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Abstract

Regulatory agencies worldwide are working towards safely integrating unmanned aircraft
into their respective national airspaces. Reliability assessment of unmanned aircraft is a
key step in the certification process. This thesis presents an analysis framework for the
reliability assessment of small unmanned aircraft. Specifically, the effect of the place-
ment of actuators and control surfaces on the overall aircraft reliability is investigated.
The analysis framework is applied to several candidate actuator architectures of an ex-
ample small unmanned aircraft. The candidate architectures have different numbers of
controllable surfaces and servos. It is assumed that a servo fault detection algorithm is
available and affected by known rates of false alarms and missed detections. The flight
envelope of the aircraft is analyzed to determine the fault magnitudes for which the
aircraft can still be flown around a feasible trim point. For these allowable fault magni-
tudes, it is assumed that the flight control law can be suitably reconfigured such that a
safe landing is possible. Finally, the probability of catastrophic failure of the aircraft is
estimated. In applying the framework to assess the reliability of the candidate architec-
tures, several interesting and non-intuitive observations are made. These observations,
and their resulting conclusions, have implications for the unmanned aircraft design pro-
cess. Thus, in addition to being used for analysis, the proposed framework provides

some insight into how reliability fits into the traditional aircraft design process.
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Chapter 1

Introduction

The small Unmanned Aerial Vehicle/System (UAV /UAS) industry is undergoing a rapid
transformation due to the emergence of several commercial applications, such as law
enforcement, search & rescue, and precision agriculture. The commercial UAV market
is projected to surpass the military market in the coming years [I]. Despite these
indicators, widespread commercial use of UAVs is still at least one decade away. A
barrier for UAS commercialization is their (current) inability to safely and reliably
access common airspace. This is due to a combination of regulatory and technical
challenges. On the regulatory side, significant work is currently underway, both in the
United States (US) and in the European Union (EU), to establish a long-term framework
for the seamless integration of UAVs into their respective national airspaces. On the
technical side, challenges such as sense & avoid capabilities, secure communication,

human factors considerations, etc need to be addressed.

1.1 Integration of UAVs into the National Airspace

It is predicted that 7,500 small UAVs (weighing 55 pounds or less) will be operating in
the US by 2018. In addition to the US, there is strong interest from agriculture, mining,
and infrastructure companies in using UAVs in Europe [2]. While UASs are projected
to operate increasingly in airspace typically reserved for manned aircraft, their current
reliability metrics do not meet the certification standards set by the Federal Aviation

Administration (FAA) for manned aircraft. In 2012, the United States Congress passed
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H.R.658 [3] - the FAA Modernization and Reform Act - in order to facilitate the safe
integration of UASs into the national airspace. In particular, section 332 of H.R.658
mandates the FAA to ”provide for the safe integration of civil unmanned aircraft systems
into the national airspace system as soon as practicable, but not later than September
30, 2015.”
More recently, the FAA released a Notice of Proposed Rulemaking (NPRM) [4] that
specifies aircraft requirements and their operational limitations in US skies. The NPRM
serves as a starting point for the detailed certification standards for UAVs that the FAA

is expected to release in the future.

1.2 Reliability of Unmanned Aircraft

To understand the challenges of integrating UAVs into the national airspace, consider
the current safety standards set by the FAA for manned commercial aircraft. In order
for a commercial aircraft to be certified, there should be no more than one catastrophic
failure per one billion hours of flight operation. Airframe manufacturers, such as Boeing,
meet the 107 failures-per-flight-hour standard by utilizing hardware redundancy in
their designs. For example, the Boeing 777 has 14 spoilers each with its own actuator;
two actuators each for the outboard ailerons, left & right elevators, and flaperons; and
three actuators for the single rudder [5]. In addition, the computing platform, electrical
and hydraulic power lines, and communication paths have triple layer redundancy.

On the other hand, most civil UASs have reliabilities that are orders of magnitude
below the 10~ level required for manned commercial aircraft. For instance, the UAV
Research Group at the University of Minnesota (UMN) [6] operates an Ultra Stick 120
aircraft (described further in section [2)) with single-string, off-the-shelf components. A
comprehensive fault tree analysis yielded a failure rate of 2.2 x 102 failures-per-flight-
hour [] for this aircraft [7]. UASs have such low reliability because most, if not all, of
their on-board components are single-string, i.e. there are single points of failure on the
UAS that can lead to a system-level catastrophic failure.

The standard solution to increasing the reliability of aircraft is adding hardware

1 This analysis provides a theoretical estimate of the reliability and no loss of aircraft has occurred
to date.
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redundancy, as seen with the example of the Boeing 777. Such an approach is not feasible
for small UAVs due to the costs associated with size, weight, and power. Adding multiple
copies of components that perform the same function is not economical for small UAVs
that have limited payload and small margins on the design parameters. Cross-functional
hardware redundancy offers a better approach to increased reliability of UAVs. Cross-
functional components perform two or more functions and, thus, add more reliability
value for a unit increase in the size and weight of the system. As an example, consider
ailerons that are no longer constrained to deflect anti-symmetrically. Removing this
constraint effectively turns ailerons into elevons. Elevons are cross-functional because
they can provide both pitch and roll control authorities. Such cross-functionality in the

flight dynamics is illustrated in this thesis.

1.3 Reliability Assessment of UAVs

One of the technical challenges, for the safe integration of UAVs, is increasing their
reliability. While increasing the reliability is important, it is equally important to be
able to quantify these increases. Reliability quantification is important to be able to
close the loop and prove compliance with certification standards. Reliability assessment
is a vast and well-studied field [8,[9]. The aerospace industry heavily relies on tools such
as fault tree analysis and failure modes & effects analysis for the reliability assessment
of aircraft and spacecraft. These assessment methodologies have typically treated faults
as binary causes that lead to binary effects. However, fault causes and their effects are
often better quantified probabilistically. While such a probabilistic treatment of faults
is not new, the real challenge lies in connecting the reliability of individual components
or subsystems to the overall system reliability. This thesis provides a framework, under
certain assumptions, to connect the reliability of actuator servos (component) to that
of the aircraft (system).

