in flight
control systems follows. The second section provides an introduction to the require-
ments engineering discipline. It illustrates the role of requirements specification in
the system life-cycle, the main phases of requirements engineering, and the agents
involved in the requirements specification process. The chapter closes with a brief

discussion about the advantages of adopting a formal specification language.



2.1 Issues on the analytical redundancy approach
in fault tolerant flight control systems

2.1.1 Analytical redundancy

Fault tolerance requires some form of redundancy within the system; redundancy pro-
vides alternative means to perform a specific task, thus making the system capable of
continuing operation despite of localized malfunctions, i.e. of tolerating faults. Two
different redundancy approaches are adopted in closed loop system: physical redun-
dancy and analytical redundancy. Physical redundancy is based on a multichannel
architecture consisting of three or more intercommunicating systems that are able to
work independently. A voting mechanism checks for consistency among the redundant
components of each channel. Analytical redundancy identifies with the functional re-
dundancy in the system dynamics. It does not require additional hardware; fault
tolerance is achieved by means of software routines that process sensor outputs and
actuator inputs to check for consistency with respect to the analytical model of the
system. If an inconsistency is detected, the faulty component is isolated and the
control law is reconfigured accordingly. Preserved observability allows estimating the
measurement of an isolated (allegedly faulty) sensor, while preserved controllability
allows controlling the system with an isolated (allegedly faulty) actuator. Numerous
survey papers and books [52], [11], and [51] discuss theoretical and practical aspects
of adopting the analytical redundancy approach to achieve fault tolerance.

The conceptual structure of an analytical redundancy based fault detection and

identification systems consists of two stages: the residual generation stage and the



decision making stage [14]. The residuals provide a measure of the inconsistency
between the actual behaviour of the system and the system analytical model. Residual
values close to zero imply a fault free system; on the other hand, residual values
different from zero reveal a fault within the system, and the particular combination
of residual values provides means for isolating the faulty component. Processing of the
residuals to perform fault detection and isolation is the main task of the decision stage.
Decision algorithms range from simple threshold testing on the instantaneous values
or on the moving average of the residuals, to more sophisticated statistical testing
based on the Generalized Likelihood Ratio test [60], or on the Sequential Probability
Ratio test [8]. To achieve fault tolerance an additional recovery stage needs to be
added. This stage consists of an adaptive or multi-model control law that processes
information provided by the decision making stage to produce a suitable control
law. All of the three stages play an equally important role toward the successful
fault tolerant control system; however, most of the research focuses on the residual
generation problem.

Since the early 70’s a variety of residual generation techniques have been sug-
gested in the technical literature. The first techniques adopted a geometric approach
that resulted in what is known as the Beard-Jones Fault Detection Filter [60]. The
detection filters are designed to generate a residual vector with a different direction
for each faulty component, thus allowing both detection and isolation. Design issues
for such filters are addressed in [46] and [45]. Another approach based on the de-

terministic description of the system is the dedicated observer approach [16]. This



scheme can be adopted for achieving fault tolerance with respect to sensor failures.
It is based on a bank of observers each processing a subset of the sensor readings and
producing an estimate of the system state vector. Detection and isolation are per-
formed by comparing the state vector estimates produced by the different observers.
In its first applications this scheme was implemented by using Luenberger observers;
then the scheme was extended to non-linear observers [22], Kalman filters [61], and
neural-network based estimators [41]. The parity relation approach is based on the
design of invariant relations among system inputs and outputs on the basis of the
matrices of the system state space model ([15], [12], and [25]). All of the mentioned
approaches focus on the system inputs, outputs, or state variables to produce the
residual vector. A different approach based on parameter estimation focuses on es-
timating unmeasureable system parameters that are directly related to the source of
the fault [33]. The differences among the above techniques are mostly of conceptual
nature; studies have shown the practical equivalence of parity relation and observer
based approaches [48], and of parity relation and parameter estimation approaches
[27].

The weakness of early analytical redundancy based residual generators is in the
sensitivity to process disturbances, and in the low performance for non-linear sys-
tem applications. The unknown input observer approach [23] is the first attempt to
produce a robust fault detection scheme; it focuses on generating a residual vector
that is de-coupled from disturbance inputs. Later on robustness was introduced in

the design of parity relation based schemes leading to the orthogonal parity relation



concept [28]. Robustness needs lead to a shift of the design into the frequency do-
main to adopt optimal and robust design techniques like Ho, [18] and u synthesis [7].
To address the non-linearity issue researchers extended linear design techniques or

adopted approaches based on fuzzy logic [50] and neural networks [57] and [39].

2.1.2 Analytical redundancy in flight control systems

Analytical redundancy approach to fault detection has been adopted in a variety of
different fields ranging from automotive engines [26] to electromechanical actuators,
induction motor drives, electrical pumps, pipelines [34], chemical processes, heat ex-
changers [30], gas turbine engines, aircraft jet engine sensors [49], etc. Analytical
redundancy has also been used in flight control systems; the very same aircraft used
to conduct research on fly-by-wire technology was also used as testbed for an analyti-
cal redundancy based fault detection algorithm ([17] and [56]). Since then, a number
of results have been published on the suitability of analytical redundancy approach for
reconfiguration of flight control systems ([59] and [10]), and for diagnosis of aircraft
actuator and sensor failures ([54] and [40]). Nevertheless, doubts remain on the pos-
sibility that analytical redundancy based solutions can meet the strict fault tolerance
requirements of flight control systems [44]. Section 3.1.2 illustrates such requirements
as formulated in the active military specification for piloted flight control systems [2].

There is a considerable difference between the fault tolerance requirements of flight
control systems and those of of the other applications mentioned above. Fault toler-
ance in the terms typical to fault detection and identification literature [11] aims at

enhancing system reliability and availability by monitoring unreliable components of
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the system under the assumption that the other components are working properly. A
similar perspective has been erroneously adopted in designing analytical redundancy
based fault tolerant in flight control systems. Reliability enhancement and dedicated
monitoring of unreliable components are not the key issues in fault tolerant flight
control systems. In such systems fault tolerance requires the capability of continued
operation after failure of any of the system components (section 6.6 of [3]). Fault-free
assumption on any of the system components is not allowed unless failure of these
components is proven to be extremely remote [2]. Civil and military aircraft equipped
with fly-by-wire flight control systems adopt physical redundancy to achieve fault tol-
erance. Triple and quadruple redundancy is adopted in the Airbus 320 [21] and in the
Boeing FBW-B777 [62] to meet fault tolerance requirements. Increased complexity
of physical redundant systems brings a degradation of overall system reliability; but
the focus is on safety, not on reliability.

Another problem with analytical redundancy is related to the process of per-
formance evaluation of fault tolerant systems adopting such approach. Since these
systems exploit the functional redundancy of the plant, when applied in the field of
flight control systems they need to be validated over the entire aircraft operational
envelope. Instead, most of these solutions are evaluated using a simplified model
of the aircraft dynamics, within a limited region of the flight envelope, and with a
limited set of maneuvers and fault-modes. Furthermore, evaluation criteria are quite
heuristic. A tentative list of criteria for assessing the performance of fault detection

and identification systems can be found in [52], and is summarized below:
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e promptness of detection

sensitivity to incipient failure

false alarm rate

missed fault detection

incorrect fault identification

A typical testing procedure for fault detection and identification systems involves
injection of a set of failures within a simulation environment and computation of
the above indexes. While obtained values can be effectively used to compare the
performance of two different solutions, they have no absolute interpretation. The
testing environment has a considerable impact on the evaluation of these indexes.
Missed detection and false alarm rate do not provide any valuable information if
they are not determined within the operational envelope of the system. These figures
are highly dependent on the disturbances acting on the system, on the type of fault
injected, and — for non linear systems — on the state of the system. Furthermore, the
fault could be not detectable at all, thus leading to a missed rate of 100%. But this
value is not an index of poor performance of the fault detection system; rather, it
indicates a lack of functional redundancy within the system.

In order to provide an objective basis for the evaluation of analytical redundancy
based fault tolerant flight control systems it is mandatory to develop the requirements
specification for such systems. Validation of a system can be performed only against

its specification.
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2.2 Formal specification of system requirements

2.2.1 Requirements engineering

A successful system is a system that fully addresses the needs for which it was built.
Requirements engineering is the process that discovers those needs, and documents
them in a form that is suitable for analysis, communication, and subsequent imple-
mentation [42]. For a comprehensive evaluation of the role of the requirements in
the development of a system it is important to have a clear understanding of the
system life-cycle. The system life-cycle consists of three cycles: the concept cycle, the
development cycle, and the operation cycle [35]. The first cycle involves outlining the
main functions of the system and investigating its feasibility. The development cycle
involves requirements specification, design, implementation, and testing (or certifi-
cation). The operation cycle spans the time from system certification to retirement
from service. The requirements specification phase takes place between the concept
phase and the design phase. It transforms the informal, incomplete, and ambiguous
needs, as expressed in the concept phase, into a set of requirements that serve as
the supporting document for the subsequent phases of design, testing, and operation.
The design phase transforms required functions into algorithms and physical pro-
cesses that are transformed within the implementation phase into software code and
hardware components. The testing phase aims at determining whether the system
meets all requirements; successful certification implies that the system will meet its
operational phase commitments.

Though requirements specification and design play different roles within the de-

12



velopment cycle they are not separated in time. The system is decomposed into a
hierarchy of elements on a functional basis according to the principle of architectural
design [19] . Requirements engineering concerns with all elements at all levels. Steps
of requirements analysis and design alternate throughout the hierarchical structure
of the system to produce a sequence of requirements specifications corresponding
to different levels in the decomposition. The prominent role of the requirements
specification throughout the development cycle and the consequences of inadequate
specification has been widely documented in the literature: ”... No other part of the
work so cripples the resulting system if done wrong. No other part is as difficult to
rectify later.” [20] "requirements inadequacies play a major and expensive role in a
project failure” [19].

The main activities of requirements engineering are [19]:

e clicitation

e analysis and modeling

e specification

e validation

e management

Elicitation consists in identifying what problems the system needs to address and
in outlining the boundaries between the system and its environment. The modeling

activity consists in the development of an abstract description of the system and its
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environment. The system environment is the part of the world with which the system
will interact and in which the effect of the system are evaluated; its description plays
a fundamental role in the requirements specification. System requirements are condi-
tions over phenomena of the environment [36]; shared phenomena are the phenomena
that belong to both entities while private phenomena belong exclusively to the envi-
ronment. Requirements are conditions over both shared and private quantities. The
system can assure satisfaction of requirements involving private quantities thanks to
environment properties that relate private phenomena to shared phenomena. These
properties are called the indicative properties of the environment and they are true
irrespective of the presence of the system, as opposed to the optative properties that
need to be guaranteed by the system and that are captured by the requirements. Only
by describing the environment it is possible to describe the purpose of the system and
provide the information required to its design.

The specification activity involves the formulation of the requirements by means
of a specification language. There is a variety of formal and informal languages
adopted in requirements engineering; the advantages of adopting a formal specifica-
tion language are discussed in the next section. The validation activity consists in
establishing whether the requirements specification is complete, correct, unambigu-
ous, consistent, testable, and feasible [9]. Completeness and correctness provide that
the requirements specification captures the purpose of the system within its envi-
ronment. Evaluation of completeness is problematic because it involves a subjective

judgment of how well a system that meets the requirement addresses the real-world
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need. Absence of ambiguity, consistency, and testability can be obtained by adopting
a formal specification language. Requirements feasibility needs to be evaluated by
the domain experts. To save efforts and resources it is important to determine ahead
of time whether a system can be built that meets the requirements. The last activity
of requirements engineering is requirements management. In practice it is impossible
to develop a specification that remains stable throughout the life-cycle of the system.
Efficient management of requirements plays a crucial role in managing requirements
evolution in time and in providing traceability. The IEEE Guide for Developing Sys-
tem Requirements specifications [6] provides guidelines to proper structuring of the
specification document to facilitate modifications. However, given the considerable
dimension that specification documents usually reach, management of specification
without well engineered tools is not feasible.

A peculiar feature of requirements engineering is its multidisciplinary nature.
Three different agents are typically involved in the requirements engineering process:
the customers, the domain experts, and the requirements engineers. The customers
are those interested in addressing the real-world problem; they provide a raw defini-
tion of the requirements that typically is the result of the concept phase of the system
life-cycle. The domain experts are those involved in the activity of design, implemen-
tation, integration, and testing. Their contribution in the requirements specification
process is essential since they provide the technical know-how to decompose the sys-
tem into a suitable hierarchical structure, to analyze and model the requirements, and

to assess feasibility of the requirements. The requirements engineers work in strict
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collaboration with the customers to elicit the requirements and collaborate with the
domain experts to perform analysis and modeling of the requirements. Specification,
validation, and management are in prevalence tasks of the requirements engineers
though some validation tasks involve all three agents. The requirements specification
document is the official means of communication between the three agents. It collects
all the information required to design the system along with the acceptance criteria

that will be used to verify whether the system addresses the real-world need.

2.2.2 Advantages of adopting a formal specification language

The requirements specification involves a considerable amount of engineering analysis
and judgement, it is the result of a long sequence of refinements, it is produced with
the collaboration of personnel in different area of expertise, and typically results in
a voluminous document with a complex set of dependencies. These factors make it
difficult to produce a consistent and unambiguous requirements specification. Despite
the considerable expressive power of plain-English, its use as specification language
introduces an additional source of ambiguity and inconsistency. Considerable leverage
can be obtained by adopting a formal specification language. A formal language is
a language with a mathematically defined syntax and semantics. The mathematical
definition of the language potentially eliminates the ambiguity problem, allows for
checking the consistency of the specification, and leads to a specification amenable to
automated analysis. Furthermore, the rigid structure of the formal specification serves
as a guide in formulating the requirements resulting in a homogeneous document

throughout the refinement iterations.
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Improvements obtained by adopting a formal language do not come without a
cost. Formal specification of a requirement must be explicit in all its parts and this
usually results in an even more bulky document. Furthermore, interpretation of a
formal specification is not straightforward resulting in a diminished effectiveness of
the communication capability of the document.

A suitable specification language should be expressive, that is it should be possi-
ble to formalize plain-English requirements without introducing artifacts. It should
not introduce modeling constraints that could bias the specification structure. It
should be monotonic so that the specification can be obtained by composition of sub-
specifications; this feature guarantees ease of update during the development cycle.
It should be supported by well engineered tools for automatic checking of consistency
and for management.

The specification language adopted in this research work is based on predicate

logic and relational algebra and is defined in Appendix A

17



Chapter 3

Research framework

In Chapter 1 it was stated that the target of this research work is the development
of a formal requirements specification for a FTFCS where fault tolerance is achieved
by exploiting analytical redundancy; in these terms, the target is quite vague and
imprecise. In this chapter the target is refined by introducing the environment of
the system the author has developed the specification for, and most of all, by elab-
orating on the function of the system within its environment. In this chapter the
author also introduces the aircraft that will serve as pilot application in developing
the specification, and the military specification that will serve as main source for

AFCS performance and fault tolerance requirements.
3.1 FTC: the system to be specified

In order to specify the requirements for any system it is critical to describe the system
environment, mark the boundaries of the system within the environment, and describe
the main functions of the system within the environment. The system under analysis
is the aggregate of hardware and software components that is added to the AFCS to
provide Fault Tolerance Capability (FTC). From now on the acronym FTC is used
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Figure 3.1: Environment of the FTC system.

to identify such system.

3.1.1 FTC environment

The environment of the FTC is the AFCS along with the whole aircraft dynamics.
Figure 3.1 shows a functional block diagram of an aircraft equipped with an AFCS.
The arrows in the diagram represent data streams like forces and moments, electrical
signals, software data, etc; the blocks represent processing units. Square-corner blocks

represent hardware units, while round-corner blocks represent software units. Blocks
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are grouped by means of dash-lines to form subsystems or systems.

The aircraft system represents the aggregate of airframe, control surfaces, and
engines. The control surfaces are typically included in the airframe; here they are
separated since different fault hypotheses are introduced for the two units. The air-
frame block also includes the contribution of gravitational field and air turbulence
to the aircraft dynamics. The group of blocks marked AFCS represents the auto-
matic flight control system. It is composed of the flight control computer (FCC),
the subsystem processing computer-output (Cout), and the subsystem generating
computer-input (Cin). The FCC is composed of the Flight Control Software (FCSw)
and of the DAC and ADC blocks. The last two blocks represent the transformation
from electrical signals to software data and viceversa. The FCSw is composed of three
units: IN, OUT and FCL (Flight Control Law). IN and OUT serve as pre-processing
and post-processing units to the flight control law, while FCL is the block that pro-
cesses software representation of pilot inputs and sensor outputs to produce a software
representation of the input to the actuators, the engines, and the display panel. The
Cin and Cout subsystems contain blocks whose names are self-explanatory. The set of
sensors is separated in primary and secondary sensors. The primary sensors are those
that produce measurements used within the FCL. Measurements from secondary sen-
sors, instead, are used for other purposes, eventually from another control law not
shown in the diagram.

The block diagram of Figure 3.1 does not represent the physical units of the AFCS

and the related interconnections. Rather, it represents the functions needed within
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the AFCS. For example, the FCC block may represent three physical computers whose

collective behaviour and interface is that of the FCC block.

3.1.2 Main functions of the FTC system

The failure of any component within the FCS can compromise the safety of the
aircraft. For this reason FCS’s must provide some degree of fault tolerance with
respect to failure of their own components. The military specification for FCS’s [2]
defines three different degrees of fault tolerance that correspond to different degrees of
criticality of the FCS function. In turn, the criticality of a FCS function is defined in
terms of the operational state of the aircraft in the post-failure scenario. The relevant
operational state — as far as fault tolerance is concerned — is state III, defined as

follows:

Operational State III is the state of degraded flight control system per-
formance, safety or reliability which permits safe termination of precision
tracking or maneuvering tasks, and safe cruise, descent and landing at
the destination of original intent or alternate but where pilot workload is

excessive or mission effectiveness is inadequate.

Hence, a FCS function is declared:

Essential if loss of the function results in an unsafe condition or inability to maintain

FCS Operational State 111

Flight phase essential if loss of the function results in an unsafe condition or in-

ability to maintain FCS Operational State III only during specific flight phases

Non-critical if loss of the function does not affect flight safety or result in control
capability below that required for FCS Operational State 111
21



The degrees of fault tolerance for FCS functions are defined as follows:

Fail operational The capability of the FCS for continued operation without degra-
dation following a single failure, and to fail passive in the event of a related

subsequent failure.

Fail passive The capability of the FCS to automatically disconnect and to revert to

a passive state following a failure.

Fail safe The capability of the FCS in a single channel mode of operation to revert
to a safe state following an automatic disconnect in the event of a failure or

pilot initiated disconnect.

Each FCS function is required to provide a certain degree of fault tolerance ac-
cording to its criticality. More specifically, essential FCS functions are required to be
fail operational, flight-phase-essential FCS functions are required to be fail passive,
and non-critical FCS functions are required to be fail safe. In practice these fault
tolerance levels are exceeded for flight-phase-essential and essential controls due to
reliability or flight safety requirements. Here the focus is on fault tolerance only and
neither reliability nor safety requirements are considered .

The FCS functions under anlysis are typical autopilot functions, such as Pitch
Attitude Hold, Roll Attitude Hold, etc. Autopilot FCS’s are non-critical functions;
as such, they are required to be fail safe. Typically, fault tolerance requirements
for autopilot functions are met by monitoring values of sensor readings and of con-
trol inputs to actuators; if these values are over predetermined ranges the autopilot
automatically disengages returning control to the pilot. In this research work autopi-

lot fault tolerance requirements are extended to fail operational capability, with the
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constraint of adopting the analytical redundancy approach.

Analytical redundancy based fault tolerance is achieved at the software level; soft-
ware routines process control law inputs and outputs to check their consistency against
an analytical model of the controlled system (in this case the aircraft). Analytical
redundancy, however, cannot be used to provide fault tolerance with respect to failure
of all the FCS components. Any component of the FCS, either hardware or software,
can fail. Analytical redundancy cannot help with software failures; nor it can help if
in a single-channel FCS the FCC fails, since the FCC hosts the software that provides
fault tolerance. Failure of either the control or the display panel cannot be accommo-
dated at the software level; hence, analytical redundancy is — under these conditions
— useless. The remaining components of the FCS are the actuators and the sensors.
Analytical redundancy based solutions presented in the literature typically separate
the problems of actuator and sensor failure. The rationale behind this choice is sim-
ple: fault tolerance with respect to sensor failures is mostly an observation problem,
while fault tolerance with respect to actuator failures is mostly a control problem;
different expertise and techniques are required for designing the two different FTC
systems. The author adopts this modular approach and chooses to focus on sensor
failures only. Hence, the FTC system is required to provide fault tolerance with re-
spect to failure of any of the primary sensors. Fault tolerance with respect to failure
of the secondary sensors is not required since secondary sensor outputs are not used

by the FCL.

23



Focusing on sensor failures does not imply that all remaining components of the
FTC environment are not subject to failure. Whether components are subject to
failure or not cannot be arbitrarily established; this is a constraint that is dictated
by the nature of the component. Under the realistic assumption that each FCS
component is subject to failure the question is which redundancy approach should be
adopted to provide fault tolerance. For some of the FCS components fault tolerance
cannot be achieved at the software level; these components are the FCSw, the FCC,
the CP, and the DP. The author assumes that fault tolerance with respect to failure of
these components is achieved by means of physical redundancy, and that performance
requirements are still satisfied following a single failure. On the other hand, the author
assumes that fault tolerance with respect to actuator and sensor failures is achieved
at the software level.

Since analytical redundancy is provided by the functional redundancy within the
aircraft dynamics the impact of failure of the aircraft subsystem components must be
taken into account as well. Control surfaces and engines are assumed to be fallible,
while different hypotheses are made for the airframe. In military aviation partial
separation of wing or tail surfaces is possible in a combat scenario; while in commercial
aviation this is quite an extraordinary event. For this reason the airframe is assumed
infallible. Fallible components whose fault tolerance is not guaranteed by means of
physical redundancy are marked by means of oblique lines in figure 3.1 .

In the scenario described above, different modules are used to achieve fault toler-

ance. These modules adopt either physical or analytical redundancy to provide fault
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tolerance with respect to failure of a subset of components of the FCS. It is important
to outline to what extent these modules interact with each other. In fact, fault tol-
erance achieved by means of analytical redundancy is inherently non-modular. The
detection, identification, and accommodation tasks are performed by exploiting the
correlation among different quantities of the system. This implies that the system
relies on the output of other fallible components — eventually monitored by a different
FTC module — to achieve fault tolerance with respect to failure of one component .
Physical redundancy instead is highly modular. Fault tolerance of each component
is achieved by means of similar components that provide means for both fault detec-
tion and accommodation. All adopted information is local to the set of redundant
components. The dependencies that arise with analytical redundancy make void the
modular approach unless the modules are organized in a stratified structure. Within
this structure each module builds a new layer of fault tolerant system components.
Within the framework of this research one module represents the FTC adopting the
physical redundancy approach, while two other modules represent the FTC adopting
the analytical redundancy approach to provide fault tolerance with respect to sensor
and actuator failures respectively. Physical redundancy is assumed to be exploited
first to guarantee correct operation of the hardware hosting and interconnecting to
the FCSw. The physical redundancy based FTC module is at the higher level in
the FTC stratified structure. Hence, physical redundancy is transparent to the FTC
modules that exploit analytical redundancy. The FTC module that provides fault

tolerance with respect to sensor failures forms the second layer. This layer produces
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validated readings for the monitored sensors. This is the first layer adopting the ana-
lytical redundancy approach. For the sake of modularity it must filter out the effects
of failures of components that are neither among the monitored sensors, nor among
the components whose fault tolerance is provided by the first FTC layer. The last
layer is the one providing fault tolerance with respect to actuator failures. This layer
can rely on fault tolerant readings from the monitored sensors. However, it must filter
out the effects of components that are neither among the actuators, nor among the
components whose fault tolerance is provided by the first two FTC layers.

Before illustrating the interface between the FTC and its environment the main

functions of the FTC system are summarized as follows:

The FTC system must provide fault tolerance, at the fail-operational
degree, with respect to failure of the primary sensors. Fault tolerance
must be achieved at the software level, without use of redundant sensors
(i.e. exploiting analytical redundancy of the FTC environment). Fault
tolerance capability must be achieved regardless of failure of components
that are neither among the monitored sensors, nor among those whose
fault tolerance is provided by means of physical redundancy. If the FTC
is not engaged, the original (without FTC) operation of the AFCS must

be guaranteed.
3.1.3 FTC interface with its environment

Figure 3.2 shows how the FTC system fits within its environment. To contain the

dimensions of the drawing either acronyms or short-names are used in place of some

26



/;?/g;;//ﬁ

Aircraft

Airframe

[
[
Wﬁ\\ /J,\\ //
el S —
ot EN ) |
[ | &) ,,
CFI
= N - .
O =] = |
[ | |
[ & O O W Lo
,,C,, | P
| P,C,NH .
,/Wﬁmf -
[ [T | ,,
IR 5 .
I I 1 |
St A e .
b ! | L Lo
i N -
| | |
el T o |
il T r
tDHC e o
3 S - o
Sl B8 | g
[ |
8T L e
[ ,,C,T LL
L L2 o
|
SNAECSLINC o
L o N S
[ [ |
N N /
|
r/

Figure 3.2: FTC within its environment.
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of the labels used in figure 3.1. More specifically ACT denotes the actuators, DP
and CP denote the display panel and the control panel respectively, and .S, and S
denote the primary and secondary sensors respectively. The FTC system is com-
posed of the blocks marked with a thicker outline. C' Pprc and D Pppe represent the
control and display panel of the FTC. They represent the interface with the pilot,
and provide means to activate/deactivate the FTC and to signal the operating sta-
tus (nominal/faulty) of the monitored sensors. ADCpre and DACgre represent the
interface between the electrical signals from the FTC control and display panels and
the related software variables. I Npre and OUTrpe represent the software modules
that serve as interface between the ADCrrc and DACErc blocks, and the FTC-AR
block. FTC-AR is the core of the FTC; it represents the software routines that pro-
cess sensor readings (from the IN block) and control inputs (from the OUT block) to
check whether the correlation among them is consistent with the analytical model of
the environment. This is the system that exploits analytical redundancy to provide
fault tolerance.

With the introduction of the FTC system within the FCS fault tolerance with
respect to failure of the FTC components must be guaranteed. These components
are of the same kind of those for which physical redundancy was adopted to achieve
fault tolerance. Hence, fault tolerance with respect to failure of the FTC components

is assumed to be achieved likewise.
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3.2 DHC-2 aircraft

In order to develop the requirements specification of a FTC system all relevant details
of its environment must be specified. Hence, a pilot application is needed, an aircraft
equipped with a FCS that can be adopted as environment for the FTC. The aircraft
selected is the De Havilland DHC-2, also known as Beaver. This is a general aviation,
single engine, high-wing aircraft with a wing span of about 15 meters, fuselage length
of about 9 meters, and a maximum take-off weight of about 2300 Kg. Its analytical
model, along with its FCS are provided in the Flight Dynamics and Control (FDC)
Toolbox for Matlab [38], [37]. Information in [38], [37], and [53] was adopted to
provide a description of the blocks of the FTC environment in figure 3.1. The cited
documentation provides the analytical model of the DHC-2 aircraft, of the actuator-
control-surface chain, the engine, and the continuous-time flight control laws. This
information covers the description of the aircraft subsystem, the actuators block, and
the FCL block. The description of the environment was completed by developing
suitable analytical models for the remaining blocks.

