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1
Introduction

This chapter serves as an introduction to the literature research and subsequent thesis that follows.
The research context area is at first defined, where an introduction of the Flying V is described with the
research activities to synthesize this new advanced aircraft design (1.1). Thereafter, the research mo-
tivation is defined (1.2) with the research scope defined in (1.3). The research objective and questions
(1.4) describe the main objectives and questions to be answered in this research. At last, an outline of
the research is described (1.5).

1.1. Research Context
Sustainability is a key commitment for future innovation and improvement of the aerospace industry.
Regulatory bodies, institutions, and associations such as Federal Aviation Authority (FAA), European
Parliament, International Air Transport Association (IATA) have established commitments and plans of
working towards a Net-Zero sustainable Aviation by 2050 1 2 3, through joint coordinated efforts by the
industry and governments. The ”Destination 2050” initiative outlines the potential route and strategy
for establishing net zero CO2 emissions by 2050. This Destination 2050 initiative presented a research
report, which established four pillars of key innovations and measures necessary [1]:

1. Design improvements in aircraft and propulsion technologies
2. Use of sustainable aviation fuels (SAFs)
3. Implementing economic measures
4. Improvements in air traffic management (ATM) and aircraft operations

The interest in design improvements in aircraft or advanced aircraft design is motivated by the stag-
nation and asymptotic efficiency improvements for the traditional tube-and-wing configuration that has
monopolized the past five decades of commercial aviation. Incremental steps were taken to improve ef-
ficiency, through improvements regarding disciplines such as aerodynamics, propulsion, structure, and
avionics. These efficiency increases were compounded by constraints and demands such as higher
payload capacity, passenger occupancy and producing less noise and emissions [2, 3]. The Desti-
nation ”2050” project assigns projected emissions reduction across varying aircraft market segments,
shown in Figure 1.1.

1IATA - Fly Net Zero: https://www.iata.org/flynetzero
2FAA - Aviation Climate Action Plan - https://www.faa.gov/sustainability
3European Union: Destination 2050 - https://www.destination2050.eu/

1
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Figure 1.1: Projected emission reduction across varying aircraft market segments [1]

The realisation of these reductions can come through the use of new aircraft types that utilise hybrid-
powered engines, but also have advanced aircraft configurations and designs such as C-wing, Box-
Wing, joined wing, strut-braced wing (SBW), truss-braced wing (TBW), Blended Wing Body (BWB)
and flying wing (FW) illustrated in Figure 1.2 & 1.3. The nature of their improved aerodynamic perfor-
mance allows for drag minimisation or lift-to-drag maximisation when compared to conventional aircraft
configuration. Thus, minimising environmental and noise footprint [1, 4].

Figure 1.2: Advanced aircraft configurations set 1[4]

(a) strutt- & truss-braced wing design (b) Blended Wing Body (BWB) design (c) Flying Wing (FW) design

Figure 1.3: Advanced aircraft configuration set 2 [4]

Delft University of Technology (TU Delft) has multiple projects committed to further innovate and im-
prove sustainability for aerospace and especially sustainable aviation 4. One project aims to address
the first pillar through an advanced aircraft design and configuration with the realization of a Flying wing
(FW) concept, the Flying V.
The initial concept of the Flying V was first formed in 2013 at Airbus Future Projects in Hamburg by
Benad [5], where a flying wing was designed consisting of two fuselage barrels in the shape of a V
and a high sweep angle. Thus, creating a concept that allows for an efficient structure for a pressur-
ized cabin with an aerodynamically favourable wing shape. Subsequent (feasibility) studies against
a reference aircraft, A350-900 were conducted and a glider & powered version of the concept were

4sustainable aviation: https://www.tudelft.nl/en/ae/sustainable-aviation

https://www.tudelft.nl/en/ae/sustainable-aviation
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constructed, thus demonstrating handling qualities and aerodynamic characteristics. Preliminary es-
timations determined 10 % higher lift-to-drag and 2% lower empty weight compared to an A350-900
[6, 7]. The proposed concept caught interest and studies followed at the TU Delft, where an aerody-
namic optimization study was conducted, at cruising conditions with a Mach number of 0.85, altitude of
13000m and lift coefficient of 0.26. The study presented an estimation of 25 % higher lift-to-drag ratio
compared to the NASA Common Research Model (CRM) [8, 9]. Some key changes with the aerody-
namic optimization were made in regard to the wing platform and cabin cross-section of the conceptual
design, as shown in Figure 1.4 & 1.5.

Figure 1.4: Updated aircraft planform [8]

Figure 1.5: Cabin cross-section from cylindrical to oval [8]

Concurrently, a parameterization of the structural design was performed [10] with a study against an
A350-like aircraft reference aircraft. The study showed a 17% lower Finite Element Method (FEM)
weight where the sizing was done based upon different load cases and the maximum stress allowable
assuming an all-aluminium structure [11]. The baseline set by the aerodynamic and structural analy-
sis was used in a rudimentary design synthesis process, which resulted in estimations of a fuel burn
reduction of 20% compared to a modern twin-aisle aircraft [7].
This presented grounded arguments to advance further and research the development of this aircraft
by the TU Delft, The Flying V as shown in Figure 1.6 5 as a concept art render, while adhering to the nec-
essary certifications for realisation as a viable and more energy-efficient alternative to the conventional
tube-and-wing design.

Figure 1.6: The Flying V aircraft conceptual render

1.2. Research Motivation
It can be observed that the design of the Flight Control System (FCS) is a multidisciplinary activity
with significant effort and costs. A common design strategy in the civil and military domain of the
aerospace industry is based on a divide and conquer approach, whereby a nonlinear control design
task is decomposed into several linear sub-problems [12]. Where for the design of a nonlinear aircraft,
linearized models are determined and used for control design at various operation points of the flight
envelope. One classical method, which has been widely used and certified for FCS over the last
decades, is gain-scheduling [12].

Gain scheduling adjusts the controller parameters based on the plant dynamics (aircraft) and auxil-
iary measurements such as altitude (h), Mach number (M ), angle of attack (α). The method uses a
lookup table and appropriate logic for selecting the designed control parameter to operate in that con-
dition. Thus, sets of control parameters can be designed and scheduled over an envelope, to obtain

5Taken from https://www.tudelft.nl/lr/flying-v/

https://www.tudelft.nl/lr/flying-v/
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a global controller. However, frequent and rapid changes can lead to instability in addition to no logic
for adjusting its strategy under the presence of changes in aircraft dynamics, which can occur due to
causes such as component failure or atmospheric disturbances, thus the FCS cannot ensure optimal
performance and handling qualities, thus significantly increasing pilot workload. The development and
implementation of such a controller is also costly and requires significant research and effort, as the
designed controller needs to be validated for a broad region of the flight envelope [13].

Inner (linearization) Loop

Outer Loop

Linear
Controller

Nonlinear control
u(x, ν, θc)

Nonlinear system
ẋ = f(x, u)

∫
h(x)

r + ν u ẋ x y

−

Figure 1.7: General block diagram for nonlinear control methods

One class of methods to overcome the significant effort that is demanded with gain-scheduling, are
nonlinear control methods, such as Nonlinear Dynamic Version (NDI) or Backstepping (BS), which
incorporate aircraft dynamics to handle the nonlinearities of the aircraft (model-based). Thus, by using
the dynamics in its control design, these methods can provide a linearized inner loop system with
a single outer loop linear controller for controlling the aircraft, as shown in Figure 1.7. Using such a
technique can remove the need for gain-scheduling across the whole flight envelope [14]. NDI is based
upon the principle of feedback linearization, where the controller feeds back the aircraft dynamics to
the aircraft model for cancelling the nonlinearities. Backstepping is a method applicable for vehicles
described in strict-feedback form and concerns a systematic Lyapunov-based recursive design method,
which steps back toward the control input starting with a scalar equation that is separated by the largest
number of integrators. In comparison to NDI, backstepping is more modular, as the control designer
can choose which nonlinearities to deal with [15]. One real world application of NDI is for the Lockheed
Martin F-35 FCS [16, 17].

However, these methods are reliant on the availability of an accurate aircraft model, which is not always
feasible and can especially become a problem when the aircraft model is only known to a limited extent
[18]. Incremental NDI (INDI) [19] and Incremental Backstepping (IBKS) [20] seek to address these
limitations, by reducing the need for full model knowledge where only the control effectiveness part of
the aircraft dynamics is modelled and rely on sensor measurements (sensor-based). Thus, improving
its robustness against model parameter uncertainties compared to NDI & Backstepping [18, 21].

The latest version of the Flying V FCS uses a nonlinear control method, Incremental Nonlinear Dynamic
Inversion (INDI) with Flight Envelope Protection (FEP), where the INDI control method is used for the
stability, tracking performance and improve handling quality of the nonlinear Flying V aircraft model [22].
The Flight Envelope Protection system ensures safe operation and control within the flight envelope
and limits by integrating the protection laws for the angle of attack, load factor and roll angle [23].

In the latest FCS several shortcomings were encountered and one of them was the uncertainty in the
control surface effectiveness was introduced, which lead to saturation of the rudder. As INDI is still
dependent on model information, and it can experience degraded performance if there exists a model
mismatch. Moreover, time delays, noise and other uncertainties have an effect on stability. Research
towards investigating the stability and robustness of INDI [18, 24] has motivated to the development
of Hybrid-INDI, which uses complementary filters state estimations and sensor measurements of the
aircraft [25] or to combine robust control methods has been conducted [18, 26]. Moreover, Adaptive
nonlinear control methods based upon NDI, INDI, BS, IBS have been developed and used in the last
decade and these methods adapt their control parameters to identify and account for uncertain or
unmodeled dynamics and to design a fault-tolerant FCS.
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Figure 1.8: INDI CE underestimation results in slow response
[27]

Figure 1.9: INDI CE overestimation results in oscillatory
response [27]

A general overview of an Fault-Tolerant Flight Control (FTFC) is illustrated in Figure 1.10, whereby
certain main components are presented. The development to create FTFC is motivated since Loss-of-
Control (LOC-I) is one of the large reasons for aircraft incidents in commercial aviation [28]. For FTFC
systems, adaptive control methods are described as a class of active reconfigurable flight control laws,
which continuously adapts its control parameters to ensure the safe operation of the aircraft in case of
faults and reduce the required pilot effort.

Figure 1.10: FTFC overview [29]

Modern adaptive control methods can be generally subdivided in two control schemes, which is the
Direct Adaptive Control, shown in Figure 1.11 and Indirect Adaptive control, shown in Figure 1.12.

θ̂c

Controller
K(θc) Aircraft

Online control
parameter estimator

r u y

θc

Figure 1.11: Direct adaptive control scheme

θ̂c

Controller
K(θc) Aircraft

Online model
parameter estimator

Control parameter
estimator

r u y

θc

θ̂m

Figure 1.12: Indirect adaptive control scheme
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Figure 1.13: Class of methods overview gathered from preliminary research towards advanced flight control methods
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1.3. Research Scope
To further focus the research and narrow down the scope, some initial decisions are made to focus on
what areas to improve or adjust upon. As the current Flying V FCS already has components such as
Control Allocation and Flight Envelope Protection, they will not be within the scope of research. The
development of a Fault Detection & Isolation (FDI) system is also not within scope, because it primarily
concerns methods to identify faults.

Scoping the area of adaptive control methods to focus on the selected class of methods as shown in
Figure 1.13, which presents several state-of-the art methods concerning advanced flight control. Each
respective method has been characterised with a property for which they are commonly applied for. As
the research cannot cover all of adaptive methods due to time constraints, a selection of methods of in-
terest have to be defined early in the research process. This selection is based on the line of research
from the line of research towards advanced flight control methods, which have seen applications in
active fault-tolerant control. Certain methods such as including intelligent control methods, like Neural
Networks and Reinforcement Learning have their own adaptation and learning mechanisms, but there
are challenges concerning certification and robustness, which can impede the priority of creating a
compliant FCS first. Moreover, such methods require extensive amount of data and training, where
optimality is also not guaranteed, and thus these methods fall out of the scope. Moreover, methods
like Model Predictive Control (MPC) concerns calculating optimal control inputs and as such they have
been primarily combined with nonlinear control method in the inner loop [30–32], however such meth-
ods are often trained offline and adapting online is often computationally heavy.
Therefore, the literature research towards adaptive flight control for the Flying V, will be focused on
adaptive & nonlinear control methods that are within the field of Backstepping approaches and Nonlin-
ear Dynamic Inversion approaches.

1.4. Research Objective & Questions
From section 1.2 it has been established that the Flying V configuration or design optimizations can
introduce uncertainties, characteristics, and dynamics. The FCS used for the research is current non-
linear FCS using the INDI method with Flight Envelope Protection (FEP) [23]. The main contribution is
to research and design an adaptive FCS and developing a fault-tolerant flight control system, which can
learn and adapt to model uncertainties and faults, while adhering to the stability and handling qualities
to safely operate the aircraft and The main research question is defined as:

How can an adaptive control method be applied for the Flight Control System (FCS) of the Flying V
for improving its fault tolerance?

To answer the main research question, several sub-questions are formulated to scope and define the
research work and objective for the literature research and master thesis project. These sub-questions
are:

1. What are the results and lessons from previous research on developing the FCS for the Flying
V?
(a) What is the current state of handling qualities of the Flying V?
(b) What are the latest development in aerodynamic modelling for the Flying V?
(c) What is the current state of the Flying V simulation model?
(d) What assumptions and uncertainty are present in the simulation model of the Flying V?
(e) What are the specifications and requirements that apply to an FCS with an adaptive control

method?
2. What evaluation metrics are suitable to assess the adaptive control method for the FCS?

(a) What are the flying & handling qualities criteria, which have been evaluated for the FCS?
(b) What assessment for evaluating model parameter uncertainties have been performed?

3. What advancements have there been in the applications of nonlinear & adaptive methods?
(a) What methods have been implemented for fault-tolerant control?
(b) What method is the most suitable for fulfilling the requirements for the Flying V?

4. How does the selected adaptive method satisfy the requirements for the Flying-V FCS?
(a) How does the adaptive FCS compare in tracking qualities to a non-adaptive FCS?
(b) How does the adaptive FCS cope with faults compared to the non-adaptive FCS?
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To aid in the literature research, theory primarily about adaptive control will be investigated, specifically
existing methods that may have been used for similar aircraft designs such as the blended wing body
(BWB) and tailless aircraft as there could be an overlap in characteristics that may provide insight on
what adaptive method is appropriate.

1.5. Thesis Outline
This thesis is organised with a main research paper and five additional chapters.

Following this introduction, the main research paper of this research is presented and for the develop-
ment a literature study was conducted (Chapter 2-5), where in Chapter 2 will focus on recent Flying
V research results with a particular focus on activities which are relevant for developing the FCS. The
chapter ends with the expected specifications and developments for the FCS. Chapter 3 provides an
overview of nonlinear & adaptive control methods with a review of the latest state-of-the-art research
and applications and their respective advantages & disadvantages. The chapter ends with a summary
and conclusion of what adaptive control method(s) could be the most applicable for the Flying V based
on the specifications and their capabilities. With this literature research, a preliminary analysis was
conducted in Chapter 4 to gain familiarity with the discussed technique and at last a conclusion of the
Literature research in Chapter 5. Additional results were generated and presented in Chapter 6 with
further details on the simulation models and simulation results concerning on-board model mismatch
and structural faults. At last, a conclusion, and recommendation towards future work is given in Chapter
7.
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Adaptive Incremental Dynamic Inversion for Fault-tolerant
Flight Control of a Flying Wing

Rana Husain Ali Ul Haq ∗

Delft University of Technology, Kluyverweg 1, 2629HS, Delft, The Netherlands

Sustainability is a key commitment for future innovation and improvement of the aerospace
industry and to realise active research is invested towards advanced and new aircraft designs
such as the Flying V. The Flying V is a flying wing design for commercial aviation, promising
higher efficiency against conventional tube-and-wing aircraft. The Flight Control System (FCS)
has to be designed to prove the airworthiness of the aircraft. In this work, a fault-tolerant FCS
is designed that includes an adaptive incremental dynamic inversion inner loop rate control law
with an outer loop that consists of longitudinal C* control law and Rate Control Attitude Hold
roll control laws for lateral control. Research and activities has led to an updated geometry
design with aerodynamic data from RANS simulation, which requires tuning of its outer loop
flight controls to be within level 1 handling quality. To investigate the fault tolerance of the
aircraft with a structural fault case that results in a loss of effectiveness. It is shown that
the adaptation allows the aircraft to cope with the faults and maintain satisfactory tracking
performance.

I. Introduction
The Flying V is an advanced aircraft design of a Flying Wing (FW) concept researched at the Delft University of
Technology. This aircraft design provides significant energy efficiency improvement for the realisation of a viable
and more energy-efficient alternative to the conventional tube-and-wing design. The development of new advanced
aircraft designs is a pillar of key innovations and necessary to further sustainability and improvement of the aerospace
industry [1]. With the Flying V being an unconventional aircraft design, the research and development of the
Flying V will result in many potential changes over time, such as from optimizations in regard to its aerodynamic
design and structural design, engine placement or control surface adjustments, which will all introduce different
characteristics of the aircraft. Such additions will go through testing and new data or requirements can be intro-
duced over time as the aircraft matures from its baseline. The design and development of Flight Control System
(FCS) has to be updated with these changes and is essential for the aircraft’s airworthiness and compliance for certification.