The overall system reliability of an aircraft is usually decomposed into component-
level reliability by using a fault tree. The reliability of individual servo motors as well
as the placement of aerodynamic control surfaces are usually the leaves of the fault
tree. The phrase actuator architecture is used to describe the placement of control

surfaces and how they are connected to the servo motors. The actuator architecture of
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an aircraft affects its flight envelope, i.e. boundaries in the state-space for safe flight.
The flight envelope of an aircraft can be shown to be related to its overall reliability.
By optimally choosing the aircraft’s actuator architecture, the flight envelope can be
modified in such a way that the overall reliability is maximized. Thus, the problem of
choosing the optimal actuator architecture is both a design and an analysis problem.
The scope of this thesis is limited to the reliability assessment of actuator architectures.
A general framework is presented for such analyses.

In addition to being used as a reliability analysis tool, the framework can help under-
stand the design trade-offs inherent in systems engineering. One of the trade-offs that
is explored is between reliability and number of redundant components. The framework
is presented for the stuck control surface fault mode, although it can be extended to
cover other fault modes as well. A case study is presented to illustrate the use of the
framework in assessing the reliability of several candidate actuator architectures. The
candidate actuator architectures that are presented in this thesis are different in the
extent to which they exploit cross-functionality in the aerodynamic control surfaces.
This, in turn, affects the flight envelopes and overall reliability of the architectures.

The following chapters in this thesis contain the problem formulation and the general
framework, and illustrate the framework on a case study. Several simplifying assump-
tions are made along the way in order to make the analysis tractable. Traditional
aircraft reliability methods model the effects of the fault as a binary process: a fault,
if present, will lead to a catastrophic failure. This research introduces a probabilistic
notion to faults. In doing so, some credit is given to the fact that some failure modes
can be tolerated (with sub-par performance), but do not necessarily lead to catastrophic

failure.



Chapter 2

Problem Formulation

2.1 Catastrophic Failure

The reliability of an aircraft is typically quantified via the probability of catastrophic
failure. This is a key metric, based on which commercial aircraft are certified for op-
eration (see section . For the work presented in this thesis, catastrophic failure is
considered as situations where irrecoverable loss of control occurs. Under such loss of
control, the UAV will be unable to safely reach a proper landing site. Catastrophic
failures have several causes, such as actuator failure, sensor failure, structural damage,
weather-related phenomena, etc. Reliability analysis tools such as fault trees and failure
modes & effects analysis help understand the relationship between the (low-level) causes

and (high-level) effects.

2.2 Actuator Failure

This thesis will focus only on actuator failures. Actuators contain a lot of moving parts
and are amongst the least reliable components on a UAV. Since actuators are connected
to aerodynamic control surfaces, actuator faults directly affect the flight dynamics of
the UAV. Many small UAVs use hobby-grade servo motors, which have failure times
on the order of thousands of hours. Actuator failures can lead to significant loss in
controllability of the aircraft and, eventually, catastrophic failure. It may be possible,

in some cases, to adequately compensate for actuator failures by utilizing other actuators
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that may be present on the aircraft. Reconfiguration of control surface faults involves
aspects of flight dynamics and these are covered in chapter [4

Actuators can fail in several different modes, such as getting stuck in a position,
losing efficiency, oscillating [10], etc. Loss in efficiency and oscillatory failures are more
common in large aircraft where large loads are present and are less common in small
UAVs. This thesis will only consider stuck actuator faults and analyze the impact on the
overall system. Servo reliability will be represented by the metric mean time between
failures (MTBF). The motor-propeller pair on a UAV can also be considered as an
actuator. However, motor failure is not considered in this thesis. It is assumed that,
under a motor failure, the aircraft can glide to a safe landing.

After an actuator fails, a path needs to be generated to a safe landing site. This
flight path can be assumed to be composed of canonical paths such as: straight & level,
banked turns, ascents, and descents. In order for the UAV to safely fly to a landing
site, it must be capable of executing at least some of these canonical maneuvers. The
minimum set of canonical maneuvers can be translated into a minimal flight envelope
in the flight path angle - heading rate plane. This minimal flight envelope is explained

in detail in section Ml

2.3 Reliability Analysis Framework

The analysis framework can be used to assess the reliability of UAV actuator architec-
tures. In this thesis, the analysis framework is presented and simultaneously applied to
a case study. The case study and the UAV platform therein are explained in section
This section briefly explains the components of the framework. Given a UAV and
a specific actuator architecture, the analysis method is applied in a sequence of three

consecutive steps. These are as follows.

e Determine the probability distributions of the control surfaces.
e Determine the flight envelope of the UAV under failures of different actuators.

e Estimate the probability of catastrophic failure, after actuator failures have oc-

curred.
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Given a mission and a UAV actuator architecture, the deflections of the control
surfaces can be logged through simulation or flight measurements. Subsequently, his-
tograms of the control surface deflections can be generated. In parallel, flight envelope
assessment can be used to determine the flight characteristics after a fault has occurred.
Specifically, under an actuator fault, the maneuvers that an aircraft can perform can
be determined. With these two pieces of information, the probability of catastrophic
failure can be estimated.
Each of these three steps have a chapter dedicated to their details. The steps are
best illustrated immediately after they are introduced. The next section describes the
UAV platform used for the case study and the candidate actuator architectures chosen

for the illustration.