Aerodynamic derivatives and moments of inertia from [37] were adopted for the
analytical model of the aircraft; uncertainty bands about nominal values were intro-
duced according to [31]. Actuator-control-surface models include elevators, ailerons,
and rudder dynamics; the analytical model of the flaps is not included since the flaps
are not used by the autopilot functions. The cited documentation does not con-
tain any sensor model; hence, analytical models were developed from the technical

specification of the following sensors:

29



Table 3.1: DHC-2 autopilot functions and related controls

‘ Autopilot function ‘ Controls
Pitch Attitude Hold (PAH) SWpam, 0,
Altitude Hold (ALH) SWarn
Roll Attitude Hold (RAH) SWgran, o
Heading Hold (HH) SWyn
Heading Select (HS) SWhrs, ¥r

Rate gyros and accelerometers MotionPak™™ Multi-Axis Inertial Sensing Sys-

tem, by BEI, Systron Donner Inertial Division

Angle of attack FAA-authorized commercial airliner angle of attack transducer Se-

ries 2568A, by Gulton Statham

Dynamic pressure sensor differential pressure sensor series 142PC05D by Honey-

well - Microswitch

Static pressure sensor absolute pressure sensor series 142PC15A, by Honeywell -

Microswitch

Attitude and heading sensors FAA authorized Advanced 4MCU IRU, by Hon-

eywell.

The control panel consists of the autopilot control switches and knobs listed in
Table 3.1. The Manual Flight Control System (MFCS) controls are omitted since
they are not relevant to this study. A generic 16-bit data acquisition card with a
410 Volt input and output range was adopted for the ADC and DAC components.
Input data to the ADC and output data from the DAC are electrical signals within
the +£10 Volt range. Output data from the ADC and input data to the DAC are the
software variables containing the 16-bit counterpart of the related electrical signals.

These quantities are named raw software variables, as opposed to the refined soft-
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ware variables representing the value of the measured quantities as used by the flight
control laws. The IN and OUT blocks transform raw software variables into refined
software variables. Furthermore, the IN block processes pressure and temperature
readings to produce air-data (air density, airspeed, barometric altitude) according to
the ICAO Standard Atmosphere model. The flight control laws (FCL block) are those
implemented within the Flight Dynamics and Control Toolbox for Matlab [37]. The
original control laws have been discretized using the forward Euler approximation
with a sampling rate Ty = 1/50s. The AFCS functions provided with the FDC Mat-
lab Toolbox are listed in Table 3.1. The description of the Flight Control Computer
is not provided, it is assumed that the computer provides a suitable environment for
hosting the FCSw. Figure 3.3 represents the block diagram of the DHC-2 aircraft
and its AFCS. Each component is represented by an identifier composed of the letter

'C” and a subscript that identifies the component.
3.3 Military specification for AFCS

To specify the requirements of the FTC system the military specification MIL-F-
9490D [2] is adopted as main source for fault tolerance and performance specification
for AFCS. MIL-F-9490D ”Flight Control Systems - Design, Installation and Test of
Piloted Aircraft, General Specification for” [2] is the active specification for FCS for
US Air Force manned piloted aircraft. It is supported by other military specifica-
tions, standards, handbooks, and non-military publications such as FAA Advisory

Circulars, National Aircraft Standards, Technical Reports, etc. The most relevant
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supporting documents with respect to this research is the military specification MIL-
F-8785C "Flying Qualities of Piloted Airplanes” [4], the supplement ”Appendiz to
Background Information and User Guide for MIL-F-9490D” [3], and the Technical
Reports ”Background Information and User guide for MIL-F-9490D” [1] and ”Back-
ground Information and User guide for MIL-F-8785C” [5].

MIL-F-9490D contains FCS requirements specification (Section 3) along with clas-
sification of FCS operational states and of FCS criticality (Section 1), and quality
assurance procedures (Section 4). In fact, the document is structured to serve as a
guide for all aspects of design, analysis, and test of FCS. The requirements specifi-
cation spans over the whole system hierarchy, from high-level system requirements
(Section 3.1) to subsystem and components requirements (Section 3.2). It covers a
wide typology of requirements such as performance requirements for autopilot func-
tions, automatic navigation, ride smoothing, etc.; functional requirements for failure
immunity, system test and monitoring, AFCS override, warning and status annun-
ciations, etc.; structural requirements; maintenance requirements; implementation
requirements related to technical details such as wiring, shielding, assembling, etc.

For the purpose of developing the requirements specification for the FTC system a
narrow subset of requirements has been selected. Appendix B.1 contains the referred
military specifications. Selected specifications are reported as they are, with modi-
fications and cuts according to the scope indicated in the sequel. The performance
requirements for the following autopilot functions are considered: Pitch Attitude

Hold (PAH), Altitude Hold, (ALH), Roll Attitude Hold (RAH), Heading Hold (HH),
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and Heading Select (HS). Coordination requirements for lateral-directional control
functions, both in steady banked turns and in level flight are considered. Among
the functional requirements the focus is on fault-tolerance requirement, limited to
those relevant to fail-operational functions. Failure transient requirements are not
considered since the focus is on fail-operational capability only.

Specifications contained in [2] do not constitute the whole set of specification for
an aircraft; rather, they represent the aircraft-independent specifications. Aircraft-
dependent specifications are collected within the documentation provided by the air-
craft manufacturer and are referred to as detail-specifications. They specify the op-
erational envelope of the aircraft, the aircraft normal and fault states, the maneuver
limits, AFCS functions and their operation such as engagement and disengagement
procedures, selection logic, functional safety criteria and limits, and all relevant in-
formation related to the specific aircraft. To develop the DHC-2 detail-specification

the documentation discussed in the previous section is adopted.
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Chapter 4

Formal specification of the FTC
environment

The FTC specification is developed on top of the performance specification derived
from MIL-F-9490D and of the DHC-2 detail-specification. Since the objective is
to develop a formal requirements specification for the FTC, performance and detail
specification needs to be formalized first. Relational algebra is adopted as the formal
specification framework. It is introduced in Section 4.1; for a more detailed descrip-
tion of relational algebra refer to Appendix A and therein referenced bibliography.
To develop the performance and detail formal specification the relevant requirements
are decomposed on a functional basis into elementary requirements. Each elementary
requirement is formalized separately to produce an elementary specification. Then,
composition operators of relational algebra are used to build up higher level require-
ments to develop the whole specification. In this chapter the approach toward formal-
izing the elementary requirements is described in detail. The formalization process is
illustrated on one of the elementary requirements from the performance specification.
Then, the composition of the elementary specifications is shown using an example.

Finally, the requirement structure of the performance and detail specification are
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illustrated.

4.1 Relational specification of elementary require-
ments

Equation 4.1 represents the prototype of a relational specification.
R :{( A, B )‘ predicate(A, B) } (4.1)

This relation represents a set of elements from the space obtained from the cartesian
product of the domain space A and the image space B. The space A x B is denoted
the signature of the relation, and ( A, B ) represents the generic element of this space.
Boldface font is adopted for the spaces to distinguish them from their respective
elements. Each element of a space represents a structure of variables. A and B
denote the domain and image elements respectively, and their variables the domain
and image variables. predicate(.A, B) is a predicate in terms of the domain and image
variables, of constants, and — eventually — of quantified variables introduced within
the predicate itself. The predicate evaluates either true or false depending on the
value of the domain and image variables. The relation represents the set of couple of
elements (A, B ) that cause the predicate to evaluate true.

A requirement can be interpreted as a relationship among some relevant quantities.
Consider the space whose coordinates identify with the quantities adopted in the
requirement. Each point of this space represents a particular choice of values for
those quantities. The required relationship identifies with a region in the space of

requirement’s quantities, much like a function y = f(x) identifies with a curve in
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the space X x Y. This region contains all the elements whose quantities’ values
satisfy the required relationship. A relation of the type described in equation 4.1
can identify that region — hence specify the related requirement — provided that the
adopted constants and variables represent the relevant quantities, and the predicate
captures the required relationship among those quantities.

In the requirement formalization process the quantities that are explicitly or im-
plicitly used to formulate the requirement are identified first. Hence, constants and
variables to represent those quantities are introduced. Constants are used to rep-
resent fixed quantities; image variables are used to represent quantities whose value
is somehow constrained by the requirement; domain variables are used to represent
quantities whose value delimits the scope of the requirement; quantified variables are
used to represent quantities that play a role in the formulation of the requirement
but that are neither constrained, nor used to specify the requirements scope. For
the purpose of making the relation more readable and the whole specification less
repetitive and cumbersome auxiliary terms are introduced. These terms represent
expressions and functions that are repetitively used within the specification. Finally,
a predicate that captures the semantics of the requirement is formulated. This re-
quires the predicate to evaluate true if and only if the required relationship among
the requirement quantities holds.

Typically, variables used in relations represent the instantaneous value of the
related quantities. This approach allows for specifying requirements in terms of in-

stantaneous input/output relationships, but it is not suitable for specifying AFCS
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requirements. Most of AFCS performance requirements are formulated as a con-
straint over a quantity’s time evolution within a certain time interval, rather than
over the quantity’s instantaneous values. Damping requirements, and RMS-deviation
requirements are among two examples. The damping requirement is typically ex-
pressed in terms of the damping factor of the equivalent second order system. To
verify this requirement an identification procedure is used to process system input
and output over the relevant time interval and to produce the equivalent system. It
is not possible to formulate the damping requirement on the basis of instantaneous
input/output values. The RMS-deviation requirement is by definition a constraint
over the integral of the output within the relevant time interval. Once again, this
requirement cannot be formulated as a constraint over instantaneous values of system
output.

To solve this problem the author adopts variables that represent the whole time
evolution of the related quantity, rather than its instantaneous values. For example,
the variable ¢() is used to represent the time evolution of the bank angle within the
time interval [0,00). The empty brackets () are adopted to indicate that the variable
represents the whole time evolution of a quantity rather than the value of the quantity
at a specific time instant.

To illustrate the requirements formalization process and provide a guide to inter-
preting the relational specification the formalization of the Heading Hold (HH) control
function requirement is commented. This requirement is fairly simple, yet provides a

number of meaningful points for discussion. The plain-English specification from [2]
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is reported below; to facilitate the analysis each section of the requirement has been
labeled with a letter.

3.1.2.2 Heading Hold

a) In smooth air, heading shall be maintained within a static accuracy of 0.5

degree with respect to the reference.

b) In turbulence, RMS deviations shall not exceed 5 degrees in heading at the

intensities specified in 3.1.3.7.
¢) When heading hold is engaged, the aircraft shall roll towards wings level.

d) The reference heading shall be that heading that exists when the aircraft passes

through a roll attitude that is wings level plus or minus a tolerance.

As first step the plain-English requirement is analyzed to identify the quantities
that are used either explicitly or implicitly within the specification. During this
analysis the author introduces — sometimes between brackets — the identifiers that
will represent those quantities within the relation. The HH requirement specifies
accuracy requirements for the heading angle (¢()) for operation in both smooth air
and turbulence when the HH function is engaged. Hence, the two operation cases must
be separated. To this purpose the auxiliary function turb(t,,,)is introduced. This
predicate is expressed in terms of the random and discrete turbulence components
of the wind velocity vector wy, (), vu,(), Ww,(); Uw,(), Vuw,(), Ww,(), and of the time
instants ¢, and t,. It returns false if and only if the airplane is operating in smooth air
within the time interval [t,, t,]. Accuracy requirement for operation in turbulence are

expressed in terms of the RMS deviation from the reference heading. The auxiliary
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function RM S(dev(),t,,tp) is introduced; it returns the RMS value of the variable
dev() within the specified time interval [t,,tp]. The relevant time instants of the
specification are three. The first one (¢;) is the HH function engagement instant. The
second one (t3) is the time instant when the reference heading (1)) is determined.
In fact, the specification requires the airplane to roll (¢()) towards wings level, and
fixes the reference heading as "that heading that exists when the aircraft passes trough
a roll attitude that is wings level plus or minus a tolerance” (¢ae). The third time
instant (t3) can be any time instant preceding HH function disengagement. Other
quantities that need to be represented are the required accuracy levels in both smooth
air (1ae) and turbulence (¥grys) operation, and the HH control switch (SWgg()).
Another auxiliary function is introduced: engaged(SW(),t.,ty); it returns true if
control SW () is engaged at t = t, and stays engaged within the whole time interval
[ta, ts).

After identifying the relevant quantities the related identifiers are separated into
classes of constants, domain, image, and quantified variables, and auxiliary functions.
Tables 4.1 trough 4.4 list all identifiers used within the HH relational specification.

The signature and the predicate of the HH relational requirement are given by

the following two equations:

HHign =((SWerp (), tta, (); v, (5 war () ), (20, 60))) (4.2)
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Table 4.1: Constants used within the specification of the HH function.

‘ ID and value ‘ Type ‘ Definition
Vaee = 0.5 - degree2S1 angle-T heading accuracy in smooth air
Yrps = D - degree2ST angle-T RMS heading accuracy in turbulence
Gace = 1.0 - degree2ST angle-T roll accuracy in smooth air

Table 4.2: Domain and

image variables used within the specification of the HH func-

tion.
‘ ID ‘ Type ‘ Definition
SWrn() time-T — switch-T HH autopilot on/off switch

U, ()5 Vu ()5 We, ()

Uy, 0, Vwgy 0 Wy 9)

time-T — velocity-T | wind-turbulence components of wind
velocity along body-axes

time-T — velocity-T | wind-gust components of wind veloc-
ity along body-axes

¥()
¢()

time-T — angle-T heading angle
time-T — angle-T bank angle

Table 4.3: Quantified

variables used within the specification of the HH function.

‘ ID ‘ Type ‘ Definition
t time-T generic time instant
t time-T HH function engagement time instant
2 time-T time instant when the reference heading is determined
t3 time-T time instant delimiting the scope of the requirement
Uy angle-T reference heading

Table 4.4: Predicates and functions used within the specification of the HH function.

1D

Description

engaged(SW (), ta,tp)

RMS(f()a ta; tb)

turb(tq, ty)

predicate that evaluates true only if the switch SW() is
engaged at t = t, and stays engaged throughout the time
interval [t,, t]

Root Mean Square value of the function f() over the time
interval [t,, t]

predicate that evaluates true if random and discrete turbu-
lence wind components are not zero
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HHyreq = (4.3)
Vi Vs (

0<t1 <tz <0 A

engaged(SWup(),t1,t3) =

3t 30 (
t <ty <t3 A
Vi (ta <t <ty = [@(t)] < Pace ) A
Vr = P(ta) A
S turb(ty,ts) = WVt (2 <t <ty = [(t) = Vo] < Yo ) A

tUTb(tl,tg) = RMS(@/)() — 7,0,«,252,753) < @Z)RMS

Hence, the relational requirement for the HH control function is:
Run :{ HHsign ‘ HHpred } (44)

The HH predicate 4.3 can be read as follows:

FOR EVERY couple of time instants ¢, t3

IF
[t1, %3] is a time interval within [0, 00) AND
the HH control function is engaged at ¢t = t; and stays engaged
throughout the interval [t;, t3]

THEN

there must EXIST a time instant ¢, and a reference heading 1, such
that
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¢1) tg is within the interval [t1,¢3) AND

¢y) the bank angle is approximately zero within the time interval

[ta,t3) AND
d) the reference heading 1), is the heading angle at t =t AND

a) IF there is no turbulence within the time interval [¢;,¢3] THEN
the deviation of the heading angle ¢ from the referenced heading
1, shall not be larger than ¢,.. at all time instants within the time

interval [to,t3] AND

b) IF there is turbulence within the time interval [t1,¢3] THEN the
RMS value of the deviation of the heading angle v from the refer-
enced heading 1, over the time interval [t9, t3] shall not be larger

than ¢¥rys

The labels in the THEN section recall the labels inserted in the plain-English
specification.Sections a) and b) refer to the accuracy requirement in smooth and
turbulence operation respectively. Both sections ¢;) and ¢s) refer to section c¢) of the
plain-English specification. This section reads ”When heading hold is engaged the
aircraft shall roll towards wings level”. This section has been formalized by requiring
the airplane to reach — at a certain time instant ¢, — a state with a bank angle close to
zero. To quantify how close, the author adopted the accuracy threshold ¢g.. used in
the Roll Attitude Hold (RAH) specification ( Section 3.1.2.1 of [2], see also Appendix
B.1). This solution is the author’s best guess to make up for the lack of a threshold
in the plain-English specification. The same solution was adopted to make up for

the lack of indications on how to determine the reference heading. In fact, section d)
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of the original specification reads "The reference heading shall be that heading that
exists when the aircraft passes through a roll attitude that is wings level plus or minus
a tolerance”. The tolerance is left unspecified. Another problem within the plain-
English specification is the lack of a settling-time requirement for the airplane to reach
wings level. Unfortunately, the settling-time requirement cannot be extracted from
the RAH specification since in that specification the settling-time is specified only for
the case of a 5 degree attitude disturbance.

While analyzing the AFCS requirements from [2] the author found out that most
of them are incomplete and not properly specified. The qualitative nature of the
AFCS specification is explicitly stated in Section 3.1.11 of [4]. The qualitative na-
ture of some requirements like "Entry and exit from the turn shall be smooth and
rapid” (Section 3.1.2.3 in [2]), "For engagement at rates above 2000 fpm the AFCS
shall not cause any unsafe maneuvers” (Section 3.1.2.5 in [2]), or "No out of trim
condition shall exist at disengagement which cannot be easily controlled by the pi-
lot” (Section 3.1.3.3.2 in [2]) did not allow to develop a formal specification for the
whole plain-English requirement. However, this does not represent a problem for
the development of the FTC formal specification. Because of the monotonic nature
of relational requirements, the FTC specification can be developed on top of tem-
porary FCS specification, postponing completion of the FCS specification to a later

refinement step.
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4.2 Composition of elementary requirements

In order to describe the composition of the elementary specifications the composi-
tion operators of relational algebra are now introduced along with the concept of
refinement ordering between requirements and of system correctness. Relation R4
refines relation R4, denoted by R1 O R, if Ry specifies a stronger requirement
than R4, in the sense that it imposes a constraint over a wider domain and/or it is
more specific. System correctness is defined as a refinement constraint between the
relation P representing the system implementation and the relation R representing
the system requirements: P is correct with respect to R if P J R. The adopted
composition operators are the join ( U ) and the product (o) operators. The join of
two relations represents the sum of the requirements. A system P that meets the
requirement specified by R; U R also meets the requirements specified by R, and

R separately. This is formally stated by the following formula:
PIRi1URy =P 1R NP IR,y (45)

The join operator is adopted to compose relations that capture parallel requirements
within the specification structure. The product of two relations R and R4 represents
the requirement of the sequence of two systems P; and Ps whose requirements are
specified by R1 and Rq respectively. If P12 denotes the series of systems Py and P

the main property of the product operator is defined by the following formula:

Pl Q Rl VAN Pz ; Rz 54 P12 ; RloRz (46)
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Figure 4.1: Sample requirements specification structure.
The product operator is adopted to compose relations that capture sequential re-
quirements within the specification structure.

Figure 4.1 represents a sample specification structure. R;, Ro, and Rs3 are
the relations that specify the elementary requirements. The decomposition of the
whole system into subsystems and components according to a convenient partition-
ing criterion is what drives the decomposition of the specification into elementary
requirements. The same partitioning criterion also determines the nature of the re-
lationship among the specification components. In figure 4.1 relations Ry and R3
represent sequential requirements; this is graphically denoted by the arrow that di-
rectly connects the two relations. R; and the sequence of Ry and Rg3 represent
parallel requirements. The join of these relations forms a higher level requirement
named Rror; this is denoted by the dash-line box that groups the three relations.
The other two arrows represent the signature of Rror. More precisely, A represents

the domain space, while B represents the image space. Hence, the whole specification
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can be formulated as follows:

Ri € AxB (4.7)
R, € AxC (4.8)
Rs C CxB (4.9)
Rror = Ri U Ra20Rs (4.10)

Composition operators cannot be applied to any couple of relations. The join
operator can be applied only to relations with the same signature. On the other
hand, the product operator can be applied only if the image space of the left re-
lational operand coincides with the domain space of the right relational operand.
Hence, before composing the relations to form higher level requirements the domain
and/or the image spaces of the relations used in the composition might need to be
expanded. Since, the expansion operation preserves the property that is captured
by the relation, the expanded relation specifies the same requirement as the original
relation. A possible approach is to expand the spaces of all relations to the space of
all variables that appear in the specification. The expanded relations would form a
set of homogeneous relations and both join and product operators could be applied
to any couple of expanded relations. However, this approach would lead to a flat set
of relations, where the structure of the system is lost.

The adopted expansion approach preserves the structure of the system, with the
result of a more informative specification that potentially leads to a more effective
validation. To illustrate the expansion process the composition of the Heading Hold (

Section 3.1.2.2 in [2]) and the Heading Select (HS) ( Section 3.1.2.3 in [2]) requirements
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is illustrated. For the expansion operation only the two relation signatures are needed.
The signature of the HH relation is given in equation 4.2. The signature of the HS
relation from the plain-English requirement is now determined.

3.1.2.3 Heading Select

a) The aircraft shall automatically turn through the smallest angle
b) to any heading selected or preselected by the pilot and
¢) maintain that heading to the tolerances specified for heading hold.

d) The contractor shall determine a bank angle limit which provides a satisfactory

turn rate and precludes impending stall.
e) The aircraft shall not overshoot the selected heading by more than 1.5 degrees.
f) Entry into and exit from the turn shall be smooth and rapid.
g) The roll rate shall not exceed 10 deg/sec and

h) roll acceleration shall not exceed 5 deg/sec/sec.

The requirement imposes a constrain over the roll angle ¢() (section a), over the
heading angle psi() (sections ¢ and e), and over the roll rate p()(sections g and h). The
scope of the requirement is determined by the HS engagement control switch SWyg()
(implicitly assumed activated), by the selected reference heading ,.() (section b), and
by the wind velocity components .y, (), Vu,(), W, () (section c) through the reference

to the HH requirement. Hence, the signature for the HS relational requirement is:

HS o =(( SWars(. 0. w0 00, 0. i), (00, 60, p0)))  (411)
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The signature of the HH relational requirement is reported below:

HHSign :(( SWHH()? u’wt()7 th()? th() )a (¢(>7 ¢<) )) (4'12)

The HH and HS control function requirements are very close in the AFCS per-
formance specification structure (see Section 4.3.1). The join of the two relational
requirements form the Heading Control Function requirement. Nevertheless, the two
signatures 4.12 and 4.11 are different. In order to expand the domain and image
space of the HH and HS relations while preserving the structure of the specification
the author proceeds with two expansion operations. The first expansion is based
on partitioning the set of all variables used in the specification into disjoint subsets.
This partitioning is performed on the basis of the functional equivalence criterion that
drove the decomposition of the systems into subsystems and components. Hence, each
occurrence of equivalent variables in the signature is substituted with the correspond-
ing class of equivalence. The classes of equivalence adopted in the specification are
listed in Table C.5 along with their respective variables. Among these classes there
is the class of pilot input variables U, the class of aircraft state variables X, and
the class of the components of the wind velocity vector U,,. With the three equiva-

lent classes just introduced the HH and HS relation signatures can be formulated as

follows:
H Hoignz =(( U, Uy ), X ) (4.13)
HSigns =((Un,Up ), X ) (4.14)
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The two signatures 4.13 and 4.14 are now the same and the two relations can be
joined.

For some relations a second expansion operation is needed. This is the case of the
sensor requirement Rg, and of the control panel requirement Rep in the DHC-2
detail-specification. The two requirements need to be joined as part of the computer
input requirement Reorn. However, they have the following different signatures after

the first expansion:

Ressignz =( X, X) (4.15)

Repsigns =( Uy, Uy ) (4.16)

X and Z]p represent the class of electrical signals correlated to aircraft states and
pilot inputs respectively. The problem arises because the equivalence partitioning
introduced in the first expansion is based on the first subsystem composition of the
FTC environment components. The Rern relation is one level above, since it sums
the subsystem requirements R gp and Rep. To solve this problem equivalent classes
that are at the same hierarchical level in one of the successive compositions of the
system components are merged together. Hence, X and U, and X and sz are

combined to form the following common signature for Rg, and Rep:
R55i9n2 :(( X’“p )7 ( ‘5(7[/?}7 )) (417)

Table C.1 collects the original signature and the expanded signatures for each rela-

tional term used in the specification.

20



4.3 Formal specification of the FTC environment

Appendix B collects the elementary relational specifications of the FTC environment.
More specifically, Section B.1 collects the elementary requirements of the AFCS per-
formance specification, Section B.2 collects the elementary requirements of the DHC-2
detail-specification, Section B.3 collects the fault modes for each fallible component
of the FTC environment, and Section B.4 collects the restriction sets used to delimit
the scope of the AFCS specification when applied to the DHC-2 airplane.

Each relational requirement is denoted by the letter R and a subscript that iden-
tifies the specific requirement (e.g. Rpap identifies the relational requirement for
the PAH control function). Each requirement is formalized as illustrated in Section
4.1. The signature reported within the definition of the relation is the signature ob-
tained after the first expansion discussed in the previous section. Table C.1 collects
all elementary requirements along with a short explanation of the property captured
by the relation, domain and image variables, and the signatures obtained after each
expansion. The composition of the elementary specifications to form the performance
and detail specification are discussed in the sections 4.3.1 and 4.3.2.

Airplane failure states are part of the DHC-2 detail-specification. Each airplane
failure state consists of the airplane normal state modified by one or more malfunc-
tions in airplane components or systems. Each mode of failure that is not extremely
remote should be considered (see Section 3.1.6.2 of [4]). The specification of the
detailed set of airplane failure states is out of the scope of this research. Hence,

only one fault-mode for each fallible component is specified. Relations are used to
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describe classes of fault-modes for a specific component. For example, the relation
specifying the partial loss of rudder control surface models any partial loss up to total
loss of the surface. The identifier of a fault-mode relation is the same as that used
for the relation describing the required behaviour of the corresponding component,
with a number added to the subscript to identify the fault mode (e.g. Ry is the
relation describing fault mode number 1 for the roll rate gyro). The signature of a
fault-mode relation is the same used in the relation specifying the requirements for
the corresponding component, while the related predicate captures the specific faulty
behaviour. The considered faults are very simple: these are partial loss of rudder con-
trol surface, engine loss, bad connection of sensor output, and stuck actuators. Sensor
fault modes are an extrapolation of results from fault-mode-tests performed on rate
gyros similar to the gyros adopted in this specification. For lack of aerodynamic data
failure of a single aileron or a of single elevator are not modeled. Section B.3 collects
all fault-mode relations, while Table C.3 lists them along with a brief description.
The restriction-sets are used to delimit the scope of the performance specifi-
cation. There are three restriction-sets: Sgo, Sat, and S¢,,. Sao specifies the
control-function selection logic; this information constitutes part of the airplane
detail-specification as required in Section 3.1.2 of [2]. S, specifies the turbulence
model to be adopted for verifying performance requirements with the airplane oper-
ating in turbulence. Only random turbulence is considered, while discrete turbulence
(e.g. wind-gusts) and mean wind are not modeled. Effects of wind-shear are omit-

ted since they become dominant in terminal flight-phases, while here the focus is on
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autopilot functions that are engaged in non-terminal flight-phases only. The model
adopted for random turbulence is the Dryden model with length and intensities scales
as specified in Section 3.7 of [4]. S¢,, represents the constraint over trim condition
to guarantee a valid set of values. Each of these sets contains only a subset of the
variables used within the performance specification. To make these sets homogeneous
with the spaces of the relations they are going to be used with they are expanded
as illustrated in Section 4.2. Table B.4 lists the restriction-sets along with a short
description, the relevant variables, and the expanded spaces.