Initial research towards the flying and handling qualities of the Flying V was performed with a linear aerodynamic
model, estimated at a limited set of flight conditions, obtained using the Vortice Lattice Method (VLM) [2]. The VLM
model was combined with wind tunnel data from Wind Tunnel Test Experiments (WTE) with a scaled Flying V model
[3]. This combination was done to include the pitch break tendency at higher angle of attack that was captured with these
experiments, as VLM does not capture these nonlinear phenomena. With this combined model, a study was performed
to improve its handling qualities with by incorporating Incremental Nonlinear Dynamic Inversion (INDI), which is
a sensor based control law that relies on an onboard Control Effectiveness (CE) model derived from aerodynamic
parameters of the control surfaces, in the inner loop [4]. The implemented FCS was revised with outer loop controllers
based on C* parameter for longitudinal control, roll rate command and sideslip compensation for directional control
and augmented with Flight Envelope Protection (FEP) for angle of attack, load factor and roll angle protection [5].
Additionally, the FCS was tuned and evaluated to adhere to Level 1 Flying qualities with sensor dynamics. Numerical
simulations revealed that the FCS is robust against aerodynamic uncertainties up to 20%, but its control effort increased
with the aerodynamic uncertainty, which was especially apparent for the rudder where additional oscillations were
observed due to low control authority resulting in degrading performance.
The VLM model and combined model were also used in various pilot-in-the-loop simulator studies and various
manoeuvres were covered [6]. The FCS with FEP and compared with other FCS has been tested in a simulator pilot
experiments, which confirmed the limited control authority due to control surface saturation, which was also observed
in previously conducted piloted experiments [7–9].

∗MSc. Student, Control and Simulation, Faculty of Aerospace Engineering



The Flying V’s control surface layout provides redundant control effectors, which can provide control authority for
pitch and roll, but limited control authority during manoeuvres could require additional pilot effort to maintain stability
and in case of control surface failure, it can impede on the flight safety of the aircraft. One of the largest reasons for
aircraft incidents is Loss-of-Control (LOC-I) in commercial aviation [10, 11], which has been trending downwards as
Fly-by-Wire systems have become more advanced, and with further research and development towards Fault Tolerant
Flight Control (FTFC) systems further reduction can be obtained. One class of FTFC design is active FTC, whereby
adaptive control methods are employed to achieve reconfigurable flight control laws, which can continuously adapt
its control parameters to ensure the safe operation of the aircraft by ’intelligent’ and informed updates of its control
effectiveness to utilise its control authority on the remaining control effectors in case of faults and thus reduce the
required pilot effort [12, 13].
Adaptive INDI has seen recent advancements in the applications for drones [14], Vertical Take-off and Landing (VTOL)
drones [15] and numerical simulations with an F-16 simulation model to achieve consistent handling qualities [16]
and applied in [17] for fault tolerance of the Flying V. In [14] the Least Mean Squares (LMS) filter was implemented
to perform online adaptation of its onboard CE model, as INDI with no adaptation had degraded performance due
to CE model mismatch. In [16] CE inaccuracy due to uncertainties lead to varying handling quality and stability
characteristics, which were improved through adaptation with LMS that corrected its onboard CE model. In [15] a
parametric model using Multivariate B-spline to model its CE model was applied, which stored and adapt to new
parameters online to identify the effectiveness. A two-step state and parameter estimation with Extended Kalman Filter
(EKF) for state estimation and Recursive Least Squares (RLS) parameter estimation combined with variable forgetting
factor has been applied in [17]. The adaptation of the CE model, which consists of coefficients from the aerodynamic
model with respect to the dynamics in the inner loop. It was shown that the two-step parameter estimation would not
determine the true estimation of its control effectiveness, but adaptation of its CE model would lead to other control
surfaces compensating for the damaged control surface.

As the Flying V research is in constant development, a newer parametric geometry [18], which researched a
family series of the Flying V, has been used to synthesise an aerodynamic model, for the full-scale aircraft with
Reynolds-averaged Navier Stokes (RANS) simulations and VLM simulations [19].This new aerodynamic model provides
more flight envelope points, determined at different angle of attacks, Mach numbers and altitudes and incorporates
nonlinearities, which can estimate the occurrence of the pitch break at the various flight envelope points. Research has
also been conducted towards control surface sizing and placement to satisfy certification requirements and achieve
control authority for safe and operable flight [20].

The contributions of this paper are to investigate the possible performance degradation of the INDI inner rate control
loop when faced with faults and use RLS to adapt the onboard CE model to cope with the fault and maintain accurate
reference tracking performance. This research also uses the updated aerodynamic model and has updated the outer loop
gain tuning routines.
The outline of the paper is as follows. In section II, a description of the simulation model of the Flying V is described,
control surface layout (II.A), aerodynamic model & parameters (II.B), actuator model (II.C), airframe dynamics (II.D)
and lastly sensor model (II.E). The FCS used in this paper is outlined in section III with a description of the outer
loop controllers (III.A), the inner loop for rate control with INDI (III.B), The adaptive INDI implementation III.C), a
description of how faults are injected (III.D) and lastly the tuning of outer loop controller (III.E). Finally, the simulation
results are presented in Section IV, with the discussion and lastly the conclusion in Section V.

II. Flying V Simulation Model
The aircraft simulation model defines the dynamics used for this research where at first, the control surface layout,

aerodynamic model and parameters used in the model are described, thereafter the actuator dynamics, formulation of
the rigid-body equations of motions and lastly the sensor dynamics are defined.

A. Control Surface Layout
The control surface layout used for this simulation model considers inboard and outboard elevons located at the

trailing edge of the wing (𝛿𝐿/𝑅
𝐶𝑆1, 𝛿

𝐿/𝑅
𝐶𝑆2) for the right and left sides respectively. The inner and outboard elevon can be

used for pitch and roll control. A rudder (𝛿𝐿/𝑅
𝐶𝑆3) is integrated into the winglets on the right and left sides respectively for

yaw (directional) control. The geometry of the design is shown in Figure 1, including an optimal engine distance first
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estimated [21] and is still under investigation. The landing gear was not taken into account for the study.

Fig. 1 Front, top and side view of the Flying V with (outer) dimensions and control surfaces

B. Aerodynamic Model & Aircraft Parameters
The aerodynamic model is from an early iteration of the study in [19], and is derived from a combination of RANS

and VLM simulations at various flight envelope points from Mach (𝑀) 0.2 to 0.7, height (ℎ) 0𝑚 to 9750𝑚. The model
is a look-up table for force and moments in the body frame at various CG locations and consists of the dependencies as
shown in Table 1.

Table 1 Force and moment aerodynamic coefficients, r and v denotes RANS and VLM simulations respectively,
and i denotes inner elevon and o outer elevon. Adapted from [19]

at: 𝑀/ℎ/𝑥𝑐𝑔 𝛼 𝛽 𝑝 𝑞 𝑟 𝛿𝑒𝑖/𝑜 𝛿𝑎𝑖/𝑜 𝛿𝑟

𝐶𝑋 r r r r
𝐶𝑌 r v r r
𝐶𝑌 r v r
𝐶𝑙 r v v r r
𝐶𝑚 r v r
𝐶𝑛 r v v r r

The aerodynamic coefficients for the control surfaces are modelled as ganged control surfaces with elevator deflection
(𝛿𝑒), aileron deflection (𝛿𝑎) for the inner and outboard elevons. These respective aerodynamic coefficients will be split
separately for each control surface with the assumption that the deflection of a single elevon will account for 50 % of the
performance brought by the deflection of either both, as elevator, or asymmetrically, as aileron. The rudders on the
winglet will be kept as they are. The tabulated aerodynamic data is also interpolated linearly.

The aircraft parameters concerning mass and CG are established in [18], assuming a family optimised Flying V,
FV-1000 aircraft, which defines a Maximum Take-off Weight (MTOW) of 266 tonnes and a Maximum Landing Weight
(MLW) 76% of its MTOW. The most forward (longitudinal) position of CG with MLW is at approximately 28.5m,
distanced from the nose, and 29.1𝑚 at MTOW, the most aft position is 30.1𝑚. The moment of inertia is determined
through a lumped mass method as established in [2] and is a source of uncertainty as it has not been updated with the
new geometry and aerodynamic model. The mean aerodynamic chord (𝑐) is 18𝑚, the surface (𝑆) is 898 𝑚2 and the span
(𝑏) is 65 𝑚.

C. Actuators
The control surface actuators are modelled as an 2nd order system:

𝐻𝑎𝑐𝑡 =
𝜔2

0

𝑠2 + 2𝜁𝜔0𝑠 + 𝜔2
0

(1)
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The engine is modelled as a first order system with a maximum thrust of 379 kN [5]:

𝐻𝑒𝑛𝑔 (𝑠) =
1

0.2𝑠 + 1
(2)

The elevon and rudder actuator dynamics and properties shown in Table 2 were based upon the actuator parameters
defined for a large transport aircraft Boeing 747 [22, 23], which is changed from the actuator dynamics that were derived
from more agile aircraft [5]:

Table 2 Control surface actuator limits and actuator parameters

Inboard and outboard elevons (𝛿𝐿/𝑅
𝐶𝑆1 & 𝛿

𝐿/𝑅
𝐶𝑆2) Rudder (𝛿𝐿/𝑅

𝐶𝑆3)
min,max min, max

Position limits ( ¤𝑢) [deg] -25,25 -30,30
Rate limits (𝑢) [deg/s] -40,40 -45,45
Natural frequency (𝜔0) [rad/s] 35 35
Damping coefficient (𝜁) [-] 0.8 0.8

D. Rigid Body Dynamics
The rigid body dynamics and aerodynamic coefficients are defined in the body-fixed reference frame (FB) as shown

in Figure 2.

Fig. 2 Aircraft body axes and conventions. Adapted from [2]

The following assumptions are made to describe the equations of motion of the aircraft [3]; 1) The aircraft is a rigid
body and has constant mass, 2) The Earth is flat and non-rotating and inertial reference frame, 3) There is zero wind and
a perfect atmosphere, 4) The aircraft has a plane of symmetry such that 𝐼𝑥𝑦 = 𝐼𝑦𝑧 = 0 and thrust lies in the symmetry
plane, 5) The gravitational acceleration is constant.
The forces acting on the aircraft consist of gravity, propulsion forces and aerodynamic forces. It is assumed that the
distributed forces can be replaced with point forces that generate moments around the center of gravity. With the flat
and non-rotating Earth assumption, the vehicle-carried normal Earth reference frame is similar to an inertial reference
frame. The equation of motion for the simulation model describes a 6-Degree of Freedom (DOF) dynamic system and
is formed by the translational dynamics, rotational dynamics, and the kinematics. The complete set of equations of
motion for 6-DOF simulation is defined as:
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¤𝑥𝐸 = (𝑢 cos(𝜃) + (𝑣 sin(𝜙) + 𝑤 cos(𝜙)) sin(𝜃)) cos(𝜓) − (𝑣 cos(𝜙) − 𝑤 sin(𝜙)) sin(𝜓)
¤𝑦𝐸 = (𝑢 cos(𝜃) + (𝑣 sin(𝜙) + 𝑤 cos(𝜙)) sin(𝜃)) sin(𝜓) + (𝑣 cos(𝜙) − 𝑤 sin(𝜙)) cos(𝜓)
¤𝑧𝐸 = −𝑢 sin(𝜃) + (𝑣 sin(𝜙) + 𝑤 cos(𝜙)) cos(𝜃)

¤𝑢 = 𝑣𝑟 − 𝑤𝑞 − 𝑔 sin(𝜃) + 𝐹𝑋
𝑚

¤𝑣 = 𝑤𝑝 − 𝑢𝑟 + 𝑔 sin(𝜙) cos(𝜃) + 𝐹𝑌
𝑚

¤𝑤 = 𝑢𝑞 − 𝑣𝑝 + 𝑔 cos(𝜙) cos(𝜃) + 𝐹𝑍
𝑚

¤𝑝 =
𝐼𝑧𝑧

𝐼∗
𝑀𝑋 + 𝐼𝑥𝑧

𝐼∗
𝑀𝑍 +

(𝐼𝑥𝑥 − 𝐼𝑦𝑦 + 𝐼𝑧𝑧)𝐼𝑥𝑧
𝐼∗

𝑝𝑞 +
((𝐼𝑦𝑦 − 𝐼𝑧𝑧)𝐼𝑧𝑧 − 𝐼2

𝑥𝑧)
𝐼∗

𝑞𝑟

¤𝑞 =
𝑀𝑌

𝐼𝑦𝑦
+ (𝑟2 − 𝑝2)𝐼𝑥𝑧

𝐼𝑦𝑦
+ (𝐼𝑧𝑧 − 𝐼𝑥𝑥)

𝐼𝑦𝑦
𝑝𝑟

¤𝑟 = 𝐼𝑥𝑧

𝐼∗
𝑀𝑋 + 𝐼𝑥𝑥

𝐼∗
𝑀𝑍 +

((𝐼𝑥𝑥 − 𝐼𝑦𝑦)𝐼𝑥𝑥 + 𝐼2
𝑥𝑧)

𝐼∗
𝑝𝑞 +

(−𝐼𝑥𝑥 + 𝐼𝑦𝑦 − 𝐼𝑧𝑧)𝐼𝑥𝑧
𝐼∗

𝑞𝑟

¤𝜙 = 𝑝 + sin(𝜙) tan(𝜃)𝑞 + cos(𝜙) tan(𝜃)𝑟
¤𝜃 = cos(𝜙)𝑞 − sin(𝜙)𝑟

¤𝜓 =
sin(𝜙)
cos(𝜃) 𝑞 +

cos(𝜙)
cos(𝜃) 𝑟

(3)

With 𝐼∗ defined as followed:
𝐼∗ = 𝐼𝑥𝑥 ∗ 𝐼𝑦𝑦 − 𝐼2

𝑥𝑥 (4)

The forces and moments are defined as followed:

𝐹𝑋 = 𝐹𝐵
𝑋aero

+ 𝐹𝐵
𝑔𝑟𝑎𝑣𝑋

+ 𝑇1 + 𝑇2

𝐹𝑌 = 𝐹𝐵
𝑌aero

+ 𝐹𝐵
𝑔𝑟𝑎𝑣𝑌

𝐹𝑍 = 𝐹𝐵
𝑍aero

+ 𝐹𝐵
𝑔𝑟𝑎𝑣𝑍

𝑀𝑋 = 𝑀𝐵
𝑋aero

𝑀𝑌 = 𝑀𝐵
𝑌aero

− (𝑇1 + 𝑇2)𝑇𝑑𝑧
𝑀𝑍 = 𝑀𝐵

𝑍aero
+ (𝑇1 − 𝑇2)𝑇𝑑𝑦

(5)

With 𝑇1, 𝑇2 the thrust force produced by the left and right engine and 𝑇𝑑𝑦 , 𝑇𝑑𝑧 are the respective moment arm lengths.
The CG and reference position at which the aerodynamic forces act are described with 𝑥cg and 𝑥ref respectively. The
body accelerations are calculated as:

𝐴𝑥 =
𝐶𝑋

𝑚
− 𝑔 sin(𝜃) (6)

𝐴𝑦 =
𝐶𝑌

𝑚
+ 𝑔 sin(𝜙) cos(𝜃) (7)

𝐴𝑧 =
𝐶𝑍

𝑚
+ 𝑔 cos(𝜃) cos(𝜙) (8)

With the 6-DOF simulation model an output state is also computed of 18 states are measured by the sensors.

E. Sensor Model
The sensors used in the Flying V simulation model are based upon the description provided in [5, 17], which based

its sensor parameters on the specifications used in [24]. However, the baseline sensor parameter specifications would
not obtain level 1 handling qualities for the Flying V, some adjustments were made to obtain that, and it is assumed
that such sensors characteristics are obtainable. The sensor characteristics used for this research are shown in Table 3 .
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Table 3 Sensor parameters, based on [24]

State Noise (𝜎2) Bias Delay [ms] Sampling rate [Hz] Filter time constant [s]
𝑝, 𝑞, 𝑟 [rad/s] 1.5 × 10−9 3.0 × 10−5 50 100 0.04
𝜙, 𝜃, 𝜓 [rad] 1.0 × 10−9 4.0 × 10−3 50 50 0.05
𝑓𝑥 , 𝑓𝑦 , 𝑓𝑧 [rad] 1.5 × 10−5 2.5 × 10−3 100 50 0.05
𝛼, 𝛽 [rad] 7.5 × 10−8 3.0 × 10−3 100 100 0.05
ℎ [m] 4.5 × 10−3 8.0 × 10−3 150 20 0.05
𝑉 [m/s] 8.5 × 10−4 2.5 150 20 0.05
𝛿𝐶𝑆𝑖 [rad] 1.5 × 10−9 2.5 × 10−5 - 100 -

Additionally, noise and bias are also added to the control surface output, and these are assumed to be originated from
the actuator sensors.