2.4 Infrastructure

The framework is applied to a small UAV called BALDR. BALDR is maintained and
operated by the Unmanned Aerial Vehicle Laboratory at the University of Minnesota
[6]. The airframe is a commercial, off-the-shelf, radio-controlled aircraft called the
Ultra Stick 120 [I1], shown in figure The Ultra Stick 120 has a wingspan of 1.92
m and a mass of about 7.4 kg. The UMN UAV Research Group has retrofitted the
airframe with custom avionics [6, 12, [13] for enabling research in the areas of real-time
control, guidance, navigation, and fault detection. The avionics include a sensor suite,
a flight control computer, and a telemetry radio. The airframe comes equipped with the
standard suite of aerodynamic control surfaces - flaps, ailerons, elevator, and rudder -
each actuated by its own servo motor.

A comprehensive reliability analysis was performed to identify the critical compo-
nents on the Ultra Stick 120 [7]. In particular, two standard reliability analyses were
performed: fault tree analysis (FTA) and failure modes & effects analysis (FMEA).
These analyses identified the most critical components on the aircraft that should be
supplemented with hardware redundancy. Through simulation, it was concluded that a
stuck rudder and/or a stuck elevator would result either in a loss of mission (LOM) or
loss of aircraft (LOA) depending on the fault level, airspeed, and altitude. In order to

mitigate the degradation in performance during LOM and prevent LOA, the airframe



Figure 2.1: The BALDR UAV with the control surfaces labeled (A — aileron, F — flap,
E — elevator, R — rudder).

was modified by splitting the rudder and elevator into two parts, each actuated by its
own servo motor [I4]. It was reasoned that if one of the two rudders got stuck in flight,
the other rudder would be able to provide some limited yaw control authority, thereby
allowing for the reconfiguration of the surfaces and effectively increasing the reliability
of the airframe. A similar reasoning can be made for the split elevator. The split rudder
is shown in Figure The rudder was split in such a way that the top and bottom
pieces have equal side force and yawing moment derivatives.

Including the split tail surfaces, this aircraft has a total of eight aerodynamic control
surfaces. While each surface is independently actuated, the flight software allows for
them to be coupled symmetrically (such as the elevators) or anti-symmetrically (such as
the ailerons). In addition, these redundant surfaces allow for the testing and validation

of reconfigurable control laws after a fault has been detected in the surfaces. From



Figure 2.2: Tail of the BALDR UAV with the control surfaces labeled (E — elevator, R
— rudder).

an infrastructure standpoint, this aircraft serves as the test platform for all the safety-
critical reliability research that is being undertaken by the UMN UAV Research Group.

The UMN UAV Research Group has developed a high-fidelity simulation environ-
ment for the Ultra Stick 120 with extensive documentation [6]. This simulation environ-
ment was built using Matlab/Simulink and contains models for the aircraft subsystems.
The rigid body dynamics are implemented using the standard six degree-of-freedom,
nonlinear aircraft equations of motion [I5]. The aerodynamic stability and control
derivatives were identified from wind tunnel experiments [16, [I7]. The simulation mod-
els the forces & moments and the propwash generated by the electric motor and propeller
pair. The simulation also includes first-order, rate and position limited actuator mod-
els for the servo motors. The sensor models for the inertial measurement unit, air data
probes, and magnetometer include band-limited white noise for each measurement. The
simulation environment also contains subsystems that model environmental effects, such
as wind gusts, atmospheric turbulence, and the Earth’s gravitational & magnetic fields.

In particular, the Discrete Wind Gust Model and the Discrete Dryden Wind Turbulence
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Model are added from Matlab’s Aerospace Blockset. Finally, closed-loop flight control
laws and navigation & guidance filters are also included.

The nonlinear aircraft model can be trimmed and linearized at any flight condition
within the flight envelope of the aircraft. The simulation environment and the flight
control computer allow for extensive software-in-the-loop and hardware-in-the-loop sim-
ulations of the aircraft model. The entire simulation environment, details about the
aircraft fleet, components, wiring, and data from numerous flight tests have been made

open-source and can be freely downloaded from the website of the UMN UAV research
group [6].

2.5 Case Study

The BALDR UAYV has eight unique aerodynamic control surfaces, as shown in figures
and 2.2l These are: split elevators (E1, E2), split rudders (R1, R2), ailerons (A1, A2),
and flaps (F'1,F2). Each of the eight surfaces is actuated by an independent servo
motor. The BALDR UAV can be thought of a superset from which different reduced
order actuator architectures can be generated, depending on whether the surfaces are
coupled or free. The sign convention of the control surfaces is as follows. A trailing edge
down deflection of the elevators, ailerons, and flaps is considered positive. A trailing
edge left deflection of the rudders is considered positive. In addition, all the surfaces
have a deflection range of [—25°, +25°].

Increasing the number of servos on an aircraft increases reliability, if the architecture
is properly designed. However, it often adds to the cost and weight. This trade-off can be
analyzed by considering different actuator architectures. These actuator architectures
are mainly defined by two parameters: the total number of servos and the coupling
between various control surfaces. The actuator architectures are listed tabularly in
table 2.1] and depicted pictorially in figure

The configurations v0, ..., v4 were chosen because they are representative of the
most common actuator architectures found in small UAVs. As an example, consider the
presence/absence of flaps across the five configurations. Flaps are not very common in
small UAVs since they perform a very specific function and are not used for the majority

of the flight duration. Since flaps are atypical, four configurations (v1 to v4) are not
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Table 2.1: Actuator architectures listed tabularly.
Config.  Ailerons  Elevators Rudders  Flaps  No. of servos

v0 Coupled Coupled  Coupled Coupled 4

vl Decoupled  Coupled  Coupled None 4
v2 Coupled  Decoupled Coupled None 4
v3 Coupled Coupled  Coupled None 3

3

v4 Decoupled  Coupled None None

A A A

&[)

m

== v2]d | /T

N
/1 /1
= —
v3] v4]

N\
ab /]

Figure 2.3: Actuator architectures depicted pictorially.

bl

==

equipped with flaps. The only configuration that is equipped with flaps is v0. This is
because v0 is only used for flight envelope assessment in section 4l On the other hand,
all configurations have elevators and ailerons since these are required control surfaces.
The eight different control surfaces of the BALDR are coupled differently depending
on the actuator configuration. As an example, for the v0 configuration, A1 = —A2,
El1=F2 Rl =R2, and F1= F2.