Appendix C collects all supporting tables for the FTC environment specification.
Some of these tables have been already introduced, such as Table C.1 listing the
elementary requirements of the FTC environment, Table C.3 listing the fault-mode
relations, and Table C.4 listing the restriction sets used within the AFCS performance
specification. Table C.2 lists the composed relations used within the performance
and the detail specification along with domain and image spaces. Table C.5 lists
all the classes of equivalent variables obtained with the first expansion discussed in
Section 4.2 along with the set of variables belonging to each class. Table C.6 lists all
domain and image variables used within the relational specification along with their
data-type and a brief description of the represented quantities. Table C.7 defines
the type and value of all the constants used within the specification. Table C.8
lists all quantified variables used within the specification along with their data-type.
Table C.9 defines all the auxiliary terms, functions, and predicates. Finally, Table

C.10 defines all the data-types. SI unit and range of allowed values is specified for
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each data-type; this information can be used within the validation process to check
requirement consistency. Value range is used to capture indicative constraint over
requirement variables. For example, ranges for airspeed, altitude, and angle of attack
are specified to capture the envelope of validity of the aerodynamic model of the
airplane. Analogously, the rudderDeflection-T type specifies minimum and maximum
deflection of the rudder; bankReference-T and pitchReference-T types specify the
minimum and maximum values of bank and pitch reference angles as specified by the
AFCS designer. Whenever strong typing of variables or constants would result in an
excess of notation or in a cumbersome representation of data we omitted specification
of type or the a looser form of typing was adopted where ranges and units are not
specified. This is for example the case of the matrices of the actuator models in Table

C.7 and of the stabilityDerivative-T and controlDerivative-T types in Table C.10.

4.3.1 Performance requirement composition

Section B.1 collects the elementary requirements for the AFCS performance speci-
fication. Of the performance specification for AFCS the author selected only those
related to static accuracy for operation in smooth air and in turbulence that apply to
the DHC-2 autopilot functions. These are the performance requirements for the PAH,
ALH, RAH, HH, and HS autopilot functions, and the coordination requirements for
lateral-directional control functions, both in Steady Banked Turn (SBT) and in Level
Flight (LF). The original text of the requirements from [2] is reported along with the
relational specification. An intermediate formulation of the requirement bridges the

gap between the two specifications as illustrated in Section 4.1 for the HH function
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Figure 4.2: Structure of the AFCS performance requirements specification.

requirement. Requirements are numbered as in the original document; the ellipsis ...’
is used to indicate the omission of a substantial part of the original text. The plain-
English specification is divided into subsections marked with letters. These letters
are used within the intermediate specification to point out corresponding subsections
of the two formulations of the requirement; ambiguous subsections of the original text
have been omitted from the formal specification.

Figure 4.2 represents the structure of the performance requirements. This struc-
ture is very simple; all requirements are combined by the join operator to form the
Performance Specification R pg. The blocks with dash outline group the relations
that specify the requirements for the Symmetric Control Functions Rscr, the rela-
tions that specify the Coordination Constraint Rece, the relations that specify the

Heading Control Functions Rgcr, and the relations that specify requirements for
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the Asymmetric Control Functions R acr. The performance specification R pg is a
relation over the domain space C¢.+U,p, +X +U,, and the image space X. These are
the expanded spaces that represent the class of trim-variables Cy,., the class of AFCS
input variables U, , the class of air-turbulence variables U,,,, and the class of airplane
state variables X'. Each requirement is expressed as a constraint over the evolution
of the airplane state under specified turbulence conditions, for a specific AFCS input
and trim condition.

The composition of the relations specifying the elementary performance require-
ments is straightforward; all requirements are combined through the join operator
to form the performance specification. The resulting requirement is restricted to the
admissible combination of AFCS inputs, to a valid set of trim-conditions, and to the
required model of wind turbulence by means of the pre-restriction sets introduced in

the previous section. The composition is expressed by the following equations:

Sps = Sc,. [) Sao [) Sat (4.18)
Rps = Spg (Rpam U Rapm U (4.19)

Rrag U Ruag U Rus U Rspr U RLF)

4.3.2 DHC-2 detail-specification
Section B.2 collects the elementary requirements for the DHC-2 detail-specification.
These relations specify the required behaviour of each component of the DHC-2 air-

plane and its AFCS. Since most of this information is in terms of analytical equations

describing the operation of the corresponding component there is no plain-English
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specification counterpart.

Elementary specifications are grouped into different subsections according to their
role within the specification structure. Section B.2.1 collects relations that specify
the airplane dynamics through force Rpeq, moment Rpseq, kinematic R geq, and
navigation R neq equations. The forcing terms for these equations are aerodynamics
forces Raer and moments R gem, exerted by the airframe, forces Resy and moments
Rcsm exerted by the control surfaces, forces Rpr and moments Ry, exerted by
the engine, and gravity Rg,y and wind R,z forces. This section also includes the
relations that specify air-data quantities Roq and kinematic acceleration at crew
station Ryq. Section B.2.2 collects relations that specify the requirements for the
hardware components of the DHC-2 AFCS. These include actuator specifications
Rrud, Rair, and Ry, all sensor specifications Rp, Rq, R,, etc. control panel
specification R¢p, and FCC interface card specifications R opc, and Rpac. Section
B.2.3 collects relations that specify the requirements for the components of the FCSw.
These are the interface modules R;, and Ry and all the modules related to the

FCL: R s, R

PAH’ R

m, R/;H, RHE’ and Rﬁ.

Figure 4.3 illustrates the structure of the detail-specification. This structure is
similar to the block diagram in figure 3.3. The main difference consists in the ex-
pansion of the airplane system into the relations that describe its dynamics. The
display panel has been removed from the AFCS since it is not used within the speci-
fication. The diagram also displays the classes of variables over which these relations

are defined. Some of these classes have been already introduced; some other classes
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Figure 4.3: Structure of the DHC-2 detail-specification.
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are introduced here for the first time. This is the case of the class of the MFCS
control inputs Upy,, the class of force and moment aerodynamic coefficients Cy and
Cm, and the class of control surface deflection variables U,.. Identifiers provided of a
mathematical accent (hat, tilde, bar) represent quantities correlated to the quantity
represented by the identifier without accent. The tilde accent is adopted for variables
representing electrical signals, the bar accent is adopted for variables representing the
ADC or DAC software representation of the quantity, and the hat accent is adopted
for software variables. Hence, X is the class of variables representing electrical sig-
nals correlated to the airplane states, X is the class of variables representing ADC
software representation of the airplane states, and X is the class of software variables
representing the airplane states. Similar interpretations hold for the other accented
classes and variables.

With the support of the specification structure in figure 4.3 the elementary re-
quirements of Section B.2 can be composed to form the DHC-2 detail-specification.
This specification is divided into the description of the DHC-2 airplane dynamics
Rprc2 and the DHC-2 AFCS R arcs. Some relations are introduced to collect
functionally related specifications. These are the relations Ry and R, that collect
respectively force and moment components involved in the flight dynamics equations,
the relations R, and Rg, that represent the subsystem of primary and secondary
sensors respectively, the relation R gcr, that collects the flight control laws, the re-
lation R ascr that collects the actuators, the relation Rprcs. that represents the

flight control software, and the Rpcc that represents the flight control computer.
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The formal composition of the elementary requirements is expressed by the following

equations

Rs

P

Rs

S

7-\,'FC’L

Racr =

R rcsw

Rrcc

R arcs

Raer U Rgrp U Ress U Rps U Ry
Raem U 7zcsm, U 7zfpm,
7zfj“o’]szeq U 7g'mo,’?'Meq U 7-\"Keq

L RNeq L Rad U Rka

RpU RyU R, URyU Ry Ry

URp, U Rg,, U Ry

ddyn
Ra, U RAy U Ra, U Ra

Rpan Y Ratu Y Reau Y Raa Y Ras
7-\,'a/il U Rel'u U 7-\,'T'ud

Rin o 7z’FCL o Rout

Rapc© Rrcsw© Rpac

('Rsp U Rs, U RCP) oRrcco Racr

4.3.3 Correctness of AFCS design

(4.20)
(4.21)

(4.22)

(4.23)

(4.24)
(4.25)
(4.26)
(4.27)
(4.28)

(4.29)

The AFCS performance specification R pg represents the system requirements for

an AFCS in terms of required behaviour of the airplane when equipped with the

AFCS. The DHC-2 detail-specification and the AFCS performance specification can

be composed as follows to form the specification of the airplane equipped with the

AFCS:
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RpHC2 ® RAFcs = (4.30)
{(( Cor Uy, U, Upa, X ), X7 )| 3, (
(( Ctﬂupaa X )>uc )G 7-\,'AFC’S’ A

(( umuwaupm’ X )7 X/ )E 7-"’DHCZ )}
The design specification of the AFCS is correct with respect to R pg if

Rpac2 ® Rarcs J Rps (4.31)
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Chapter 5

Formal requirements specification
of the FTC

This chapter contains the formal specification of the FTC system. In the first section
fault tolerance requirements are divided into functional and non-functional require-
ments and formulated in a form that facilitates their formalization. The relational
specification is developed on top of the structured plain-English requirements. In
the second section the focus is on the core of the FTC system, that is the FTC-AR
module. The other FTC modules serve as interface and their formal specifications
are collected in section B.5. The last section illustrates some concepts related to the

feasibility analysis of the fault tolerance requirements.

5.1 FTC requirements

5.1.1 FTC functional requirements

The relation R pg captures the performance specification of the AFCS. If each compo-
nent of the DHC-2 airplane equipped with AFCS satisfies the corresponding require-
ments then the correctness of the design, as formulated by equation 4.31, guarantees

that the actual behaviour of the system satisifies the performance requirements. Fault
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tolerance requirements aim to guarantee that performance specification are met also
in case one or more of the system components fail to meet the corresponding speci-
fication. The main concepts related to fault tolerance for flight control systems were
introduced in Section 3.1.2. The definition of fail operational and fail passive are
reviewed here in support of the analysis that will lead to the formulation of the fault

tolerance requirements for the AFCS of the DHC-2 airplane:

Fail operational The capability of the FCS for continued operation without degra-
dation following a single failure, and to fail passive in the event of a related

subsequent failure.

Fail passive The capability of the FCS to automatically disconnect and to revert to
a passive state following a failure.

In the definition of fail operational capability the term related subsequent failure
is ambiguous. In the first instance the requirement aims to capture the desired be-
haviour of the fault tolerant system under the condition of single and double failure.
Hence, the temporal sequence in which the failures occur is not relevant. In the second
instance, it is not clear under what conditions two failures are related. In the frame-
work of physical redundancy the failure of two out of three redundant units might
be considered as a case of related failures. However, this definition depends on the
specific approach to achieving fault tolerance and looses its validity in the framework
of analytical redundancy. The author adopts a definition that has a functional basis.
Fallible components are partitioned into the following classes of equivalence: class of
measurement units M., class of actuation units A, class of processing units P, and

class of interface units Z. Failures of components that belong to the same class are
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considered related. This definition captures the author’s best approach-independent
interpretation of the term related failures in the original requirement. The rationale
behind this interpretation is the implicit assumption in the definition of fail opera-
tional capability that the occurrence of two related failures is more critical than the
occurrence of two unrelated failures. In fact, for related failures the fault tolerant
system is required to be fail passive, while for unrelated failures it is required to con-
tinue operation. Failure of components serving the same function is potentially more
critical than failure of components serving different functions. Hence, the component
function is a suitable basis for defining related failures.

Proper formulation of the automatic disengagement requirement as it appears in
the fail passive definition would require the formal description of the MFCS. The
details of the transition from AFCS to MFCS following automatic disengagement are
not considered; the FTC is simply required to signal this transition.

Another requirement for fault tolerant flight control systems is the "FCS warning
and status annunciation” requirement (section 3.2.1.4.2 of [2]). The FTC is required
to signal a warning in correspondence of a fault and of automatic disengagement.
Hence, the FTC shall have a display panel with a warning light for each monitored
component and an additional light for automatic disengagement. Furthermore, the
FTC control panel shall have a switch to control the ON/OFF status of the FTC
system.

The fail operational capability definition and the warning and status annunciation

requirement represent the core of the fault tolerance requirements specification. To
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formulate the fault tolerance requirements in a format more suitable to formalization

the following fault hypotheses are introduced:

Ho Fault free hypothesis; all of the components used by the FTFCS are working

according to the corresponding specifications.

‘H; Single failure hypothesis; at least one component among those used by the FTFCS

is working according to one of its fault modes, and there are no related faults;

‘Ho Multiple failure hypothesis; at least two related components used by the FTFCS

are working according to one of the corresponding fault modes.

In the definition of fault hypotheses H; and H, the fault modes have been adopted
to specify the behaviour of a component that is not working according to its spec-
ification. The rationale behind this choice is that required behaviour and faulty
behaviours do not necessarily cover all the possible modes of operation of a compo-
nent. Hence, both the required behaviour and the set of fault modes are adopted
as basis for the certification, as opposed to adopting the required behaviour and any
possible behaviour that does not refine the component specification.

The fault tolerance requirements are formulated as follows:

- if the FTC is not engaged then the FTFCS shall operate like the original AFCS
and all FTC warning lights shall be off;

- if the FTC is engaged then

- under conditions captured by the fault hypothesis H, the DHC-2 airplane
equipped with the FTFCS shall meet the performance specification R pg
and all FTC warning lights shall be off;
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- under conditions captured by the fault hypothesis H; the DHC-2 airplane
equipped with the FTFCS shall meet the performance specification R pg
and only the warning lights corresponding to the faulty components shall

be on;

- under conditions captured by the fault hypothesis Hs the FTC automatic-

disengagement warning light shall be on.

5.1.2 FTC non-functional requirements

In Section 3.1.2 two non-functional requirements for the FTC system were introduced.
These requirements were in the form of constraint over the modular architecture of
the solution and over the redundancy approach to be adopted for each component.
According to this last requirement fault tolerance must be achieved by means of
physical or analytical redundancy depending on the nature of the component. Fault
tolerance with respect to failure of components that belongs either to class P or
to class Z must be achieved adopting the physical redundancy approach, while fault
tolerance with respect to failure of components of classes M and A must be achieved
adopting the analytical redundancy approach. Furthermore, the solution must be
modular, with the following assigned priority among modules: fault tolerance with
respect to failure of components of class P and Z is achieved first, then fault tolerance
with respect to failure of components of class M, and finally fault tolerance with
respect to failure of components of class .A. This priority ordering implies that the
failure of components of class P and Z is transparent to the module that is required
to provide fault tolerance with respect to failure of components of class M, while the

failure of components of class A is not. For this research the focus is on the FTC
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module that provides fault tolerance with respect to sensor failures.

The above non-functional contraints have an impact on the specification of the
FTC requirements. The analytical redundancy approach constraint affects the fault
hypothesis definitions. Since analytical redundancy maps into the correlation of sen-
sor outputs and actuator inputs at software level, each failure that might affect such
correlation must be considered; that is, fault hypotheses must be total with respect to
operation of fallible components. The module priority constraint also has an impact
on the definition of the fault hypotheses, since it determines whether a failure should
be considered transparent to the FTC module or not. Furthermore, the modular ap-
proach translates into a shift in the target of the FTC requirements from preserving
AFCS performance specification in case of single failure to preserving functionality of

the set of sensors. The specification of the set of sensors is:
Rxx =(Rsp U Rss) oRapc © Rin (5.1)

5.1.3 FTC-AR requirements

Figure 5.1 represents the specification structure of the DHC-2 airplane equipped with
the FTFCS. Blocks with a thicker outline represent the components of the FTC
system. The core of the FTC is the FTC-AR module. This is the component required
to exploit analytical redundancy of the DHC-2 system to provide fault tolerance with
respect to sensor failures. The other components of the FTC system are the control
(CP) and display (DP) panels, that serve as interface between the FTC and the pilot,
the hardware (ADC, DAC) and software blocks (IN, OUT) that link the FTC external

interface to the core module FTC-AR, and the FTC-SW block that serves as a switch
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Figure 5.1: DHC-2 and FTFCS requirements specification structure.
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between the original AFCS and the FTFCS. The FTC-SW fulfills a safety function;
if the FTC is disengaged the FTC-SW block isolates the FTC-AR module so that its
output does not affect the input to the FCL. Introduction of the FTC system into
the AFCS leads to the introduction of new quantities used in the formulation of the
requirements. These quantities are represented by the class of FTC input variables
Uy, the class of FTC warning variables )y, and the class of validated airplane states
X.

With the decomposition of the FTC system into its elementary components the
FTC-AR module has been isolated. This is the FTC module the inherits the fault
tolerance requirements. The FTC-AR requirements are derived from the fault toler-
ance requirements after integrating them with the non-functional constraints and by

projecting them onto its interface. This process leads to the following fault hypothe-

ses:
Haro Fault free hypothesis;

- all of the sensors used by the FTFCS are working according to the corre-

sponding specifications and

- all of the processing and interface units used by the FTFCS are working

according to the corresponding specifications and

- no more than two actuation units used by the FTFCS are working ac-
cording to one of the corresponding fault modes, while all the others are

working according to the corresponding specification, and

- all fallible components not used by the FTFCS are either working according
to the corresponding specification or according to one of the corresponding

fault modes.
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Hr1m Single failure hypothesis;

- the sensor used by the FTFCS and identified by subscript m is working ac-
cording to one of its fault modes while all the others are working according

to the corresponding specifications and

- hypothesis among remaining fallible components: same as for Hp;q
Hare Multiple failure hypothesis;

- at least two sensors used by the FTFCS are working according to one of
the corresponding fault modes while all the others are working according

to the corresponding specifications and

- hypothesis among remaining fallible components: same as for H g

The fault tolerance requirements translate into:

a) if SW rrc 18 OFF then all warning variables shall be OFF;
b) if SW pre is ON then
bl) if the correlation between U, and X corresponds to the status described

by fault hypothesis H ;o then all FTC warning variables shall be OFF;

b2) if the correlation between U, and X corresponds to the status described by
fault hypothesis Hs1 1, then Wm shall be ON, and all other FTC warning
variables shall be OFF;

b3) if the correlation between U, and X corresponds to the status described

by fault hypothesis H o then Ws shall be ON.

b4) if the correlation between U, and X corresponds to the status described
by fault hypothesis Hs or by any of the fault hypotheses Hs1 , then the
set of sensors equipped with the FTC shall meet the specification R x ¢
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Fault tolerance requirements are decomposed into fault-free requirement (item
a), detection and identification requirements (items b1, b2, and b3), and recovery
requirement (item b4). The rationale behind this choice is the difference in the
requirements signatures. Detection and identification requirements are expressed in
terms of FTC-AR inputs and outputs, while the recovery requirement is expressed in

terms of the actual airplane states and their corresponding software variables.
5.2 Formal specification of FTC-AR

Section B.5 collects the relations that specify the requirements of the FTC-AR in-
terface blocks. Interpretation of these relations is straightforward; these blocks are
similar to the corresponding interface blocks of the AFCS relational specification.

The relational specification for the FTC-AR represents the formalization of the
fault-tolerance requirements developed in the previous section. The relational specifi-
cation is structured like the plain-English specification, with fault hypotheses serving
as support to the actual requirements specification.

Before developing the relational specification of the FTC-AR requirements the
partitioning among the set of components must be made explicit and the fault hy-

potheses must be formalized.

5.2.1 Components partitioning

The DHC-2 airplane equipped with the FTFCS has been decomposed in components,
and each component has been assigned a relational specification as shown in figure 5.1.

The components themselves are identified by the letter C' with a subscript identical
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to that of the corresponding relation. The set of all components is C, the set of
components used by the FTFCS is U, the set of components that can fail is F. The
latter set is partitioned into the subset of measurement components M, the subset
of actuation components A, the subset of processing components P, and the subset
of interface components Z.

Set of components

C = { Crep Chteg: Crceqr Civeg: (5.2)
Cacty Caems Corfy Cuwty Cray Cads Cesfy Cesmy Cpfy Cpm,
Crud, Caits Cetv,
Cp, Cyy Cp, Gy, Cy, Cy, Cyys O,y Cr,
Ca,, Ca,, Ca., Cq,
Ccp, Cpac, Capc,
Cin, Couts Comyy O Coe O O
Crrc-cp, Crro-pp; Crrc—apc, Crrc-pac,

Crrc-in, Crre—ovr, Crro—sw, CFTC—AR}

Set of components used within the FTFCS

U = { Cus, Coamr Crp, Com,
Crud» Caity, Cew,
Cp, Cy, Cpy Coy Cy, Cyy Cys G,y Cry
Ccp, Cpac, Capc,
Cin, Conty Cpays O Coe O O

Crrc-cp, Crrc—pp, Crrc—apc, Crrc—pac,

Crrc-in, Crrce—ovr, Crro—sw, CFTCfAR}
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Set of fallible components

F = {Ccsf7 C’csma Cpf7 Cpma
Orud7 Caila Celm
Cpa an CT7 C@? C(ba Od)v C.

Adyn

CP57 CT7
Cayy Ca,, Ca,, Cy,

Cep, Cpac, Capc,

i, Cout, Cpmzy, Co O O O

Crrc-cp, Crre—ppr, Crrc—apc, Crre—pac,

Crrco—in, Crrc—ovr, Crro—sw, OFTC—AR}

Set of Measurement components

M = {C, C, C., Cy, Cy, Cy, C

qdyn

Cps7 CT7
Ca,, Ca,, Ca., Ca }

Set of Actuation components

A = {Cuy, Ceon Cosy Comy Craty Caity Cav |

Set of Processing components

ALH’> “RAH’> “HH’ —HS’

P = {Cow Comm Cam Crz
Crrc-in, Crrc-ovr, Crro—sw, CFTCfAR}

Set of Interface components

T = {CCP7 Cpac, Capc,

Crrc—cp, Crre—pp, Crro—apc, CFchDAC}
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5.2.2 Formal specification of fault hypotheses

A fault hypothesis consists in the assignment to each fallible component of a mode
of operation that is either described by the component specification or by one of
the component fault-modes. For each component C., R. denotes the relation that
specifies its requirement, F. denotes the set of its fault-mode relations, and R,
denotes the relation that specifies its fault-mode number n. R.(H) denotes the
behaviour of component C. under fault hypothesis H and the term H, denotes any
of the fault hypotheses. For the sake of space the definition of fault hypothesis H g

is explicit, while the other fault hypothesis definitions refer to this one.

Fault hypothesis H

Measurement components used by the FTFCS

¥m (Cne MU = Rn(Ha) = Rim ) (5.8)

Processing components used by the FTFCS

Ve(C.eP U = R(H)=Re) (5.9)

Interface components used by the FTFCS

Ve(C.eZT MU = Ro(H.)=Re.) (5.10)

Actuation components used by the FTFCS

Fa3f3b3g (Cc AU A Ray € Fa A (5.11)
GeANUA Rpy€Fp =
(Ra(H) =Rayr V Ra(Ho) =Ra) A
(Rp(H.) = Rog V Rp(H,) =Rp) A
Ve(ctanctbACeANU = Ro(H,)=Re))
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Components not used by the FTFCS

Ve (Coe FA\U = Ro(H.) =R V (5.12)
3f (Res € Fo = Re(H.) =Rey )

Fault hypothesis Hs1

Measurement components used by the FTFCS

Ff(Cn e MNOUN Ry € Fn = (5.13)
Rom(Han) = Rimp ) A
Vn(n#m ANC,eM ﬂu = ’Rn(HMl):'R,n)

All other fallible components: same as for fault hypothesis H

Fault hypothesis H o

Measurement components used by the FTFCS

Im3f3InIg (Cn € M U A Rpg € Fn A (5.14)
Ch€eM(NUNRpgEF, =
Rin(Humz) = R A Ru(Harz) = Rung A
Vc(c#m/\c;én/\CCEMﬂL{ =
Re(Har) = Re V
3h (Ren € Fo = Re(Har2) = Ren )))

All other fallible components: same as for fault hypothesis H g

5.2.3 Relational specification of the FTC-AR requirements

The relations of this section specify the fault tolerance requirements of section 5.1.3.

Renv(H) describes the environment of the FTC-AR block under fault hypothesis
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'H; this relation capture the actual correlation between software variables representing
airplane state and actuator inputs. Rprc_orr specifies the requirements for FTC
disengaged, R prc— pr specifies the detection and identification requirements under

all fault hypotheses, and R prc_ g specifies the recovery requirements.

Renv(H) = (5.15)
{(u X )| 3 AU U 3U AU 3 X (

(Ue,th', )e Rout(H) o Rpac(H) A

((u U, )€ Rau(H) U Rew(H) U Ryua(H) A

(U e U U, X ), X7 )€
Rikeq U Reg U Rag U Ria U
(Ract U Rgry U Reap(H) U Rpp(H) U Ry ) oRpeq L
(Raem U Resm(H) U Rpm(H) ) oRoazeq A

(U, X7), X )e( Rp(H) U Rg(H) U Rp(H) LI
Ry(H) U Re(H) U Ry(H) U Ry, (H) U Ry, (H) U Rp(H) U
Ra,(H) U Ra,(H) U Ra.(H) U Ra(H) U Rep(H) ) o

R apc(H) 0 Rin(H) )}

RFrc—oFF = (5.16)
()
Vk1Vk2(0§k1<k2<oo =
Wk (ki <k <k A SWerc(k) = OFF =

Vm (Cn€ MU = W(k) = OFF ) A W (k) =OFF))}
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Rrrc—pr = (5.17)
{(tdeier3y))
Yk Yk (0<k <k <oo =
Wk (ki <k <k A SWpre(k) = ON =

((Ue, X )€ Renv(Huo) A

>

(

X )€ Renv(Huz) A Was(k) = ON )))}

RFrc-R= (5.18)
{(( X, XU ), &) ¥m (Cne MU A

(Z/A{c,.jf )G RENV(HMO) U RENV(HMLm> = (X,X )E RXX )}
5.3 Feasibility analysis

The relations of the previous section along with the elementary specification and
tables collected in the appendices B and C represent the baseline of the requirements
specification for the FTC system. This marks the end of the specification phase
of the requirements engineering process; the next phase is related to the validation
of the requirements. This phase requires the support of automatic tools to check for

consistency of the specification, and a team of domain experts to evaluate specification
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completeness and correctness. This is beyond the scope of this research; however,
the feasibility aspect of the validation phase is discussed in some detail. Feasibility
of the fault tolerance requirements is related to detectability of a fault condition,
identifiability of the faulty component, and recoverability of the function provided
by the faulty component. The focus is on detectability and identifiability. Before
analyzing these two items on the basis of the formal specification their interpretation

in the technical literature is illustrated.

5.3.1 Traditional interpretation of detectability and identifi-
ability
Fault detectability and identifialbility (or isolability) are relatively new concepts in
the field of fault diagnosis. Only a few papers in the technical literature focus on
these concepts, and present slightly different interpretations. Frank at al. [24] define
a system to be unknown-input fault detectable if for “almost all faults, an arbitrary
small time interval allows a unique decision for the fault only on considering the
known input and the available output data in this time interval”. According to this
definition fault detectability is a system property that holds for almost all faults.
However, in a system there can be both detectable and undetectable faults at the
same time; an example is provided in [29]. Hence, the above definition leads to too
restrictive detectability conditions. In [32] Horak states that a fault is detectable
if its effects on system outputs overtake the effects of model uncertainties. Using
an optimization procedure based on the Maximum Principle, the maximum possible

deviation between nominal output values and actual output values (reachable mea-
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surements interval) is derived at each time step. A fault is declared detectable if it
causes the system output to assume values outside the reachable measurement inter-
val. This definition of fault detectability highlights the concept of detection feasibility
in spite of disturbances; however, it differentiates detectable from undetectable faults
in terms of fault effects in time domain only. Faults that add to system output a
low-amplitude, high-frequency component could be detected by analyzing the fre-
quency content of the measurements. Nevertheless, they are undetectable, according
to the definition in [32], if fault effects fall within the reachable measurement interval.
In other definitions fault detectability is either intended as detection capability of a
specific fault detection system [13], or as the best detection capability achievable by
adopting a particular residual generation approach ([23] and [43]). In [11] (sections
2.6 and 2.7) fault detectability and isolability are defined in terms of the fault trans-
fer matrix obtained from the adopted residual generator: a fault is detectable if the
transfer function between the fault input and the residual vector is non-zero; a fault
is identifiable if the residual vector allows distinguishing it from the other faults.
None of the above interpretations provide a definition that is independent of the
specific residual generator adopted and that captures all relevant elements of the de-
tectability and isolability problems. An attempt to provide a definition of detectabil-
ity as a system property (i.e. independent of the adopted residual generator) and
to point out the elements that play a role in the detectability problem can be found
in [29]. In this article fault detectability is defined as follows: "A fault on a compo-

nent of the system is said to be detectable if knowledge of system inputs and outputs
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over a finite time interval following the occurrence of the fault allows the detection in
spite of disturbances”. Fault dynamics, disturbance action, and system dynamics are
pointed out as the only elements that play a role in assessing fault detectability. A
detectability analytical criterion is derived from the above definition and formulated

in the frequency domain.