The model for the sensor dynamics and filtering is described in [5], where the sensors sample the state and are
then filtered with a first order (discrete) filter, with their respective filter time constant. As the sensors do not provide
direct measurements of the rotational accelerations ( ¤𝑝, ¤𝑞, ¤𝑟), to obtain these measurements a second order filter is
applied on the gyroscope sensor, which measures the rotation rates (𝑝, 𝑞, 𝑟) and are then computed with first order Euler
differentiation. The filtering parameters for the second order filter are set to 𝜔 = 25 and 𝜁 = 0.75.

III. Flight Control System Design
This section describes the baseline control architecture of the Flying V, which consist of inner loop rate control with

INDI, outer loop controllers and at last tuning of the gains in the controller. The control architecture is derived from
the implementation described in [5, 17], but Flight Envelope Protection (FEP) isn’t implemented for this research. A
complete overview of the controller is shown in Figure 3.

A. Outer Loop Control
This section will elaborate on the outer loop controllers and and is derived from the control structure as outlined in

[5], where the outer loop control structure has several components, namely the:
1) 𝐶∗ controller block with pitch reference model for longitudinal channel control, which has been adjusted in this

research to not enable compensation near the pitch and roll attitude limits continuously, but only when it nears
these limits.

2) A roll reference model for the roll channel control
3) Sideslip compensator for the yaw channel control
4) Linear Controller that computes a virtual control signal based on the references from the three aforementioned

control blocks.
5) Speed controller to maintain the aircraft at the commanded trim speed
6) Pseudo-Control Hedging to prevent actuator wind-up by high (incremental) control commands

B. Incremental Nonlinear Dynamic Inversion (INDI) Rate Control
INDI is a nonlinear control law closely related to its model-based precursor, Nonlinear Dynamic Inversion (NDI),

which aims to linearize a nonlinear system through the cancellation of nonlinear system dynamics with state feedback
[25] and define a control law design where the inner loop behaves like an integrator, which can then be controlled by an
outer loop linear controller, such as Proportional-Integral-Derivative (PID). One drawback of NDI is that it requires
complete system knowledge and to overcome this drawback INDI uses sensor estimates for its control law design and
reducing knowledge required of the system dynamics by using the control effectiveness (CE) model, thus requiring less
model knowledge [26, 27]. This approach is derived derived for a nonlinear system through Taylor series expansion, at a
current state and time point (𝑥0, 𝑢0)

x = f (x, u) (9)
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Fig. 3 Flight control system architecture. Modified from [17]

¤𝑥 ≈ 𝑓 (𝑥0, 𝑢0) +
𝜕 𝑓 (𝑥, 𝑢)
𝜕𝑥

|𝑥=𝑥0 ,𝑢=𝑢0 (𝑥 − 𝑥0) +
𝜕 𝑓 (𝑥, 𝑢)
𝜕𝑢

|𝑥=𝑥0 ,𝑢=𝑢0 (𝑢 − 𝑢0) (10a)

≈ ¤𝑥0 + 𝐹 ((𝑥0, 𝑢0)) (𝑥 − 𝑥0) + 𝐺 (𝑥0, 𝑢0) (𝑢 − 𝑢0) (10b)
≈ ¤𝑥0 + 𝐹 ((𝑥0, 𝑢0))Δ𝑥 + 𝐺 (𝑥0, 𝑢0)Δ𝑢 (10c)

Applying the time-scale separation principle, the linearisation is simplified and thereafter an incremental control law
can be derived:

¤𝑥 ≈ ¤𝑥0 + 𝐺 (𝑥0, 𝑢0)Δ𝑢 (11)

Δ𝑢 = 𝐺−1 (𝑥0, 𝑢0) (𝑣 − ¤𝑥0) (12)

Whereby 𝐺 (𝑥0, 𝑢0) is the control effectiveness matrix, 𝜈 is the desired virtual reference from the outer loop controller
and 𝑥0 is the currently measured state estimate from the sensors and Δ𝑢 is the incremental control command. By adding
the previously measured control surface deflection, the control command to the actuators can be determined:

𝑢 = 𝑢0 + Δ𝑢 (13)

For the application of INDI the following assumptions are implicitly made [26, 28, 29]:
1) Complete and accurate knowledge of states is available
2) Sensors to measure the acceleration x with sufficiently high sampling rate need to exist and be available
3) Sensor to measure the current control input (actuator) need to be available or estimated on the basis of a

high-fidelity model of the actuator dynamics
4) Time-scale seperation where it is assumed that the state derivatives evolve faster than the state upon fast control

action, which directly influences the dynamics of the rigid body
5) Fast control action is assumed, where the dynamics of the actuator (and control surface) evolve much faster than

the states
6) Control effectiveness matrix is invertible

The derivation of INDI for rate control is obtained by first order Taylor Series approximation at the linearization state
and input of the angular dynamics (𝜔) with the assumption of time-scale separation and sufficiently high sampling time:

¤𝜔 = J−1M − J−1ΩJ𝜔 (14)
¤𝜔 ≈ ¤𝜔0 + 𝐹Δx + 𝐺Δu (15)
¤𝜔 ≈ ¤𝜔0 + 𝐺Δu (16)

The control effectiveness matrix 𝐺 is in Equation 18, with the control effectiveness coefficients (𝐶∗
𝛿
𝐿/𝑅
𝐶𝑆

), which is the

aerodynamics moment coefficients with respect to each control surface and rolling moment, are determined through the
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linearization of the dynamics.

Δu = 𝐺−1 (𝜔𝑑𝑒𝑠 − 𝜔0) (17)

𝐺 =
𝑞 ∗ 𝑆

I


𝑏 0 0
0 𝑐 0
0 0 𝑏



𝐶𝑙

𝛿𝐿
𝐶𝑆1

𝐶𝑙
𝛿𝑅
𝐶𝑆1

𝐶𝑙
𝛿𝐿
𝐶𝑆2

𝐶𝑙
𝛿𝑅
𝐶𝑆2

𝐶𝑙𝛿𝐶𝑆3

𝐶𝑚
𝛿𝐿
𝐶𝑆1

𝐶𝑚
𝛿𝑅
𝐶𝑆1

𝐶𝑚
𝛿𝐿
𝐶𝑆2

𝐶𝑚
𝛿𝑅
𝐶𝑆2

𝐶𝑚𝛿𝐶𝑆3

𝐶𝑛
𝛿𝐿
𝐶𝑆1

𝐶𝑛
𝛿𝑅
𝐶𝑆1

𝐶𝑛
𝛿𝐿
𝐶𝑆2

𝐶𝑛
𝛿𝑅
𝐶𝑆2

𝐶𝑛𝛿𝐶𝑆3


(18)

𝐶∗
𝛿
𝐿/𝑅
𝐶𝑆

=
𝜕𝐶𝑚

𝜕𝛿
𝐿/𝑅
𝐶𝑆𝑖

(19)

The control effectiveness is not squared and can not be inverted, for which there are more control surfaces available for
generating a specific moment on the aircraft. A control allocation algorithm is used that makes the most effective choice
on which control surface has been used, computed with the Moore-Penrose pseudoinverse [30] as:

P = G𝑇 (GG𝑇 )−1 (20)

The incremental command is added with the previously known control surface deflection to form the commanded input
to the actuators.

u = u0 + P(v − x0)︸     ︷︷     ︸
Δ𝑢

(21)

One crucial aspect of applying INDI is its synchronization of the control deflections with the measurements of the
sensors [26, 31, 32], as the control surface and sensor dynamics are not directly available, some latency occurs and
if not accounted for, it can result in oscillatory response. To compensate for this, the sampling and filtering of the
measurement from the actuators is performed with the same filtering as the body rate sensor, which is an 2𝑛𝑑 older filter,
and a pure time delay to compensate for any difference between both sensors [26]. In this research, an additional time
delay of 5𝑚𝑠 is added.

C. Adaptive INDI Control Law
This section concerns the adaptation of control effectiveness through the correction with a scaling parameter, which

is a lumped term that corrects for any mismatch between the onboard and real control effectiveness and has been
employed in previous studies [16] and research presented by Swain & Manickavasagar in [13] used a FTC with Fault
Detection and Identification for optimal control allocation by identifying a failure of a control surface through it’s
desired control demand and achieved control demand with a Kalman filter.

For this research’s implementation each term in the control effectiveness matrix 𝐺 is thus scaled as followed:

𝐺̃𝑖 𝑗 = 𝜃𝑖 𝑗𝐺𝑖 𝑗 (22)

The prediction model is determined from the INDI control law, where the current on board model is used for the
estimation and the prediction error is the residual of the incremental change of angular acceleration of the aircraft and
the incremental deflection to achieve the desired change. The derivation of the residual is obtained through the following
steps. First, the linearized equation of the angular dynamics with the assumption of time-scale separation is formulated.

¤𝜔𝑘 ≈ ¤𝜔𝑘−1 + 𝐺̃𝑘−1Δ(𝑢𝑘 − 𝑢𝑘−1) (23)

The previous angular acceleration as measured by the sensors ¤𝜔𝑘−1 is brought to the left hand side, and an incremental
change in angular acceleration is obtained.

Δ ¤𝜔 = ¤𝜔𝑘 − ¤𝜔𝑘−1 = 𝐺̃𝑘−1Δu (24)

This incremental change on the left hand side should be proportional to the incremental change on the right hand side
and thus the following residual is derived:

𝜖 = Δ ¤𝜔𝑖 𝑗 − (𝐺̃𝑖 𝑗 )𝑘−1Δu 𝑗 (25)
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1. Recursive Least Squares
Recursive least squares algorithm has been used in various adaptive control studies for online identification and

adaptation of control parameters. The algorithm can be formally described with three steps [33, 34]:

𝐾𝑘 = 𝑃𝑘−1𝑋𝑘−1 (𝜆𝑘 + 𝑋𝑇
𝑘−1𝑃𝑘𝑋𝑘−1)−1

𝜃𝑘 = 𝜃𝑘−1 + 𝐾𝑘𝜖𝑘

𝑃𝑘 =
1
𝜆
(𝑃𝑘 − 𝐾𝑘𝑋𝑘−1𝑃𝑘)

Where 𝐾 is the gain, that corrects and updates the current parameter estimation. One main disadvantage of
recursive identification is that when there is no excitation or "information richness" in the estimator, old information
is continuously forgotten and this results in an exponentially growing covariance matrix, which could destabilise the
system and parameter estimation. One solution is to employ a variable forgetting factor, which is tuned based on the
information content (Σ0) of the filter and continuously adjust the forgetting factor to keep the information content
constant. This has the following formulation for the forgetting factor [34, 35]:

𝜆 = 1 − [1 − 𝜙𝑘𝐾𝑘]𝜖2

Σ0
(26)

Setting the information constant can be done by expressing it with relation to the expected measurement noise with
a nominal memory length (𝑁0) expressed as:

Σ0 = 𝜎2
0𝑁0 (27)

Algorithm 1 Recursive least squares: parameter estimation

input: 𝜔k, 𝜔k−1,Uk,Uk−1, 𝜃k,P𝑘 , 𝜆𝑘 , 𝐶∗
𝛿
𝐿/𝑅
𝐶𝑆

initialization: 𝜃0,P0, 𝜆0, J, 𝑞, 𝑆, 𝑐, 𝑏
while 𝑘 ≤ 𝑁 do
𝑧𝑘+1 = ¤𝜔𝑘 − ¤𝜔𝑘−1
ΔU𝑘 = U𝑘 − U𝑘−1

𝜙𝑘+1 =
𝑞̄∗𝑆

I 𝑑𝑖𝑎𝑔

( [
𝑏 𝑐 𝑏

] )
𝐶∗

𝛿
𝐿/𝑅
𝐶𝑆

ΔU𝑘

𝜖𝑘 = 𝑧𝑘+1 − 𝜙𝑇𝑘+1𝜃𝑘
Δ𝜃𝑘+1 = 03𝑥5

for 𝑖 ≤ 3 do
𝐾𝑘+1 =

𝑃𝑘 (𝑖)𝜙𝑘+1 (𝑖)
(𝜆𝑘 (𝑖)+𝜙𝑇

𝑘+1𝑃𝑘 (𝑖)𝜙𝑘+1 (𝑖))
Δ𝜃𝑘+1 (𝑖) = 𝐾𝑘+1𝜖𝑘 (𝑖)
𝜆𝑘 (𝑖) = max(𝜆min,max(𝜆𝑚𝑎𝑥 , 1 − (1 − 𝜙𝑇

𝑘+1𝐾𝑘+1) 𝑒𝑘 (𝑖)
2

Σ0
)

𝑃𝑘+1 = 𝜆−1 (𝑃𝑘 − 𝐾𝑘+1𝜙
𝑇
𝑘+1𝑃𝑘

)
end for
for 𝑗 ≤ 5 do
Δ𝜃𝑘+1 ( 𝑗) =

∑3
𝑖=0 Δ𝜃𝑘+1 (𝑖, 𝑗 )

3
for 𝑖 ≤ 3 do

if |Δ𝜃𝑘+1 (𝑖, 𝑗) − Δ𝜃𝑘+1 ( 𝑗) | > 1e-6 then
Δ𝜃𝑘+1 (𝑖, 𝑗) = Δ𝜃𝑘+1 ( 𝑗)

end if
𝜃𝑘+1 ( 𝑗) = 𝜃𝑘 ( 𝑗) + Δ𝜃𝑘+1 ( 𝑗)

end for
end for

end while
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By setting the value of, Σ0 the filter adapts new information more quickly or slower, as the covariance matrix
increases and becomes more sensitive. Thus, the speed of the adaptation is determined by how small of a value Σ0 is set
to, and a larger value increases the robustness of the parameter estimate. The variable forgetting factor also plays a
crucial role for estimating sudden changes in CE, as new information becomes essential for the adaptation.
The RLS algorithm is applied in the adaptive control law, where it computes and adapts the correction parameter per row,
which corresponds to all control surfaces per axis of the angular acceleration. One practical adjustment has been made
with the correction parameter, which is that the respective update corresponding to each control surfaces is ensured to
be proportionally similar. This is done by first storing the respective updates for each axis, and then applying that update
if they conform to the same relative threshold, otherwise the mean correction for that control surface is applied and thus
the magnitude of the correction is constrained for each row (axis moment) and column (control surface effectiveness).
This also accounts for the noise that’s present in the measurement by the sensors.

For the Flying V FCS, the virtual control hedge is subtracted for the pitch and roll reference model, but not sideslip
compensator with respect to the yaw rate.

D. Fault injection
The simulation model has been updated to insert structural faults into the aircraft model. These faults are done

through scaling, where the original aerodynamic coefficients for the control surface forces and moments are modified to
introduce structural damage as described in [17]. Thus, the original coefficient of the respective control surface is scaled
as following:

𝐶̃∗
𝛿
𝐿/𝑅
𝐶𝑆

= 𝜇 · 𝐶∗
𝛿
𝐿/𝑅
𝐶𝑆

(28)

With 𝜇 ∈ (1, 0), where 1 means it has full control effectiveness and 0 means that the control effectiveness is lost.

E. Tuning
The tuning of the gains in the outer loop control blocks are done through a multi-objective optimisation, as performed

by Stougie [5]. However, the tuning routine was performed through trial-and-error with random sampling of gains until
various objectives were minimized and constraints were satisfied. This section elaborates first on the bare-airframe
dynamics at the selected flight condition, thereafter a new tuning routine through a Multi-Objective Parameter Synthesis
(MOPS) is elaborated and at last the tuning results are presented.

1. Bare-airframe dynamic modes
Before the aircraft is tuned, the aircraft is trimmed at their respective flight conditions and the decoupled into

longitudinal and lateral dynamics analyse the dynamic modes of the aircraft. The eigenvalues are shown in Figure
4 & 5 respectively, where it can be shown that at each respective flight condition, the phugoid is near the right half
pole plane nearing instability with exception to the Takeoff condition where it is unstable. The Lateral eigenvalues
reveal that the Dutch roll is also nearing instability, and all flight conditions have unstable spirals. This reveals that
the bare-airframe dynamics require stability augmentation systems to fly the aircraft trimmed at the flight conditions.

Longitudinal eigenvalues

-2 -1.5 -1 -0.5 0.5 1

-0.2

-0.15

-0.1

-0.05

0.05

0.1

0.15

0.2

Takeoff (M=0.25)

fwd aft

-0.8 -0.6 -0.4 -0.2 0.2 0.4

-1

-0.5

0.5

1

Approach (M=0.3)

fwd aft

-0.8 -0.6 -0.4 -0.2 0.2 0.4

-1

-0.5

0.5

1

Cruise (M=0.85)

fwd aft

Fig. 4 Longtiudinal eigenvalues at forward and aft centre of gravity for three flight conditions
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Lateral eigenvalues
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-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.1 0.2
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-0.5

0.5

1

Cruise (M=0.85)

fwd aft

Fig. 5 Lateral eigenvalues at forward and aft centre of gravity for three flight conditions
This research will focus on the Approach flight condition, as it is a critical flight condition in aircraft operation.