The five configurations cover different combinations of pitch & roll control author-
ities. For example, elevators, when decoupled, contribute to both pitching and rolling.
The configurations are representative of small UAV architectures because they were
chosen by balancing the need to maximize the pitch and roll control authorities against
the need to minimize the number of servos. For example, an architecture that has de-

coupled elevators and decoupled ailerons is not considered. This is because, while such



12
an architecture will exhibit higher reliability than any other, it would also require the
use of many servos. In choosing the five configurations, it was ensured that the number
of servos was at most equal to four. It should be noted that the BALDR UAV has many
more control surfaces than will be found on a typical small UAV.

Several assumptions are made to make the analysis tractable. First, it is assumed
that a fault detection and isolation (FDI) algorithm is used to detect actuator faults.
The FDI algorithm could either be built-in tests [18] (self-diagnostics within actuators)
or centralized monitoring systems [19]. For simplicity, only statistical properties, such as
missed detection and false alarm rates, are considered. Second, it is assumed that if the
aircraft is trimmable after a fault has occurred, an appropriate reconfigurable control
law is available. In other words, transitions between trim points are without loss of
control. Finally, it is assumed that multiple faults occur with negligible probabilities.

The next chapter describes the first step of the analysis, i.e. distributions of control

surfaces.



Chapter 3

Distribution of Control Surfaces

3.1 Introduction

The first step in the analysis is determining the distribution of the aircraft’s control
surfaces. After performing a given mission, flight data logs will show the time history
of deflection of each control surface. These time histories can be plotted as histograms.
The distributions are influenced by several factors such as: mission profile, control law,
exogenous disturbances (sensor noise, wind gusts, & turbulence), etc. Control laws
significantly affect the distributions and, thereby, the overall reliability. As an example,
the rudder will have different distributions depending on whether the control law is
tuned for coordinated turns or yaw rate damping. More generally, the gains of the
control law affect the shape of the distributions. The shape of the distributions, in
turn, affect the overall reliability. By properly tuning the control law, the shape of the

distributions can be tailored to meet performance as well as reliability requirements.

3.2 Characterization of Probability Distributions

Histograms of control surface deflections can be plotted from flight data or simulations.
Subsequently, probability density functions can be estimated for these histograms. This
approach is good when flight data is readily available. Presumably, flight data may not
always be available for arbitrary mission profiles. For such scenarios, a more analytical

approach can be followed, wherein the mission profile is decomposed into a number of

13
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Figure 3.1: Aircraft path during area scanning mission.

flight modes. Flight modes are canonical maneuvers such as straight & level, turning,
ascending, and descending flights. If the control surface distributions are known for
these flight modes, the overall distributions can be constructed by combining them as

a weighted sum, as shown in equation [3.1

n
pi(8) = Y pi(d|mode = j)p(mode = j), (3.1)
j=1
where p;(d|mode = j) is the probability density function (PDF) of the ith control
surface for mode j, and p(mode = j) is the probability of occurrence of mode j. In this
analytical approach, only a small library of PDFs need to be stored in order to be able
to generate PDF's for arbitrary mission profiles.

Figure shows a typical area scanning path for the BALDR UAV. The simulation
duration is 588s. It consists of three flight modes: straight & level, left, and right
banked turns. The probability of being in each mode is estimated from the mission
profile as the fraction of time spent in that mode. For the area scanning mission, the

probabilities of the modes can be calculated from the geometry of the flight path. For
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Figure 3.2: Aileron distribution for straight & level flight.

the path shown in figure the waypoints are 1000m and 200m apart in the North
and East directions, respectively. The resulting probabilities are 0.13 for both left and
right turns and 0.74 for straight flight. In the reliability assessment presented in section

the histograms are used directly.

3.3 Histograms from data

Figures and show the histograms of the deflections of the aileron, elevator,
and rudder for straight & level flight. Similarly, figures and show the his-
tograms of the deflections of the aileron, elevator, and rudder for right banked turns.
All figures correspond to the mission profile shown in figure Normal distributions
are fitted to the histograms of the ailerons and elevators because they are approximately
Gaussian. (The mean and standard deviation of the distribution are denoted by p and
o, respectively.) On the other hand, rudder distributions appear to be multi-modal and

cannot be characterized easily. It is likely that rudder distributions can be fit using a
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Figure 3.3: Elevator distribution for straight & level flight.

basis of Gaussian distributions. The underlying Gaussian nature of all these distribu-
tions is not surprising since these are simulated results. The simulation environment
that was introduced in section contains models for sensor noise and atmospheric
turbulence. Both types of disturbances are fed by filtered Gaussian generators.

In addition to the aircraft dynamics, the controller dynamics also plays a role in
shaping these distributions. As mentioned previously, the controller parameters offer
a means for the control designer to shape these distribution functions. By shaping
these distribution functions, performance and reliability requirements can be satisfied.
Although the underlying generators maybe independently and identically distributed
(iid), the noise that is seen in the control surfaces are temporally correlated. This is
because these signals pass through dynamics (effectively nonlinear filters). Significantly,
the distributions that are shown in figures through are neither independently
nor identically distributed.

From figure [3.2] it is seen that during straight and level flight, the aileron trim is
close to zero degrees. There is, however, a small non-zero mean aileron deflection that is

used to compensate for the motor torque. During right banked turns, the mean aileron
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Figure 3.4: Rudder distribution for straight & level flight.

deflection is slightly larger at 1.04°, as shown in figure This is because, ailerons are
deflected only to change the bank angle of the aircraft and not to sustain turns. Once
the desired bank angle has been reached, the ailerons return to their trim value and the
aircraft enters into a steady banked turn.