5.3.2 Formal definition of detectability and identifiability

The definition of detectability and identifiability can be formulated on the basis of

the fault detection and identification requirements specified in section 5.1.3:

Detectability condition

- the correlation between U, and X allows distinguishing between conditions cap-
tured by fault hypothesis H,;o and conditions captured by any of the fault
hypotheses Has1 1, and

- the correlation between U, and X allows distinguishing between conditions cap-
tured by fault hypothesis H ;0 and conditions captured by fault hypothesis H ;o

and

- the correlation between U, and X allows distinguishing between conditions cap-
tured by any of the fault hypotheses Hjq,, and conditions captured by fault
hypothesis Hpss;

Identifiability

- The correlation between U, and X allows distinguishing between conditions

captured by any couple of fault hypotheses Has1m and Hasip

The above definition can be formalized as follows:
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Vm (CneMOU = (5.19)
Renv(Huo) () Renv(Hanm) =0 A
Renv(Ha) () Renv(Hanm) =0 ) A
Renv(Hu) () Renv(Huao) =0

VmVn(m;«én/\CmeMﬂL{/\CnEMﬂL{:> (5.20)
Renv(Hunm) () Renv(Huna) =0)

The interpretation of the detectability condition 5.19 is straightforward when an-
alyzed along with the detection requirement 5.17; it simply states that under no
conditions two out of the three OR operands in the relation R pre_ pr are simulta-
neously true. It is worth noting that all elements pointed out in [29] are present in
the above detectability definition: the fault dynamics is captured by the fault mode
specified within the fault hypothesis, while the system dynamics and the disturbances

are modeled within Renv ().
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Chapter 6

Conclusions

The outcome of this research work is the formal specification of the requirements
for the FTC system. This system interfaces with the AFCS to provide fault toler-
ance capability with respect to sensor failures. The developed specification represents
the baseline specification for the FTC system, the starting point for the refinement
iteration that takes place within the system life-cycle. The FTC specification was
formulated on top of the AFCS performance specification and of the DHC-2 detail
specification. The fault tolerance requirements were extracted from the active military
specification MIL-F-9490D and translated in the context of analytical redundancy af-
ter a detailed analysis of the implications of adopting this redundancy approach. The
long process of analysis, modeling, and specification of the FTC requirements resulted
in a clear definition of the fault tolerance problem in the framework of analytical re-
dundancy. Furthermore, it brought up to light important issues in all fields involved
in the process, namely FTFCS specification, analytical redundancy, and requirements
engineering. These issues and the lessons learned are summarized below.

The re-engineering process of the active FCS specification uncovered the ambi-

guity and incompleteness of the FCS performance and fault tolerance requirements.

82



These potentially dangerous characteristics of the FCS specification might not repre-
sent a treat since in practice the objectives of FCS certification go way beyond the
fulfillment of the written requirements; however, they do highlight the immaturity
of the specification. Mature and formally specified requirements would result in a
more effective design and a more efficient certification process eventually supported
by automated tools.

A first observation about the analytical redundancy approach is that it can only
be used to provide fault tolerance with respect to failure of components that are
functionally redundant within the system. This implies that some degree of physical
redundancy is required within the FTFCS.

Two important characteristics of analytical redundancy based solutions originate
from these systems being subordinated to the operation of a considerable number of
components of their environment. This dependence has an impact on the modularity
and certifiability of the FTC system. If different FTC modules are to be adopted for
different classes of components a priority ordering must be specified. This ordering
determines a stratified architecture of the FTC system where for each FTC module,
faults of components monitored at the lower layers are transparent, while faults of
components monitored at the upper layers are not. Despite the modularity of the
FTC architecture fault tolerance requirements for each FTC module must be total
with respect to operation of all fallible components. The priority ordering and the
totality characteristic of fault tolerance requirements diminish the typical advantages

of the modular approach.
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The FTC intrinsic dependence on the dynamics of the aircraft also raises a signif-
icant issue in the certification of such systems: they potentially require a certification
process comparable to that adopted in the certification of AFCS’s, with all related
consequences in terms of costs, time, and employed resources. Furthermore, the fault
modes of the aircraft and FTFCS components form the basis of the certification. This
implies that the FTC must be certified against each combination of faulty compo-
nents and fault-modes as captured by the fault hypotheses. The fault modes of all
components whose failures are not transparent to the FTC module come to play a
crucial role in the feasibility of the solution.

The above observations point out some significant implications of adopting the
analytical redundancy approach as a basis for fault tolerance. The core message of
these observations is that the FTC fault tolerance requirements and related certifica-
tion procedures are considerably more demanding than those typically adopted in the
literature. The more stringent requirements should not discourage the FTC designer,
rather they should be regarded as the basis for a more rationale and effective design.
Functional redundancy is a form of redundancy, it provides — to some degree — the
means to achieve fault tolerance. The question is not whether analytical redundancy
can be used, but how to integrate it with physical redundancy to effectively achieve
fault tolerance. Adopting analytical redundancy to reduce the level of physical re-
dundancy in multistring architecture from triple or quadruple to dual would bring
considerable benefits already.

The observations related to requirements engineering converge upon the specifi-
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cation methodology and the suitability of relational algebra as formal specification
language. A number of issues related to the hierarchical decomposition of the specifi-
cation, to the modeling of the specification, and to the dependencies among variables
that are not part of the system input/output interface caused non-trivial problems.
The lack of a mature methodology for developing the specification of a fairly complex
system as the one under analysis in this research work considerably slowed down the
specification process. Another important issue related to the specification process
is the need of automatic tools to facilitate development and documentation. The
complexity of the specification, the intrinsic interdependence among its parts, and
the continuous need of modifications require a well engineered development environ-
ment. Without automatic development and management tools the use of a formal
specification does not deliver all the benefits it could.

Among the most desirable characteristics of a formal specification language the
author lists monotonicity. Monotonicity is a fundamental feature, it allows modifying
and updating the specification over time, thus providing continuity and consistency
during the development of the specification. If it is true — and it is — that the formaliza-
tion process of requirements leads to a better understanding of the problem to address,
then the requirements are continuously updated during this process. This explains
why monotonicity is so important. The author’s experience with non-monotonic spec-
ification languages ended up with useless specifications. Monotonicity of relational
algebra was one of the features that pointed toward its choice, to damage of other

languages that come with support tools. Another advantage of relational algebra

85



is that predicate logic specifications are readable and do not require any unnatural
translation into a rigid specification model.

The development of a formal specification requires a considerable amount of re-
sources. On the other hand, the efforts employed at producing a formal specification
pay off with a remarkable understanding of the problem under analysis and an un-
ambiguous and upgradable formulation of the requirements. Formal specification is

advisable whenever the system under development raises safety issues.
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Appendix A

Predicate Logic and Relational
Algebra

This appendix provides a formal definition of syntax and semantics of predicate logic
and relational algebra. Predicate logic is the formal language adopted in relational
specifications. Relational algebra is the mathematical framework that allows operat-
ing with relational specifications. The content of this appendix serves as support to
chapters 4 and 5, and to appendix B. The presented information is largely based on

references [55] and [58].

A.1 Logic

Logic can be used as a formal specification language. Examples of logic include
propositional logic and first-order predicate logic. The information presented in this

section provides a brief description of the language aspects of logic.

A.1.1 Propositional logic

A proposition is a statement that is either True (T') or False (F'). Propositional logic

consists of sentences constructed from atomic formulas and the logical connectives
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Table A.1: Syntax of propositional logic

terminals =A{P,Q R, ..., , A, V,=,< ()}
nonterminals = {atomic formula, sentence};

atomic formula = P|Q|R| ...;

sentence = atomic formula | (, sentence,) | =, sentence |

sentence, A , sentence |
sentence, V , sentence |
sentence, = , sentence |
sentence, &, sentence;

A (and), V (or), = (not), = (if ... then), < (if and only if). Atomic formulas

are the simplest form of propositions. Examples of atomic formulas are:

3> 2
a>>b
a>b

Examples of sentences are:

3>2 AN 2>1
a>2 = b>1
a>b ANb>2 = ¢c>2

Table A.1 defines the syntax of the language by means of the Backus Naur for-
malism, while table A.2 defines its semantics. The logic operators are subject to the
following precedence ordering: —, A, V, = , < ; = being the operator with
highest precedence. The semantics of a sentence is obtained by assigning truth values
(T or F) to atomic formulas and evaluating the sentences according to the semantics

of the language.

A.1.2 Predicate logic

Table A.3 defines the syntax of predicate logic. Constants and connectives are in-

terpreted as in propositional logic. Predicates are functions that evaluate either true
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Table A.2: Semantics of propositional logic

(P|Q| -PIPVQ|PAQ|P=Q|P & Q]

T|T| F T T T T
T|F| F T F F F
F|\T| T T F T F
F|F| T F F T T
Table A.3: Syntax of predicate logic
formula = proposition | predicate | — formula |
quanti fied_formula |
(, formula, op, formula, );
proposition = P|Q|R ...
predicate = predicate_name, (, term_list, );
predicate_name = IDENTIFIER
term_list = term |term, ”,” term_list,
term = CONSTANT | variable |
function, (,term_list,);
variable = VARNAME;
function = IDENTIFIER,
quantified_formula = quantifier, formula;
quanti fier = 3, variable |V, variable;
op = A,V, =,

or false. Variables are either quantified or free. Formulas in which every variable is
quantified are called closed formulas. Closed formulas can be interpreted and evalu-
ate either true or false. The meaning of a formula F' is function of the free variables.
Each assignment to the free variables within a specified domain D leads to an inter-
pretation of the formula. The meaning of the formula is an assignment of a truth
value for each possible interpretation. After the assignment of values to free variables

the interpretation of a formula involves the following operations:

e evaluation of functions and predicates according to their semantics
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e cvaluation of propositions and non-quantified sub-formulas according to the

semantics of propositional logic
e cvaluation of quantified formulas according to the following semantics:

— a quantified formula of the type Vx F evaluates true if F' is true for every

value of z in the domain of interpretation; otherwise it evaluates false

— a quantified formula of the type x F evaluates true if there exists at least
one value of z within the domain of interpretation for which F' is true;

otherwise it evaluates false

Each operation is carried out to reduce the arguments of the formula until the truth

value of the formula can be determined.

A.2 Relational algebra and requirements specifi-
cation

Predicate logic provides means to formally specify requirements. Relational algebra
provides the formal framework for reasoning with requirement specifications. The
following section introduces the main concepts of relational algebra, while the last

section illustrates the main concepts of relational specification.

A.2.1 Basics of relational algebra

Given two spaces (or sets) A and B, a relation R over A X B is a subset of A X B

and is specified as follows:

R={(ADB)| F(AB)} (A.1)
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The above expression reads: relation R is the set of couples of elements (A, B) €
A X B such that F(A, B) evaluates true. F' is a predicate logic formula and is speci-
fied according to syntax and semantics rules presented in section A.1.2. In the follow-

ing each relation is assumed to be over the space A X B unless otherwise specified.

Definitions

Relation domain and range If (A, B) is an element of relation R, then A is called
an antecedent of R and B an image of R. The set of images of A by relation R
is denoted by A @ R, and the set of antecedents of element A by relation R is
denoted by R e A. The set of all antecedents of R is the domain of relation R
and is denoted dom(R). The set of all images of R is the range (or codomain)

of relation R and is denoted rng(R).

Universal relation The universal (or total) relation over the set A is defined by

A x A and is denoted L 4.

Identity relation The identity relation over the set A is defined by {(A, A") | A =
A’} and is denoted by Z 4. Given a set S C A we define Z4(S) = {(A, A |
AeS N A=A}

Operations on relations

Since relations are sets, they inherit set operators: P(S) (power set), 8 (comple-
ment), X (cartesian product), (\ (intersection), \ (difference), U (union), and
the inclusion ordering O . The precedence ordering of the set operators is the one

adopted in introducing them; the power set operator being the one with highest
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priority. Other operators more specific to relations are defined in the following.

Inverse The inverse of relation R is the relation over C B X A denoted R and

defined by:

~

R ={(B,A) | (A4,B) € R} (A.2)

Restriction The prerestriction of relation R to subset S of A is the relation denoted

by s\R and defined by:

SR=TAS)oR (A.3)

The postrestriction of relation R to subset & of B is the relation denoted by

‘R /s and defined by:

R /s = R oIu(S) (A.4)
A.2.2 Relational specifications

In terms of requirements specification expression A.1 is interpreted as follows: ob-
jects adopted in formulating the requirement are represented by domain and image
variables; A and B are structures whose elements are the domain and image variables
respectively; F(A,B) is a predicate logic formula that specifies the requirement in
terms of domain and image variables, ad hoc introduced quantified variables, func-
tions of such variables and constant values.

Relational algebra provides the formal framework for reasoning with predicate
logic specifications. This framework is based on composition operators and a re-

finement ordering among requirement specifications. Composition operators allow
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specification by parts. This specification method consists in breaking the required
behaviour of the system into parts. Each part is specified by means of a relation.
Then, these relations are composed together to form the whole requirements speci-
fication. The refinement ordering captures the idea of relative strength between two
requirements. Also, it allows defining the correctness of a system implementation

with respect to its requirements.

Definitions

Refinement ordering Relation R is said to refine (or be a refinement of ) relation

R’ (denoted by R J R’) if and only if

RLCRLANTRLNONRCR (A.5)

R 2 R’ implies

e dom(R) O R’, that is the requirement specified by R extends over a

larger (or equal) number of input scenarios, or

e VAA € dom(R') = AeR C AeR), that is relation R is more specific

in its assignment of outputs to inputs.

The defined ordering among specifications reflects the strength of the related
requirements. Relation R refines relation R’ if it defines a stronger (harder to
satisfy) requirement. If R J R’, then any system that satisfies R satisfies
R'.

If R O R/, then any system that satisfies R satisfies R'.
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Correctness A system implementation P is said to be correct with respect to its

specification R if and only if

P IR (A.6)

Product The product of relation Ry C A X K by relation Ry, C K X B is the

relation over A X B denoted by R1 0o Ry (or R1R>) and defined by:

RioRs = {(AB)|IK (AK) e Ry A (K,B) € Ra)} (A7)

Join The sum of the requirement information of two relations Ry C A X B and
Rz C A X B is called the join of Ry and Rz and is denoted by R; L Ro.

The join of two relations is defined as follows:

Ry UR =Ry | RL | R N\ RAL Y Ri ) Ra (A.8)

The following implication holds:

The join exists if and only if Ry and Ry do not contradict each other. The
consistency condition to check whether the join of relations Rq and R, exists

is the following:

99



Meet The common requirement information of two relations Ry € A X B and
R2 C A X B is called the meet of Ry and R, and is denoted by Ry M R..

The meet of two relations is defined as follows:

RiMR:=RiL[(\R2L () (R1|J R2) (A.11)
The following implication holds:

R=R1iMR2 = R IR ANR: IR (A.12)

Expansion operation If R is a relation over the space & = A X B, its expansion

over the space 8’ = (A, A’) x (B, B’) is defined as follows:

08 o R0 6% (A.13)
where the operator 0§ is defined by:

of ={(8,8) | AS) = A(S') A B(S) =B(S") } (A.14)

The expansion operation is used to expand the spaces over which the relation

is defined in order to apply the composition operators.

In a relational specification operators from relational algebra, set theory, and
logic may be found in the same expression (see eq. A.5). The precedence between
this class of operators is the following: relational operators are evaluated first, then
set operators, then logic operators. The precedence ordering between operators of

the same class has been defined in section A.1.1 for the logic operators, and in section
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A.2.1 for the set operators. The precedence ordering among relational operators is
the following: restriction, inverse, complement, product, meet, join; restriction being

the operator with higher priority.
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Appendix B

Elementary specifications of the
AR-FTC environment

This appendix collects the elementary specifications of the AR-FTC environment.
Requirements are specified by means of relations according to the syntax and se-
mantics introduced in appendix A. Elementary specifications are separated into five
different sections. Section B.1 collects relations used in the AFCS performance spec-
ification, section B.2 collects relations used in the DHC-2 detail-specification, section
B.3 collects relations describing fault-modes, section B.4 collects the restriction sets,
and section B.5 collects relations describing the interface blocks of the FTC system

to the AR-FTC module.
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B.1 Elementary requirements of AFCS performance
specification

3.1.2 AFCS performance requirements ... Unless otherwise specified, these
requirements apply in smooth air and include sensor error. ...
3.1.2.1 Attitude Hold (pitch and roll)

a) Attitudes (6(), ¢() € I) shall be maintained in smooth air (turb() € A) with a
static accuracy of £0.5 degree in pitch attitude (f,.. € C)

b) (with wings level) (phi() € D; ¢gec € C)

c¢) and 1.0 degree in roll attitude (¢gc € C) with respect to the reference
(6.0), 6,() € D; constRef() € A).

d) RMS (RMS() € A) attitude deviations shall not exceed 5 degrees in pitch
(QRMS € C)

e) or 10 degrees in roll attitude (¢rys € C) in turbulence (turb() € A) at the
intensities specified in 3.1.3.7 (U, (), Vu, (), Wa, (), U, (), Vu, (), W, () € D).

f) Accuracy requirements shall be achieved and maintained within 5 seconds (7, T, €
(') of mode engagement (SWpap(), SWrau() € D;engaged() € A)

g) for a 5 degree attitude disturbance (A*, A¢* € C).

Intermediate specification (PAH)
FOR EVERY couple of time instants ¢y, t9
IF
- [t1, 2] is a time interval within [0, 00) AND
f) the length of the time interval [tq, 5] is larger than T AND
b) the aircraft is wings level throughout the interval [¢1,t5] AND

- the PAH control function is engaged at ¢ = ¢; and stays engaged
throughout the interval [t1,t5] AND

- the reference pitch is constant throughout the interval [tq,%5] AND
g) the pitch deviation from the reference at engagement is Af*

THEN

a) IF there is no turbulence within the time interval [t1,t;] THEN the
deviation of the pitch angle from the reference shall not be larger than
Oace at all time instants within the time interval [ty + Tp, to] AND
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d) IF there is turbulence within the time interval [¢1, 5] THEN the RMS
value of the deviation of the pitch angle from the reference over the
time interval [t; + Ty, t5] shall not be larger than Ogyss

Relational specification (PAH)
Rpan = (B.1)

{((Z/{w,up,/y),){/)’ Vt1Vt2 (O§t1<t2<00 A t2>t1—|-T9 A\

Vi (i <t<ts = [6(t)] < duce ) A

engaged(SWpap(),t1,t2) A

constRef(0,.(),t1,t2) N

0(t) — 0,(t1)] = AG* =

(~turb(tyt) = YVt (i + Ty <t <ty = [0(t) = 0r(t1)] < bacc )) A
(turb(ti,tz) = RMS(0() = 0,(t1), 11 + Ty, t2) < Opass )

}

Intermediate specification (RAH)
FOR EVERY couple of time instants ¢, ty

IF
- [t1, 2] is a time interval within [0, 00) AND
f) the length of the time interval [tq, 5] is larger than Ty AND

- the RAH control function is engaged at t = t; and stays engaged
throughout the interval [t1, 5] AND

- the reference bank is constant throughout the interval [t1,t3] AND

g) the roll deviation from the reference at engagement is A¢*
THEN

¢) IF there is no turbulence within the time interval [t1,t5] THEN the
deviation of the bank angle from the reference shall not be larger than
Gace at all time instants within the time interval [t; + Ty, ts] AND

e) IF there is turbulence within the time interval [¢, 5] THEN the RMS
value of the deviation of the bank angle from the reference over the
time interval [t; + Ty, o] shall not be larger than ¢rars
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Relational specification (RAH)
RRrAH = (B.2)
{((L{w,up,é\f’),X’)’ ‘v’t1Vt2(O§t1<t2<oo/\t2>t1+T¢/\

engaged(SWran(),t1,t2) A

constRef(¢.(), t1,t2) A

|6(t1) — ¢ (t1)] = Ag™ =

(—turb(ty, ta) = Yt (6 + T, <t <ty = [¢(t) = &r(tr)] < duce )) A

( turb(ty, ty) = RMS(¢() — ¢p(t1), t1 + Ty, t2) < Prums )

}

3.1.2.2 Heading Hold

a) Insmooth air (turb() € A), heading (¢() € I) shall be maintained within a static
accuracy of £0.5 degree (¢, € C) with respect to the reference (¢, € Q).

b) In turbulence, RMS deviations (RMS() € A; U, (), Vuw, (), W, ()5 U, () Vs, (), Wes, () €
D) shall not exceed 5 degrees (¥gyrs € C) in heading at the intensities specified
in 3.1.3.7.

¢) When heading hold is engaged (SWyp() € D), the aircraft shall roll (¢() € I)

towards wings level.

d) The reference heading shall be that heading that exists when the aircraft passes
through a roll attitude that is wings level plus or minus a tolerance (¢g.. € C).

Intermediate specification
FOR EVERY couple of time instants t;, t3
IF
[t1, 3] is a time interval within [0,00) AND

the HH control function is engaged at t = t; and stays engaged
throughout the interval [t;, t3]
THEN

there must EXIST a time instant ¢, and a reference heading v, such
that

¢1) tg is within the interval [t1,¢3) AND

¢y) the bank angle is approximately zero within the time interval
[ta,t3) AND
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d) the reference heading v, is the heading angle at t = t, AND

a) IF there is no turbulence within the time interval [¢,¢3] THEN
the deviation of the heading angle v from the referenced heading
¥, shall not be larger than ,.. at all time instants within the time
interval [t9,t3] AND

b) IF there is turbulence within the time interval [t1,¢3] THEN the
RMS value of the deviation of the heading angle v from the refer-
enced heading 1, over the time interval [t9, t3] shall not be larger

than Y rurs

Relational specification
Rug = (B.3)

{((uw,up),)c)\ Vi Vs (

0<t <tz <oo A

engaged(SWyp(),t1,t3) =

3t 30, (
th <ty <tz A
Yt (<t <ty = [$0)] < fuee ) A
Ve =Y(ta) A
Sturb(tt) = Vi (t <t <ty = W) — ] < o ) A

turb(ty, t3) = RMS()() — Uy, ta, ts) < Ynas )

}

3.1.2.3 Heading Select
a) The aircraft shall automatically turn (¢() € I) through the smallest angle

b) to any heading (¢,.() € D;constRef() € A) selected or preselected by the pilot
and

¢) maintain that heading (¢/() € I) to the tolerances (Vuce, Yrums € C;turb(), RMS() €
A U, (), Vs, (), Wa, ()5 Uy (), Vs, (), W, () € D) specified for heading hold.

d) The contractor shall determine a bank angle limit (¢~, ¢* € C') which provides
a satisfactory turn rate and precludes impending stall.

e) The aircraft shall not overshoot the selected heading by more than 1.5 degrees
(o5 € C).
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f) Entry into and exit from the turn shall be smooth and rapid.
g) The roll rate (p() € I) shall not exceed 10 deg/sec (p* € C') and

h) roll acceleration shall not exceed 5 deg/sec/sec (p+ € C).

Intermediate specification
FOR EVERY couple of time instants t;, t4

IF
[t1,14] is a time interval within [0, c0) AND

the HS control function is engaged at ¢ = ¢; and stays engaged through-
out the interval [¢;,¢4] AND

the reference heading is constant throughout the interval [t;, 4]
THEN
a) the heading deviation from the reference shall never exceed 180 degrees
throughout the interval [t1,t4] AND
g) The roll rate shall not exceed p* throughout the interval [t,t,] AND

h) roll acceleration shall not exceed p™ throughout the interval [t1, 4]
AND

d) bank angle shall be in the interval [¢~, "] throughout the interval
[t1,t4] AND

e) there EXIST a time instant to € [t1,?4] when the heading is close to
the reference and it was not close at all time instants within the time
interval [t1, t5] and it will never get further than 1, at all time instants
within the time interval [to, 4]

b), ¢) there EXIST a time instant t3 € [to,?4] such that IF there is no tur-
bulence within the time interval [t1,¢;] THEN the deviation of the
heading angle from the referenced heading shall not be larger than
Yace at all time instants within the time interval [t3, 4] AND IF there
is turbulence within the time interval [t1,t4] THEN the RMS value of
the deviation of the heading angle from the referenced heading over
the time interval [t3, ¢4] shall not be larger than gy

Relational specification
Rus = (B.4)
{((uw,up ), X )| YtV (0<t <ti<oo A

engaged(SWHS()atbtll) A ConStRef(wr()atlatél) =
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Vi(th<t<ts =
() — ()] S A @7 < @(t) <o A
p(t) <p* A p(t)<pt) A
Fto (1 <ty <ta A [(ts) = ()] < Paee A
Vi (751 <t <ty = [Y) —e(t1)] > ¢acc) A
Vi (ta <t <ty = () = ¥e(t1)] < Yos )
Tt (t2§t3§t4 A
S turb(t,te) = YVt (ts <t <t = [0) = Ur(t1)] < Paee ) A
turb(ty, ts) = RMS(() — r(t)r, t3,ts) < Yrus )

}

3.1.2.4 Lateral acceleration and sideslip limits ... the following performance
shall be provided whenever any lateral-directional AFCS function is engaged. Lat-
eral acceleration refers to apparent (measured, sensed) body axis acceleration at the
aircraft center of gravity.

3.1.2.4.1 Coordination in steady banked turns

a) The incremental sideslip angle (4() € I) shall not exceed 2 degrees <Aﬁ7s sr €
(') from the trimmed value (3, € D),

b) and lateral acceleration (A, () € I) shall not exceed 0.03g (A, spr € C),

c) while at steady bank angle (¢ss € @, duce € C;¢() € D) up to the maneuver
bank angle limit (¢~, ¢" € C) reached during normal maneuvers

d) with the AFCS engaged (SWgan(), SWuu(), SWrs() € D;whileEngaged() €
A).

Intermediate specification
FOR EVERY couple of time instants t1, t9
IF
- [t1,t2] is a time interval within [0, 00) AND

d) either RAH, HH, or HS control function is in engaged status through-
out the interval [t1,t;] AND

c¢) the airplane is in a steady bank turn throughout the interval [t, to]
and the steady bank angle is within allowed limits AND
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- there is no turbulence throughout the interval [t;, ¢5]

THEN

a) the sideslip angle deviation from trim value shall not exceed Aﬂfs BT
throughout the interval [¢1,t5] AND

b) The lateral acceleration shall not exceed A;C o spr throughout the in-
terval [tq, o]

Relational specification

RsBr =

{((uw,up,x,ctr),m)’ Vi Vi (0<t <t <oo A

(whileEngaged(SWRAH(),tl,tg) %

whileEngaged(SWyy (), ti,t2) V

whileEngaged(SWHS(),tl,tg)) A

Fhus (VE (1 St <ty = [6(1) = bl < Buce ) A D] > Buce ) A
= turb(ty, ta) =

i (t<t<ts = [60) = ul < ABjspr A 1Auo(®)] < Asyysnr )

}

3.1.2.4.3 Coordination in straight and level flight
a) The accuracy while the aircraft is in straight and level flight (¢() € D)

b) shall be maintained with an incremental sideslip angle (G() € I) of +1 de-

gree (AﬁfLF € () from the trimmed value (5, € D) or a lateral acceleration
(Ayeg() € T) of £0.02 g (A}, /1p € C) at the cg,

c¢) whichever is lower.