2. Multi-Objective Parameter Synthesis tuning routine
The tuning of the gains in the outer loop control blocks are done through a multi-objective optimisation, extensively

described by Stougie [36]. However, tuning was done through trial-and-error with random sampling of gains until
various objectives were minimized and constraints were satisfied. This section elaborates the tuning routine with
Multi-Objective Parameter Synthesis (MOPS) is elaborated and at last the tuning results are presented.

The optimisation method applied for the tuning is the pattern search optimisation in MATLAB ∗, which is a direct
search method that finds a set of points based on the current point at each iteration and approach an optimal point where
the value of the objective function either decreases or remains the same for iteration. The optimisation is performed
separately for the longitudinal and lateral design parameters, and the objective function is based upon the scoring for the
following objectives [36]:

• The MIL-STD-179A flying and handling quality requirements [37–39]
• Stability margins, Gain and Phase, which is computed at the broken loop location just before the INDI control

block in Figure 3 [40]
• Low Order Equivalent System (LOES) fit [37, 41]
• Attitude bandwidth for longitudinal control [42]
• Tracking performance with block inputs
For the tracking response, the following metrics are computed:
1) Root Mean Squared Error (RMSE), which quantifies the average error and penalises high deviations
2) 𝛿𝐶𝑆𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 , which penalises high deflections, and thus high actuator rates
3) Risetime, Settlingtime, Overshoot all quantify the transient response to the tracking reference and obtained using

the stepinfo function in MATLAB

𝑅𝑀𝑆𝐸 =

√√√
𝑁∑︁
𝑖=0

(𝑦𝑟𝑖 − 𝑦𝑖)2

𝑁
𝛿𝐶𝑆𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

∫ 𝑇𝑠𝑖𝑚

0 ( ¤𝛿)2

𝑇𝑠𝑖𝑚
(29)

The objectives are formulated to a composite scoring objective function where the constraints are either minimized
or normalized, and then weighed proportionally to have a similar magnitude in the objective function. This weighing
is defined according to trial and error. The level of flying qualities, are penalized proportionally depending on the
thresholds of its flying quality with a weighed from 1 to 1000. Table 4 and 5 summarise all the objectives.

𝐻𝑄𝑖𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑
= 𝑊𝐹𝑄𝑖

∗
(
𝐻𝑄𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 − 𝐻𝑄𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦

𝐻𝑄𝑑𝑒𝑠𝑖𝑟𝑒𝑑

)2
(30)

𝐻𝑄𝑖𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑
= 𝑊𝐹𝑄𝑖

∗
(
𝐻𝑄𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 − 𝐻𝑄𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

)2 (31)
(32)

∗https://nl.mathworks.com/help/gads/how-pattern-search-polling-works.html
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The final objective is defined as a composite scoring between the handling quality and tracking performance as:

𝑆𝑐𝑜𝑟𝑒 = 𝐻𝑄𝑆𝑐𝑜𝑟𝑒 + 𝑇𝑄𝑆𝑐𝑜𝑟𝑒 (33)

The optimisation was performed until a minimum was found, however, due to the high computational time of the
tuning the maximum evaluations for the optimisation was set at 320 function evaluations.

Table 4 Longitudinal tuning objectives [5, 40]

Longitudinal tuning objectives

Min Max
Description Type B C B C

Response to C* block command of Δ𝐶∗ = 0.25, 𝑇𝑠𝑖𝑚 = 35

RMSE Min - -
CS𝑎𝑐𝑡𝑖𝑣𝑖𝑡 𝑦 Min - -
𝑥𝑚𝑎𝑥 Min - -
RS [s] Min - -
ST [s] Min - -
OS [%] Min 10% -

Linear Analysis

GM 𝑣𝑞 [dB] Constr. 6 -
PM 𝑣𝑞 [◦] Constr. 45 -
𝜔𝑠𝑝 [rad/s] Constr. - 0.87 -
𝜁𝑠𝑝 [-] Constr. 0.30 / 0.50 2.0 / 1.3
CAP [g−1s−2] Constr. 0.085 / 0.16 3.6
𝑠𝑐𝑜𝑟𝑒𝐿𝑂𝐸𝑆 [-] Constr. - 15

Table 5 Lateral tuning objectives [40]

Lateral tuning objectives

Min Max

Description Type B C B C

Response to ¤𝜙 block command of ±3◦, 𝑇𝑠𝑖𝑚 = 45𝑠

RMSE Min - -
Δ𝛽 Min - -
CS𝑎𝑐𝑡𝑖𝑣𝑖𝑡 𝑦 Min - -
𝑥𝑚𝑎𝑥 Min - -
RS [s] Min - -
ST [s] Min - -
OS [%] Min 10% -

Linear Analysis

GM 𝑣𝑝 [dB] Constr. 6 -
PM 𝑣𝑝 [◦] Constr. 45 -
GM 𝑣𝑟 [dB] Constr. 6 -
PM 𝑣𝑟 [◦] Constr. 45 -
1/𝑇𝑠 [s−1] Constr. -0.035 / -0.058 -
𝑇𝑟 [s] Constr. - 1.4 / 1.0
𝜔𝑑𝑟 [rad/s] Constr. 0.5 -
𝜁𝑑𝑟 [–] Constr. 0.08 -
𝜔𝑑𝑟 𝜁𝑑𝑟 [rad/s] Constr. 0.15 / 0.10 -
𝑠𝑐𝑜𝑟𝑒𝐿𝑂𝐸𝑆 [–] Constr. - 15

The system is trimmed, and tuned for the approach condition (M=0.3, H=1km) with forward center of gravity (28.5)
at MLW, and the results are presented in Table 6 and Table 7 for the longitudinal and lateral respectively, where the
yellow coloured cells indicate criteria, which hasn’t been fulfilled. The tracking of the references used in the tuning is
shown in Figure 6 & 7.
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Fig. 6 Longitudinal C* tracking signal
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Fig. 7 Lateral ¤𝜙 tracking signal
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Table 6 Longitudinal tuning results

Description Value
Linear analysis

GM 𝑣𝑞 [dB] 4.66
PM 𝑣𝑞 [◦] 51.18
𝜔𝑠𝑝 [rad/s] 1.39
𝜁𝑠𝑝 [–] 0.65
CAP [g−1s−2] 0.32
𝑠𝑐𝑜𝑟𝑒𝐿𝑂𝐸𝑆 [–] 2.53

Tracking quality
OS 6.88 %
Risetime 0.48 𝑠
Settlingtime 3.04 𝑠
𝛿𝑒𝑛𝑒𝑟𝑔𝑦 4.54 ◦/𝑠2

Table 7 Lateral tuning results

Description Value
Linear Analysis

GM 𝑣𝑝 [dB] 5.93
PM 𝑣𝑝 [◦] 45.11
GM 𝑣𝑟 [dB] -7.62*
PM 𝑣𝑟 [◦] 42.35
1/𝑇𝑠 [s−1] stable
𝑇𝑟 [s] 0.0793
𝜔𝑑𝑟 [rad/s] 7.26
𝜁𝑑𝑟 [-] 2.48
𝜔𝑑𝑟 𝜁𝑑𝑟 [rad/s] 18.04
𝑠𝑐𝑜𝑟𝑒𝐿𝑂𝐸𝑆 [–] 6.20

Tracking quality
OS 12.832%
Risetime 1.19 𝑠
Settlingtime 4.34 𝑠
𝛿𝑒𝑛𝑒𝑟𝑔𝑦 22.78 ◦/𝑠2

*smallest negative margin
Longitudinal tracking
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Fig. 8 Longitudinal tuned tracking response

Lateral tracking
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Fig. 9 Lateral tuned tracking response

IV. Results
In this section the numerical results are obtained for the approach flight condition at Mach = 0.3, Height = 1000m

with a forward center of gravity. For the analysis the following tracking signals are used, for the C* command and roll
rate command respectively, with a zero sideslip command. These signals are combined for longitudinal and lateral input
tracking, shown in Figure 8 & 9.

An asymmetric structural fault is introduced as the inboard elevon has higher control authority for the longitudinal
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channel and the outboard elevon has higher control authority for the roll channel, thus in a fault cause the healthy control
surfaces are mainly responsible for reference tracking. The analysis was conducted in an incremental manner, where first
a fault was introduced on the inboard elevon, left-hand side with increments of [1, 0.75, 0.5, 0.25, 0], where a value of 1
describes the control surface at full health and 0 means it has lost all of its effectiveness. Afterwards, a fault is introduced
on the outboard elevon on the right-hand side, with the same increments. After the fault has been injected, a dou-
blet signal is commanded for each elevon to excite the aircraft dynamics and create excitation for the parameter estimation.

The most severe case is presented when the respective faulty surfaces completely lose their effectiveness, which
leads to degraded tracking, however with adaptation the tracking improves as shown by the results in Figure 10.

Fig. 10 C*, ¤𝜙 and 𝛽 control tracking comparison
The RMS for each tracking reference is shown in the Table 8, where it can be observed that the adaptive INDI is

able to retain a lower RMSE compared to INDI in the presence of fault.

Table 8 RMSE of tracking responses

Nominal Fault case
Tracking input INDI AINDI INDI AINDI

¤𝜙 [deg/s] 0.3233 0.3222 0.3877 (+20%) 0.3776 (+17%)
C* 0.0322 0.0313 0.1249 (+287%) 0.1129 (+260%)

𝛽 [deg] 0.1093 0.1095 0.1084 (−3%) 0.1072 (−2%)

In Figure 11 & 12 it can be observed that without adaptation, as the fault is introduced the control surfaces deflect
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proportionally to the loss in effectiveness. However, with adaptation, the control surfaces are excited, and their deflection
is changed as shown in Figure 13 & 14 due to the adaptation of its control effectiveness. This is further examined by the
adaptation of the control effectiveness relative to the true control effectiveness of the aircraft dynamics shown in Figure
15, where the respective entries of the control effectiveness matrix correspond to the row and column respectively,
here 𝐺̂ (1, 2) corresponds to the right hand inboard elevon control effectiveness estimation. It can be observed that the
affected control surfaces on the left and right-hand side adjust proportionally, however as there is no excitation in the
yaw channel, its control effectiveness does not show a significant difference as the change in sideslip angle was not
perturbed significantly. The underestimation of the non-faulty CE terms lead to increased control effort by the respective
control surfaces and thus account for the loss of effectiveness of the other control surfaces.

Fig. 11 INDI: Control surface deflection with fault on inboard elevon 𝛿𝐿
𝐶𝑆1 and outboard elevon 𝛿𝑅

𝐶𝑆2 in
increments

Fig. 12 INDI: Control surface deflection with fault on rudders 𝛿𝐶𝑆3 in increments
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Fig. 13 AINDI: Control surface deflection with fault on inboard elevon 𝛿𝐿
𝐶𝑆1 and outboard elevon 𝛿𝑅

𝐶𝑆2 in
increments

Fig. 14 AINDI: Control surface deflection with fault on rudders 𝛿𝐶𝑆3 in increments
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Fig. 15 Relative Control effectiveness estimation

V. Conclusion
In this research adaptive Incremental Nonlinear Dynamic Inversion (INDI) has been applied in the inner loop for rate

control to adapt the onboard Control Effectiveness (CE) and account for model mismatches and faults. INDI has been
known to be robust against model uncertainties, however in cases like limited control authority and faults, the concern of
performance degradation could impede on safe and operable flight. These results establish how adaptation of the onboard
CE used with INDI control law improves performance in the presence of faults such as loss of effectiveness. The CE
model is adapted through a scaling parameter that corrects the currently estimated onboard model. This simple structure
allows a generalisable implementation without prior-knowledge of the underlying model parameter structure, however,
as non-linearities are not captured with this lumped correction term, different parameter models may be required.
Further analysis of more challenging fault scenarios to observe how adaptation can maintain satisfactory performance
tracking, where sensor faults and actuator faults can be performed. In addition, the excitation is triggered after the fault
is injected, which is not known beforehand, with a doublet excitation signal. It is challenging to perform in a closed
loop system without influencing the dynamics and potentially even destabilising the aircraft, thus the identification of an
adaptation trigger and an optimal excitation could further improve accurate identification. Lastly, noise, disturbances
and time delays and even loss of sensors influence the adaptations and needs to be analysed in further analysis.
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2
Flying V

This chapter concerns the description and literature review of research activities, which have con-
tributed results in the interest of research and development for the Flying V’s Flight Control System
(FCS). These research activities are selected based on the main challenges identified in the research
context Section 1.1, but also contributions that lead to new data or knowledge for developing the FCS.
First an introduction of the Flying V is designed where the Full Scale model and Sub-Scale Flight Test
Model are described (2.1). Thereafter, the description of aerodynamic modelling & system identification
research results is described (2.2). Using the model subsequent flying & handling qualities research
have been conducted (2.3) and the development for the Flying V’s FCS will be described (2.4).

At last, a conclusion is provided where an answer to the following sub-questions will be determined and
answered.

• What shortcomings and recommendations have been raised from previous research on develop-
ing the FCS for the Flying V?
1. Which lessons can be learned from previous Flying V research?
2. What is the current state of the Flying V simulation model?
3. What are the uncertainty sources present in the current model of the Flying V?
4. What are the specifications for the adaptive control FCS?

2.1. Flying V Design
In Section 1.1 a brief introduction of the Flying V was provided with respective key research activities.
It was presented that the aerodynamic optimisation and structural analysis have converged to a prelim-
inary design of the Flying V [2, 10, 11]. The top-level design requirements for the studies are outlined
in Table 2.1. An engine-airframe study was conducted, which is essential given that the optimisation
studies only considered the airframe alone. Aerodynamic simulations and a study on finding the optimal
location were done, resulting in the location of the engine as illustrated in Figure 2.1 [33].

Parameter Value Unit
Length 55 [m]
Wingspan 65 [m]
Height 17 [m]
Pax 314 [-]
Fuel Capacity 140.000 [l]
Cargo Capacity 160 [m3]
Design Mach Number 0.85 [l]
Cruise Altitude 43.000 [ft]

Table 2.1: Flying V Top level design parameters [34] Figure 2.1: Recommended engine position. Taken from [33]

The preliminary design was used to investigate the handling qualities, for which a full-scale aerodynamic
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model was developed with the Vortex Lattice Method (VLM) and a lumped mass model was used for
the mass and moment of inertia estimation [34]. The design used for the study considers inboard
and outboard elevons located at the trailing edge of the wing (δL/RCS1 , δ

L/R
CS2) for the right and left sides

respectively. The inner and outboard elevon can be used for pitch and roll control. A rudder (δL/RCS3 )
is integrated into the winglets on the right and left sides respectively for yaw (directional) control. The
geometry of the design is shown in Figure 2.2, but the landing gear was not taken into account for the
study.

Figure 2.2: Front, top and side view of the Flying V with (outer) dimensions and control surfaces

Concurrently, for the development of a sub-scale model of the Flying V, a half-wing model was devel-
oped, that has an additional control surface on the wing and resulting to three control surfaces on the
wing. The control surface design was motivated by the findings of a previous tailless aircraft study,
where the need for extra control authority is one of the main challenges in the design phase of a flying
wing configuration. Moreover, compared to conventional aircraft, the control surfaces of the Flying V
will have to provide both longitudinal and lateral control authority [35, 36]. Initial experiments with the
half did not have the wing with winglets nor were the engine airframe interactions included. This was
investigated later with subsequent studies for winglet and rudder in study [37] and engine integration in
[38]. The designs will be denoted as the Full Scale (FS) design and the Sub-Scale Flight Test (SSFT)
design 1.

Figure 2.3: Front, top and side view of the Sub Scale Flight Test model with (outer) dimensions and control surfaces

Future studies have been performed concerning the optimisations have been performed and focus on
aspects such as the outer wing [39], winglets [40], split flaps [41, 42]. Moreover based on the initial FS
design a conceptual design for a Flying V Family has been developed [43] and an updated geometry
design has been developed [44].

2.2. Aerodynamic Model & System Identification
Before describing the aerodynamic models & system identification studies, it is necessary to introduce
in what reference frame the aerodynamic coefficients are defined in, which is the body-fixed reference
frame (FB) as shown in Figure 2.4.