From figure [3.3] it is seen that during straight and level flight, the elevator trim
is —4.22°. This trim value corresponds to an angle of attack of approximately 5°.
The distribution is fairly symmetric about the mean value. The mean and standard
deviation of the elevator distribution are higher during banked turns, as seen in figure
This observation is also consistent with flight dynamics. For a given airspeed, the
angle of attack increases during banked turns as compared to straight and level flight.
Consequently, a larger elevator deflection (in magnitude) is necessary during banked
turns. In both figures and , the elevator range is approximately [—10°,0°].

From figure it is seen that during straight and level flight, the rudder trim
is close to zero degrees. In addition, the rudder distribution is symmetric about zero
degrees, despite being multi-modal. Both these observations make physical sense. On

the other hand, the rudder trim is non-zero during banked turns. Figure shows
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Figure 3.5: Aileron distribution for right banked turns.

a small negative trim value for the rudder during right banked turns. This difference
exists because the control law used in these simulations deflects the rudder to maintain
turn coordination. As right banked turns are being made, the trailing edge of the rudder
is deflected rightward to maintain turn coordination. A rightward rudder deflection is
negative, leading to the small negative mean.

Finally, it should be noted that the histograms only depend on the mission being
executed and not on the actuator architecture. Before a fault occurs, all actuator
architectures are controlled by the same baseline control law. This baseline control law
actuates all surfaces as if they were coupled. In other words, the baseline control law is
designed for architecture v0. It is only after a fault occurs that the actuator architecture
matters for a successful reconfiguration.

In the next section, flight envelope assessment (the next step of the analysis) is
introduced. The concept of flight envelopes is introduced followed by its application to
BALDR.
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Chapter 4

Flight Envelope Assessment

4.1 Introduction

This section gives a cursory introduction to aircraft flight envelopes, since this concept
is important for the subsequent section. The aircraft equations of motion [20], 21| can
be described in the nonlinear state-space form as shown in equations and

In these equations, z € R™ is the state vector, u € R™ is the input vector, and
y € RP is the output vector. In addition, f : R® x R™ — R" is the state function and A :
R™ x R™ — RP is the output function. The state vector is: = = [¢, 0,9, p,q,r, u,v, w]T.
Here, ¢,0, and 1 are the Euler angles of the aircraft. The aircraft’s angular velocity
components in the body-fixed frame are: roll rate (p), pitch rate (¢), and yaw rate (r).
The airspeed components in the body-fixed frame are u,v, and w. We also define a
reduced order state vector that does not contain v: x, = [¢,0,p,q,7,u,v,w|’. z, is
used in the definitions of the flight envelopes.

For configuration v0, there are only four unique aerodynamic inputs. In addition,
the throttle for the motor is 7. Consequently, the input vector is v = [1, E, R, A, F.
As expected, the input vector will change appropriately, depending on the actuator

configuration. The results presented in this chapter make use of certain elements in the

output vector (y). The airspeed, angle of attack, and angle of sideslip are denoted by

20
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V,a, and B, respectively. The flight path climb angle and heading rate are denoted by
~ and 11.}, respectively.

Aircraft typically fly around equilibrium or trim points. These are operating points
at which some state derivatives are zero, and others have constant values. The collection
of all such trim points defines the steady flight envelope (IF) of the aircraft, as shown in
equation (-3

F={(z,u): 2. =0, u=0} (4.3)

A subset of the flight envelope is straight and level flight, i.e. unaccelerated flight
at constant altitude. This subset is mathematically described in equation The key
property of this subset is the zero flight path angle (5 = 0).

IE‘straight,level = {(i’a ﬁ) : f(jaﬁ) =0,p=q=7r=0,7=0, U= 0} (44)

Level flight is, by definition, at constant altitude. When the aircraft descends
steadily, at a constant negative flight path angle (5 < 0), the envelope is described
by equation |4.5

IE?stea,dg,/,alescemf = {(jvﬂ) : f(i‘, fL) =0,p=q=7=0,7<0, U= 0} (4'5)

Another subset of the flight envelope is steady banked turns at constant altitude.
A steady banked turn is defined by a constant heading rate (1/1) Left banked turns are
described by a negative 1/) and right banked turns are described by a positive 1/} These

subsets are mathematically defined in equations and

0} (4.6)
0} (4.7)

Frankedieft = {(F,@) : & = 0, 1 < 0, 7

—0, 4
IE‘bankeal,right = {(i'yﬁ) : '%7‘ =0, w >0,7=0, u

4.2 Computational Details

These subsets can be computed by applying numerical optimization techniques to the
nonlinear aircraft model that was introduced in section 2l The nonlinear aircraft model
can be trimmed and linearized, using routines developed in-house, at any operating
point within the flight envelope. For straight & level flight, operating points are best

expressed as pairs of (V,«). A rectangular grid of such (V,«a) pairs is generated for



22

167 <—Stall 25
14} 20
15

12}
110

10

TE up flap

Angle of attack, a [deg]
o0}
o
Flap. F [deal

6 L
-10
4+
-15
21 _ -20
TE down flap High speed
* * W -25

0 L L L
10 15 20 25 30 35 40
Airspeed, V [m/s]

Figure 4.1: Longitudinal flight envelope in the V' x « plane.

V € [10,40)ms~! and « € [0°,20°]. The grid resolution is 0.1ms~! and 0.1° for V and «,
respectively. The nominal flight condition for the BALDR is (V, ) = (23ms™1,4.72°).
The trim routine is called at each grid point after being initialized with the nominal
flight condition. For a specific subset, the trim routine finds the minimum of a nonlinear,
multi-variable cost function subject to the appropriate constraint (equations f.
Matlab’s Optimization Toolbox contains the fmincon function that is well suited for
this purpose. This optimization problem is non-convex and, in general, has multiple
local minima. The fmincon function returns the minimum that is closest to the initial

condition. A more thorough treatment of aircraft flight envelopes can be found in

22} 23, 24].