Intermediate specification
FOR EVERY couple of time instants ¢y, t9

IF
- [t1,t2] is a time interval within [0,00) AND

d) either RAH, HH, or HS control function is in engaged status through-
out the interval [¢;,t2] AND

c¢) the airplane is wings level throughout the interval [¢1,t5] AND
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- there is no turbulence throughout the interval [t;, ¢5]

THEN

a) the sideslip angle deviation from trim value shall not exceed AﬁfL ”
throughout the interval [t1,t;] AND

b) The lateral acceleration shall not exceed A;cg /o throughout the in-
terval [ty to]

Relational specification
Rrr = (B.6)
{((Uw,up,X,Ct,,),X')' Vt1Vt2(0§t1<t2<oo N

(whileEngaged(SWRAH(),tl,tg) Vv
whileEngaged(SWyg(),t1,t2) V

whileEngaged(SWHg(),tl,tg)) A

Vi (i <t<ts = [6(t)] < duce ) A

- turb(ty, ts) =

Vi (<t <ty = [B(t) = BO)| < ABfp A |Ayeg(t)] < Abyrrr )

}

3.1.2.5 Altitude hold
a) Engagement (t; € Q) of the altitude hold function (SWaru() € D, engaged() €

A) at rates of climb or descent (H(t1) € D) less than 2000 fpm (H aru € C)

b) shall select the existing indicated barometric altitude (H(¢;) € D) and control
(H() € I) the aircraft to this altitude as a reference.

¢) The resulting normal acceleration (A, () € I) shall not exceed 0.2g (AA:{/ LF €
C') incremental (A,(0) € D).

d) For engagement at rates above 2000 feet per minute the AFCS shall not cause
any unsafe maneuvers.

e) Within the aircraft thrust-drag capability and

f) at steady bank angles (¢() € D;¢aee € C; 055 € @), the mode shall provide
control accuracies (Hgeet, Hacezs Hacess Haceow, Hacesn € C) shown in Table B.1

(P1/aLms Pojarm, P3/arm € C)

g) These accuracy requirements apply for airspeeds (V,() € D) up to Mach 1.0
(Va—i/-LF)'
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h) Following engagement or perturbation of this mode at 2000 feet per minute or
less, the specified accuracy shall be achieved within 30 seconds (T € C).

Table B.1: Minimum acceptable control accuracy for ALH function

| Bank angle (deg.) || 0-1 [1-30 | 30 - 60 |
Alt. (ft.) 0 to 30000 || £30ft. | £60 ft or £0.3% | £90 ft or +0.4%
whichever is | whichever is
larger larger

Intermediate specification
FOR EVERY couple of time instants t1, ts

IF
- [t1,ts] is a time interval within [0,00) AND
- the length of the time interval [tq, 5] is larger than Ty AND

a) the ALH control function is engaged at t = ¢; and stays engaged
throughout the interval [t1,t;] AND

a) the rate of climb or descent at ¢ = ¢; is less than H/ALH AND

- the airplane is at a steady bank angle throughout the interval [t1,t5]
AND

g) the airspeed is below VJL » AND

- there is no turbulence throughout the interval [t;, ¢5]
THEN

c¢) the normal acceleration deviation from trim value shall not exceed
AA}) p throughout the interval [t1, 2] AND

b) f) h) throughout the interval [t; + Ty, t5] the airplane steady state bank
angle is either less than ¢ a4,y — in which case altitude deviation
from H(t;) shall be less than H,..;— OR the airplane steady state bank
angle is within the interval [¢1/arm, ¢2/arn] — in which case altitude
deviation from H(¢;) shall be less than the maximum between H,..o
and H,econ - H(t;) — OR the airplane steady state bank angle is within
the interval [¢o/arm, ¢3/aru] — in which case altitude deviation from
H (t1) shall be less than the maximum between H,..3 and H,..3%- H (t1)
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Relational specification

Roarw = (B.7)
{((uw,up,X),X/)] Yty Vi 3 (0<t <ty <00 Aty >t + Ty A
engaged(SWarg(),t1,t2) A
|H(t,)] < HZ_ALH A
Vi (i <t<ts = |0(F) = Gl < Gace A
Va(t) < Vyrp ) A
= turb(ty, ta) =
Vi(t<t<ty = Au(t) <AAS ) A
Vi (i + Ty <t<t, =
(|@ss| < drjarm N |H(t) — H(t1)| < Haeer ) V

( P1/acn < |Pss| < dojam A
|H(t) — H(t1>| < mal‘(HaccQa Hace2% - H(tl)) ) v

( Pojare < |Pss| < dsjare A
|H(t) - H(t1>| < max(Hacc?n Heees, - H(t1)> ))
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B.2 Elementary requirements of DHC-2

detail-specification

B.2.1 DHC-2 airplane dynamics

Force equation requirement

RFeq =

{(er).2)

0<t<oo Am <m(t)<m" =

V() = ﬁ ( Fu(t) cos a(t) cos B(1) + Fy(t) sin B(1) +
+ FL(t) sina(t) sin 5(t) ) A

a(t) = !

m(t)Va(t) cos 5(t)

+q(t) — (119( Jcosa(t) + r(t) sina(t)) tan B(t) A

B(t) =

vt 3m() (

m(t)Va(t)
— F.(t)sina(t)sin 5(t) ) +p(t) sin a(t) — r(t) cos a(t) )

Airframe-exerted aerodynamic force requirement

aef —
{ (2.¢/)| ¥t 3m() 3Cx,() 3Cx, () 2C0x.1 () 3Cx4 ()

3Cx,() 30y () FCy,() FCy, () ICy,.() ICy, ()

3C2() 3C2.(3C7,,() 3Cz,0) (

0<t<om A

Cxo (1 = ACx,%) < Cxo(t) < Cxo(1+ ACx,%) A
Cx,(1 = ACx,%) < Cx,(t) < Cx, (1 + ACx,%) A
Cx,(1— ACx ) < Cx (1) < Cx,(1+ ACx %)
Cx (1= ACx ;%) < COx ,(t) < Ox (1 +ACx ,%)
Cx, (1 = ACx,%) < Cx,(t) < Cx,(1+ ACx,%) A
Cy, (1 = ACy,%) < Cy,(t) < Cy, (1 + ACy,%) A
Cy,(1 = ACy,q) < Cy,(t) < Cy, (1 + ACy,%) A
Cy,(1 = ACy,%) < Oy, (t) < Cy, (14 ACy,%) A

P

A
A
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Cy,(1 — ACy,9) < Cy,(t) < Cy,(1+ ACy,%) A
Cy,(1 = ACy,%) < Cy,(t) < Cy, (1 + ACy,%) A
Czy(1 = ACz%) < COz(t) < Cgy(1+ ACz%) A
Cz.(1=ACz,%) < Cz,(t) < Cz, (1 + ACz5%) A
Cz (1= ACy ;%) < Cz,(t) < Cz,(1+ACy 4%) A

Cz,(

1—ACz,y) <Oz (t) < Cz,(1+ACzy) =
Xaw(t) = qayn(t)S ( Cx, (t) + Cx, (t)a(t) + Cx_, () (t) +

T Oy (H)a(t) + O, (1) 240

/—\

Va(t)
Yaru(t) = qayn(1)S ( Co () + C, (£)B(1) + C, (¢) ;‘2(3) +
g0, 5+ OO

Moment equation requirement

R Meq = (B.10)
{(€onit)| ¥13L0 30,0300 30,0300 30,0 (
0<t<oo A
L= ALy) < L) <L, A
]y(l - AIy%) < Iy(t) <I, A
L(1-ALy) < L(t) < I, A
ny(l - ijy%) < J:cy(t) < ny N
Joz(1 = Adpoz) < Joa(t) < Jow A
Jy(1 = Adyey) < Jya(t) < Jy =
P(t) = By(t)p*(t) + Pog()p()a(t) + Por ()p(t)r(8) + Pyg(t)q*(t) +
+ Pyr(£)q(t)r(t) + Prr(t)r*(8) + Pt L(t) + Pau()M(t) + Pu(t)N(t) A
q(t) = Qpp(t )pz(t) + Qp(H)p(1)q(t) + Qpr()p(E)r(t) + Quq(t)g (t)
+ Qar(t)a(t)r(t) + Qur(8)r*(t) + Qut) L(t) + Qu(t) M (1) + Qu(t)N(t) A
(1) = Rpp(t)p (1) + Rpg(t)p(t)q(t) + Ry (O)p()r(t) + Req(t)q (t)
+ Ry (£)q(t)r(t) + Ry (8)r*(t) + Ri(t)L(t) + Rin(t) M (t) + Rn(t) N (1) )}

114



Airframe-exerted aerodynamic moment requirement

7?'aewz =

(B.11)

{(2.00)] 13m0 3640 36,0 36,0 3610 3600 3,0 3000

3Crny () 3Cin, () 3Cis() 3Cry ) 3Cos () 3C, () 3C, () 3G, 0 (

0<t<oo A
Cio(1 = ACy%) < Ciy(t) < Ciy(1 + AC,%) A
Ci,(1 = AC%) < Ciy(t) < Ciy(1+ ACL%) A
C,(1 = AC,y) < C,(t) < CL(1+AC,L%) A
CL(1—ACLy) < C (t) < C (14 ACL%) A

o (1= AC,%) < Chpy(t) < Cpy(14+ AC,,%) A

Cm

Crz S Cno(t) S Cpx A

Ch o (1= ACy, ,%) < Con

Crng(1 = ACp,%) < Cp(t) < Oy (1 4+ AC,%) A

Cm (1—-AC 62%) <C, ( ) < Cmﬁ2(1 + ACmﬁz%) N
1

—~

Cm7-( — ACp,%) < Cp, (1 ) < Cp, (1 + ACh,%) A
Cro(1 = AC, %) < Cpo(t) < Cry(1+ AC,, %) A

Criy(1 = ACy %) < Coy(t) < Coy(1+ ACh,%) A

Cn,(1 =AC,, %) < Cy, (1) < Cp,(1+AC,, %) A
Cp,(1=AC, ) <C, (t) <C, (14+AC, %) A
Cry(1 = AC,, %) < Cp,(t) < Cp (1 + ACp%) A

Crpa (1= ACh 5%) < Cny(8) < Cp (14 AC, 4%) =

L) = (S ( Cu) + G, (0(0) + O (1) 22

2V, (1)

Ma,o(8) = 4agn(®)SE (( Cong(t) + O (D) + Co, (D)0 (1) +
+ O 05 1 (050 + o (D P )

Neall) = n(155 () + Cur(0310 + € (O
+Cu (057 + G + Cuar0) )]
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Kinematic equation requirement
RKeq =

()

o q(t)sing(t) + r(t) cos P(t)
vit) = cosd(t) "

0(t) = q(t) cos p(t) — r(t) sinp(t) A
5(0) = (0) + (a0)sin (0 + 1) cos ) o) ) |

W(ogt<oo =

Navigation equation requirement
7z'Neq =
{((uw,x),x)\ Vi (0§t<oo =

H(t) = ue(t) sin O(t)+ (ve(t) sin ¢(t) + we(t) cos ¢(t) ) cos O(t) )}

Gravity force requirement
Rgry =
{( x,¢e )| vedam() (

0<t<oo Am <m(t)<m" =
XgT(t) = —m(t)gosind(t) A
Yyr(t) = m(t)go cos 6(t) sin ¢(t) A

) = mitymcoso(t)cos o)) |

Wind Force requirement
Ruws =
{((uw,X),cf)\ vt Im() (

0<t<oo Am <m(t)<m" =

Xo(t) = —=m(t) (i () + q(H)ww(t) — r()vw(t)) A
Yy (t) = =m(t) (0w (t) — p(t)ww(t) + rt)uw(t) A

Zu(t) = —m(t) (10 8) + p(t)0a(t) — a(t)uult) )}
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Control-surface-exerted aerodynamic force requirement

esf = (B.16)
{ U, X ),Cp )| VEICx, () 3Cx,, () 3Cx,5,() ICv;, () ICy;, () 3Cy, ()
3C2,.()3C2,,.() 3C2,() 3C2,,,0 (

0<t<oo A

CX§r<1 - ACX&-%) < CXar (t) < CXér(]' + ACX(;T%) A

Cxsp (1 = ACx;,9%) < Cx;, (1) < Cxyy (1 + ACx; ;%) A

Cxos; (1 = ACx 5,%) < Cx 5, (t) < Cx oy, (1 + ACx 5,%) A

Cy,, (1 = ACy;,9) < Cy,, (1) < Oy, (1 + ACy,,%) A

Cy;, (1 = ACy;,%) < Cy;, (1) < Oy, (1 + ACy;,%) A

Cy,,. (1= ACy, , %) <Cy, (t) < Cy,, (1 +ACy %) A

Cr,. (1 = ACyz, %) < Cz (1) < Cz. (1 + ACz,%) A

Czﬁ%e(l — ACZ@256%> < ngzae(t) < 025258(1 + ACZg%e%) A

Czs; (1 = ACz;, %) < Oz, (t) < Czy, (1 + ACz,%) A

C205;(1 = ACz,5,%) < Cz,5,(t) < Cz5,(1 + ACz,5,%) =

Xy (t) = qayn(1)S ( Cx;, (8)0,(1) + Cxs, (8)07(t) + Cixp, (W) ()0 () ) A

)
Yara (1) = Gayn ()5 ( Craa (0)34(1) + oy, (105, () + C,, (D(8)5,(2) ) A
Zas(8) = Gy (D)S ( Cog, (05.(8) + Cr, (DB(5(8) + Czyy05(1) )

}

Control-surface-exerted aerodynamic moment requirement

Reoam — (B.17)
(U ).00)] Y030 3010 30100 30 Co 0

3Cy, () 3Cn,, () (0t <00 A

Cise (1 = ACy,, %) < O, (1) < Gy, (1 4+ AC,%) A

Czar( —ACy,%) < Ci, (1) < iy (1+ ACy %) A
5a(1 = AC %) < Cl,(t) < Gy (L+ AC,,) A

Cmae(l AC;.%) < Cry (1) < Cos, (1 4+ ACh5,%) N

Crng; (1 = ACh5,9%) < Cry,p (1) < Cméf(l + ACh;,%) A

Chs (1 = AC,, %) < Cy, (t Crsa (1 + ACh,,%) A

Chy (1 = ACh, ) < Cry (1) < Cry. (1 4+ AC,, ) =

La.y(t) = qayn(t)S g ( Cugy (1)0a(t) + Cuy, (1)0:(8) + Crosa(t)x(t)da(t) ) A
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Macd (t) - qdyn(t)SE ( Cmae (t)(se(t) + Cméf (t>6f<t) ) A

b
Moot = (055 ( Con (05,00 + Co (0,0 |
Propulsive force requirement

Rps =
{(( U, X ),Cp )| ¥t IP() Idpt() (0 <t <00 A
P(t) = Ce3 [ Ce4+ ( 065<pz(t) + 066)<n<t> + 067) +
p(t)
+ (Ces + Ceon(t)) (1 - o )] A
Pt) < PT An~<n(t)<n® A p, <p.(t)<pl A

P(t)
dpt(t) = Co + Ceo (W)
Xp(t) = qayn(t)S [ Cx,, dpt(t) + Cx _, ,a(t)dpt(t)] A
Y,(t) =0 A

2,0) = 4 (5 ) |
Propulsive moment requirement

Rpm =
{((MC,X),cm)\ ¥t 3P() Jdpt() (0<t < o0 A
P(t) = Ces [ Ceat ( Cos(p=(t) + Cug) (n(t) + Cor) +
+ (st Can(®) (1= 22 )] A

Po
P(t)< Pt A n~ <n(t)<n® A p. <p.(t) <pl A

B P(t)
dpt(t) = Cop + Ceo (W) -

b
L,(t) = qdyn(t)si(?la%t&(t)dpt(t) A
My (t) = qayn(t)SC Crn,y,, dpt(t) A

N,(t) = qayn(t )sbcnd LApt3(t) )}
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Kinematic acceleration at crew station requirement

Ria =
{((u X),x )| vt (0<t<oo =
( ) = te(t) + q()we(t) — r(t)ve(t) + 4(t)r. — 7(t)ry +
+p(t)q(t)ry + pt)r(t)r. — (). — r*(t)re A
( ) = Be(t) +1r(t)ue(t) — p(t)we(t) + 7 (t)re — p(t)r. +
+p(t)q(t)rs + q(t)r(t)r. — p*(t)ry — r*(t)ry A
A () = we(t) + p(t)ve(t) — q(t)uc(t) + p(t)ry — ¢(t)r. +

+p(t)rt)rs +aB)r)ry — p*()r: — ¢ (O)r

0
N—
M .

Air data requirement

7?'a,d =

{(xx)

T(t)=To+ A H(t) N

Vt(0§t<oo =

B.2.2 DHC-2 Flight Control System Hardware

Rudder actuator

7-\)ﬂr‘ud -

{(( XU, )U, )

0) = —A;'B,i,(0) A
t) = Arx,(t) + Byu,(t) =

Vtdx:() (0<t<oo A
X (
%o

0p(t) = Cpx,(t) + Dpu, (¢ }
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Aileron actuator

Roaa = (B.23)
{(( XU ), U )| ¥ Ixa() (0<t <00 A

Xa(0) = —A'B,u,(0) A
Xa(t) = AuXa(t) + Bata(t) =

8a(t) = 2Caxa(t) + Datia(t) )}
Elevator actuator

Rero = (B.24)

C),Uc)‘ Vtﬂxe()(0§t<oo A

—
—
—~
=

4

Xe(0) = —AJ Bt (0) A
Xe(t) = AeXo(t) + Bele(t) =

5.(t) = CeXe(t) + Detia(t) )}
Roll rate gyro requirement

Ry = (B.25)
{(XX)\ Wt 35, Ibias, Iv,() (0<t < o0 A

Sy <8, <S5 A
BIAS; < bias, < B['AS;r A
whiteNoise(v,(), Npsd,) =

. IRF . ORy
p(t) 2[ Sy [ p(t) ]IRE +bias, + v,(t) LJR)}
Pitch rate gyro requirement
R4 (B.26)
(%, &) Vt38, Ibias, Fry() (0<t <00 A

——

Sy, <5< S5 A
BIASg_ < biasy < BIAS;r A
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whiteNoise(v,(), Npsd,) =

q(t) :[ Se [ q(t) ]gg +biasg + v4(t) }223)}

Yaw rate gyro requirement

R, = (B.27)
{(X,)Nf)‘ vVt 35S, Jbias, Jv,() (O <t<oo A
Sy, <8 <S5 A
BIASg_ < bias, < BIAS;r A
whiteNoise(v,(), Npsd,) =
. IRy . ORy
7 (t) :{ S, [ r(t) ]IRg_ +bias, + v,(t) }ORg)}
Angle of attack sensor requirement
Ra = (B.28)
{(XX)‘ Wt 35S, Fbiasa Jva() (0 <t <00 A
S, < S, <SH A
BIAS, <bias, < BIAS;r A
whiteNoise(vy(), Npsd,) =
- + ) ORZ
a(t) =[ Sa [a(t) e +biasa + valt) ]OR;)}
A, accelerometer requirement
Ra, = (B.29)

{(XX)\ Wt 38y, Fbiasa, Jva,() (0 <t < o0 A

Sy <S4 <SE A
BIAS, <biass, < BIAS} A
whiteNoise(va, (), Npsda) =

_ ) IR} . OR}
Au(t) [ Sa, [As(t) +sin0(t) ;" +biasa, + va, (1) ]ORA)}
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A, accelerometer requirement

Ra, = (B.30)
{(XX)\ Wt 34, Fbiasa, Fva,() (0<t < oo A

Sh<Sa, <Sh A
BIAS, <biasy, < BIAST A
whiteNoise(va, (), Npsda) =

T : IRY . OR}
Ay(t) _[ Sa, [ Ay(t) — cosO(t)sin ¢(t) ]IR; +biasa, +va,(t) }ORZ)}
A, accelerometer requirement
Ra, = (B.31)
{(X,)”c)\ Vt3Sa. Fbiass. Fva.() (0<t <oo A
Sy <Sa < SH A
BIAS; <biasy, < BIAST A
whiteNoise(va, (), Npsda) =
T : IRG . OR}
AL(t) [ Sa. [ Ax(t) + cos O(t) sin (t) g Fbiasa. +va (1) }OR/}) }
Dynamic pressure sensor requirement
quyn = (B32)
{( X, X )| Vt38,,, Ibias,,, Fv4,,0 (0<t <o A
SQ:lyn S Sqdyn S S;:iyn /\
BIAS,, =< biasy,, < BIAS&;W A
whiteNoise(vy,,, (), Npsdy,,.) =
5 IRg, . . ORy,,,
Qdyn<t) 2|: S‘]dyn [ Qdyn (t) ]IR‘;Zyn +bzasqdyn _I_ VQdyn (t) :|0Rq—zyn)}
Static pressure sensor requirement
Rp, = (B.33)

{(XX)\ Wt 3, Fbias,, Fu,,() (0<t<oo A
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Sy <8, <S5 A
BIASp: < bias,, < BIAS;“S A
whiteNoise(v,,(), Npsd,,) =

~ ORJrS
Ps(t) 2{ Sy, [ ps(t) ]IR, +bias,, + vp, (t) }OR:)}
Temperature sensor requirement

Rr =
{(XX)\ ¥t 35 Fbiasy Jvr() (0 <t <oo A

Sy < Sp < SF A
BIAS, < biasp < BIAS;E A
whiteNoise(vr(), Npsdr) =

IR% OR},
T(t)~| Sr | T(t T +bhiasy + v
=] 51705 +viase 200017
Pitch attitude sensor requirement

Ro =
{(X,)Nﬁ)‘ Vit ISy Jbiasg () (0§t<oo A

BIASWG < bzas(; < B[ASWG

whiteNoise(vy(), Npsdyp) =

é@)::[sg[e(w]IRWG-+m059%-y0@>}2§j9)}

/0 /6

Roll attitude sensor requirement

Rep =
{(X,)Nf)‘ Vt 35Sy Fbiasy Fvy() <O§t<oo A

BIASWG < bza5¢, < BIAS;F/H A
whiteNoise(vg(), Npsdyp) =

&@)2{S¢Mﬂﬂ]£@9+MQ%%ﬂ%@”OR+

¢/0)}
OR;

/6
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Heading sensor requirement

Ry = (B.37)
{(XX)\ Wt 38y Fbias, Juy() (0<t<oo A

S, <S8y <S; A
BIAS, < biasy < BIASJ A
whiteNoise(vy(), Npsdy) =

300 =[ 5 [ e +biasy + 10010

DAC card requirement

{( U, U, )| Vv (
0<k<oo ANkl <t<(k+1)T; =
§u(t) = (B.(k) ~ OF Fpac)Sphe A
0a(t) = (0a(k) — OF Fpac)Spac N
5.0 = (k) ~ OF Fpac)S5he )}

ADC card requirement

A
_ +OFFAD0J A
AN

T;) ]ADCV+ +OFFapc J

1(k) =| Sapc [a(kT) Japo,” +OF Fapc |

A\
Ay(k) =| Sapc [ As(kT) Vape!" +OFFape | A
Ay (k) =| Sapc [ Ay(kT.) Jape’ " +OF Fapc | A
A.(K) =| Sapc [ Au(kT) Vapel” +OF Fape | A

O(k) =| Sapc [ ST Japc!" +OF Fape | A



) ]ADCV+

(k) =| Sapc [(kT.) Iape! " +OF Fapc | A

Qayn (k) = LSADC [ Gayn (K T%) ]Z‘ggw +OFFADCJ A

pa(k) =| Sapc [ 5s(kT2) apcy” +OFFapc | A

T(k) =| Sapc [T(ET.) apc,” +OF Fapc | A

6o (k) =| Sapc [ 6:(kT) Jape” +OF Fapc | A

Gr(k) =| Sapc [ :(kT) Jape)” +OFFapc | A

6:(k) =| Sapc [6:(kT) Iipe)” +OFFape | A

SW pan(k) =| Sapc [ SWpan(kT.) Yape! " +OFFapc | A
SWarn(k) =| Sapc [ SWarn(kT.) Jape " +OFFapc | A
SW pan(k) =| Sapc [ SWran(kT) 1500 +OFFape | A

SWiu(k) =| Sapc | SWrn(kT,) Ispe!” +OF Fapc | A

ADCy 4

SWas(k) =| Sape [ SWas(kT.) Jape! " +OF Fapc J)}
Control panel requirement

Rop — (B.40)
{(up,dp)’ vt (0<t<oo =

(gﬁ/PAH(t) > Vi, & SWpan(t) = A
(SWaru(t) > Vin < SWaru(t) = ON) A
(SWRAH(t) > Vi & SWeag(t) = A
(SWyu(t) > Vi, < SWyg(t) A
(SWHS( ) > Vi, & SWys(t)=ON) A

0.(t) = Sp,0.(t) + BIASy, N

on(t qu ¢r(t) + BIAS,, A

(t) -
7W=%MU+MM%”

S
2

=
S

20
23
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B.2.3 DHC-2 Flight Control System Software

Input interface requirement

Rin = (B.41)
{((L?p,)‘c),(ap,ﬁc))\ VE(0<k<oo =

(k) = S, ( (p(k) — OF Fapc)Sahe — BIAS, ) A
q(k) =5, ( (q(k) = OF Fapc)Sape — BIAS, ) A
#(k) = S, ( (7(k) = OF Fapc)Saho — BIAS, ) A
i(k) = S.1 ((a(k) — OF Fapc)Sapo — BIAS, ) A
Ag(k) = 83! ((As(k) = OF Fapc)Sahe — BIAS, ) A
Ay(k) = S5} (((Ay(k) = OF Fapc)Sape — BIAS, ) A
A(k) = 83! ((A.(k) — OF Fapc)Sahe — BIASA. ) A
U(k) =S, (($(k) = OF Fapc)Sabe — BIAS, ) A

or(k) = S5 ((6r(k) = OF Fapc)Sape — BIAS,, ) A
Un(k) = S5 ( (00 (k) — OF Fapc)Saho — BIAS,, ) A
0,(k) = S;." ((6:(k) = OF Fapc)Saho — BIAS, ) A

ON < (SWpan(k) — OF Fapc)Sibo > Vin)

WALH(I'C) =0ON & (SWALH kf) — OFFAD(j)S;Ule > V;gh

—

(
( ( )
(SWRAH(]{Z) =0ON & (SWRAH(]{Z) — OFFADC)SXZI)C > Vth)
(
(

nn

A\
A
A\

W un k‘) =O0ON & (SWHH(IC) — OFFApc)SZ})C > ‘/;fh) N
Wyg(k) = ON & (SWHs(]{?) — OFFADcf)Sgéc > ‘/th) VAN

Uy »

RT(k
ps(k)

H (k) = psToHtable(p,(k)) )}

§>
~—

A

(k) = J 2Gayn (k)
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Output interface requirement

Rout:
{(uzj)) Vk<0§k<oo =

_ - DAC,

de(k) =| Spac | 0e(k) ]DAC T YOFFpac J A
i I o

_ - DAC

0a(k) = | Sbac | da(k) }DACW +OFFpac J A

roa DAC
5:(K) =| Spac [6:(k) ] " +OFFpac J)}

Pitch Attitude Hold FCL requirement

N———

{(( Uy, X ),U,
R.(k) =[( &8, A%

10 —B0(k) ) Ko(Va) ] >~

Vk(1<k<oo A SWpan(k)=ON =
(k) o~

N

~

(B.42)

(B.43)

— (k) — #(k) tan (k) — Kie(Va) (sec(@(k) + Appan) — 1) ) Ky(Va) +

A0 z — 111

q
(180,00 127 —Ro(k) ) KolVa) |57 Koot El)}
Altitude Hold FCL requirement

Rizu =

{(( Uy, X),U. )
engaged(S/T/T/ALH(), ki, ko) =
Yk (1<k<oo A SWapu(k) =ON =
Abe (k) =[([( ﬁf(/ﬁ) — AH(K) ) Ku(Va) Ky (V) 1300 +

Vk1Vk2(1§k1<k2<oo/\

A6

[ Kd v )T AG(k) ), +A6(k) ) Ko(Va) |

AG;
o _ o~ A0¢
z - 1 + Kd(V )T A8(E) ]l_2 TA0(E) )> oVe) }M\?