1specifications taken from https://www.tudelft.nl/en/ae/flying-v/flying-scale-model

https://www.tudelft.nl/en/ae/flying-v/flying-scale-model
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Figure 2.4: Aircraft body axes and conventions. Adapted from [34]

The origin of this reference frame is located at the aircraft’s center of mass, and if the gravity field
is constant, this origin coincides with the aircraft’s center of gravity (CG). The body axes are defined
as XB, which points forward and is in the symmetry plane of the aircraft, YB, which is directed to the
right wing of the aircraft and perpendicular to the symmetry plane and lastly ZB, which also lies in the
symmetry plane and points downwards [45]. The body velocity (u, v, w) is described along each axis.
The moment (l,m, n) and the angular rates (p, q, r) are also described about each axis. The forces and
moments about each axis are non-dimensionalised and described as the following:

CX =
FXB

q̄S
CY =

FYB

q̄S
CZ =

FZB

q̄S
(2.1)

Cl =
MXB

q̄Sb
Cm =

MYB

q̄Sc̄
Cn =

MZB

q̄Sb
(2.2)

Where the dynamic pressure is defined as:

q̄ =
1

2
ρairV

2
∞ (2.3)

With the description of the aerodynamic coefficients outlined, first a brief theoretical background of sys-
tem identification is described to understand the acquirement and process for creating an aerodynamic
model (2.2.1). Thereafter, the research of the aerodynamic model for the Flying V is described (2.2.2.
At last, the conclusion regarding the current state of Flying V aerodynamic models can be made (2.2.3).

2.2.1. Theoretical Background

Figure 2.5: Aerodynamic modelling procedure and phases. Adapted diagram from [46]

Initially, a Computational Fluid Dynamic (CFD) analysis is conducted, where the aerodynamic design
of an aircraft is numerically analysed, and an aerodynamic model, which can be a discretized set of
data, that defines the (static) aerodynamic coefficients at certain aircraft conditions (e.g. attitude & ve-
locity, center of gravity, control deflections), can be estimated for characterising the aircraft’s static and
dynamic stability of the aircraft at certain operation points. However, the accuracy and completeness
of this model are dependent on the CFD technique and analysis done, moreover, even with all compu-
tational resources available; wind tunnel tests and flight tests are the reliable source of aerodynamic
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data, especially considering the nonlinear aerodynamic behaviour in flight. Thus, wind tunnel testing
is used for further validation and investigation of the aerodynamics. However, dynamic characteristics
of the aerodynamic coefficients can not be fully established in a wind tunnel test, as it concerns static
conditions and operation points. Through flight testing, further investigation and gathering of flight test
data is used to observe and capture data, where an identification process can be applied to develop a
model that also captures dynamic characteristics of the aerodynamics [46, 47].

The identification process is referred to as system identification, which concerns itself with the deter-
mination of the mathematical model, in this case, the aerodynamic model, that gets identified through
gathering experimental data. The framework of this process is also described as the Quad-M frame-
work of flight vehicle system identification [47] as illustrated in Figure 2.6.

Figure 2.6: Quad M basics of flight vehicle system identification [Jategaonkar2015FlightEdition]

A general outline of this Quad-M is described as, where in the identification phase the following actions
are applied:

• Maneuver: The selection and design of control input to excite the dynamic modes of the aircraft.
• Measurements: The aircraft states and response are gathered through measurements with sen-
sors, which can have the presence of noise, bias and errors. Therefore selection and set-up of
high-accuracy measurements of the aircraft response through the use of sensor instruments and
filters is of great relevance. Using the measurement, state estimation techniques are used to
determine the system’s response and aircraft states.

• Models: The selection of the model that is used to parameterise the aircraft parameters.
• Methods: The selection of parameter estimation methods, concerns algorithms that are used
to identify the parameters through the measurements and aircraft response, against the current
model response.

Thereafter a validation phase is done, where the identified model is compared against known model
information from previous measurements or tests. After such a process a mathematical formulation of
the model can be defined:

ẋ = f(x(t),u(t),Θ) (2.4)
y = h(x(t),u(t),Θ) (2.5)

Where:

f ,h = (nonlinear) system & output equations
x = System states
u = Input
y = System output
Θ = Unmodeled & unknown parameters
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2.2.2. Research
The aerodynamic model has been identified and developed through different sources. The first source
concerns the Vortex Lattice Method (VLM), which describes a linearised aerodynamic model of the Full
Scale aircraft. The second model is gathered using Wind Tunnel Experiments (WTE) on a half-wing
sub-scale wing. The third model is determined through a flight test experiment with the SSFT aircraft.
At last a combined model has been created using the linearised VLM model and WTE. For each model,
research contributions for the model will be described with the respective assumptions and validity.

Vortex Lattice Method Model
A full-scale aerodynamic simulation model of the FS Flying V aircraft was determined through an aero-
dynamic analysis using ODILILA, which is an Airbus proprietary tool for Computational Fluid Dynamics
(CFD) using the Vortex Lattice Method (VLM). The aircraft geometry is designed with the preliminary
model, from previous studies, and translated into a parametric model that can be used with a lumped
mass model for inertia estimations and a panel model, which is used for aerodynamic estimations, as
illustrated in Figure 2.7. The tool takes the taper, twist, control surfaces, high lift devices and nacelles
into account. One additional detail is that the ODILILA output has its own aerodynamic reference frame
description, and thus a transformation from ODILILA’s reference frame to the Flying V’s body reference
frame needs to be applied. The tool has inputs for different Center of gravity in (CG) in %MAC, aircraft
velocity in Mach M , angle of attack (α), sideslip angle (β), normalized roll, pitch, yaw rate (p∗, q∗, r∗)
and deflection of each control surface (δLCSi

, δRCSi
) [34].

Figure 2.7: ODILILA panel method for the Flying V [34]

The generated output considers a range of aerodynamic coefficients across a range of low-velocity with
Mach number ranging from 0.2 to 0.3 (approach) and 0.8 (cruise condition) for a range of angles of
attacks (α). The model comes with limited validity as it makes several assumptions and choices, which
are defined as follows [22, 34]:

• The VLM method assumes incompressible, inviscid and irrotational flow
• The atmospheric model does not include wing or wind shear or turbulence
• The model does not include the landing gears and fairing

The obtained VLM aerodynamic model describes a linear set of aerodynamic coefficients defined for:

• M : Mach number for approach conditions and cruise condition
• α : Angle of Attack angle range
• β: Side slip angle range
• p̂, q̂, r̂: Non-dimensional Angular rates
• δL/RCSi

: Control surface deflection
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The aerodynamic coefficients are defined as:

C∗ = C∗0
(·) + C∗α

(·) + C∗β
(·) + C∗p∗ (·) + C∗q∗ (·) + C∗r∗ (·)

+

3∑
i=1

CL∗CSi
(·) +

3∑
i=1

CR∗CSi
(·)

(2.6)

p̂ = p
c

V
q̂ = q

c

V
r̂ = r

c

V
(2.7)

Where C∗ represents a specific force and moment coefficient (CX , CY , CZ , Cl, Cm, Cn) and C∗(·) con-
tains the specific parameters relation for the respective coefficient(s). The model is used with interpo-
lation to estimate coefficients between the datasets and extrapolation outside the dataset. The validity
of the obtained model has been compared against the half-wing model WTE data, which is scaled for
the Full Scale aircraft (Figure 2.8)

Figure 2.8: ODILILA comparison against Wind Tunnel Test Experiment (WTT). Left: Lift coefficient CL. Right: Moment
coefficient Cm [34]

It can be observed for the lift coefficient (CL) comparison that up to an angle of attack of 10◦, the slopes
are similar, but after that, they diverge. For the moment coefficient (Cm) it can be observed the slopes
are different at lower angle of attack values, but become similar at higher angle of attack values.

At the time of writing, a new aerodynamic model has been estimated of the full-scale Flying V with
an updated geometry. This aerodynamic model has been estimated using Reynolds-Averaged Navier
Stokes (RANS) method and VLM to estimate aerodynamic forces and moments contributions by the
control surfaces.

Wind Tunnel Experiments
To demonstrate the flight capabilities and airworthiness of the Flying V, a Sub-Scale Flight Test (SSFT)
aircraft for flight testing needs to be developed. Before such a model can be developed and designed,
the flight characteristics of the aircraft have to be known, as the preliminary model was designed for
cruise conditions only and no characteristics are known around approach speed and high angle of at-
tack [48]. This is also done to ensure the safe operation of the SSFT model in flight tests.
Two Wind Tunnel Campaigns were set up [48, 49] and performed using a half-wing model, which was
based on the preliminary geometry design and model obtained from previous studies, and has three
control surfaces on the wing. Through the half-wing model as shown in Figure 2.9, the analysis of flow
behaviour over the wing can be appropriately analysed, but the lift, drag, and moment results are differ-
ent compared to a full-scale model. In the Wind Tunnel Test Experiments (WTE), the engine, winglet,
and landing gear were not taken into consideration [48].
The first WTE campaign was focused on static tests for gathering static aerodynamic forces and mo-
ments with the purpose of aerodynamic model identification. The second campaign was focused on
gathering information for system identification of the actuators on the control surfaces.
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Figure 2.9: Half model wing test subject [48]

The maximum speed in theWTE was 30m/s, thus compressibility effects are assumed to be small. For
the test, different angle of attack, wind speed and control surface deflections are tested. The gathered
experimental data plotted against the angle of attack is shown in Figure 2.10.

Figure 2.10: Measured aerodynamic forces and moment coefficients. Taken from [50]

With the experimental data gathered using these tests, an aerodynamic model identification study was
performed [50], where the experimental dataset is split in an estimation and validation dataset. Fig-
ure 2.11 shows two cuts of the estimation convex hull of the dataset, and it can be seen that the
validation samples fall into this convex hull also. The study used a stepwise regression technique for
the aerodynamic model structure because it can find the strongest correlations between regressors
and the dependent variable, while also allowing for the use of model types such as a polynomial model
and a spline model. The aerodynamic model concerns an orthogonal polynomial model using Multivari-
ate Orthogonal Functions, which is used to sort the regressors in order of significance for the already
estimated model structure, and a non-orthogonal spline model. The spline model is developed to cope
with the inability of polynomials to model the complete measured range of angle of attack.
For each model state vector is given by: x = [α, V̂ , δ1, δ2, δ3], where V̂ is the wind speed normalized
with respect to a reference speed and δi is the control surface deflection on the half wing model.
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Figure 2.11: left shows α− V convex hull cut and right shows α− δ1 cut. Taken from [50]

This aerodynamic model defined by the polynomial model is described as follows:
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2
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α2 · δ1

)
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(
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)
Cn = Cn0 + Cαα+ Cα2α2 + Cα3α3 + Cα4α4 + Cδ1δ1 + Cδ2δ2 + Cδ21δ

2
1 + Cδ22δ

2
2 + CV̂ V̂

(2.8)

The spline model is described as:
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(2.9)

where α◦
∗ is the angle of attack (in radians) where the knots are located (labelled in degrees for a better

readability).
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Figure 2.12 shows two slices from the polynomial and spline model of the pitching moment coefficient,
along with the calculated prediction confidence bounds, and it can be observed in the figure that most
data points fall within the calculated confidence bounds. Table 2.2 shows the fits that were achieved
with each respective aerodynamic coefficient model, where the Residual Mean Square errors are de-
termined for the estimation and validation dataset. Moreover, an analysis was done concerning the
”local model quality” to determine how the model quality changes for different values of independent
variables. It was determined that angle of attack was the variable of choice and the RMS is determined
in segments of 5 degrees. The result is shown in Figure 2.13.

It has been shown that the spline model achieved better results than the polynomial model, however,
the proposed spline implementation is rather limited as it only considers splines in the angle of attack
dimension and does not consider continuity constraints at the knots. Thus, certain recommendations
are provided for future spline-based methods, such as B-splines or Multivariate Simplex Splines [50].

Moreover, there are still limitations with the model as it does not consider:

• Biases in the estimations, as it is assumed that the measured data is free of systematic errors
and errors in the independent variables due to no previous validated data of the Flying V being
available.

• Winglets, landing gear and engine interaction
• No rudder control
• Not valid for lateral aerodynamic forces CY

Figure 2.12: α− δ1 slice for the pitching moment coefficient Cm with Polynomial and spline model respectively. Taken from [51]

Aerodynamic
coefficient

RMSrel (est.) RMSrel (Val.)

Polynomial Spline Polynomial Spline
CX 1.42 % 1.99 % 2.42 % 1.97 %
CZ 1.42 % 0.75 % 2.38 % 0.96 %
Cm 2.54 % 2.13 % 7.24 % 2.75 %
Cl 1.18 % 1.11 % 4.59 % 1.25 %
Cn 2.25 % 2.03 % 2.74 % 2.28 %

Table 2.2: RMS for the estimation and validation dataset with the Polynomial and Spline aerodynamic model. Data taken from
[50]
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Figure 2.13: RMS of 5 degrees segment in angle of attack. Taken from [50]

At the time of writing, control effectiveness WTE have been conducted, where the control effective-
ness was estimated using system identification and sinusoidal control inputs at different frequencies.
These new results give further insight of the aerodynamic effects of the Flying V for current and future
developments.

Flight Test Experiments
An aerodynamic model of the SSFT was developed with Flight Test Experiments (FTE) with two sep-
arate system identification studies [52, 53]. With the insights gathered through the WTE, the SSFT
was developed and an initial Maiden flight test was performed successfully. However, there are key
differences compared to the WTE model which are as follows:

• Full-wing aircraft instead of a half-wing
• Inclusion of landing gear
• Inclusion of engines
• Inclusion of winglets

Although the initial maiden flight dataset had high uncertainties for the valid system identification, it has
provided an understanding of certain aircraft and instrument characteristics, where the unstable Dutch
Roll was identified during the flight test. Subsequent flight tests were conducted and have been used
to develop an aerodynamic model based on the FTE.

The first study gathered data over eight flight tests [52] and estimated the aerodynamic model using
a joint state-parameter estimation method called the Two-Step Method (TSM). With this method, first
a state-estimation problem is performed and then the parameter estimation for identifying the aerody-
namic coefficients. The state estimation involves the nonlinear equations of motions of the aircraft,
where the state is reconstructed using a nonlinear Kalman Filter (KF) such as Extended Kalman Filter
(EKF) or Iterated Extended Kalman Filter (IEKF) and aircraft sensor measurements. The Kalman Filter
is responsible for removing noise and biases from the measurements by taking the physical relations
with the inputs, observations, nonlinear equations of motions and states into account. Using the state
estimations, the aircraft measurements can be corrected and using a parameter estimation method
to determine or model aircraft parameters, which in this case are the aerodynamic coefficients. An
example of the Two-Step Method schematic is shown in Figure 2.14.

The aerodynamic model was developed using a stepwise regression that determined a model structure,
where it was determined that compact polynomials with up to second-order terms provided a fit for the
aerodynamic model. The model managed to replicate the longitudinal behaviour of the Flying V better
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Figure 2.14: Two-Step Method schematic for system identification. Taken from [53]

as the inputs for exciting the lateral dynamics and their respective control inputs, aileron and rudder,
were kept conservative to maintain a safe and operable flight [52]. The second study also used the
TSM method, but used Ordinary Least Squares for the regression and the model structure was also
determined using a stepwise regression technique, resulting in a polynomial model [53].

However, both models described shortcomings when compared to the WTE model as the excitation of
the control inputs for system identification is done conservatively to maintain the safe operation of the
scaled model and only a limited number of manoeuvres were executed due to the available flight time.
Thus, it still needs to be extended withmore flights containing different manoeuvres and flight conditions.
Moreover, both models have not been scaled against the Full Scale model and further investigation still
needs to be performed. Moreover, certain gaps exist in the estimation of the aerodynamic coefficients
between the FTE and WTE as the sub-scale wing doesn’t model the complete wing aircraft, missing
winglets, engine and landing gear also.

Combined Aerodynamic Model
The VLM model was combined with elements of the WTE experiments, to form an aerodynamic model
that is able to capture unstable longitudinal effects and lateral effects. The VLM model was used as a
baseline, as the control surface layout of the half-wing model is different and the deflections are kept
to zero for combining the respective datasets. The elements that are taken from the WTE experiments
are the:

• Longitudinal force coefficient (CX )
• Directional force coefficient (CZ)
• Pitch moment coefficient (Cm)

The lateral coefficients aren’t used as these coefficients from the WTE aren’t valid and the VLM model
is used instead. The WTE data is scaled according to the Dynamic or Froude scaling method for
the approach-and cruise condition (M=0.2 and M=0.85) for angles of attack ranging between −5◦ and
30◦. The scaled WTE data is compared to the VLM data as shown in Figure 2.15, where it can be
observed that the scaled WTE data has the same magnitude as the VLM data for the longitudinal and
directional force coefficient, but the pitching moment starts higher and the longitudinal instability, pitch
break, becomes apparent after an α = 20◦. To combine the datasets, the pitching moment is vertically
translated to match the VLM curve at α = 15◦ and combined using an interpolating polynomial function
pchip. After the initial combination it was observed that the aerodynamic model did not contain any zero-
lift drag (CD0

) decreasing the fidelity of the model. Due to the limited analysis of the full scale model,
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it was then decided to use the zero-lift drag from the Airbus A350-900, which is the reference aircraft
for the Flying V. This was added to the aerodynamic model, which results in a combined aerodynamic
model as shown in Figure 2.16.