4.3 Flight Envelopes of BALDR

A limited flight envelope assessment is presented only for configuration v0. The envelope
corresponding to longitudinal straight & level flight can be used to determine the stuck

ranges for the elevator and flaps. This envelope is shown in the V' x a plane in figure
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Figure 4.2: Longitudinal flight envelope in the F' x E plane.

and in the F' x E plane in figure [4.2l Trim points are marked by colored crosses in
both these figures. In figure the trim points are colored based on the value of the
flap deflection. There are several interesting observations. First, as expected, there is
an inverse relationship between V and a. Trim points at high airspeeds have low «
and vice-versa. Second, since a nonlinear aircraft model is being trimmed, the inputs
and outputs are implicitly constrained. As a result, the flight envelope has well-defined
boundaries, as seen in figure [4.1]

The high speed boundary is a collection of trim points that define the highest achiev-
able airspeeds and lowest achievable angles of attack. Conversely, at the stall boundary,
the stall angle of attack (approximately 15°) is reached at low airspeeds. The high
speed and stall boundaries are due to output constraints. The other two boundaries
are due to input saturation. The TE up flap boundary defines trim points for which
flaps are deflected to —25° (trailing edge up). The TE down flap boundary defines trim
points for which flaps are deflected to +25° (trailing edge down). It is interesting to

note that within these boundaries, fixed flap deflections define isolines that follow the
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general shape of the envelope. Although this envelope is plotted for configuration vO0,
the envelopes for other configurations can be extracted by looking at certain isolines.
As an example, consider configuration v3, where no flaps are used. The flight envelope
for this configuration would simply be the green isoline for F' = 0 shown in figure

In figure the trim points are colored based on the value of a. Three important
conclusions can be drawn from this figure. Firstly, it is seen that trim points exist
for the entire range of flap deflections, as shown by the TE up/down flap boundaries.
Secondly, there are no trim points for a positively deflected elevator. This implies that if
the elevator was to get stuck positively, the result would be a catastrophic failure of the
aircraft. As an example, for configuration v3 (F' = 0), trim points exist for the elevator
range [—25°, —4°]. It is seen that, for any given flap deflection, the high speed boundary
is reached when the elevator is deflected to its highest trimmable value. Conversely, the

stall boundary is reached for the lowest trimmable value of the elevator.

4.4 Minimal Flight Envelope

A stuck surface fault is called allowable if the aircraft can safely fly home in the presence
of this fault. In order to safely fly home, the aircraft should be able to execute some
limited maneuvers. The flight envelope subsets, that were defined earlier, can be used to
describe these limited maneuvers. The aircraft should be able to fly straight and level,
execute either left or right banked turns with some minimum 1&, and descend steadily at
some minimum . These limited maneuvers together form the minimal flight envelope.
This can be visualized in the v — 1/1 plane, as shown in figure It is reasoned that
as long as the actual flight envelope, in the presence of a stuck fault, is larger than this
minimal flight envelope, the aircraft can safely fly home.

For this research, the maximum required turning radius is 87m. This value was
selected because it is sufficiently larger than the minimum achievable turning radius of
54m, while still allowing for reasonably large heading rates. At a nominal airspeed of
V = 20ms~!, an 87m turning radius corresponds to a heading rate of +13°/s. The
minimum required flight path angle is chosen as v = —3° since this is representative of
typical glide slopes. The four points shown in ﬁguredeﬁne two triangles: Frinimat,ieft

and Finimat,right- Furthermore, it is assumed that if trim points exist at the vertices
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Figure 4.3: Minimal flight envelope

of either of these two triangles, trim points exist in all of the corresponding triangle.
Hence, it is sufficient to check for the existence of trim points at the vertices of the two
triangles.

For any given stuck fault, in order to safely fly home, at least one trim point needs to
be found in each of the subsets Ftyqight,icver a0d Fateady,descents and either of the subsets
Foanked,ieft and Fpgpkedright- In other words, a stuck fault is called allowable if trim
points can be found either in Fyinimai teft OF Frninimal,right- In checking for the existence
of trim points, no explicit constraints (such as a zero sideslip angle requirement) are

placed on V, «, and S.

4.5 Allowable Surface Faults

The following steps describe the calculation of the allowable stuck surface ranges. First,
the trimmable range for each surface is calculated at each of the four points shown

in figure [4.3] Then, the intersection of these trimmable ranges is calculated between
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Table 4.1: Allowable stuck surface ranges.
Config. Elevator(s) Rudder(s) Aileron(s)

vl [25-1]  [-25,+25]  [-25,425
v2 [25425]  [-25,+25] [-11,412]
v3 [25-4]  [-254+25]  [-7,410]
v4 [-25,-1] N/A [-25,+25]

Fstraight levels Fsteady,descents a0d Fyanked epe- This intersection is called the trimmable
range for Fpinimaieft- In a similar way, the trimmable range for Finimai rignt is cal-
culated. The union of Fyinimatieft and Frpinimal,right is defined as the allowable stuck
surface range.

The allowable stuck surface ranges for vl through v4 are given in table For
configurations that have a single elevator (v1, v3, v4), it is seen that the range is never
positive, i.e. no trim points exist for positively stuck elevator. However, the allowable
range is [—25°, +25°] when split elevators are present (v2). Another interesting observa-
tion is that stuck rudder faults can always be tolerated as long as no explicit constraints
are placed on f3. Lastly, decoupled ailerons (v1 and v4) have the full allowable range as
compared to coupled ailerons (v2 and v3). The allowable stuck surface ranges presented
here in conjunction with the distribution of control signals, presented in section [3| allow
for the computation of the probability of catastrophic failure for each of the four con-
figurations. It is generally observed that cross-functionality in the aerodynamic control
surfaces helps increase the overall reliability of the UAV.

The next chapter introduces the final step of the analysis method: computing the

probability of catastrophic failure.