(B.44)



Ts :_
-Ks,i; ]l 1)}

L

Roll Attitude Hold FCL requirement

{((Z/?Ih‘j()az/?c) Vk(1§k<00 N STW/RAH(]C):ON =

B3 =[(1 80,0 1357 ~BOK) ) Ko(Va) | 270 +dar - (k) +

(30,0155 -0 ) KolV) |37 Koz ]2 4

— B Jo .7 ‘AN 7
Ad(k) = I © sin g (k) + (drr(Va) — K;) <’f>)}

Heading Select FCL requirement

Vk(1<k<oo A SWys(k) =ON =

R5u(k) =[([( B0, (8) — B9(k) ) (Vi) 135 -

— Ro(k) ) Ko(Va) |0 +dar (k) +

A

(1B, () = BD(R) ) Ko(Va) 135 ~B0(K) ) KolVa) ]

{(th.0.0)
engaged(SW iy (), k1, ks) =
W (B8,(k) =[ (I (k) — Bu(k) ) Kp(Va) 1350 -

Ady

Vk1Vk2(1gk1<k2<ooA

— BO) ) Ko(Va) | 370 dar - (k) +
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B.3 Fault modes

B.3.1 Control-surface fault modes

Partial loss of rudder surface

Rcsf,l = (B48)
(U 2).0)| V035,033, 0 330 3030 303, 0 3632, 0

3C2,.()3C,,.() 3C2;,() 3Cz,,() Floss (
0<t<oo AD<loss<1 A
Cx;, (1 = ACx,%) < Cx,, (1) < Cx,, (1 + ACx,,%) A
Cxs; (1 = ACx;,9%) < Ox;, (1) < Cxyy (1 + ACx;,%) A
Cxos; (1= ACx 5,%) < Cx 5, (t) < Cx oy, (1 + ACx 5,%) A
Cy;, (1 = ACy,,%) < Cy,, (1) < Oy, (1 + ACy;,%) A
Cy;, (1 = ACy;,%) < Cy;, (1) < Oy, (1 4+ ACy;%) A
Cy,5 (1 = ACy, ;%) < Cy,;, (1) < Oy, (1 + ACy, ;%) A
Cr,.(1 = ACyz, %) < Cz (t) < Cz. (1 + ACz, %) A
CZg%e(l — ACZB%E%) < CZB26e(t> < 025255(1 + ACZg%e%) A
Czs; (1 = ACz;, %) < Oz, (t) < Czy, (1 + ACz;,%) A
C05;(1 = ACz5,9%) < Cpos,(t) < Oz, (1 + ACz ;%) =
Xaea(t) = qayn(t)S (loss - Cx;, (1)0,(t) + Cx,, ()05 (2) + Cx .y, (O)(t)ds (1) ) A
Yara(t) = dayn(t)S ( Cy,, (1)da(t) + loss - Cy,, (1)0:(t) + Cy,, () a(t)6:(t) ) A

Zas®) = Qa5 ( Cory (0)5(6) + Cor o, (VFD)5(0) + Cryyiis(0) >)}

7?'csvn,l - (B49)
(U ).00)] Y030 3010 3010 360 Co 0

3C,, () 3C,,,. () Tloss (O <t<oo A 0<loss<1A
Clyo(1 = ACy%) < C,, (1) < Gy, (1 + AC, %) A
Cls, (1 = ACy,%) < C,, (1) < Gy, (L 4+ ACy,%) A
Clsa(1=AC %) < Cp,. (1) < O,m(l +AC,,.,) N
Cmae(l Acmae%) < Cmse (t> m5 (1 + ACm(s %)

Cmaf(l ACN%f%) S msyf (t) < maf(l + ACM5f%)
Cn&z( - ACnaa%) ( ) <G, (1 + ACnaa )
ansr(l - ACnar%) n57 (t) <G, (1 + ACngr ) =
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Lay(t) = qayn(t)S
Macd (t) - qdyn<t)s

Nagy(t) = qayn(t)S

N S

]|

( Cmae (t)(se(t) + Omaf (t>5f<t) ) A

(Co03,0) 1055+ Coy (05,)))

| o

B.3.2 Engine fault modes

Engine loss

Rpf,lz
{((UC,X),Cf)\ Vi (0§t<oo =

X,() =0 A Y,(t) =0 A Zp(t):0>}

Rpm1 =
{((UC,X),Cm)\ Vi (0<t<oo =

L) =0 A My(t) =0 A N,(t) :0)}

B.3.3 Actuator fault modes

Stuck rudder actuator

7-\,"r'ud, 1=

36,V (6, <6, <0 AN0<t<oo =

Stuck aileron actuators

Raiti =

30,V (0, <0 <6 ANO<t<oo =
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Stuck elevator actuators

7?'el'v,l =

{((X%)%)\ 367t (8, <6 <05 AO<t<oo =

Stuck flap actuators

R fip1 =

XUNU )| FoNVE (67 <6, <0F AN0<t<oo =
()| 3w (5 <0, <5

B.3.4 Rate gyro fault modes

Bad connection at roll rate gyro output

T\,’p,l —

{(x2)] ve(0sto =
p(t) = OR; V ﬁ(t):OR;)}

Bad connection at pitch rate gyro output

Rg1 =
{(X,)?)‘ Vt(0§t<oo =

q(t) = OR; V (t) = OR} )}

Bad connection at yaw rate gyro output

72":“,1 =

{(X,)?)\ vt (0<t<oo =
g

7(t) = OR, V 7(t) = OR/ )}
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B.3.5 Accelerometer fault modes

Bad connection at A, accelerometer output

Roa,1= (B.59)

€Ty

{(x2)] ve(0sro =

A, (t) = OR; V Au(t) = OR} )}
Bad connection at A, accelerometer output

RA 1 = <B60)

Y

{(X,)?)\ vt (0<t<oo =

A,(t)=OR; v A,(t) = OR} )}
Bad connection at A, accelerometer output

RAz,l - (B61)

{(X,)?)\ Vi (0<t<oo =

A.(t) = OR; V A,(t) = OR} )}

B.3.6 Air data sensor fault modes

Bad connection at dynamic pressure sensor output

R (B.62)

Qdynvl =

{(X,)%)\ vt (0<t<oo =

qdyn(t> = OR;iyn \% (jdyn(t) = OR;;yn )}
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Bad connection at static pressure sensor output

Rps,l - (BGB)
{(X,f()‘ Vi (0<t<oo =
Ps(t) = OR; V () = OR; )}
Bad connection at temperature sensor output
Rry = (B.64)
{(X,f()‘ Vi (0<t<oo =
T(t)=OR; Vv T(t) = ORS. )}
B.3.7 Angle of attack sensor fault modes
Bad connection at angle of attack sensor output
Ran = (B.65)
{(2.2) vi(osrco =
a(t) = OR; V a(t) = OR} )}
B.3.8 Attitude and heading sensor fault modes
Bad connection at pitch attitude sensor output
Ro1 = (B.66)

{(x2)] v (o<t =

0(t) = OR;,, V 6(t) = OR, )}
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Bad connection at roll attitude sensor output

R¢,1 - (B67)

{(X,)?)‘ Vi (0<t<oo =
0= OB v (0~ OR, )|
Bad connection at heading sensor output

Ry = (B.68)

{(X,)?)‘ Vi (0<t<oo =

U(t) = OR; V ¥(t) = OR} )}
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B.4 DHC-2 requirement space restriction sets

Trim-condition restriction

Sct'r =

{ Ctr

Ja, b ( a = cos(ay,) cos(By.) A

b = sin(¢y,.) sin(By) + cos(¢y,) sin(ay,) cos(By) =

a-b+ Sirl(%T)\/a2 — sin® () + b2 )

tan(etT') = 2 S]I]Q(”yt )

a

trimCost Function(Cy.) < J,- }

Autopilot operation restriction

Suo =
{L{p‘ Vt(0<t<oo =

(SWpan(t) = ON vV SWarn(t) = ON v
SWran(t) = ON V SWyu(t) = ON ) A
= (SWpan(t) A SWarn(t)) A
(SWran(t) = ON A SWyu(t) = ON )
- (SWRAH =ON A SWys(t) = ON )
(

—

A
A

J

SWiyn(t)=ON A SWys(t) = ON))}

Atmospheric turbulence restriction

Sat:
{(L{w,X)’ Vt(0<t<oo =
H(t) > Hy A
((w(8) =0 A wy,(£) =0 A wy, () =0) Vv

30 () 304 () I )
whiteNoise(vy,,(), Npsd,,,) N
whiteNoise(v,,, (), Npsd,,,) N
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whiteNoise(Vy,, (), Npsdy,,) =
U, (1) 2 Py (8, Va (1)) @ 1y, () A
Vg (1) 22 P (8, Vo)) @ 1,0 (1) A
Wi (£) 2 Dy (£, Va 1)) @ Vi, (1) )
ug(t) =0 A vg(t) =0 A wg(t) =

Uy (1) =0 A 0y, (£) =0 A wy, (1) :o)}
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B.5 Elementary requirements of interface blocks

to AR-FTC system

FTC control panel requirement

Rrrc—cp =

{(uf,z)if)\ vt (0<t<oo =

(g\I/T/FTc(ﬂ > Vi, & SWFTC(t) = ON) )}
FTC-ADC card requirement

RrFrc—apc =
{(rat)| i (0 k<o =

ADCy, ¢

SW prc(k) :{ Sapc [ SWrre(kT) Japcy” +OF Fapc D}
FTC input interface requirement

Rrrc—in =

{(u‘f,zjf)\ Vi (0<k<oo =

(SWpre(k) = ON < (SWpre(k) — OF Fapc)Sabhe > Vin) )}
FTC safety switch requirement

Rrrc—sw =

{((L?fwj(a‘j()w%/)‘ Vk<0§/€<00 =
(SWero(k) = OFF A X' =X ) V
(S/WFTC(/{?):ON/\)E’:)E))}
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FTC output interface requirement

7?'FTC’—oui: - (B??)

DAC, 4

DAC,, -

DAC'V+ ~ .
pac. +OFFpac | & W,(k) =ON ) A

DAC,, + < B
pace. +OFFpac | & Wi(k) =ON ) A

Wp(k‘) >{SDAC’ [‘/th} —i—OFFDACJ = Wp(k) = ON) N
(k) >{SDAC {‘/th}

(k) >{ Spac [ Vin }

_ DAC A
ps(k/’)>{SDAC [‘/;h]DAC‘tJ_r —f-OFFDAcJ = Wps(k):ON) VAN
DAC, + .
i FOFFpac | & Wy, (k) =ON ) A

(k) >[ Spac [Vth }DACH +OFFDACJ & Wr(k) = ON

DAC,, - )
+OFFDAC <~ W¢(k) =ON ) A\
)

J
+OFFDA0J <~ Wg(k’) =ON
J

(
(
(
(
(Wana®) >[ Spac [Vin ]
(
(
(
(

FTC-DAC card requirement

RFrc-DAC = (B.78)

{(997)] e
0<k<oo ANk, <t<(k+1)T, =
Wy(t) = (Wy(k) — OF Fpac)Sphe A

(

W,y(t) = (Wy(k) — OF Fpac)Sphe A
V?r(t) = (W,(k) = OF Fpac)Spac A

W, (t) = (Wp, (k) = OF Fpac)Spac A
Waan () = (Wy,,.. (k) = OF Fpac)Spac A
Vr(t) = (Wr(k) — OF Fpac)Spac A
I/E/¢(t) = (:¢>(k) — OFFpac)Spac N
Wy(t) = (Wy(k) = OF Fpac)Spac A
Vilt) = (74(0) - OF Foac)Sihe ) |
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FTC display panel requirement

Rrrc-ppP = (B.79)

{(Jif,yf)\ VE(0<k<oo =

W,(t) = ON & W,(t) > Vi, A
W,(t) = ON < W,(t) > Vi, A
W,(t) = ON < W,(t) > Vin A
W,.(t) = ON < W, (t) > Vi, A
Wean ) = ON & W, () > Vi A
Vi(t) = ON < Wip(t) > Vin A
Wy(t) = ON & Wy(t) > Viy A
Wy(t) = ON < Wy(t) > Viy A
Vo(t) = ON & Wy(t) > Vi )}
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Appendix C

Support tables of the specification

This appendix collects all tables supporting the relational specification of appendix

B. The following list briefly describes the role and content of each table.

Table C.1 lists all elementary requirements, of the FTC environment, along with
related domain and image variables, and expanded domain and image spaces.
The table is divided in sub-tables according to the requirements partitioning

performed in appendix B.

Table C.2 lists all requirements obtained by composition of elementary requirements

of the FTC environment.
Table C.3 lists all fault-mode relations.
Table C.4 lists all pre-restriction sets.

Table C.5 lists all equivalent variables and the related equivalence classes that result
from the first expansion over the domain and image spaces of the elementary
specifications.

Table C.6 lists all domain and image variables used within the specification.
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Table C.7 lists all constants along with their value, type, and description.

Table C.8 lists the quantified variables introduced in the relational specifications

along with their type and description.

Table C.9 defines all auxiliary terms. The table is divided in sub-tables to distin-

guish between auxiliary terms, functions, and predicates.

Table C.10 defines all types used within the specification.
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Table C.1: Elementary requirements

1D

Name

Domain variables

Image variables

Domain and image
spaces

Extended domain
and image spaces

AFCS

performance requirements

RAaLH

RuH

Rus

RpaH

RRrAH

altitude hold

heading hold

heading select

pitch attitude
hold
roll attitude
hold

SWALH()v d)()a Va()a
U ()5 V()5 Wae (),
Uwg()a Uwg()> wwg()
SWyu(),

uwt()7 th()’ wwt()7
uwg()7 Uwg()7 wwgo
SWhs(), ¥r(),
uwt()a th()? wwt()
Uwg()v Uwg()v wwg(
SWpan(), 6-(), &0,
U ()5 Ve (), wwt(()’

Uﬂ)g()a

uwz()7 th()? wwt()>
uwg()7 Uwg()7 wwg()

An(), H()

()

Upt+Up, +X x X

Upt+Up, X X

Up+Up, x X

Upt+Up, +X x X

Upt+Up, +X X X

uw+upa+x +Ct'r X X

uw+UPQ+X+Ctr X X

uw‘Wpa+X +ct'r x X

uw+upa+x +Ct'r’ x X

uwmpa+X+Ctr X X

DHC-2 dynamics requirements

RFeq

7-"'Keq

force equations
of aircraft dy-
namics

kinematic
equations

)’ Xacd()v
XQT()> Xw():
Yacd()?
Yor(), Yu(),
) Zaca(),
Zgr( ) Zw()a

-

—~
S~

~— &

p

N 55@5

g i

o~
:_/

~—

<

N N
S—
3
N N
N~—

Q

— —
=
—~~

S

Va(), (), ()

Ci+X x X

X x X

Ci+X x X

UAU iU, +X x X
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Table C.1: Elementary requirements (continued)

1D Name Domain variables Image variables Domain and image | Extended domain
spaces and image spaces
RMeq | moment equa- | L, ,(), La,,(), Lp(), (), q(), 7() Cm x X Cm x X
tions of aircraft | M,_,(), Ma,,(), My(),
dynamics | Noyy()s NaoyO: Ny()
RNeq | navigation Va(), (), B(), H() Upt+X x X U AU U, +X X X
equations 00), &(),
uﬁ)()? Uﬁ)()? ww()’
uwQ()? Uwg(), wwg()’
Ut (); Vwt()s Wt ()
Rad air data H(), Va() (), p(); Ps(); qayn() X xX U AU Uy, +X X X
7-"'aef aerodynamic Va()7 Oé(), ﬁ()? Xasd()v Yasd()7 Zasd() X X C.f u0+upm U+ X X
forces (air' p()7 q )7 7’(), qdyn() Cf+X
frame)
Raem aerOdynamiC Va(): a()a 6()7 Ldsd()’ Masd()7 Nasd() X X cm Ltc+upm+uw+X><Cm
moments p0: 40, 700, Gayn()
(airframe)
Rcsf aerOdynamic Oé(), ﬁ()v qdyn()v Xacd()7 Yacd()v Zacd() Uc+X X cf z/ICWLL{pm +Up+X x
force  (control | d4(), de(), 6r(), d£() Cr+X
surface)
Resm | aerodynamic a(), qayn(), L, (), Ms,(), Na_,() UAX X Cop UAUp,,, U+ X X Crpy
moment (con- | dq(), 6e(), 6-(), 6£()
trol surface)
Rgrs gravity force 6(), o) Xgr(), Yor (), Zgr() X xCy Uc+Up,, +U+X X

Crt+X
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Table C.1: Elementary requirements (continued)

1D Name Domain variables Image variables Domain and image | Extended domain
spaces and image spaces
Ria kinematic ac- | Vg(), «(), B(), AL(), Ay(), Az Up+X x X U AU U, +X X X
celeration (at | ug(), va(), wg(),
crew station) Uy ()5 UV, ()5 Wap, ()5
uwg(>7 ”wg()7 wqu:
p(), 4(), r()
Rpf propulsive qayn (), pO), Va(), «l), Xp(), Y5(), Z,() Up,,+X xCy Uc+Up,, + U+ X X
force n(), pz() Crt+X
Rpm propulsive mo- | gayn(), p(), Va(), a(), L,(), My(), Np() Up,, +X X Cp, UAUp,,, U+ X X Crpy
ment n(), -()
Ruws wind force ug (), va(), wa(), Xuw()s Yu(), Zu() X+Uyw x Cg UcA+Up,, +U,+X X

Uy 0, Vg 0, Wapg ()73

Cit+X

p(), 40, r()
DHC-2 AFCS hardware requirements

Rapc | A/D interface | p(), 4(), 7(), p(0), 40), 70 X+Up, x X+Up, X+Up, x X+Up,

A:(), Ay(), A, Az (), Ay (), A(),

]28()7 gdyng» (), Qs(), gdyn()’ a(),

$0), 00, ¢(), ¥(), 00, ¢0),

¢r()a qb?“()ﬂ Hﬁ\(l)v 7[)7;()7 Qbr()v 07“_()’

SWpan(), SWaru(), | SWpan(), SWaru(),

SWran(), SWran(),

SWau(), SWus() SWhu(), SWhs() ) o
Ra, Az accelerome- | Az(), 6() Az() X xX Up,+X x Up, +X

ter

Ra, A, accelerome- | Ay(), 0(), () A, X xX Up, +X x Up, +X

ter
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Table C.1: Elementary requirements (continued)

1D Name Domain variables Image variables Domain and image | Extended domain
spaces and image spaces
Ra, A, accelerome- | A,(), 0(), ¢() X xX Up, +X x Up, +X
ter
Rcp control panel 1/}7"()7 97’()7 ¢r()7 Hr()? wr()? 07"()7 ¢IQ? HT() upa x upa Z/{pa—i_’Y X upa+X
SWpan(), SWaru(),
SWran(),
SWan(), SWhs()
Rpac | D/A interface | 6.(), 64(), 6,() U. x U, U, x X+U,
Rr temperature T() XxX Up, +X X Up, +X
sensor
Ro angle of attack | «() X xX Up, +X x Up, +X
sensor
Re roll  attitude | () X x X Up, +X X Up, +X
sensor
Ry heading sensor | () XxX Up, +X X Up, +X
Ro pitch attitude | () X xX Up, +X x Up, +X
sensor
Rait aileron actua- | d,(), Va(), p() X+U. x U, UAX x U,
tor
Reiv elevator actua- | d.(), Va(), q() X+U. x U, UAX x U,
tor
Rop, static pressure | ps() XxX Up, +X x Up, +X
sensor
Rp roll rate gyro | p() X x X Up, +X x Up, +X
Raqay» | dynamic pres- | qayn() XxX Up, +X x Up, +X
sure sensor
Rq pitch rate gyro | ¢() X xX Up, +X X U;,a +X




Table C.1: Elementary requirements (continued)

hold autopilot

1D Name Domain variables Image variables Domain and image | Extended domain
spaces and image spaces
Ryud rudder actua- | (), Va(), r() 0r() X+U. x U, UA+X X U,
tor
R, yaw rate gyro | 7() 7() X xX Up, +X x Up, +X
‘ DHC-2 AFCS software requirements
Rin Software input | p(), q(), 7(), 50, 40, 70, X+Up, x X+Up, X+Up, x X+Up,
interface A (), 4,0, A0, AL(), Ay(), A0,
25_5(), _(jdyn(_v _()7 ﬁAS()’ fjdyn()a A()v
¥(), 00, (), ¥(), 00, 00,
¥r()s &), 6:0), ¥ (), 000, 0:0),
SWpan(), SWaru(), | SWpan(), SWaru(),
SWran(), SWran(), __
SWan(), SWhs() SWan(), SWas()
Rout Software out- | dc(), da(), 6r() 5.0, 940, 6-() U. x U, U. x U,
put interface
R ;73 | altitude  hold Aa(), (Z( , f()/,\ 0, 60), | () Up, +X x U, Up, +X <X U,
autopilot H(): HT )7 SWALH()
Rgg | heading  hold M), 7(), ¢(), ¥(), 0a(), 6-() Up, +X x U, Up, +X X U,
autopilot SWr()
Ris heading select | V4(), 7(), ¢(), ¥(), 0a(), 0-() Up, +X x U, Up, +X x U,
autopilot (), SWas()
R 5437 | pitch  attitude Ya(), (ﬂl, 7(), ¢(), 00), | de() Up, +X X U, Up, +X X U,
hold autopilot | 6,.(), SWpan()
Rgag | oll  attitude | Vo(), 7(), ¢(), 0a(), 0-() Up, +X X U, Up, +X X U,

FTC interface requirements (the FTC acronym has been omitted from the identifier for the sake of space)

‘ ’R_ADC‘ FTC A/D card ‘ SWere()

| SWrrc()

LZfXZ/Zf

not used
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Table C.1: Elementary requirements (continued)

1D Name Domain variables Image variables Domain and image | Extended domain
spaces and image spaces
R_cp | FTC control | SWere() SW pre() Up x LZf not used
panel
R_pac| FTC D/A card Wp(), Wq, W, Wp(), Wq, Wr, )5f X )5f not used
V?psn WQdyng WT7 Wpsv quyn’ WT?
Wy, Wy, Wy Wy, Wy, W
R_pp | FIC  display | W,(), Wy, Wi, W,(), Wy, Wi, Vi x Vs not used
panel Wpes Waayns Wr, Woo, Waayns Wr,
W¢, Ww, Wg W¢, W¢> Wy
R_in | FTC input in- | SWpre() S/VT/FTC() Uy x Lif not used
terface
R_out | FTC  output Wp(), Wq, WC’ W,(), Wy, Wi, )5f x Vg not used
interface Wpey Waayns Wr, Wae, Waay,, Wr,
W¢, Ww, Wg qua de W0
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Table C.2: Composed requirements

’ 1D ‘ Description ‘ Extended domain and image spaces ‘
‘ AFCS performance specification ‘
’ Rps ‘ performance specification \ CirtUp, + X +Uyy X X ‘
’ DHC-2 detail specification ‘

RacT control surface actuators U+ X X U

RAFCS automatic flight control system Up, +X x U,

Rcin computer input Up, +X x lxl;,a%—i'

RpHC2 DHC-2 airplane dynamics UcAUp+Up,, +X X X

Rrcc flight control computer l/l;,a +X X UAX

RrcrL flight control laws l/l;,a +X X LZC

RFECSw flight control software Up, +X X U,

Rs, primary sensors Up, +X x Up, +X

Rs, secondary sensors Up, +X X Up, +X

Ry forces exerted upon the airplane UcAUp,, T U+ X X Cp+X

Rm moments exerted upon the airplane UcAUp,, T U+ X X Cy
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Table C.3: Fault modes

‘ 1D ‘ Description ‘ Domain and image spaces and variables
Respa | partial loss of rudder surface same as Resf
Resm,1 | partial loss of rudder surface same as Resm,
Rpf1 | engine loss same as Rpf
Rpm,1 | engine loss same as Rpm
Ra,,1 | Bad connection at A, accelerometer output same as R a,
R Ayl Bad connection at A, accelerometer output same as R A,
Ra.a Bad connection at A, accelerometer output same as R a,
Rt Bad connection at temperature sensor output same as R
Ra Bad connection at angle of attack sensor output same as Rq
Roa Bad connection at roll attitude sensor output same as R
Ry Bad connection at heading sensor output same as R
Ro,1 Bad connection at pitch attitude sensor output same as Rg
Rait,1 Stuck aileron actuator same as Rail
Reiv,1 Stuck elevator actuator same as Rejv
Rps,1 Bad connection at static pressure sensor output same as Ry,
Rpa Bad connection at roll rate gyro output same as Rp
Raa,. | Bad connection at dynamic pressure sensor output same as Rq,,,
Raga Bad connection at pitch rate gyro output same as Rgq
Rrud, | Stuck rudder actuator same as Ryud
Rr1 Bad connection at yaw rate gyro output same as R,
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Table C.4: Restriction sets

‘ 1D ‘ Description ‘ Variables ‘ Space ‘ Extended space
SCtT Trim-condition V(ztr; [6778) ﬂtr, Dtry Qtrs Ttr, wtra etra (lstm Htra Ct'r ctr+u E+X+u’w
Yery Oatrs Octrs Ortrs 5ftr7 Ntr, Patr
Sao Autopilot opera- | SWpag(), SWaru(), Up., Cirt+Up, + X +Uy,
tion SWRAH(), SWHH(), SWHs()
Sat Atmospheric tur- | ug(), va(), wa()y Uw,()s Vw, (), Wy, (), Up+X CirtUp, + X +Uy,
bulence Uy (), Vw, (), W, (), H()
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Table C.5: Spaces used within the requirements specification

Space Space Space element variables
identifier] element
identifier
Spaces introduced for the requirements specification of the FTC environment
Cf Cf Xasd()7 Ydsd()’ Zasd()? Xg?”()? 1/97"()7 ZQT’Ov Xw()v Yw()? Zw()? Xacd()v Yacd()’ Zacd()’ Xp()7 }/p()? Zp()
Cm Cm Lasd()7 Masd()7 Nasd()v Lacd()a Macd()v Nacd()7 LP()> MP()? Np()
Ct'r‘ Ctr Vatr atr ﬂtr DPtr, Qtrs Ttr, wtm Htry ¢t7“7 Ht?"7 Virs 5atr7 5etr7 57“157‘7 5ft7"7 Ny, Pztr
U U da(), 6e(), 6r()
Up, Up, SWPAH() SWaru(), SWrau(), SWaun(), SWas(), ¢r(), ¢r(), 0-()
Up,, Up,, () n(), pz()
uw uw uw() 'Uw(), wﬁl()? uwt()7 th<)7 wwt<)7 uwg()? Uwg()7 wwg()
X X Va(), a(), B0, (0, q(), (), ¥0), 60, ¢0), H(), Az(); Ay(); Az(); ps(), qayn(), T0), p()
U 2 da(), 0e(), 0r() ) ) ) S
Up, Up, SWpan(), SWaru(), SWran(), SWau(), SWus(), ¢-(), ¥r(), 6;()
x| a(). 30, 50, a0- 70, 90, 60, 00, A0, 4,0, A0, 50 Gayn(): T0)
U Ue 6a(): 6c0), 6:0) )
L!Pa Z/A{Pa SWPAH()vASWALH()> SWRAH()? SW{{H()Z SWHS()7 ¢T()’ '(A/)T()v 91“()
X X Va(), &), B0, 20, 40, 70, ©0), 60, o), H(), Az(), Ay(), A=0), Ps(), dayn(); T0)
ug E 601/_\(/)7 56()’ 67"() o o . _ - _
Up, Up, SWpan (), SWaru(), SWran(), SWan(), SWas(), 6,0, (), 6-()
X X a(), B0, pO), 40, 70, v0, 00, 90, A0, 4y, 420, PsO), dayn(), T0)
Spaces introduced for the requirements specification of the FTC system
Uy Uy SWere()
Yy Yy Wi ()s We()s We()s Wp, ), Way,, (s Wr(), We(), We(), Wy()
Us Uy SWrreO) -~ I
Jff Jff WP()? qu, WT()? Wps()v quyn()7 WT()? W¢(>7 WG()7 Ww()
Uy U SWrre() ) ) . ) A A
Vi Yy W) Wa()s Wr()s Wp, 0, Wau Os W (), Wo(), Wo(), Wy()
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Table C.5: Spaces used within the requirements specification (continued)