Figure 2.15: Aerodynamic model curves from VLM and scaled WTE for approach and cruise flight conditions [22]

Figure 2.16: Combined Aerodynamic model curves for approach and cruise flight conditions [22]

2.2.3. Conclusion
The following conclusions can be made regarding the use of the aerodynamic model.

• The latest aerodynamic model for the Full-Scale Aircraft is determined by the combination of the
VLM model and elements from the WTE, which is able to capture longitudinal instability, pitch
break and lateral instability, dutch roll.

• The Flight Test Experiment needs further investigation and validation against the WTE experi-
ments, before it can be scaled to the Full Scale model. Although similar procedure could be
applied as with the combined aerodynamic model, the validity of the combination requires addi-
tional investigation and with the upcoming new aerodynamic model for the full scale model a new
model will be provided, thus not requiring the demand of such an investigation at this moment.

2.3. Flying & Handling Qualities
One important field of study is the analysis of flying & handling qualities, which asses how easy the
aircraft is to fly and how well a pilot can operate and perform tasks with the aircraft. Regulatory bodies
don’t have formal requirements for quantifying the flying & handling qualities, however military stan-
dards describe such requirements based on the aircraft’s role, which is divided into classification, flight
phase, task corresponding to respective flight phase category and the corresponding level of flying
quality that is required. Thus, first some theoretical background is described regarding the assessment
and analysis of flying & handling qualities (2.3.1). Thereafter, the results of past research activities



2.3. Flying & Handling Qualities 42

for the flying & handling qualities of the Flying V are elaborated (2.3.2). At last, a conclusion is made
regarding the latest state of flying and handling qualities research (2.3.3).

2.3.1. Theoretical Background
The flying and handling qualities specification is set by civil authorities and military standards, although
civil aviation authorities do not provide quantifiable (analytical) requirements for the compliance of the
aircraft’s dynamic modes as they’re primarily concerned with safety. However, military standards such
as MIL-F-8785C and its follow-up MIL-STD-1797A [54] set up comprehensive and specific require-
ments and the description of these standards have been comprehensively gathered in Flight Dynamics
Principles by M.V. Cook [55]. An overview of the aircraft role determination and flying quality levels is
described in Table 2.3.

Aircraft Class
Class I. Small, light airplanes
Class II. Medium weight
Class III Large, heavy
Class IV. High manoeuvrability

Flight Phase
Category A Non-terminal flight phases that require rapid manoeuvring, precision tracking, or

precise flight path control
Category B Non-terminal flight phases that require gradual manoeuvring, less precise tracking

and accurate flight path control
Category C Terminal flight phases that require gradual manoeuvring and precision flight path

control
Flight phase tasks

Category A Air-to-air combat, Ground attack, Weapon delivery/launch, Reconnaissance, In-
flight refuel (receiver), Terrain following, Maritime search, Aerobatics, Close for-
mation flying

Category B Climb, Cruise, Aerobatics, Loiter, In-flight refuel (tanker), Descent, Aerial delivery
Category C Takeoff, Approach, Overshoot, Landing

Flying Level Qualities
Level 1 Flying qualities clearly adequate for the mission flight phase.
Level 2 Flying qualities adequate to accomplish the mission flight phase, but with an in-

crease in pilot workload and, or, degradation in mission effectiveness.
Level 3 Degraded flying qualities, but such that the aeroplane can be controlled, inade-

quate mission effectiveness and high, or, limiting, pilot workload

Table 2.3: Aircraft classifications, Levels of Flying Qualities [55]

In terms of the MIL-STD convention, the Flying V’s requirements are similar to that of an Airbus A3502,
which is Class III aircraft (large, heavy, low/medium manoeuvrability aircraft, see CS-25) in Category B
or C phase.

Aircraft Dynamic Modes & MIL Specifications
The aircraft’s dynamic modes can be excited from its trimmed equilibrium if it is disturbed by pilot
controls, change in power input, airframe configuration changes and by external atmospheric influences
such as gust or turbulence. The behaviour of these dynamic modes are inherent to the airframe design
and the analysis concerns the stability and handling quality of the aircraft.

The specifications of theMIL-STD requirements for analytical quantification of flying & handling qualities
and description of dynamic modes have been gathered in academic and industry textbooks [45, 55, 56].
These specifications describe certain thresholds of the aircraft’s dynamic modes through properties
such as natural frequency (ω), damping ratio (ζ), period (T ), time constant (τ ). These properties are
derived and gathered through the dynamic equation of motions and the time response of the aircraft
and can describe how fast a motion oscillates, how quickly the motion damps out, the time it takes

2https://www.tudelft.nl/lr/flying-v



2.3. Flying & Handling Qualities 43

for one oscillation and the time it takes for a motion to decay back to its equilibrium. The threshold
for these properties are defined for the three Flying Level Qualities and obtained through empirical
research, such that a pilot has good handling qualities. These specifications can then be used for the
design of the FCS and combined with handling qualities criterion, which can specifically look the time
response and tracking performance or aircraft stability properties and the respective specifications and
handling qualities are often described separately for the longitudinal and lateral direction [55].

Longitudinal Dynamic Modes

1. Short-Period Mode: The short-period motion is an oscillating pitch rate response. This motion is
fast and transient response to an elevator input. To have a sufficient tracking of a reference signal,
the short-period must be well damped to reach steady state pitch condition quickly. Table 2.4
summarises the specifications.

Flight Phase Level 1 Level 2 Level 3
CAT A 0.34 < ζs < 1.30 0.25 < ζs < 2.00 0.10 < ζs
CAT B 0.30 < ζs < 2.00 0.20 < ζs < 2.00 0.10 < ζs
CAT C 0.50 < ζs < 1.30 0.35 < ζs < 2.00 0.25 < ζs

Table 2.4: Short-Period Mode Damping

2. Phugoid Mode: The phugoid is commonly described as a lightly damped low-frequency oscil-
lation in speed and coupled into pitch attitude and height, interchanging potential energy with
kinetic energy. Table 2.5 summarises the specifications.

Level of Flying Qualities Damping ratio
Level 1 ζph > 0.04
Level 2 ζph > 0
Level 3 Unstable, period Tp > 55 s

Table 2.5: Phugoid Mode Damping

For evaluating longitudinal handling qualities, criteria such as the CAP, Gibson Criterion, Neald-Smith
criteria are used.

Lateral Dynamic Modes

1. Aperiodic Roll Mode: The aperiodic roll mode represents a non-oscillatory lateral characteristic
response of the roll rate to a roll control input. In case the roll control input is removed, the roll
rate should return to zero. Table 2.6 summarises the specifications.

Flight phase Level 1 Level 2 Level 3
Cat A,C 1.0 1.4 10
Cat B 1.4 3.0 10

Table 2.6: Maximum value for the Aperiodic-Roll mode time constant (τr), value in seconds

2. Spiral Mode: The spiral mode is a non-oscillatory behaviour and involves a complex coupled
motion in roll, yaw and sideslip. Table 2.7 summarises the specifications.

Flight Phase Level 1 Level 2 Level 3
A,C τs > 17.3 τs > 11.5 τs > 7.2
B τs > 28.9 τs > 11.5 τs > 7.2

Table 2.7: Spiral mode time constant, value in seconds

3. Dutch Roll Mode: This mode is a damped oscillation in yaw and coupled with roll and to a lesser
extent with sideslip. Table 2.7 summarises the specifications.
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Flight phase ζd ζdωd ωd
Cat A 0.19 0.35 0.5
Cat B 0.08 0.15 0.5
Cat C 0.08 0.10 0.5

Table 2.8: Dutch roll frequency and damping minimum values for level 1 flying qualities

Pilot Opinion
The military specifications primarily focus on providing analytical requirements of flying and handling
qualities, however, pilots are the operators of the aircraft and their opinions form an important criterion
of handling quality and provide the qualitative assessment of an FCS implementation. Through pilot-
in-the-loop simulations and the Cooper-Harper Rating scale, illustrated in Figure 2.17, is a structured
rating scale for aircraft handling qualities, quantifies the pilot’s experience to a desired performance
criteria when performing specific pilot-in-the-loop tasks such as tracking a reference attitude. The
Cooper-Harper rating scaler relates the pilot’s opinion to the pilot’s rating, which can help to further
refine the FCS and achieve optimal flying qualities.

Figure 2.17: Cooper Harper Rating Scale. Taken from [57] that adapted from [58]

2.3.2. Research
The current state of research regarding the analysis and assessment of Flying and Handling qualities
for the flying V concerns the following evaluations or sources:

• Handling quality assessment with VLM model [34]
• Wind Tunnel Experiments [48, 50]
• Flight Test experiments [52, 53]
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• Three pilot-in-the-loop simulator assessments with direct laws or augmented with a FCS [59–61]
• Nonlinear FCS design and simulation assessment [22, 23]

As the Flying V is different from a conventional aircraft design, certain qualitative assessments and
investigations needs to be reviewed critically.

Preliminary Handling Quality Analysis with VLM Model
With the VLM model of the Full-Scale flying, Cappuyns [34] conducted a handling quality analysis
regarding the stability and control of the Flying V. Through this study it was established that the Dutch
Roll was deemed unstable, limited lateral-directional controllability in case of One Engine Inoperative
(OEI) at low speeds. Moreover, at cruise and approach conditions the Phugoid mode were positively
damped and stable, for the short period mode the damping ratio was found to be worst at the most
forward centre of gravity (CG) position in cruise conditions and better damped at approach conditions
with an aft CG position.

Wind Tunnel Test Experiments
Concurrently, before the Flight Test Experiments (FTE) twoWind Tunnel Experiment (WTE) campaigns
were conducted where certain flight characteristics were evaluated for approach speed and high an-
gles of attack. According to the WTE research, it was established that the aircraft becomes statically
unstable after an angle of attack of 20◦ where the moment coefficient with respect to angle of attack
(Cmα ) becomes positive as illustrated in Figure 2.18. This phenomena is referred to as pitch break
where the aircraft is statically unstable starting from that angle of attack. Moreover, the studies also
evaluated the optimum location for center of gravity between 1.345m and 1.425m behind the nose, to
trim the aircraft across the range of angle of attack and speed [48]. The optimal center of gravity is at
1.365m. The maiden flight confirmed that the Dutch Roll during approach was unstable [22].

Figure 2.18: Wind Tunnel Experiment result of moment coefficient for the scaled aircraft model with and without thrust effects
at different center of gravity locations. Taken from [50]

Piloted Simulator Experiments
Using the obtained VLM model from Cappuyns three piloted simulator experiment studies were con-
ducted, where direct flight control laws were designed to distribute the pilot’s control inputs to the respec-
tive control surfaces and some studies designed some linear stability augmentation laws to damped
unwanted aircraft dynamics.
The first study [36] focused on the evaluation of longitudinal handling qualities, where two Control Al-
location (CA) schemes were designed, the first CA is a conventional scheme that considers inboard
and outboard deflection in the same direction and second CA considers the deflection in opposite di-
rection, the latter is designed to counter non-minimum phase behaviour in flight path angle response,
which has been determined through offline analysis, where the aircraft’s longitudinal dynamic modes
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through Mode Participation Factor (MPF) are analysed and handling qualities regarding the pitch rate
and vertical velocity are analysed. The selected experiments were:

1. Pitch angle tracking task
2. Flight path angle tracking task

The experiments were conducted, and the handling qualities were assessed through Cooper-Harper
Rating Scale (CHRS), where it is expected that the handling qualities for Pitch angle control is Level
1 and Level 2 for flight path control. The pilot preferred the first CA scheme due to its higher control
authority for both tracking tasks, although the second CA scheme did alleviate the pilot workload in
negating the non-minimum phase behaviour on the flight path angle.
The second study [59] concerned investigation of lateral-directional handling qualities by first assessing
the handling qualities of the bare-airframe and improve the handling qualities through a prototype FCS,
for which a generalized inverse CA scheme with two different stability augmentation systems using
linear control laws, SAS-1 & SAS-2. Where For SAS-2 a roll rate feedback loop was included. For the
analytical and piloted experiment assessment, the selected handling quality requirements came from
military specifications and manoeuvres, which were selected from civil aviation authorities regulatory
specifications (CS-25), and the performance of the pilot is taken as criterion. The following tasks were
conducted:

• Dutch Roll damping ratio
• Coordinated Turn Capability (CTC): Fly a turn with minimal sideslip while keeping a positive flight
path angle

• Time to Bank, Roll Capability (TTB): Fly a turn with at least 30 degree roll angle and positive flight
path angle, and next rotate 60 degrees to a 30 degree roll angle in the opposite direction

• One Engine Inoperative Trim (OEI-T): One of the engine is cut in power while in straight, horizontal
flight. The pilot is allowed to intervene after 2 seconds and is asked to return the aircraft to the
original heading.

• Steady Heading Sideslip (SHS): Use the rudder pedals to attain a constant sideslip angle, while
maintaining a constant heading and positive flight path angle

The experiments were conducted with the bare airframe, SAS-1 & -2 for a forward and aft Center of
Gravity position and in the Approach, Takeoff, Cruise and making a distinction between All Engines
Operative (AOE) and One Engine Inoperative (OEI) in the respective flight condition. From analytical
and experimental it was determined that the bare-airframe is insufficient in compliance with the flying
handling quality requirements, due to a lack of pitch, roll and yaw control authority in low-speed flight
and unstable Dutch Roll. The prototype FCS was able to comply with the Dutch Roll requirement, but
the control authority was not sufficient for compliance with the other requirements, with problems of
reaching actuator limits and some indications of piloted-induced oscillations (PIO) attributed to the ac-
tuator rate limits saturation. The CA scheme yielded adverse axis-coupling when the control surfaces
saturated, where in the experiments it was found that as the pitch control surfaces saturated and a roll
input was given simultaneously, the CA would trade off pitching moment to obtain a rolling moment,
resulting in a nose-down behaviour when rolling.
The third study concerned [60] the analysis of longitudinal handling qualities, similar to the previous
studies it also conducted an analytical and experimental assessment of handling qualities through pi-
loted simulations. Moreover, it also designed an FCS using Control Allocation, direct law that scales
pilot input by a linear gain to yield proportional elevon deflection, pitch rate command and auto throttle.
With the analytic analysis, the following handling quality assessments were performed:

• Phugoid and Short period damping ratio
• Control Anticipation Parameters (CAP)
• Bandwidth criteria
• Gibson dropback criterion

It was determined that Phugoid was at Level 3 in flying qualities, Short Period was found to be Level
1. With the CAP it was determined that with an aft Center of Gravity at Mach 0.2, the flying handling
qualities are in the Level 2 boundaries and the faster flight configuration and condition fell within the
Level 1 boundaries, however this was determined through a short period approximation model. A
slower short period frequency and respective flying quality level corresponds to lower handling qualities
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and sluggish control. The bandwidth criteria showed Level 2 handling quality and through the Gibson
Dropback criterion it was found that the response of the aircraft ranges from sluggish with an aft CG to
abrupt bobbling tendency with a forward CG. The nominal CGwas found to be the closest to satisfactory
performance. The piloted simulation experiments concerned three tasks:

• Pitch Tracking: follow a pitch reference
• Free Pitch Capturing: Capture a succession of pitch angles
• Go-Around: First the aircraft was initialized in a descent towards the runway and the pilot were
instructed to perform a go-around with a target rate as specified by the civil aviation authority
standard from EASA.

The experiments showed that the longitudinal handling qualities at lower approach speeds degraded
due to sluggish aircraft responsive, limited control authority, insufficient sight angle and tendency to
PIO. It was found that higher approach speeds are satisfactory and more aft positions of center of
gravity provide better sight angle, better control authority and reduce handling quality minimally. The
pitch rate controller was implemented and tuned based on the handling qualities requirements, where
the improvement in handling qualities was noticed by all pilots.

Nonlinear FCS design and Simulation Assessment
The piloted experiment studies used the VLM aerodynamic model, which primarily captured the linear
aerodynamic behaviour of the Flying V, but from the WTE it was established that on the small-scale
model undesired nonlinear behaviour, pitch break, would arises after the angle of attack reaches 20◦.
Van Overeem [22] combined the FS VLM model with the results of the WTE model and this resulted
in a combined aerodynamic model, which was used to create a simulation model where stability and
handling qualities were analysed for Approach and Cruise flight conditions. With this simulation model
an FCS was designed using a nonlinear control method, Incremental Dynamic Inversion (INDI).
Before the implementation of the FCS and evaluation of handling qualities, a trim and linearization was
designed, with thereafter an evaluation of all longitudinal and lateral dynamic modes as illustrated for
approach in Figure 2.19 and cruise in Figure 2.20.