Chapter 5

Probability of Catastrophic

Failure

5.1 Fault Tree Analysis

The final step of the analysis is computing the probability of catastrophic failure (Psyg).
Figure shows a fault tree. The first level of the tree is the servo failure rate (q),
which is the inverse of the mean time between failures (MTBF'). The next level captures
the positional probabilities of the control surfaces. The final level captures false alarm
(Pra) and missed detection (Py/p) rates. Events that lead to catastrophic failure are
marked red and the others green. The probability of the ith surface being outside the

allowable range [I,u] is:

Poii=1- / Pi(0;)do;. (5.1)
!

The probability of the ith surface getting stuck outside the allowable range is ¢ Pz,

Considering N control surfaces, the total probability of catastrophic failure is:

N
PSYS = Z qPout,i + Q(l - Pout,i)PMD + (]- - q>P0ut,iPFA- (52)
=1

Missed detections lead to catastrophic failure, irrespective of the surface position.
False alarms lead to catastrophic failure, but only outside the allowable range. It is

assumed that faults inside the range can be tolerated.
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Figure 5.1: Fault tree (MD — missed detection, TP — true positive, FA — false alarm,

TN — true negative).

5.2 Application to Candidate Architectures

The framework is applied to configurations v1, ..., v4. Figure[5.2|shows the probabilities
as a function of servo MTBF with Py;p = 0.05 and Pra = 0.01. The servo MTBF range
from common R/C-grade [25] to high performance [26]. For example, [27] servos have
a high MTBF (1000 hours). Typical built-in tests cover more than 95% of faults [1§].
Hence, Pyp = 0.05 in figure It is assumed that current FDI algorithms allow for
Pry =0.01.

From figure the probability of failure for v3 is two orders of magnitude greater
than that of the other architectures. This is because configuration v3 has no decoupled
surfaces implying there is very little cross-functionality. v1 is the second-to-worst archi-
tecture, despite having 4 servos. Compared to v3, vl has an extra servo that decouples
the ailerons and extends their allowable range to [—25°, +25°]. This greatly increases
the reliability of v1 relative to v3. However, vl (4 servos) is less reliable than v4 (3
servos). This demonstrates that increasing the number of servos does not necessarily
increase the reliability.

Finally, the two most reliable configurations are v2 (4 servos) and v4 (3 servos). For

low servo MTBF, the probability of failure is lower for v4. On the other hand, for high
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Figure 5.2: Probability of failure as a function of servo MTBF.

servo MTBEF, the probability of failure is lower for v2. Excluding the rudder, both v2
and v4 use a three-servo architecture. While v2 has coupled ailerons and decoupled
elevators, v4 has decoupled ailerons and coupled elevators. The presence/absence of
the rudder in v2 and v4 is the reason for the total number of servos being different.
However, table indicates that rudder faults of any magnitude can be tolerated.
Thus, the difference between v2 and v4 is primarily driven by the architecture of the
elevators and ailerons. It is generally concluded that when low reliability servos are
used, an architecture that decouples the ailerons (v4) is more reliable. On the other
hand, when high reliability servos are used, an architecture that decouples the elevators
(v2) is more reliable.

It would be naive to generalize this conclusion any further. The plots shown in fig-
ure [5.2] are functions of several variables such as: servo reliability, actuator placement,
surface coupling, mission, etc. In general, there is a complex interplay between these
different variables as shown by [28]. All the candidate architectures considered in this
case study are single-string designs. Thus, the cross-functionality of the surfaces is a ma-

jor contributor to the overall reliability of the UAVs. Increasing the cross-functionality
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Figure 5.3: Probability of failure as a function of missed detection.

between surfaces can help increase the overall reliability with minimal increases in size
and weight. Traditional reliability analyses do not take credit for the cross-functionality
between components. By considering the flight envelope of the UAV, the framework pre-
sented is able to take credit for the cross-functionality between surfaces. In addition
to the flight envelope assessment, modeling the stochastic nature of surface faults and
connecting them to the mission profile ultimately enables this framework to yield less
conservative estimates of the overall reliability of the candidate actuator architectures.

Figure [5.3| shows variation with missed detection rate for fixed MTBF and Pr . As
before, v3 is the least reliable and lies above the other curves. For low missed detection
rates, v2 is the most reliable. For high missed detection rates, v4 is the most reliable. A
trade-off that is similar to the one observed with servo MTBF is seen. For low missed
detection rates, decoupled elevators (v2) is more reliable. For high missed detection

rates, decoupled ailerons (v4) is more reliable.



Chapter 6

Conclusion

Small unmanned aircraft (UAVs) are increasingly finding new commercial applications.
These applications require unmanned aircraft to be safely integrated into the national
airspace. Safe integration of unmanned aircraft into the national airspace comes with
several technical and regulatory challenges. Regulatory challenges are being addressed
by policymakers in the government. Technical challenges are being addressed by the
academia and the industry. One of the key technical challenges in UAV integration is
assessing their reliability. Accurate reliability assessment is considered to be a significant
step towards the certification of systems. Reliability assessment takes on additional
significance because most small unmanned aircraft are not very reliable to start with.
Hence, in addition to reliability assessment, there is a need to find design solutions that
help increase unmanned aircraft reliability.

One of the key design parameters in the unmanned aircraft design process is the
placement of actuators and aerodynamic control surfaces, collectively named “actuator
architecture”. Actuator architectures impact the overall aircraft reliability. This thesis
introduced a general framework for assessing the reliability of these actuator architec-
tures. Although the framework was presented for stuck control surface fault, it can be
extended to other control surface fault modes. The framework treats control surface
faults probabilistically. In doing so, the framework gives credit to the fact that not all
faults have a binary cause-effect relationship with the overall system. In other words,
some faults may cause degradation in system performance, but not lead to catastrophic

failure of the aircraft. Such faults may be compensated for by using cross-functionality
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in other components.