Space Space Space element variables
identifier] element
identifier
Uy Us SWrre() o
yf yf WP()? WQ()’ WT()7 Wps()’ WQdun()’ WT()v W¢()v We(), Wd)()
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Table C.6: Domain and image variables

™
S

Type

‘ Description

Actual-quantity variables

8

NI
 —~  —~ —~
—

=

—~
~—

bS]

IS
Q
IS

S
g

FRES

@g*dx

Q

SECECES

Q
3

—~
~—

s

—~~
~—

time-T — acceleration-T
time-T — acceleration-T
time-T — acceleration-T
time-T — altitude-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — moment-T
time-T — switch-T
time-T — switch-T
time-T — switch-T
time-T — switch-T
time-T — switch-T
time-T — temperature-T
time-T — airspeed-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T

component along X g-axis of kinematic acceleration at crew station
component along Yp-axis of kinematic acceleration at crew station
component along Zp-axis of kinematic acceleration at crew station
height above sea level

propulsive moment about X g-axis

control-surface-exerted aerodynamic moment about X g-axis
airframe-exerted aerodynamic moment about X pg-axis

propulsive moment about Yp-axis

control-surface-exerted aerodynamic moment about Yp-axis
airframe-exerted aerodynamic moment about Yp-axis

propulsive moment about Zpg-axis

control-surface-exerted aerodynamic moment about Zp-axis
airframe-exerted aerodynamic moment about Zp-axis

ALH on/off switch

HH on/off switch

HS on/off switch

PAH on/off switch

RAH on/off switch

air temperature

airspeed

propulsive force along X g-axis

wind force along X p-axis

control-surface-exerted aerodynamic force along X g-axis
airframe-exerted aerodynamic force along X g-axis

gravity force along X g-axis

propulsive force along Yp-axis

wind force along Yp-axis
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Table C.6: Domain and image variables (continued)

~
T

Type

Description

—~
~—

o
U

—~
~—

»

S

N

—~
~—

Q

IS8
—~~
— —

@

S O
S22 NNN
— 3
—~ &
—

(o9

~
N~ N~

(=9

<

o2

S

~—

=8 3

3
»
~— —

Q
N M/

=
S
—~~
~—

~— e ~—

<

time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — force-T
time-T — AOT-T
time-T — angle-T

time-T — aileronDeflection-T
time-T — elevatorDeflection-T
time-T — flapDeflection-T
time-T — rudderDeflection-T

time-T — angle-T

time-T — bankReference-T

time-T — angle-T

time-T — headingReference-T

time-T — density-T
time-T — angle-T

time-T — pitchReference-T
time-T — engineSpeed-T
time-T — angularVelocity-T
time-T — pressure-T
time-T — pressure-T
time-T — angularVelocity-T
time-T — pressure-T
time-T — angularVelocity-T

control-surface-exerted aerodynamic force along Yp-axis
airframe-exerted aerodynamic force along Yp-axis
gravity force along Yp-axis

propulsive force along Zp-axis

wind force along Zp-axis

control-surface-exerted aerodynamic force along Zpg-axis
airframe-exerted aerodynamic force along Zp-axis
gravity force along Zpg-axis

angle of attack

sideslip angle

aileron deflection (0o = 0a,,1,, — Sares:)

elevator deflection

flap deflection

rudder deflection

roll angle

reference roll angle

heading angle

reference heading angle

air density

pitch angle

reference pitch angle

engine speed

roll angular rate

static pressure

engine manifold pressure

pitch angular rate

dynamic pressure

yaw angular rate
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Table C.6: Domain and image variables (continued)

Type ‘ Description
time-T — velocity-T mean wind velocity component along X g-axis
time-T — velocity-T wind-gust velocity component along X g-axis
time-T — velocity-T wind-turbulence velocity component along X p-axis
time-T — velocity-T mean wind velocity component along Yg-axis
time-T — velocity-T wind-gust velocity component along Yp-axis
time-T — velocity-T wind-turbulence velocity component along Yp-axis
time-T — velocity-T mean wind velocity component along Zp-axis
time-T — velocity-T wind-gust velocity component along Zpg-axis
time-T — velocity-T wind-turbulence velocity component along Zp-axis
Software-quantity variables

natural-T — ADCoutput-T ADC software representation of A;()
natural-T — ADCoutput-T ADC software representation of A, ()
natural-T — ADCoutput-T ADC software representation of A.()
natural-T — ADCoutput-T ADC software representation of SW aru()
natural-T — ADCoutput-T ADC software representation of SW ()
natural-T — ADCoutput-T ADC software representation of SW us()
natural-T — ADCoutput-T ADC software representation of SW pam()
natural-T — ADCoutput-T ADC software representation of SW rAH()
natural-T — ADCoutput-T ADC software representation of T()

Q natural-T — ADCoutput-T ADC software representation of &()

Sa natural-T — DACinput-T DAC software representation of d,/()

e natural-T — DACinput-T DAC software representation of Se()

Sy natural-T — DACinput-T DAC software representation of ()

é() natural-T — ADCoutput-T ADC software representation of ¢()

or() natural-T — ADCoutput-T ADC software representation of phi, ()

¥() natural-T — ADCoutput-T ADC software representation of 1)()

Ur() natural-T — ADCoutput-T ADC software representation of 1,.()
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Table C.6: Domain and image variables (continued)

Type

Description

>

S

~—

S O O
< o
N N A/~
N—r

~—

=3
i e P e
-

= %>§>€>@>ﬁ>

3>

natural-T — ADCoutput-T
natural-T — ADCoutput-T
natural-T — ADCoutput-T
natural-T — ADCoutput-T
natural-T — ADCoutput-T
natural-T — ADCoutput-T
natural-T — ADCoutput-T
natural-T — acceleration-T
natural-T — acceleration-T
natural-T — acceleration-T
natural-T — altitude-T
natural-T — switch-T
natural-T — switch-T
natural-T — switch-T
natural-T — switch-T
natural-T — switch-T
natural-T — airspeed-T
natural-T — angle-T

natural-T — aileronDeflection-T
natural-T — elevatorDeflection-T
natural-T — rudderDeflection-T
natural-T — angle-T

natural-T — bankReference-T
natural-T — angle-T

natural-T — headingReference-T
natural-T — angle-T

natural-T — angularVelocity-T

ADC software representation of 6()
ADC software representation of 6,.()
ADC software representation of p()
ADC software representation of ps()
ADC software representation of ()
ADC software representation of Gayn()
ADC software representation of 7()
software variable representing A, ()
software variable representing A, ()
software variable representing A, ()
software variable representing H ()
software variable representing SWar g ()
software variable representing SW ()
software variable representing SWis()
software variable representing SWp ()
software variable representing SWgrap ()
software variable representing V()
software variable representing o)
software variable representing ()
software variable representing d.()
software variable representing 0,.()
software variable representing ¢()
software variable representing ¢, ()
software variable representing ()
software variable representing 1, ()
software variable representing 6()
software variable representing p()
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Table C.6: Domain and image variables (continued)

Type

‘ Description

natural-T — pressure-T
natural-T — angularVelocity-T
natural-T — pressure-T
natural-T — angularVelocity-T

software variable representing ps()
software variable representing ¢()
software variable representing ggyn ()
software variable representing r()

Electric

al-quantity variables

a

~ o~
~—

~—

S S O
&H

~—

%@:%zﬁ

—  —~ =
~—

—~
~—

<

PSR SER S
N—

>

<

=

—

SN~—
N—

time-T — accelerometerOutput-T
time-T — accelerometerOutput-T
time-T — accelerometerOutput-T
time-T — CPOutput-T

time-T — CPOutput-T

time-T — CPOutput-T

time-T — CPOutput-T

time-T — CPOutput-T

time-T — TSensorOutput-T
time-T — AOTSensorOutput-T
time-T — PCUlInput-T

time-T — PCUlInput-T

time-T — PCUlInput-T

time-T — PCUInput-T

time-T — attitudeSensorOuput-T
time-T — CPOutput-T

time-T — headingSensorOutput-T
time-T — CPOutput-T

time-T — attitudeSensorOuput-T
time-T — attitudeSensorOuput-T
time-T — gyroOutput-T

output of accelerometer along X g-axis
output of accelerometer along Yp-axis
output of accelerometer along Zp-axis
output of ALH control switch

output of HH control switch

output of HS control switch

output of PAH control switch

output of RAH control switch

output of temperature sensor

output of angle of attack sensor

input to aileron PCU (+0.5&() to right aileron PCU and (—0.5a()
to left aileron PCU

input to elevator PCU

input to flap PCU

input to rudder PCU

output of roll attitude sensor

output of reference roll control knob
output of heading sensor

output of reference heading control knob
output of pitch attitude sensor

output of reference pitch control knob
output of roll rate gyro
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Table C.6: Domain

and image variables (continued)

Type

‘ Description

time-T — psSensorOutput-T
time-T — gyroOutput-T
time-T — qdynSensorOutput-T
time-T — gyroOutput-T

output of static pressure sensor
output of pitch rate gyro

output of dynamic pressure sensor
output of yaw rate gyro

Actual-quanti

ty variables (FTC system)

SISIS

U
[

3

—~~

~—

time-T — switch-T

time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T
time-T — warningLight-T

FTC on/off switch

temperature sensor warning light

roll attitude sensor warning light
heading sensor warning light

pitch attitude sensor warning light
roll rate gyro warning light

pitch rate gyro warning light

yaw rate gyro warning light

static pressure sensor warning light
dynamic pressure sensor warning light

Software-quantity variables (FTC system)

natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — DACinput-T
natural-T — switch-T

DAC software representation of T'()
DAC software representation of ¢()
DAC software representation of ()
DAC software representation of 6(
DAC software representation of p(
DAC software representation of ¢(
DAC software representation of r(
DAC software representation of ps()

DAC software representation of ggyn ()

)
)
)
)

software variable representing SWerpc()
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Table C.6: Domain and image variables (continued)

1D Type Description

Wr() natural-T — warningLight-T software variable representing Wr()
Wy() natural-T — warningLight-T software variable representing Wy()
Wy() natural-T — warningLight-T software variable representing Wy ()
Wa() natural-T — warningLight-T software variable representing Wy()
W,() natural-T — warningLight-T software variable representing Wp()
W,() natural-T — warningLight-T software variable representing W ()
W, () natural-T — warningLight-T software variable representing W, ()
Wy () natural-T — warningLight-T software variable representing W,,_()
W, dun ) natural-T — warningLight-T software variable representing Wy, ()

Electrical-quantity variables (FTC system)

W
=
=
3
S

0

zgzgzgz
ST
—~ —~
Z

—~
~—

W, ()
Vaayn ()
Wr()

N

§:§z§z
— — —

time-T — CPOutput-T

time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T
time-T — warningLightInput-T

output of FTC control switch

input to roll rate gyro warning light

input to pitch rate gyro warning light

input to yaw rate gyro warning light

input to static pressure sensor warning light
input to dynamic pressure sensor warning light
input to temperature sensor warning light
input to roll attitude sensor warning light
input to pitch attitude sensor warning light
input to heading sensor warning light
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Table C.7: Constants

‘ Symbol and Value

Type

‘ Description

|

Generic constants

Cx,, = —0.00447
Cx,, = 0.03412
Cx,,, = 0.1161
Cy, = —0.002226

Cy, = —0.7678
Cy, = —0.124
Cy, = 0.3666

Cy,, =0.5238
Cy,, = —0.02956

Cy;, = 0.1158
CYB = —0.16
Cz, = —0.05504

controlDerivative-T
controlDerivative-T
controlDerivative-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
controlDerivative-T
controlDerivative-T
controlDerivative-T
stabilityDerivative-T
stabilityDerivative-T

R =287.05 gasConstant-T specific gas constant of the air
To = 288.15 temperature-T air temperature at sea level
A = —0.0065 temperatureGradient-T temperature gradient in troposphere
go = 9.80665 acceleration-T gravity acceleration at sea level
po = 101325 pressure-T air pressure at sea level

’ DHC-2 dynamics constants
Cy, =1 TCWeight-T weight coefficient for V, term in trim-condition cost function
Cx, = —0.03554 stabilityDerivative-T stability derivative of force along X p-axis
Cx, = 0.00292 stabilityDerivative-T stability derivative of force along X g-axis
Cx, = —0.6748 stabilityDerivative-T stability derivative of force along X p-axis
Cx,,; = 1.106 controlDerivative-T control derivative of force along X g-axis
C X2 = 0.1453 controlDerivative-T control derivative of force along Yp-axis
Cx_, =5.459 stabilityDerivative-T stability derivative of force along X p-axis
Cx_, = —5.162 stabilityDerivative-T stability derivative of force along X p-axis

control derivative of force along X g-axis
control derivative of force along X p-axis
control derivative of force along X p-axis
stability derivative of force along Yp-axis
stability derivative of force along Yp-axis
stability derivative of force along Yp-axis
stability derivative of force along Yp-axis
control derivative of force along Yp-axis

control derivative of force along Yp-axis

control derivative of force along Yp-axis

stability derivative of force along Yp-axis

stability derivative of force along Zp-axis
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Table C.7: Constants (continued)

Symbol and Value

Type

‘ Description

Cy. = —5.578
Cy, = —2.998
Cz.5 = —1.261
Oz, = 3.442
Cpy, = —15.93
Cy,, = —0.398
Cz,, = —1.377

Cz,,, = —0.1563
Cop =2
C1, = 0.000591

Gy, = —0.0618

Cy, = —0.5045

Cy, = 0.1695

Cr.;, = —0.08269
lny, = —0.01406

Ciy, = —0.09917
Ci5, = 0.006934

stabilityDerivative-T
stabilityDerivative-T
controlDerivative-T
stabilityDerivative-T
controlDerivative-T
controlDerivative-T
controlDerivative-T
controlDerivative-T
TCWeight-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
controlDerivative-T
controlDerivative-T
controlDerivative-T
controlDerivative-T

stability derivative of force along Zp-axis
stability derivative of force along Zp-axis
control derivative of force along Zp-axis
stability derivative of force along Zp-axis
control derivative of force along Zp-axis
control derivative of force along Zp-axis
control derivative of force along Zp-axis
control derivative of force along Zp-axis
weight coefficient for o and 3 terms in trim-condition cost function
stability derivative of moment about X g-axis
stability derivative of moment about X g-axis
stability derivative of moment about X g-axis
stability derivative of moment about X p-axis
control derivative of moment about X g-axis
control derivative of moment about X g-axis
control derivative of moment about X g-axis
control derivative of moment about X g-axis

Cno = 0.09448 stabilityDerivative-T stability derivative of moment about Yp-axis

Cinz, = —0.6028 stabilityDerivative-T nominal value of stability derivative of moment about Yp-axis
Cmi = —0.428 stabilityDerivative-T maximum value of stability derivative of moment about Yp-axis
c me = —1.8 stabilityDerivative-T minimum value of stability derivative of moment about Yp-axis
Cin, = —15.56 stabilityDerivative-T stability derivative of moment about Yp-axis

Chn, = —0.3118 stabilityDerivative-T stability derivative of moment about Yp-axis

Cp, o = —2.14 stabilityDerivative-T stability derivative of moment about Yp-axis

C'mﬁ2 = 0.6921 stabilityDerivative-T stability derivative of moment about Yp-axis

Chny, = —1.921 controlDerivative-T control derivative of moment about Yp-axis

Crms, = 0.4072 controlDerivative-T control derivative of moment about Yp-axis

Cing,, = —0.07895 controlDerivative-T control derivative of moment about Yp-axis
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Table C.7: Constants (continued)

Symbol and Value

Type

Description

Cpo = —0.003117
Cry = 0.006719
Cy, = —0.1585
Cp, = 0.1595

Cp, = —0.1112
Ch s = 0.1373
Chs, = —0.003872
Ch;, = —0.08265
Ch, s = —0.003026
Cpqr = 5

ACx,o = 8%
ACx, o = 8%

ACy, = 16%
ACx, ;% = 8%
ACx o = 16%
ACx 5 = 16%
ACx, 5 = 8%
ACx,.,. = 16%

ACy, g = 4%
ACy,y = 8%
ACy. o = 8%
ACy. o = 8%

ACy., o = 16%
ACy, o = 8%
ACy, o = 8%
ACy,5, = 16%
ACy, 0, = 8%
ACy, o = 4%

stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
stabilityDerivative-T
controlDerivative-T
controlDerivative-T
controlDerivative-T
TCWeight-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T

stability derivative of moment about Zpg-axis
stability derivative of moment about Zpg-axis
stability derivative of moment about Zpg-axis
stability derivative of moment about Zpg-axis
stability derivative of moment about Zp-axis
stability derivative of moment about Zg-axis
control derivative of moment about Zpg-axis
control derivative of moment about Zpg-axis
control derivative of moment about Zpg-axis

weight coefficient for p, q, r terms in trim-condition cost function

uncertainty of stability derivative of force along X g-axis
uncertainty of stability derivative of force along X p-axis
uncertainty of stability derivative of force along X g-axis
uncertainty of control derivative of force along X p-axis
uncertainty of stability derivative of force along X g-axis
uncertainty of stability derivative of force along X p-axis
uncertainty of control derivative of force along X g-axis
uncertainty of control derivative of force along X p-axis
uncertainty of stability derivative of force along Yp-axis
uncertainty of stability derivative of force along Yp-axis
uncertainty of stability derivative of force along Yp-axis
uncertainty of stability derivative of force along Yp-axis
uncertainty of control derivative of force along Yp-axis
uncertainty of control derivative of force along Yp-axis
uncertainty of control derivative of force along Yp-axis
uncertainty of stability derivative of force along Yp-axis
uncertainty of stability derivative of force along Zp-axis
uncertainty of stability derivative of force along Zp-axis
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Table C.7: Constants (continued)

Symbol and Value

Type

Description

ACyz,% = 25%
ACy, ;0 = 8%
ACy o = 16%
ACy,, 9 = 25%
ACy,,% = 4%
ACy, o = 8%

ACy,5 = 8%
AC,5 = 16%
ACy o, = 16%
ACy o = 16%
AC, .0 = 16%
AC), o = 8%
ACy,, 5 = 8%
ACpoe, = 8%

AC,, 0 = 25%
ACy, 0, = 25%
ACy, Lo = 16%

ACp ., = 16%
ACy,. 0, = 8%
ACin,, 9 = 8%
AC,y0 = 8%
AC,,,0 = 8%

AC,, o = 16%
AC,, 5 = 25%
AC, o = 16%
AC, 7 = 25%
AC,, o = 16%

Nsa

percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T
percentage-T

percentage-T

uncertainty of stability derivative of force along Zp-axis
uncertainty of control derivative of force along Zp-axis
uncertainty of stability derivative of force along Zp-axis
uncertainty of control derivative of force along Zp-axis
uncertainty of control derivative of force along Zp-axis
uncertainty of control derivative of force along Zp-axis
uncertainty of stability derivative of moment about X g-axis
uncertainty of stability derivative of moment about X g-axis
uncertainty of stability derivative of moment about X g-axis
uncertainty of stability derivative of moment about X g-axis
uncertainty of control derivative of moment about X g-axis
uncertainty of control derivative of moment about X p-axis
uncertainty of control derivative of moment about X g-axis
uncertainty of stability derivative of moment about Yp-axis
uncertainty of stability derivative of moment about Yp-axis
uncertainty of stability derivative of moment about Yp-axis
uncertainty of stability derivative of moment about Yp-axis
uncertainty of stability derivative of moment about Yp-axis
uncertainty of control derivative of moment about Yp-axis
uncertainty of control derivative of moment about Yp-axis
uncertainty of stability derivative of moment about Zp-axis
uncertainty of stability derivative of moment about Zp-axis
uncertainty of stability derivative of moment about Zpg-axis
uncertainty of stability derivative of moment about Zp-axis
uncertainty of stability derivative of moment about Zp-axis
uncertainty of stability derivative of moment about Zpg-axis

uncertainty of control derivative of moment about Zp-axis
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Table C.7: Constants (continued)

Symbol and Value

Type

‘ Description

AC,, % = 16%

percentage-T

uncertainty of control derivative of moment about Zp-axis

BIASy = —0.019
BIAS} =+0.019
BIAS; = —0.04

accelerometerBias-T
accelerometerBias-T
AOTSensorBias-T

I, = 5368.39 momentOflnertia-T moment of inertia about X g-axis

I, = 6928.93 momentOflnertia-T moment of inertia about Yp-axis

I, =11158.75 momentOflnertia-T moment of inertia about Zpg-axis

Juy =0 productOflnertia-T product of inertia in XpgYg-plane

Jrr = 117.64 productOfInertia-T product of inertia in X gZp-plane

Jy: =0 productOflnertia-T product of inertia in YpZp-plane

Hg, = 2000 - foot2S1 altitude-T minimum altitude value for atmospheric turbulence model to be

valid

Al = 8% percentage-T uncertainty of moment of inertia about X g-axis

Al = 8% percentage-T uncertainty of moment of inertia about Yp-axis

Alq =8% percentage-T uncertainty of moment of inertia about Zp-axis

Adyyy = 0% percentage-T uncertainty of product of inertia in XgYp-plane

AJ,.o = 8% percentage-T uncertainty of product of inertia in XpgZp-plane

Ay = 0% percentage-T uncertainty of product of inertia in Yz Zp-plane

S =23.23 area-T wing area

¢ = 1.5875 length-T mean aerodynamic chord

b=14.63 length-T wing span

m~ = 14970 force-T empty weight

mt = 22800 force-T max-take-off weight

ry =0.6, 7y =0, ., =0 | length-T component of IMU position along Xp, Yg, Zp axes
’ FCS hardware constants

ADCy- =-10 ADCinput-T minimum value of ADC input

ADCy+ =10 ADCinput-T maximum value of ADC input

ADC,, = 16 integer ADC number of bits

minimum value of accelerometer bias
maximum value of accelerometer bias
minimum value of angle of attack sensor bias
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Table C.7: Constants (continued)

Symbol and Value

Type

Description

BIAS] = 40.04

BIAS;,, = —0.01
BIAS],, = 0.01
BIAS,, = —0.04
BIAS] =0.04
BIAS; = —0.05
BIAS] = +0.05
BIAS, =0.95
BIASS =1.05
BIAS,, =0.95
BIAS}, ~=1.05

BIAS; = —0.05
BIAS} = +0.05

BIAS¢, =0
BIASY, =0
BIAS6, =0
DACy- = —10
DACy+ = 10
DAC,;, = 16

IR, = —5-g251
IR} =15 g2S51
IR, = —30-deg2S51
IR} =30-deg2SI

IR;/G = —50-deg2ST
IR}, = 50 - deg2S1

IR; = —50-deg2S1
IR =50 - deg2ST

AOTSensorBias-T
attitudeSensorBias-T
attitudeSensorBias-T
headingSensorBias-T
headingSensorBias-T
gyroBias-T

gyroBias-T

psSensorBias-T
psSensorBias-T
qdynSensorBias-T
qdynSensorBias-T
TSensorBias-T
TSensorBias-T
electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
DACoutput-T
DACoutput-T

integer

acceleration-T
acceleration-T

angle-T

angle-T

angle-T

angle-T

angle-T

angle-T

maximum value of angle of attack sensor bias
minimum value of attitude sensor bias
maximum value of attitude sensor bias
minimum value of heading sensor bias
maximum value of heading sensor bias
minimum value of rate gyro output bias
maximum value of rate gyro output bias
minimum value of static pressure sensor bias
maximum value of static pressure sensor bias
minimum value of dynamic pressure sensor bias
maximum value of dynamic pressure sensor bias
minimum value of rate temperature sensor bias
maximum value of rate temperature sensor bias
bias of attitude control output

bias of heading control output

bias of pitch control output

minimum value of DAC output

maximum value of DAC output

DAC number of bits

minimum value of accelerometer input
maximum value of accelerometer input
minimum value of angle of attack sensor input
maximum value of angle of attack sensor input
minimum value of attitude sensor input
maximum value of attitude sensor input
minimum value of heading sensor input
maximum value of heading sensor input
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Table C.7: Constants (continued)

Symbol and Value

Type

Description

IR, = —100 - deg2S1
IR} =100 - deg2SI
IR; =0

IR} =15 psi2SI

IR = —40

IR} =80

Jt=10"*

Npsda = 0.000049
Npsdr = 0.000001
Npsd, = 0.000001
Npsdge = 0.000001
Npsd, = 0.000001
Npsd, = 0.0000000625
Npsd,, = 0.000001

angularVelocity-T
angularVelocity-T
pressure-T
pressure-T
pressure-T
pressure-T
temperature-T
temperature-T

float
sensorOutputPSD-T
sensorOutputPSD-T
sensorOutputPSD-T
sensorOutputPSD-T
sensorOutputPSD-T
sensorOutputPSD-T
sensorOutputPSD-T

minimum value of rate gyros input

maximum value of rate gyros input

minimum value of static pressure sensor input

maximum value of static pressure sensor input

minimum value of dynamic pressure sensor input

maximum value of dynamic pressure sensor input

minimum value of temperature sensor input

maximum value of temperature sensor input

maximum allowed value of trim-condition cost function
noise power spectral density of accelerometer output

noise power spectral density of temperature sensor output
noise power spectral density of angle of attack sensor output
noise power spectral density of attitude sensor output

noise power spectral density of heading sensor output

noise power spectral density of rate gyro outputs

noise power spectral density of static pressure sensor output

Npsdyg,,, = 0.000001 sensorOQutputPSD-T noise power spectral density of dynamic pressure sensor output
Npsdy,, =1 randomTurbulencePSD-T power spectral density of noise driving Dryden turbulence model
Npsd,,, =1 randomTurbulencePSD-T power spectral density of noise driving Dryden turbulence model
Npsdy,, =1 randomTurbulencePSD-T power spectral density of noise driving Dryden turbulence model
OR, =-75 electricPotentialDifference-T minimum value of accelerometer output

ORj =175 electricPotentialDifference-T maximum value of accelerometer output

OR_, = -5 electricPotentialDifference-T minimum value of angle of attack sensor output

OR! =5 electricPotentialDifference-T maximum value of angle of attack sensor output

OR;/Q =-5 electricPotentialDifference-T minimum value of attitude sensor output

OR(';/@ =5 electricPotentialDifference-T maximum value of attitude sensor output

OR; = -5 electricPotentialDifference-T minimum value of heading sensor output

OR;Z =5 electricPotential Difference-T maximum value of heading sensor output
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Table C.7: Constants (continued)

Symbol and Value

‘ Type

Description

OR; =-25
ORI =25

S7 = 1.485/92S1

St =1.515/g2S51

Sy =0.16

St =0.17

S = 0.165/deg2S I
St =0.168/deg2ST
S4/0 = 0.101/deg2STI
S} p = 0.099/deg2ST
S, = 0.101/deg2S1
Sy = 0.099/deg2S1
S, = 0.02475/deg2ST
S} =0.02525/deg2ST
S,. = 0.330/psi2S1
St =10.337/psi2ST
Sgayn = 0.99/psi2ST
Saiyn = 1.01/psi2ST
S¢r = 3/deg2ST
Stp, = 18/deg2S1
SO, =6.5/deg2S1

electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
electricPotentialDifference-T
acceleromterGain-T
acceleromterGain-T
TSensorGain-T
TSensorGain-T
AOTsensorGain-T
AOTsensorGain-T
attitudeSensorGain-T
attitudeSensorGain-T
attitudeSensorGain-T
attitudeSensorGain-T
gyroGain-T

gyroGain-T
pressureSensorGain-T
pressureSensorGain-T
pressureSensorGain-T
pressureSensorGain-T
CPGain-T