Figure 2.19: Eigenvalues for fwd and aft center of gravity in approach condition [22]



2.3. Flying & Handling Qualities 48

Figure 2.20: Eigenvalues for fwd and aft center of gravity in cruise condition [22]

The short-period of the aircraft was deemed stable and showed Level 1 flying qualities, except for cruise
with a forward CG position as that showed Level 2 flying qualities. The phugoid was stable with Level
1 flying qualities, except during the approach where the phugoid is unstable. The dutch roll is unstable
during approach and shows Level 3 flying qualities during cruise with an aft CG position. The aperiodic
roll mode is stable in approach and cruise with Level 1 flying qualities for Approach (forward and aft
CG) and Cruise (forward CG), but Level 2 in Cruise with an aft CG. The spiral mode is unstable during
approach, but stable during cruise with Level 1 flying qualities. In addition to evaluation of the dynamic
modes, the CAP is also evaluated, where it is determined that during approach Level 1 is obtained with
a forward CG and Level 2 with an aft CG. In cruise, the CAP is rated at Level 2 with a forward CG, but
Level 1 with an aft CG.
With the bare-airframe dynamic modes assessed, the FCS was designed with INDI as inner control
loop and roll, flight path and side slip angles reference control as outer control loop. The evaluation of
the bare-airframe showed that the aircraft in Approach condition with a forward CG did not meet the
Level 1 flying qualities and through augmentation of the FCS it was determined that all dynamic modes
are now stable level 1 flying qualities are met. The CAP was also assesed and it was determined to be
at the border of Level 1 handling qualities.

Stougie [23] continued with the efforts of the previous research using a FCS with INDI, but now with
Flight Envelope Protection and using linear reference command blocks which are tuned to satisfy the
MIL-STD-1797A specifications and gain and phase margin requirements to ensure disturbance rejec-
tion capabilities. Moreover, by adding sensor dynamics and making the control system discrete, the
effect of time delays can be investigated. This tuning was conducted for the Flying V in cruise condition.
The research also specifically focused on cruise and approach conditions with a forward CG as this
position was found to be the furthest from reaching Level 1 handling qualities as established in van
Overeem’s [22] research.
The resulting tuned system provided that all handling qualities are within Level 1 flying qualities, if sen-
sor dynamics are not included, and the overall system is continuous. When adding sensor dynamics,
it can be seen that the handling quality requirements are still within Level 1, but the gain and phase
margin requirements are not. Thus, adjustments have been made to the sensor dynamics, by adding
an angular rate sensor with less time delay and faster sensors and sampling time, which resulted in
a system that could be tuned to Level 1 flying qualities. To obtain short period parameters as well as
the Control Anticipation Parameter, a Low Order Equivalent System (LOES) fit was conducted on the
pitch rate transfer function, this approximates an analytical expression of the short period dynamics
through simulating the time response and a fit is obtained when the natural frequency of the phugoid
and short-period are separated sufficiently.
In addition to analysing the dynamic modes, the Pitch attitude dropback, Gibson phase rate, Flight-path
angle bandwidth and the equivalent time delays for lower order equivalent systems were assessed. The
pitch attitude dropback is within the acceptable region and the phase rate criterion was also met, but
the flight path bandwidth was on the edge of the requirement and within the Level 1 area.
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2.3.3. Conclusions
With all the Flying V research evaluated, the following conclusions regarding the latest state of flying
and handling qualities can be described:

• The bare-airframe of the FS Flying V has been assessed through multiple studies, consisting of
two offline model simulation assessments, with a focus on an analytical analysis through with
the military flying and handling quality requirements, and three pilot-in-loop simulator research
studies, which used direct control laws for their FCS that also first performed an analytical analysis
and thereafter simulator studies where certain tracking manoeuvres were used and analysed
using the Cooper-Hart Rating Scale. These various studies were assessed at either Approach
and Cruise condition, or both with different CG positions. The offline simulations focused on
assessment of These results identified that the Flying V at its worst condition and CG position
had an:
– The short period had Level 2 flying qualities at cruise with a forward CG [22].
– Unstable Dutch roll during approach and Level 3 during cruise with an aft CG position [22,
34, 59]

– One study identified that Phugoid had level 3 flying qualities [60] at low speed conditions
and the other identified that phugoid was unstable at Approach [22]

– Level 2 flying qualities with flight path control [36]
– Lack of pitch, roll, yaw authority in low-speed flight and saturation control surfaces and some
indication of pilot-induced oscillations (PIO) attributed to the saturation of the actuator rate
limits [59]

– Insufficient control authority in lateral-directional in case of OEI at low speeds [34, 59]
– Within Level 2 boundaries of the CAP with an aft CG at low speeds [60]
– Bandwidth criterion showed Level 2 handling qualities and from the Gibson Dropback (GB)
criterion established sluggish to bobbling tendency with an aft and forward CG respectively
[60]

• Through augmentation using a nonlinear FCS the flying and handling qualities of the Flying V were
improved, where it was determined that all dynamic modes are now at Level 1 flying qualities at
Approach with a forward CG and the CAP at the border of Level 1 flying qualities [22]. When
sensor dynamics were added, the Level 1 flying qualities are met, but the gain and phase margin
requirements are not. Through adjusting the sensor dynamics and adding an angular rate sensor
with less time delay, it resulted in a tunable aircraft for Level 1 flying qualities with a positive gain
and phase margin. The flight path bandwidth was on the edge of requirement and within Level 1
area

2.4. Flight Control System Research
This section provides a brief theoretical background on the development of an FCS with a linear flight
control law for a linear system (2.4.1), which is a common strategy for FCS design and will thereafter
provide an overview of the research that’s conducted for the development of Flying V’s FCS (2.4.2). At
last, a conclusion is made regarding the latest state-of-the-art FCS research (2.4.3).

2.4.1. Theoretical Background: Linear control law design
With the trim data gathered, where the nonlinear model is at a steady-state at the specific flight condition,
which can be denoted as the linearization point (X0 = (xtrim, utrim). The linearization can be performed
through a Taylor series expansion, which for an arbitrary function g(x) about state x0, is defined as:

y = g(x) (2.10)

y ≈ g(x0) + g′(x0)(x− x0) +
g′′(x0)

2!
(x− x0)

2 +
g3(x0)

3!
(x− x0)

3 + ...+
gn(x0)

n!
(x− x0)

n (2.11)

Where g′ is the first derivative with respect to x and gn denotes the nth order derivative. If the function
has two states x = {x1, x2}, the Taylor expansion around states x0 = {x1|0, x2|0} can be written as:
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y ≈ g(x0) + [gx1
(x0)(x1 − x1|0) + gx2

(x0)(x2 − x2|0)]

+
1

2!
[gx1x1

(x0)(x1 − x1|0)2 + gx1x2
(x0)(x1 − x1|0)(x2 − x2|0) + gx2x2

(x0)(x2 − x2|0)2

+
1

3!
[gx1x1x1

(x0)(x1 − x1|0)3 + 3gx1x1x2
(x0)(x1 − x1|0)2(x2 − x2|0)

+ 3gx1x2x2
(x0)(x1 − x1|0)(x2 − x2|0)2 + gx2x2x2

(x0)(x2 − x2|0)3] + ... (2.12)

Where gx1
, gx2

denote the partial derivative of f with respect to x1 and x2 and gx1x2
is the cross-term

partial derivative with respect to both states. The Taylor series can grow to expanded expressions and
the linearization is done with only taking the first term and first (partial) derivative from the expansion.
Thus, disregarding terms which contain higher order (partial) derivatives than 1. The Taylor series
around the first order term is then written with a short-hand notation for a set of equations g(x), with n
states x = {x1, x2, ..., xn} around x0 is defined as:

y = g(x0) + gx1
(x0)∆x1 + gx2

(x0)∆x2 + ...+ gxn
(x0)∆xn

= g(x0) +

n∑
i=1

gxi
(x0)∆xi

(2.13)

With the lineraization routine described the LTI system, in state-space format, is defined as:

∆ẋ = A∆x+B∆u (2.14)
∆y = C∆x+D∆u (2.15)

Where A,B are the state matrix and input matrix respectively for the state equation f(x,u) and C,D
are the output matrix and input matrix respectively for the output equation h(x,u). The ∆ẋ,∆x,∆u
describe the change of system state due to input changes from the linearization point. These matrices
in the state space equation are defined as following:

A = ∂f
∂x |X0

=





∂f1
x1

∂f1
x2

. . . ∂f1
xn

∂f2
x1

∂f2
x2

. . . ∂f2
xn

...
...

. . .
...

∂fn
x1

∂fn
x2

. . . ∂fn
xn



∣∣∣∣∣∣∣∣∣∣∣∣
X0

} B = ∂f
∂u |X0

=





∂f1
u1

∂f1
u2

. . . ∂f1
um

∂f2
u1

∂f2
u2

. . . ∂f2
um

...
...

. . .
...

∂fn
u1

∂fn
u2

. . . ∂fn
um



∣∣∣∣∣∣∣∣∣∣∣∣
X0

} (2.16)

C = ∂h
∂x |X0

=





∂f1
x1

∂f1
x2

. . . ∂f1
xn

∂f2
x1

∂f2
x2

. . . ∂f2
xn

...
...

. . .
...

∂fk
x1

∂fk
x2

. . . ∂fk
xn



∣∣∣∣∣∣∣∣∣∣∣∣
X0

} D = ∂h
∂u |X0

=





∂f1
u1

∂f1
u2

. . . ∂f1
um

∂f2
u1

∂f2
u2

. . . ∂f2
um

...
...

. . .
...

∂fk
u1

∂fk
u2

. . . ∂fk
um



∣∣∣∣∣∣∣∣∣∣∣∣
X0

} (2.17)

One classic control technique that can be applied to design the flight control laws is Proportional-
Integral-Derivative control, which is a linear control method that a proportional, integral and derivative
gain term to decrease an error e(t), which can be the difference between the feedback response of the
plant (aircraft) (y(t)) and reference command (r(t)), thus resulting in control error e(t) = r(t)− y(t) [62,
63]. The resulting control input is then defined as:
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Figure 2.21: Proportional Integral Derivative (PID) Control

u(t) = KP e(t) +KI

∫ t

0

e(t)dt+KD
de(t)

dt
(2.18)

The proportional gain (KP ) compensates the control output proportional to the size of the error e(t), the
integral gain (KI ) provides a control output concerning the cumulative error to ensure that the system
reaches the desired reference with no steady-state error and the derivative gain (KD) provides a con-
trol output relates the rate of change of the error and suppress oscillatory system response. The block
diagram of this control method is shown in Figure 2.21.

2.4.2. Research
The FCS has to ensure that the Flying V complies with the Flying and Handling qualities established by
civil aviation authorities. Two key research activities have contributed to the design of Flying V FCS.

• Flying V - FCS1: Incremental Nonlinear Dynamic Inversion control FCS [22]
• Flying V - FCS2: FEP with INDI FCS [23]

The first research used the investigations towards the handling qualities to design an FCS using an
inner loop stabilisation with the Incremental Dynamic Inversion (INDI) method and an outer loop with
roll angle (ϕ), sideslip angle (β) and flight path angle (γ) controllers were designed using the Nonlinear
Dynamic Inversion method. The designed FCS improved the stability and handling qualities [22] and
the assessment was conducted with the Flying V at approach condition with a forward CG.
The robustness of the FCS was assessed with aerodynamic model uncertainties, where a standard
deviation is applied between 0% and 25 % from its true value by a scaling factor ranging from 0.0 to
0.25. A 3211 manoeuvre was applied for the flight path angle and roll angle trajectory to assess the
tracking performance and effect of uncertainty.
It was determined that the INDI controller is able to cope with uncertainties in the aerodynamic co-
efficients with respect to angle of attack (α), sideslip (β) and pitch rates (p̂, q̂, r̂) and still provide good
tracking experience. However, when the control effectiveness, which is obtained from the aerodynamic
model and are the coefficients related to the contribution of aerodynamic forces and moments due to
control surface deflection, has uncertainty and decreases in magnitude, the control surfaces saturate
as higher deflections are required to maintain good tracking performance. For future FCS development,
it was suggested to research the following items:

• Perform additional research on the magnitude of the aerodynamic uncertainty
• Analyse the effect of FCS on CAP
• Include sensor dynamics and analyse measurement time delay, sampling frequency, inertia un-
certainty and center of gravity mismatch.

• Due to low roll angle that can be achieved without saturating the control surfaces, incorporate the
inboard elevon for roll control

The FCS, developed by van Overeem [22], was further developed with the addition of Flight Envelope
Protection (FEP) [23]. Compared to the previous research, the following additions and modifications
were made:
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• Flight Envelope Protection system ensures safe operation and control within the flight envelope
and limits by integrating the protection laws for the Angle of Attack (AoA), load factor and roll
angle

• The outer loop controllers were changed to use a C-star control law and pitch, roll reference and
sideslip compensation reference controller blocks, which receive commaned pilot stick inputs.
These reference controller blocks are tuned using an optimisation algorithm that takes the MIL-
STD-1797A requirements for longitudinal and lateral direction, control surface activity, settling
time, overshoot, gain and phase margin and attitude bandwidth into account as constraints or
limits

• Control Allocation was implemented that uses a cascading algorithm taking the actuator limits
and maximum control deflections into account

• Added sensor dynamics, actuator synchronisation and Pseudo-Control Hedging (PCH). The sen-
sor dynamics resulted in a discrete-time FCS, but the actuator and aircraft dynamics were kept
as continuous-time systems

• Gain scheduling for the FEP controller gains depending on airspeed and linearly interpolated
between cruise condition tuning and tuning done at a airspeed of 100 m/s at 1 km altitude and for
the lateral gain an additional tuning point was added at 70 m/s at 1 km altitude

The effects of sensor dynamics resulted that the sensors specifications had to be adjusted to ensure
Level 1 Flying Qualities with the tuning routine, moreover through simulating a tracking task, it was
observed that the control activity increased as sampling time increased, and the tracking error also
increased.
The robustness of the FCS was analysed through aerodynamic uncertainty and sampling time, where
a simulation is conducted with a step roll rate input and this also has an influence in the C* input as it is
coupled with the roll angle. The tracking of the C* and roll rate are evaluated as a Root Mean Squared
(RMS) error.
It was concluded that a sampling time above 0.1s causes the system to become unstable. The FCS
was shown to be robust against aerodynamic uncertainty, with difference of aerodynamic coefficient
up to 20 %. The uncertainty in the aerodynamic coefficients for the longitudinal coefficients and lateral
coefficients are shown in the first two box plots in Figure 2.22. However, when uncertainty is applied
to the control effectiveness, there is a higher variance of the aircraft response

Figure 2.22: Boxplots showing the variance in tracking error and control surface activity, with varying aerodynamic uncertainty
[23]

Moreover, the control surface activity (δCSactivity
) was also evaluated, which is defined as following:

δCSactivity
=

∫ T
0
|̇δ
CS

L/R
i

|dt
T

(2.19)

Where T is the total timespan of the simulation and the average control deflection that is required to
perform the tracking task, increases due to higher uncertainty. This is problematic especially for the
rudder (δCS3), which exhibits oscillatory behaviour and saturates due to the uncertainty.
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At last the FEP was evaluated though two different simulations with first a simulation that has a step C∗
step input and no thrust and the second simulation has a block input C∗ within a certain interval and
a roll rate (ϕ̇) command. These simulations were performed at two different altitudes, 13 km as cruise
height and 1 km, resulting in two different simulation scenarios.
It was determined that with FEP, the aircraft can reach angles of attack near the (safety) limit and return
to a lower angle of attack. The roll angle is close to the limit and the load factor did not exceed the
limits. However, during the manoeuvres, oscillations of the rudder in all simulation scenarios. With the
first simulation scenario at cruise altitude, the amplitude of the oscillations remained small, but in the
second simulation scenario it oscillated from maximum to minimum deflections. At 1 km in the second
simulation scenario, the rudder, and elevons are hitting their saturation limits, indicating that the aircraft
is at its limits for this manoeuvre. This was attributed to the tuning of the controller being done in a
limited envelope and as the airspeed dips below that. However, despite these limits the sideslip angle
does not become too large, and the aircraft stays within the limits set by the FEP.
The research suggests additional investigations towards the following items:

• Investigate multiple points of CG as well as CG location mismatch
• Improve FEP by adding more safety measures, such as Vmin/max protection or minimum AoA
and load factor protection or including more aircraft states, such as AoA rate for AoA protection.

• Include the influence of aero-elasticity effects and time delay due to computation time by the FCS
• Improve the gain scheduling, by making it dependent on air density
• Investigate whether the required sensors are feasible for the Flying V or change control laws, that
can cope with time delays

2.4.3. Conclusions
The latest Flying V FCS research result developed a simulation model and system, where through
the FEP the aircraft is able to provide protection against pilot control inputs that may exceed the flight
envelope of the aircraft. Moreover, through adding sensor dynamics and creating a discretized system,
the aircraft can be simulated to identify the effects of time delays and sampling time. The implemented
nonlinear INDI control algorithm also provides robustness against aerodynamic uncertainties up to a
20 % deviation.

2.5. Aircraft Simulation Model
The aircraft simulation model concerns the simulation model that forms the baseline setup for this
research. This simulation model is gathered from the latest Flying V FCS [23] research and the overall
high-level layout is illustrated in Figure 2.23. The FCS also illustrates the various sampling times used
for the respective blocks. The aerodynamic model that’s implemented in the simulation model is the
combined aerodynamic model as described in Section 2.2.2.