The framework is described with the help of an example small UAV. Five different
configurations of this example UAV are used to understand the relationship between
actuator architectures and the overall reliability. Specifically, these five actuator ar-
chitectures are different in the extent to which they exploit cross-functionality in their
aerodynamic control surfaces. In applying the framework to the five candidate actuator
architectures, several interesting and non-intuitive observations are made. For example,
increasing the number of servos on a UAV does not necessarily increase its reliability.
The overall reliability increases only if the additional servo has some level of cross-
functionality with the other components. However, not all of these observations have
simple explanations. In most cases, it is a complex interplay between servo reliabil-
ity, actuator placement, surface coupling, and mission profile that governs the overall
reliability.

Although primarily meant as an analysis tool, the framework that is presented in
this thesis can also be used as a design tool. The primary objective during the UAV
design process is typically performance and not reliability. However, this might change
soon, given the increasing costs of operating and maintaining unreliable UAVs. It is
reasoned that the proposed framework might be useful to unmanned aircraft designers,
while considering reliability in the design process. The actuator architecture is a key
design parameter in the design process. This framework provides a method by which
UAV designers can quickly assess the reliability of candidate actuator architectures,
before making a design decision. This framework marks a shift from the reliance on
rules of thumb to a more analytically rigorous approach in making design decisions.
The framework is considered useful despite the non-intuitive observations mentioned
earlier. These non-intuitive observations are in themselves justifications for applying
the more rigorous assessment methods, than relying on mere rules of thumb.

This framework marks an initial attempt at integrating the dynamics of the aircraft
into the reliability assessment process. Several assumptions were made in this thesis.

Future work will involve relaxing these assumptions and validating the analysis method.
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Appendix A

Miscellaneous Flight Envelopes

This chapter presents some miscellaneous flight envelopes for the BALDR UAV and is

an extension to the results presented in chapter

A.1 Lateral-Directional Flight Envelope

Specifically, the lateral-directional steady flight envelopes for BALDR are presented in
figures and in the R/A x B and R/A X ¢ planes, respectively. Both these
figures have been created for configuration vO. One should note that since a nonlinear
aircraft model is being trimmed, the boundaries of the envelope are implicitly defined
by the nonlinear dynamics. From figure it is seen that there is an almost linear
relationship between angle of sideslip () and rudder deflection (R). Trim points exist
for any stuck rudder fault in the range [—25°, +25°]. However, the stuck rudder fault is
accompanied by some non-zero sideslip angle. As an example, consider positive stuck
rudder faults, i.e. rudders stuck trailing edge left. This rudder deflection will cause the
aircraft to yaw to the left and enter into a positive sideslip. The slope of the sideslip-
to-rudder curve is approximately equal to one. Rudder deflections of any magnitude in
[—25°,4-25°] can be tolerated, as long as sideslips can be tolerated.

On the other hand, there is an inverse relationship between 5 and aileron deflection.
This is consistent with flight dynamics. For example, when a positive sideslip is being
maintained, a negative rolling moment is generated because of the side force on the

vertical stabilizer. In order to compensate for this negative rolling moment, the ailerons
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Figure A.1: Lateral-directional flight envelope in the R/A x ( plane.

need to be deflected negatively, i.e. left aileron deflects trailing edge down. However, it is
seen that trim points exist only for aileron deflections between [—9°,+9°]. Thus, aileron
faults outside this range are not allowable according to the definitions in section [£.5]
Note that figures and and the conclusions made above, are for configuration
v0. Other configurations may allow for larger aileron faults to be tolerated. Aileron
faults outside the range [—9°, +9°] can be compensated if there are other aerodynamic
surfaces that can provide rolling moment. For example, in configuration v2, the ailerons
are coupled, but elevators are decoupled. Thus, in the event of a stuck aileron fault,
elevators can provide compensative rolling moment, and larger aileron faults can be
tolerated. This can clearly be seen in table In table the allowable stuck aileron
range is [—11°,412°] for v2, as compared to [-7°,+410°] for v3.
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Figure A.2: Lateral-directional flight envelope in the R/A x ¢ plane.

A.2 Throttle Effects on Longitudinal Flight Envelope

It was mentioned earlier in the thesis that throttle is not part of the reliability assessment
process. It was reasoned that if there was an engine fault, the aircraft could glide to a
safe landing. In order to provide some context to this assumption, the effect of throttle
on the longitudinal flight envelope is presented in figure The motivation of this
section is to understand the overall significance of throttle faults so that this fault mode
may be included in the reliability analysis in the future. Figure shows the flight
envelope in the V' x v plane.

Engine failures can have many causes, but the effect is often a reduction in, or total
loss of, thrust. There are four well-defined boundaries in these two plots: low throttle,
high throttle, stall, and high speed. In figure[A3] the low throttle boundary is the green
curve. At the low throttle boundary, 7 = 0 and the throttle is closed. Indeed, for any
fixed value of throttle, there is an inverse relationship between v and V. Shallow glide
slopes are possible only at low airspeeds. Conversely, steep glide slopes are possible only

at high airspeeds. The specific case of straight & level flight is interesting to analyze.
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Figure A.3: Throttle effects on the longitudinal flight envelope in the V' x ~ plane.

For v = 0 (level flight), lower throttle corresponds to lower airspeeds, and higher throttle
corresponds to higher airspeeds. The high throttle limit is reached when the throttle is
fully open.

From this plot, it is seen that throttle faults can be tolerated in the sense that
steady descent trim points can be found. The glide slope during the steady descent
phase can be controlled by controlling the airspeed (presumably using the elevator).
This does not fit the allowable fault definition made in section [£.5, because straight &
level trim points cannot be found. Future work will involve modifying the definition of
the allowable fault so as to include throttle failures. Moreover, the current description
of the minimal flight envelope is simplistic because the flight path that is generated after
the onset of a fault is composed of piecewise steady modes. This description needs to

be made more rigorous before additional fault modes are included in the analysis.
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