CPGain-T

CPGain-T

minimum value of rate gyro outputs

maximum value of rate gyro outputs

minimum value of static pressure sensor output
maximum value of static pressure sensor output
minimum value of dynamic pressure sensor output
maximum value of dynamic pressure sensor output
minimum value of temperature sensor output
maximum value of temperature sensor output
minimum value of accelerometer gain

maximum value of accelerometer gain

minimum value of temperature sensor gain
maximum value of temperature sensor gain
minimum value of angle of attack sensor gain
maximum value of angle of attack sensor gain
minimum value of attitude sensor gain
maximum value of attitude sensor gain
minimum value of heading sensor gain
maximum value of heading sensor gain
minimum value of rate gyro gains

maximum value of rate gyro gains

minimum value of static pressure sensor gain
maximum value of static pressure sensor gain
minimum value of dynamic pressure sensor gain
maximum value of dynamic pressure sensor gain
gain of reference bank control

gain of reference heading control

gain of reference pitching control
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Table C.7: Constants (continued)

‘ Symbol and Value ‘ Type ‘ Description
T, =1/50 time-T sampling time
Vin=0 CPOutput-T threshold value of control switches
¢, = —30-deg2S1 angle-T minimum value of roll angle reference
¢F =30 deg2ST angle-T maximum value of roll angle reference
Y =0-deg2SI angle-T minimum value of heading reference
=360 - deg2ST angle-T maximum value of heading reference
0, = —8-deg2SI angle-T minimum value of pitch angle reference
OF =18 - deg2SI angle-T maximum value of pitch angle reference
nt =2300- RPM2SI engineSpeed-T maximum value of engine speed
pr =26-inHg2ST pressure-T maximum value of engine manifold pressure
PT =450 hp2ST power-T maximum value of engine power
[ —9.2131 4.8550  14.0889
A, = 0 0 1.0000 state matrix for small perturbation model of rudder actuator
0.6720 —809.2957 —50.3478
(245709 0.0042
B, = 0 0 control matrix for small perturbation model of rudder actuator
7.5436 —0.7416
C.=|0 57.2958 0 } , Dy = [ 0 0 } output matrices for small perturbation model of rudder actuator
[ —10.5970  —3.2326  —9.2515
A, = 0 0 1.0000 state matrix for small perturbation model of aileron actuator
1.0877 —684.8274 —19.6229
" 27.4630 —0.0054
B, = 0 0 control matrix for small perturbation model of aileron actuator
3.0187 —1.1144
Ca=1|0 838753 0 w , Da = { 0 0 w output matrices for small perturbation model of aileron actuator
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Table C.7: Constants (continued)

‘ Symbol and Value ‘ Type ‘ Description
—10.9510 8.8068  25.1856
A = 0 0 1.0000 state matrix for small perturbation model of elevator actuator
7.3446 —809.7962 —20.1972
" 25.1568  0.0005
Be = 0 control matrix for small perturbation model of elevator actuator
5.8694 —0.0516

Ce:{'o 67.1621 0 |, De=1[0 0]

Ce1 = 0.08696, Cea = 191.18, C3 = 0.7355,

Cos = —326.5, Cus = 0.00412, Ceg = 7.4,
Cer = 2010, C.s = 408.0, Cog = —0.0965

output matrices for small perturbation model of elevator actuator

engine model coefficients

|

FCS software constants

K, =—-4

K, ;=025

K; ;=05

A¢ar, = 0.03491
Adppag =0

Ay = 3.75 - deg2ST
A¢y, = —3.75 - deg2S1
A¢F =30 - deg2SI
A¢, = —30-deg2SI
AOY =2 - deg2ST
Aby, = —2-deg2S1
AGF =18 - deg2ST
A0 = —8-deg2ST
dar = —0.165

l; =—1-deg2S1
IF=1-deg2ST

float
frequency-T
frequency-T
angle-T
angle-T
angle-T
angle-T
angle-T
angle-T
angle-T
angle-T
angle-T
angle-T
float
angle-T
angle-T

constant of asymmetric autopilot

integration gain of asymmetric autopilot
integration gain of symmetric autopilot
correction term in ALH autopilot

correction term in PAH autopilot

max allowed value for A¢

min allowed value for A¢

A¢, minimum value

A¢, minimum value

max allowed value for A6

min allowed value for Af

A6, minimum value

A6, minimum value

turn-coordination loop constant of asymmetric autopilot
inferior limit of asymmetric autopilot integrator
superior limit of asymmetric autopilot integrator
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Table C.7: Constants (continued)

‘ Symbol and Value Type ‘ Description
I, = —10-deg2S1 angle-T inferior limit of symmetric autopilot integrator
I3, =10 deg2SI angle-T superior limit of symmetric autopilot integrator
lo = —20-deg2S1 angle-T inferior limit of ALH autopilot
le =20 deg2ST angle-T superior limit of ALH autopilot
’ Conversion factors
psi2S1T = 6894.757 float conversion factor from psi to Pa
foot2ST = 0.3048 float conversion factor from foot to m
deg2SI = /180 float conversion factor from degree to rad
9251 = 9.80665 float conversion factor from g to m - s~2
RPM2S5T =0.1047198 float conversion factor from RPM to rad - s~!
inHg2ST = 3386.389 float conversion factor from inHg to Pa
hp2ST = 745.6999 float conversion factor from hp to J - s
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Table C.8: Quantified variables

’ Type ‘ Description

time-T — stabilityDerivative-T actual value of stability derivative of force along X p-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along X g-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along X g-axis
time-T — controlDerivative-T actual value of control derivative of force along X p-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along X g-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along X p-axis
time-T — controlDerivative-T actual value of control derivative of force along X p-axis
time-T — controlDerivative-T actual value of control derivative of force along X g-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Yp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Yp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Yp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Yp-axis
time-T — controlDerivative-T actual value of control derivative of force along Yp-axis
time-T — controlDerivative-T actual value of control derivative of force along Yp-axis
time-T — controlDerivative-T actual value of control derivative of force along Yp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Yp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Zp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Zp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Zp-axis
time-T — controlDerivative-T actual value of control derivative of force along Zp-axis
time-T — stabilityDerivative-T actual value of stability derivative of force along Zp-axis
time-T — controlDerivative-T actual value of control derivative of force along Zp-axis
time-T — controlDerivative-T actual value of control derivative of force along Zp-axis
time-T — controlDerivative-T actual value of control derivative of force along Zp-axis
time-T — stabilityDerivative-T actual value of stability derivative of moment about X p-axis
time-T — stabilityDerivative-T actual value of stability derivative of moment about X g-axis
time-T — stabilityDerivative-T actual value of stability derivative of moment about X p-axis
time-T — stabilityDerivative-T actual value of stability derivative of moment about X g-axis
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Table C.8: Quantified variables (continued)

Type

Description
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time-T — controlDerivative-T
time-T — controlDerivative-T
time-T — controlDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — controlDerivative-T
time-T — controlDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — stabilityDerivative-T
time-T — controlDerivative-T
time-T — controlDerivative-T
time-T — momentOflnertia-T
time-T — momentOflnertia-T
time-T — momentOflnertia-T
time-T — productOfInertia-T
time-T — productOflnertia-T
time-T — productOfInertia-T
time-T — power-T
accelerometerGain-T
accelerometerGain-T

actual value of control derivative of moment about X g-axis
actual value of control derivative of moment about X g-axis
actual value of control derivative of moment about X g-axis
actual value of stability derivative of moment about Yp-axis
actual value of stability derivative of moment about Yp-axis
actual value of stability derivative of moment about Ypz-axis
actual value of stability derivative of moment about Yp-axis
actual value of stability derivative of moment about Ypz-axis
actual value of stability derivative of moment about Ypz-axis
actual value of control derivative of moment about Yp-axis
actual value of control derivative of moment about Yg-axis
actual value of stability derivative of moment about Zp-axis
actual value of stability derivative of moment about Zg-axis
actual value of stability derivative of moment about Zpg-axis
actual value of stability derivative of moment about Zp-axis
actual value of stability derivative of moment about Zg-axis
actual value of stability derivative of moment about Zpg-axis
actual value of control derivative of moment about Zpg-axis
actual value of control derivative of moment about Zg-axis
actual value of moment of inertia along X p-axis

actual value of moment of inertia along Yp-axis

actual value of moment of inertia along Zpg-axis

actual value of product of inertia in X gYp-plane

actual value of product of inertia in X gZp-plane

actual value of product of inertia in YgZpg-plane

engine power

actual value of A, accelerometer gain

actual value of A, accelerometer gain
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Table C.8: Quantified variables (continued)

‘ Symbol Type ‘ Description
Sa. accelerometerGain-T actual value of A, accelerometer gain
St TSensorGain-T actual value of temperature sensor gain
Sa AOTSensorGain-T actual value of angle of attack sensor gain
S attitudeSensorGain-T actual value of roll attitude sensor gain
Sy attitudeSensorGain-T actual value of heading sensor gain
Sy attitudeSensorGain-T actual value of pitch attitude sensor gain
Sp, pressureSensorGain-T actual value of static pressure sensor gain
Sp gyroGain-T actual value of roll rate gyro gain
Stayn pressureSensorGain-T actual value of dynamic pressure sensor gain
Sy gyroGain-T actual value of pitch rate gyro gain
Sy gyroGain-T actual value of yaw rate gyro gain
Xal() array of float state vector of small perturbation aileron model
Xe() array of float state vector of small perturbation elevator model
xr() array of float state vector of small perturbation rudder model
va,() time-T — accelerometerOutput-T instance of A, accelerometer output noise
va,() time-T — accelerometerOutput-T instance of Ajaccelerometer output noise
va, () time-T — accelerometerOutput-T instance of A,accelerometer output noise
vr() time-T — TSensorOutput-T instance of temperature sensor output noise
Va() time-T — AOTSensorOutput-T instance of angle of attack sensor output noise
vg() time-T — attitudeSensorOutput-T instance of roll attitude sensor output noise
vy () time-T — headingSensorOutput-T instance of heading sensor output noise

time-T — attitudeSensorOutput-T
time-T — pressureSensorOutput-T

time-T — gyroOutput-T

time-T — pressureSensorOutput-T

time-T — gyroOutput-T
time-T — gyroOutput-T

time-T — float

instance of pitch attitude sensor output noise
instance of static pressure sensor output noise
instance of roll rate gyro output noise

instance of dynamic pressure sensor output noise
instance of pitch rate gyro output noise

instance of yaw rate gyro output noise

instance of noise driving Dryden turbulence model
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Table C.8: Quantified variables (continued)

‘ Symbol Type ‘ Description
U () time-T — float instance of noise driving Dryden turbulence model
Vi () time-T — float instance of noise driving Dryden turbulence model
a, b float coeflicients used within the trim-condition requirement
biasa, accelerometerBias-T actual value of A, accelerometer bias
bias Ay accelerometerBias-T actual value of A, accelerometer bias
biasa, accelerometerBias-T actual value of A, accelerometer bias
biast TSensorBias-T actual value of temperature sensor bias
biasq AOTSensorBias-T actual value of angle of attack sensor bias
biasg attitudeSensorBias-T actual value of roll attitude sensor bias
biasy, headingSensorBias-T actual value of heading sensor bias
biasg attitudeSensorBias-T actual value of pitch attitude sensor bias
bias,, psSensorBias-T actual value of static pressure sensor bias
bias, gyroBias-T actual value of roll rate gyro bias
biasg,,, qdynSensorBias-T actual value of dynamic pressure sensor bias
biasg gyroBias-T actual value of pitch rate gyro bias
bias, gyroBias-T actual value of yaw rate gyro bias
dpt() time-T — float non-dimensional pressure increase in propeller slipstream
k integer counter
m() time-T — force-T actual airplane weight
t, t1, to, t3, t4 time-T continuous time instant
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Table C.9: Auxiliary terms

Symbol and expression in terms of base
quantities

Type

Description

Auxiliary terms

Fo() = Xa 0 () + Xay () + Xp() + Xgr () + X ()

Fy() = Ya .0 4 Ya, () + Y5 () + Ygr () + Yu()

F.() = Za,y() + Zaoy () + Zp() + Zgr () + Zuw()

I() = L0 L.() = J;.()

I5() = Juy ) L=() + Jy= () o= ()

13() = er()Jyz() + Iy()JIZ()

14() = Ix()Iz() - ng()

15() = Iz()Jyz() + er()Jzz()

Is() = L0 1,() — J2,()

1Ol = LOIy0L0) — 2Jey()Jez()Jy=()

L()Jg.0) = L,0 2.0 — L.()JZ,()

Jtc((‘ Va(0), &(0), 3(0), p(0 2q(0),7'“(0) )=
g &(0) + 5%(0) ) +Cpgr (

Ky(Vy) = (=1 - 107*V2 + 0.015V, —
0.5975) /180

)

Ky(Va) = 9.75 - 1074V,2 — 0.108V,, + 2.335625

Ky (Vo) = 0.05V, — 1.1

Ko( a) =1.375-1073V.2 + 0.1575V, — 4.8031

Ko( a) =1.375-10" 3V2 +0.1575V, — 4.8031
) =

—2.5-1073V, + 0.2875

time-T — force-T

time-T — force-T

time-T — force-T

time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T

(acceleration-T,
angularVelocity-T,
angularVelocity-T,
angularAcceleration-T,
angularAcceleration-T,
angularAcceleration-T) —
float

airspeed-T — float

airspeed-T — float
airspeed-T — float
airspeed-T — float
airspeed-T — float
airspeed-T — float

total force along X p-axis

total force along Yp-axis

total force along Zp-axis

inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations

cost function for trim-condition

proportional gain of ALH autopilot

proportional gain of asymmetric autopilot
proportional gain of HH/HS autopilot
proportional gain of PAH autopilot
proportional gain of ALH and ALS autopilot
proportional gain of ALH and ALS autopilot
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Table C.9: Auxiliary terms (continued)

Symbol and expression in terms of base
quantities

Type

Description

K, (Vo) = —4.75 - 107*V2 + 0.0540V,, — 1.593
Kpy;(Vo) = (—3.875 - 1074V2 + 0.04025V, —
1.1041)7 /180

Ki(Vy) =5-1074V2 — 0.03V, + 0.9375
K(V,) = 0.03V, + 0.25

L() = Lasd() + Lacdo + LP()

M() = Ma, () + Ma,,() + Mp()

N() = Nayy() + Nay() + Np()

OFFapc = 24PCw=1

Fi() = L0)/[10)]
Pn() = L()/1()
Pu() = 130)/|1()]
Ppp8 = =(Jaz0120) = Jzy 0130) /()]

airspeed-T — float
airspeed-T — float

airspeed-T — float
airspeed-T — float
time-T — moment-T
time-T — moment-T
time-T — moment-T
integer

integer

time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T

time-T — inertiaParam-T

time-T — inertiaParam-T
time-T — inertiaParam-T

time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T

proportional gain of symmetric autopilot
proportional gain of ALS autopilot

proportional gain of PAH autopilot
proportional gain of ALH and ALS autopilot
total rolling moment

total pitching moment

total yawing moment

ADC internal representation of ADC zero input
DAC internal representation of DAC zero out-
put

inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations

inertia parameter for moment equations

inertia parameter for moment equations
inertia parameter for moment equations

inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
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Table C.9: Auxiliary terms (continued)

Symbol and expression in terms of base
quantities

Type

Description

Qp() = (Joz0L20) = Jy=la() = (L0 —
L:())I50))/110)]

Qpr() = =(Joy(12() + (L:() = L0)a() —
Jy=015()) /()]

Qaq() = (Jyz0120) = Jzy O 150)) /()]

Qer() = —((L:0 = L)) () = Jay01a() +
Jo=()150))/ 110

Qrr() = =(Jy012() = Je= ()12 () /11 ()]

Ri() = I0)/ ()]

Rn() = I50)/[10)]

R () = 16()/11()]

Bpp() = =(Jez(015() = Jay 016 0))/[10)]

;rgo
S
vAAv

(
Bpr() = =(Jay 0130 + (L() = LO)Is0) -
Jy=016()) /()]
Raq() = (Jyz0130) = Jay 016 () /()]
Ryp() = —((L0 = O30 = Jay 0150 +

ak'
0
~~
-
&
-
S—
-~
~
~—~
-

—(Jy=013() = J2=()15())/11()]

Rer() =
" 2ADCTL571

Sapc = pac +—DAC,
2EACnb_1

Spac = DAC,,{ —DAC,,—

_ 1 oL, 1
() = 70 ouy[ T (14 2 ) }

Va(t)

_ Lo 1+\/§§—ij
how () = F71 1 oo/ 7ty (1+ P, (;zu)2 }

Va (1)

time-T — inertiaParam-T

time-T — inertiaParam-T

time-T — inertiaParam-T
time-T — inertiaParam-T

time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T
time-T — inertiaParam-T

time-T — inertiaParam-T

time-T — inertiaParam-T
time-T — inertiaParam-T

time-T — inertiaParam-T
float

float

time-T — turbulence-T

time-T — turbulence-T

inertia parameter for moment equations
inertia parameter for moment equations

inertia parameter for moment equations
inertia parameter for moment equations

inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations
inertia parameter for moment equations

inertia parameter for moment equations

inertia parameter for moment equations
inertia parameter for moment equations

inertia parameter for moment equations
ADC resolution

DAC resolution

filter implementing Dryden turbulence model

filter implementing Dryden turbulence model
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Table C.9: Auxiliary terms (continued)

Symbol and expression in terms of base
quantities

Type

Description

14+v3 VL,&) e }

() = [30) fv’;%}r
o) = [6() 20
w0 =[50 28]
60 =[50 ]
aeo:[seo e
a() =[50 2]

— 0.0095V, — 0.4606

IS
S)
—
—

I

Va() cos a() cos 5()
Ue() = ta() + ww()

va() = Vg sin 5()
Ve() = va() + vw()

we () = V() sin () cos 5()
We () = wa() + ww()

U () = U () + tw, () + tw, ()
ve() +

time-T — turbulence-T

array of float
array of float
array of float
array of float
array of float

array of float

airspeed-T — float

time-T — velocity-T
time-T — velocity-T

time-T — velocity-T
time-T — velocity-T

time-T — velocity-T
time-T — velocity-T

time-T — velocity-T
time-T — velocity-T
time-T — velocity-T
natural-T — altitude-T

filter implementing Dryden turbulence model

input vector to aileron model
input vector to elevator model
input vector to rudder model
input vector to aileron model
input vector to elevator model

input vector to rudder model

turn-coordination loop gain of asymmetric au-
topilot

airspeed component along X g-axis

component along X g-axis of velocity wrt earth
frame

airspeed component along Yp-axis

component along Yp-axis of velocity wrt earth
frame

airspeed component along Zp-axis

component along Zp-axis of velocity wrt earth
frame

wind velocity component along X p-axis

wind velocity component along Yp-axis

wind velocity component along Zg-axis
altitude variation with respect to trim value
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Table C.9: Auxiliary terms (continued)

Symbol and expression in terms of base | Type Description
quantities
Aba() = 0a() — dao natural-T aileron defliection variation with respect to trim

Abe() = be() — deo

aileronDeflection-T
natural-T
elevatorDeflection-T
natural-T
rudderDeflection-T
natural-T — angle-T

natural-T — bankReference-

T

natural-T — angle-T
natural-T
headingReference-T
natural-T — angle-T

natural-T — pitchReference-

T

value
elevator defliection variation with respect to
trim value

rudder defliection variation with respect to trim
value

bank angle variation with respect to trim value

bank reference variation with respect to trim
value

heading variation with respect to trim value

heading reference variation with respect to trim
value

pitch angle variation with respect to trim value

pitch reference variation with respect to trim
value

Auxiliary functions, operators, and predicates

constRef(f(),t1,t2) = 3k Vt ( to<t <
ty = f(t)=F )

engaged(SW (), t1,t2) = 3T, (0 <T. <00 A
Vi (t—T.<t<t = SW()=OFF)
AVE(t<t<ts = SW(t)=ON))
turb(t o) = ¥t (0 St <ty = wy,(t) =
0 A wy,(t) =0 A wy,(t) =0 A Uy, (t)
0 A wy, () =0 A wy, () =0A )

not specified

(switch-T, time-T, time-T)

— boolean

(time-T, time-T) — boolean

predicate that evaluates true if f() is constant
throughout the time interval [t1, ¢2]

predicate that evaluates true only if the switch
SW() is engaged at t = t; and stays engaged
throughout the time interval [t1, ¢2]

predicate that evaluates true if random and dis-
crete turbulence wind components are not zero

180




Table C.9: Auxiliary terms (continued)

Symbol and expression in terms of base
quantities

Type

Description

whileEngaged(SW (), t1,te) = Vit ( 1 <t<
ty = SW(t)=ON )

whiteNoise(v(), Npsd)

p1() = p2() & Efa(t)a(t+7)} = E{b()b(t+
f(k+1)

b :a: a<zxr<b
Ma{g

a<zx

x<b

_ 1
RMS(f().tr.12) = \/5hs

L At

LxJ:y & yeN/\y<x/\Vn(n€
N/\n>yén>x>

(switch-T, time-T, time-T)
— boolean

not specified
not specified
not specified

not specified
not specified

not specified

predicate that evaluates true only if the switch
SW () is engaged throughout the time interval
[t1, 2]

predicate that evaluates true if v() is white
noise with Power Spectral Density Npsd
equivalence operator between stochastic pro-
cesses

one step forward operator

crop operator

Root Mean Square value of a function over the
interval [ty to]
quantization to closest integer
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Table C.10: Data-types

‘ Type ID Base type ‘ Range ‘ SI symbol ‘ Description
ADCinput-T electricPotentialDifference-T | [ADCy, -, ADCy +] inherited | input to A/D card
ADCoutput-T integer [0, 24PCn) inherited | output from A/D card
AOT-T angle-T [—10,30] - deg2ST inherited angle of attack
AQOTSensorBias-T electricPotentialDifference-T | [BIAS,,, BIAST] inherited angle of attack sensor output
AOTSensorGain-T angularSensorGain-T (S, ST] inherited | gain of angle of attack sensor
AQOTSensorOutput-T electricPotentialDifference-T | [OR,, ORZ] inherited angle of attack sensor output
CPGain-T float (—o0, +00) V-rad! gain of knob controls from con-
trol panel
CPOutput-T electricPotentialDifference-T | [CP~,CP™| inherited | output of controls from control
panel
DACinput-T integer [0, 2PA4Cn) inherited | input to D/A card
DACoutput-T electricPotentialDifference-T | [DACY -, DACy +] inherited | output from D/A card
PCUInput-T electricPotentialDifference-T | [PCU~, PCU ] inherited power control unit input
TCWeight-T float-T (—00, +00) notspeci fied trim condition weight
TSensorBias-T electricPotentialDifference-T | [BIAS}, BI AS;C ] inherited temperature sensor output
bias
TSensorGain-T temperatureSensorGain-T [S7, SF] inherited | temperature sensor gain
TSensorOutput-T electricPotentialDifference-T | [ORL, ORF] inherited temperature sensor output
accelerationSensorGain-T float (—00, +0) V-s-m~! | acceleration sensor gain
acceleration-T float (—00, +00) m-s! linear acceleration
accelerometerBias-T electricPotentialDifference-T | [BIAS, i BIASY] inherited accelerometer output bias
accelerometerGain-T accelerationSensorGain-T N inherited accelerometer gain
accelerometerOutput-T electricPotentialDifference-T | [OR, OR}] inherited accelerometer output
aileronDeflection-T angle-T [6,,07] inherited aileron deflection
airspeed-T velocity (35, 65] inherited air velocity
altitude-T length-T [2000, 10000] inherited | barometric altitude
foot2ST
angle-T float (—o0, +00) rad angle
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Table C.10: Data-types (continued)

‘ Type ID ‘ Base type ‘ Range ‘ SI symbol ‘ Description
angularAcceleration-T float (—00, +00) rad - s2 angular acceleration
angularSensorGain-T float (—o0, —|—oo) V-rad! angular sensor gain
angularVelocitySensorGain-T | float (—00, +00) V.s-rad~! | angular velocity sensor gain
angularVelocity-T float (—00, +00) rad - s~" angular velocity
area-T float (—o0 +oo) m? area
attitudeSensorBias-T electricPotentialDifference-T | [BI AS;/G, BIAS M /9] inherited attitude sensor output bias
attitudeSensorGain-T angularSensorGain-T (S, 5004 /9] inherited attitude sensor gain
attitudeSensorOuput-T electricPotentialDifference-T [OR;/G, OR;/Q] inherited attitude sensor output
bankReference-T angle-T (67, ] inherited bank reference control
controlDerivative-T float (—00, +00) notspeci fied control derivative
density-T float [0, +00) kg-m™3 mass density
electricPotentialDifference-T | float (—o0, +00) Vv electric potential difference
elevatorDeflection-T angle-T [65,07] inherited | elevator deflection
engineSpeed-T revolutionPerMinute-T n~, n+] inherited | engine RPM
flapDeflection-T angle-T [(5 , ] inherited flap deflection
force-T float (—o0, +oo) N force
frequency-T float [0, 4+00) s71 force
gasConstant-T float 287.05 J-K-kg~—' | gas constant
gyroBias-T electricPotentialDifference-T | [BI AS , BIAS]] inherited rate gyro output bias
gyroGain-T angularVelocitySensorGain-T | [S, ] inherited rate gyro gain
gyroOutput-T electricPotentialDifference-T | [O Ry OR;] inherited rate gyro output
headingReference-T angle-T [¢r ,1/1T ] inherited | heading reference control
headingSensorBias-T electricPotentialDifference-T | [BIAS,,, BI AS+] inherited heading sensor output bias
headingSensorGain-T angularSensorGain-T [SJ ) S{Z ] inherited heading sensor gain
headingSensorOutput-T electricPotentialDifference-T | [OR,, OR:Z] inherited heading sensor output
inertiaParam-T float (—00, 400 notspeci fied inertia parameter
length-T float (—00, +00) m length
moment-T float (—00, +00) N-m angular moment
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Table C.10: Data-types (continued)

‘ Type ID ‘ Base type ‘ Range ‘ SI symbol ‘ Description

momentOflnertia-T float [0, 00) kg -m? moment of inertia

natural-T integer [0, +00) notspeci fied natural number

percentage-T float [0, 1] notspeci fied percentage

pitchReference-T angle-T 6=, 07 inherited pitch reference control

pressureSensorGain-T float (—o0, +00) V-N—1.m? | pressure sensor gain

power-T float (—o0, +00) J st pressure

pressure-T float (—00, +0) N -m™2 pressure

productOflnertia-T float [0, 00) kg -m? product of inertia

psSensorBias-T electricPotentialDifference-T | [BI AS, ,BI ASpt ] inherited static pressure sensor output
bias

psSensorGain-T pressureSensorGain-T [Sp_s , SI;Z ] inherited static pressure sensor gain

psSensorOutput-T electricPotentialDifference-T [OR;S , OR;S ] inherited static pressure sensor output

qdynSensorBias-T electricPotentialDifference-T | [BI AS(LW,BI AS;;W] inherited dynamic pressure sensor out-
put bias

qdynSensorGain-T pressureSensorGain-T [Sq;yn, S’(Lyn] inherited dynamic pressure sensor gain

qdynSensorOutput-T electricPotentialDifference-T [OR;iyn,ORjIde] inherited dynamic pressure sensor out-
put

randomTurbulencePSD-T float [0, +00) notspecified random  turbulence power
spectral density

revolutionPerMinute-T angularVelocity-T [0, 4+00) inherited revolution per minute

rudderDeflection-T angle-T [6,7,0,F] inherited | rudder deflection

sensorOutputPSD-T float [0, 4+00) V2. Hz ! power spectral density of sen-
sor output

stabilityDerivative-T float (—00, +00) notspeci fied stability derivative

switch-T boolean {ON,OFF} notspeci fied switch control

temperatureGradient-T float (—00, +00) K- -m™! temperature gradient in tropo-
sphere

temperatureSensorGain-T float (—o0, +00) V.-K-1 temperature sensor gain
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Table C.10: Data-types (continued)

‘ Type ID ‘ Base type ‘ Range ‘ SI symbol ‘ Description
temperature-T float (—00, +00) K temperature
time-T float (—o0, +00) s time
velocity-T float (—00, +00) m- s linear velocity
warningLight-T boolean {ON,OFF} notspeci fied warning light
warningLightInput-T electricPotentialDifference-T | [W L™, W L+] inherited input to warning light
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