Figure 2.23: Current Flying V simulation model and FCS [23]

This diagram illustrates the complete Flying V FCS layout, and these blocks will be elaborated sepa-
rately. At first the aircraft dynamics can be elaborated, where the reference frames in which the aircraft
exists are described first (2.5.1) and thereafter the Equations of Motions (EOM) can be described (Sec-
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tion 2.5.2). The actuator dynamics concern the control surface actuator servo’s and the throttle servo
for the aircraft engine (2.5.3).

2.5.1. Reference Frames
A reference frame defines a coordinate system or set of axes within where the position, orientation,
and other properties of objects (e.g., aircraft and spacecraft) are described and measured in [45]. The
reference frames used for the simulation model are the Vehicle-carried normal Earth reference frame
(E-frame), the Body-fixed reference frame (B-frame) and the aerodynamic reference frame. These
reference frames will be described briefly. At last, the transformation matrices to go from one reference
frame to another are described.

Vehicle-carried Normal Earth Reference Frame
The Vehicle-carried Reference, as shown in Figure 2.24, describes a spherical Earth with the XEYE
tangential to the surface of the Earth. The XE-axis is directed to the north and the YE-axis is directed
90 degrees to the right of the XE-axis. The Earth is approximated as a sphere, which means that the
gravitational attraction vector and the ZE is pointed towards the center of the Earth.

Figure 2.24: Vehicle-carried normal Earth Reference frame [45]

Body-Fixed Reference Frame
The Body-fixed reference frame, as shown in Figure 2.25, is a right-handed coordinate system, with
its origin located at the centre of mass of a vehicle (e.g. aircraft). The XB-axis is located in the plane
of symmetry and points forward. The ZB-axis is also located in the symmetry plane and points down-
wards. The YB-axis points perpendicular to both XB and ZB-axis. In the Body-fixed reference frame
the body velocities (u, v, w), rotational rates (p, q, r) and positive forces (FBX , FBY , FBZ ) and moments
(MX ,MY ,MZ) for each axis are also indicated.

Aerodynamic Reference Frame
The aerodynamic reference frame origin is the same as the Body-fixed reference frame. The Xa-axis
is in the direction of the aerodynamic velocity Va, which is defined as the velocity of the center of mass
G relative to the undisturbed air. The Za-axis is in the symmetry plane of the aircraft and the Ya-axis is
perpendicular to theXbZb plane to complete the axis system. The angles α and β are the aerodynamic
angle of attack and aerodynamic sideslip respectively and denote the orientation of the aerodynamic
reference frame with respect to the body-fixed reference frame.

Transformation Matrices
The reference frames are used to express the motion of the aircraft by differential equations, however
the derivation for the differential equation can be described separately for each respective reference
frame. To couple the motions in each reference frame and get an overall set of equations that describe
the aircraft motion through time, in one particular reference frame, a transformation between reference
frames is necessary. A transformation is expressed as a matrix, which is composed of a translation
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Figure 2.25: Body-fixed reference frame [22, 45]

from the origin of a reference frame towards a target frame. There are two transformations of relevance
for this simulation, which is the body-reference Euler frame with the Euler angles described as following
for an aircraft:

• ϕ: roll angle
• θ: pitch angle
• ψ: yaw angle

This transformation describes the transition from the orientation of an inertial reference frame to the
orientation of the body-fixed reference frame. One common matrix of this reference frame is the 3-2-1
euler-sequence, described as a rotation ψ around the Z-axis first, rotation θ around the Y -axis and at
last a rotation ϕ around the X-axis. This results in the following matrix:

[TBE ] = Cψ(ψ)Cθ(θ)Cϕ(ϕ) (2.20)

=

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

cos θ 0 sin θ
0 1 0

sin θ 0 cos θ

1 0 0
0 cosϕ sinϕ
0 − sinϕ cosϕ

 (2.21)

=

 cos θ cosψ sinψ cos θ − sin θ
sinϕ sin θ cosψ − sinψ cosϕ sinϕ sin θ sinψ + cosϕ cosψ sinϕ cos θ
sinϕ sinψ + sin θ cosϕ cosψ − sinϕ cosψ + sin θ sinψ cosϕ cosϕ cos θ

 (2.22)

The second transformation of relevance is the transformation from body-fixed reference frame to aero-
dynamic reference frame, which consist of two consecutive rotations, where first a rotation α about the
YB-axis and then a rotation β around the ZB-axis. Resulting in the following transformation matrix:

[TaB ] =

 cosβ sinβ 0
− sinβ cosβ 0

0 0 1

 cosα 0 sinα
0 1 0

−sinα 0 cosα

 (2.23)

=

 cosβ cosα sinβ cosβ sinα
− sinβ cosα cosβ − sinβ sinα

−sinα 0 cosα

 (2.24)

Several useful relations are defined to relate the aerodynamic velocity vector Va in the aerodynamic
reference frame to the aerodynamic angle of attack α and sideslip β angles. The aerodynamic velocity
vector magnitude, α and β are defined as:
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Va =
√
u2 + v2 + w2 (2.25)

α = arctan
w

u
(2.26)

β = arcsin
v

Va
(2.27)

Where u, v, w are the body velocity of the aircraft. If wind is included, the aerodynamic velocity and
body-fixed velocity need to be transformed using the transformation matrix TaB .

2.5.2. Equations of Motion
The following assumptions are made to describe the equations of motion of the aircraft [22, 34]:

• The aircraft is a rigid body and has constant mass
• The Earth is flat and non-rotating and inertial reference frame
• There is zero wind and a perfect atmosphere
• The resultant thrust lies in the symmetry plane
• The gravitational acceleration is constant

The forces acting on the aircraft consist of gravity, propulsion forces and aerodynamic forces. It is
assumed that the distributed forces can be replaced with point forces that generate moments around
the center of gravity. With the flat and non-rotating Earth assumption, the vehicle-carried normal Earth
reference frame is similar to an inertial reference frame [45].

The equation of motion for the simulation model describes a 6-Degree of Freedom (DOF) dynamic
system and are formed by the translational dynamics, rotational dynamics and the kinematics.

Translational dynamics
The translational dynamics express the change of velocity of the aircraft. The dynamics are derived
through Newton’s second law:

v̇E =
Fext

B

m
(2.28)

Where v̇E is the acceleration of the aircraft in E-frame and equal to the external forces (Fext) over the
mass (m). To transform the equation to body-fixed reference frame, the transport theorem is used:

v̇E = v̇B + ωBB/E × vB (2.29)

Where vB is the velocity of the aircraft expressed in B-frame components (
[
u v w

]
) and ωB/E is

the angular velocity of the B-frame with respect to the E-frame (
[
p q r

]
). The Fext consist of the

gravitational force onto the aircraft, aerodynamic forces and propulsion forces are need to be expressed
in the B-frame. The gravitational force is defined in the E-frame as:

FBg = [TBE ]F
E
g =

 sin θ
sinϕ cos θ
cosϕ cos θ

mg (2.30)

The aerodynamic forces are calculated through the aerodynamic coefficients obtained from the aero-
dynamic model, which is the combined aerodynamic model as explained in 2.2.2. This results in the
final expression of the aircraft’s translational dynamics:

v̇B = −ΩB/E
BvB +

FBg
m

+
FBaero
m

+
FBthrust
m

(2.31)

Where ΩBB/E is the angular velocity matrix defined as:
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ΩBB/E =

 0 −r q
r 0 −p
−q p 0

 (2.32)

After integration of the body-fixed velocity vector, it is possible to obtain the velocity in the E-frame,
through applying the transformation [TEB ], which results into the following expression:

vE = [TEB ]v
B (2.33)VNVE

VD

 = [TEB ]

uv
w

B =

VNVE
VD

 (2.34)

Integrating the Earth-fixed velocity, obtains the position of the aircraft in the E-frame, as described
below:

xE =

∫ T

0

VNVE
VD

 =

xEyE
zE

 (2.35)

Rotational Dynamics
The rotational dynamics are derived through the change in angular momentum in E-frame components,
with M as the moment acting on the aircraft.

ḢE = M (2.36)

Using the transport theorem, the change in angular momentum is derived with respect to the B-frame,
which results in the following expression:

ḢB + ωB/E ×HB = M (2.37)

The angular momentum in the body frame is described as:

HB = IBωB/E (2.38)

Where I represent the inertia matrix defined as:

I =

 Ixx −Ixy −Ixz
−Iyx Iyy −Iyz
−Izx −Izy Izz

 (2.39)

The rigid body is assumed to be constant in mass, which results in the time derivative of angular moment
in the B-frame described as:

ḢB = IBω̇B/E (2.40)

Substituting the above expressions in the angular momentum equation Equation (2.36) and rewriting
to get the change in angular rate results in the final expression:

ω̇B/E = I−1BM− I−1BΩBB/EI
BωB/E (2.41)
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With the expressions determined for the angular velocity, it is possible to determine the change in
attitude represented as the euler angles, through the euler kinematic matrix defined as following:

ϕ̇θ̇
ψ̇

 =

1 sinϕ tan θ cosϕ tan θ
0 cosϕ − sinϕ

0 sinϕ
cos θ

cosϕ
cos θ

pq
r

 (2.42)

In matrix form this equation will be written as:

θ̇B = N(θ)
B
ωBB/E (2.43)

Complete set of Equations of Motion
With all the dynamics and equations derives, the complete set of equations of motion for 6-DOF simu-
lation is shown in Equation (2.44).


ẋE

v̇B

ω̇BB/E
θ̇B

 =


[TEB ] 0

−ΩB/E
B 0

0 −I−1BΩBB/EI
B

0 N(θ)
B


[

vB

ωBB/E

]
+


0
FB

m

I−1BM
0

 (2.44)

With the complete set of states and force and moment vector defined as:

• Aircraft position: xE , yE , zE
• Aircraft (body) velocity: u, v, w
• Aircraft angular (body) rates: p, q, r
• Aircraft attitude: ϕ, θ, ψ
• Forces: FX , FY , FZ
• Moments: MX ,MY ,MZ

Writing out the matrix vector multiplications results in the following complete expressions for the aircraft
states in Earth frame for the aircraft position and body frame:

ẋE = (u cos(θ) + (v sin(ϕ) + w cos(ϕ)) sin(θ)) cos(ψ)− (v cos(ϕ)− w sin(ϕ)) sin(ψ)

˙yE = (u cos(θ) + (v sin(ϕ) + w cos(ϕ)) sin(θ)) sin(ψ) + (v cos(ϕ)− w sin(ϕ)) cos(ψ)

˙zE = −u sin(θ) + (v sin(ϕ) + w cos(ϕ)) cos(θ)

u̇ = vr − wq − g sin(θ) +
FX
m

v̇ = wp− ur + g sin(ϕ) cos(θ) +
FY
m

ẇ = uq − vp+ g cos(ϕ) cos(θ) +
FZ
m

ṗ =
Izz
I∗
MX +

Ixz
I∗
MZ +

(Ixx − Iyy + Izz)Ixz
I∗

pq +
((Iyy − Izz)Izz − I2xz)

I∗
qr

q̇ =
MY

Iyy
+

(r2 − p2)Ixz
Iyy

+
(Izz − Ixx)

Iyy
pr

ṙ =
Ixz
I∗
MX +

Ixx
I∗

MZ +
((Ixx − Iyy)Ixx + I2xz)

I∗
pq +

(−Ixx + Iyy − Izz)Ixz
I∗

qr

ϕ̇ = p+ sin(ϕ) tan(θ)q + cos(ϕ) tan(θ)r

θ̇ = cos(ϕ)q − sin(ϕ)r

ψ̇ =
sin(ϕ)

cos(θ)
q +

cos(ϕ)

cos(θ)
r

(2.45)
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With I∗ defined as following:
I∗ = Ixx ∗ Iyy − I2xx (2.46)

The forces and moments are defined as following:

FX = FBXaero
+ FBgravX + T1 + T2

FY = FBYaero + FBgravY

FZ = FBZaero
+ FBgravZ

MX =MB
Xaero

MY =MB
Yaero − (T1 + T2)Tdz

MZ =MB
Zaero

+ (T1 − T2)Tdy

(2.47)

With T1, T2 the thrust force produced by the left and right engine and Tdy, Tdz are the respective moment
arm lengths. The CG and reference position at which the aerodynamic forces act are described with
xcg and xref respectively.

2.5.3. Actuator Dynamics
The actuator model for the control surfaces are modelled as a second-order transfer function, shown
in Equation (2.48) where the values are obtained from Matamoros [64].

Hact =
ω2
act

s2 + 2ζactωacts+ ω2
act

=
4000

s2 + 140s+ 4000
(2.48)

The position and rate limit of the actuators are shown in the Table 6.4:

Inboard and outboard elevons (δL/RCS1 & δ
L/R
CS2 ) Rudder (δL/RCS3 )

min,max min, max
Position limits (u̇) [deg] -25,25 -30,30
Rate limits (u) [deg/s] -80,80 -120,120

Table 2.9: Control Surface actuator limits

The thrust is modelled as a first order lag as shown by Equation (2.49), with the maximum thrust based
on the reference value of 3.79 · 105 N based on the Trent XWB-84 engine.

Hthrust =
1

τengs+ 1
=

1

0.2s+ 1
(2.49)

2.5.4. Inner loop & Control Allocation
The inner loop INDI control law is extended with a control allocation algorithm to ensure efficient use
of control surfaces, where it is responsible for the stabilization of the angular rate. The control input by
the INDI control law is defined as following:

u = u0 +P(v − ẋ0)︸ ︷︷ ︸
∆u

(2.50)

Where:

• u is the computed control input sent to the actuators for the respective control surface to reach
the desired deflection angle

• u0 is previous control input, which is the current control surface deflection angle
• ∆u is the incremental control input command, which is formed by the INDI control method
• P is the pseudo-inverse of the control effectiveness matrix G(x) as shown in Equation (2.51)),
which contains non-dimensional aerodynamic control surface moment derivatives
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• v is the desired reference, which is the roll moment ṗr, pitch moment q̇r and yaw moment ṙr rates.
These reference inputs are generated by the outer loop

• ẋ0 is the measured state derivative, which is the roll moment ṗ, pitch moment q̇ and yaw moment
ṙ rates.

G(x) =
ρV 2Sc

2
I−1

 ClLδCS1

ClRδCS1

ClLδCS2

ClRδCS2

ClδCS3

CmL
δCS1

CmR
δCS1

CmL
δCS2

CmR
δCS2

CmδCS3

CnL
δCS1

CnR
δCS1

CnL
δCS2

CnR
δCS2

CnδCS3

 (2.51)

As observed, the control effectiveness is not squared and can not be inverted. Moreover, because
there are more control surface for generating a specific moment for the aircraft, a control allocation
algorithm is used that makes the most effective choice on which control surface is used.
The control allocation algorithm is a cascading algorithm with the first step of computing the Moore-
Penrose pseudo-inverse of the control effectiveness matrix (G(x)) computed as expressed in Equa-
tion (2.52).

P = GT (GGT )−1 (2.52)
The second step is an algorithm that makes the most effective choice on which control surface with
respect to the control input for the moment.

CA algorithm [23]
The algorithm takes actuator limits, such as actuator rate (u̇max, u̇min) and control surface limits
into account, expressed by Equation (2.53) [65].

∆umax = min(u̇max
ωact
2ζact

,umax − u)

∆umin = max(u̇min
ωact
2ζact

,umin − u)
(2.53)

The required control deflections u are calculated by Equation (2.54) and the control effectiveness
matrix is noted as B.

u = Pm∗
des (2.54)

m∗
des =

2I

ρV 2S
(v − ẋ0) (2.55)

If the demanded control deflections limits as computed by Equation (2.53) are not exceeded,
then they will be used for the control deflections.

If any control surface deflection limits are reached then the control surface deflection will be
computed as per the following three scenarios, in this order:
1. Scenario 1: If the rudder (δL/RCS3 ) has reached its limit

• The control surface will be set to either its limit or to the required yaw moment divided
by C

l
L/R
δCS3

• The column related to the control surface, and the row related to the yaw moment,
removed from the control effectiveness matrix. The desired yaw moment is removed
from the m∗

des

• The new m∗
des is calculated by subtracting the generated moment by the control sur-

face from m∗
des

2. Scenario 2: If either the outboard elevons (δL/RCS2 ) or both have reached their limits
• Find which of these two control surfaces is the most over its limit, and calculate a =
u/ulim. Scale the other control surface with a, so that direction is preserved between
these two control surfaces.

• Calculate the new m∗
des by subtracting the generated moments from m∗

des

• Remove the rows related to δL/RCS2 from the control effectiveness matrix
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3. Scenario 3: If either the inboard elevons (δL/RCS1 ) or both have reached their limits
• Find which of these two control surfaces is the most over its limit, and calculate a =
u/ulim. Scale the other control surface with a, so that direction is preserved between
these two control surfaces.

• Calculate the new m∗
des by subtracting the generated moments from m∗

des

• Remove the rows related to δL/RCS1 from the control effectiveness matrix

If one of the inboard or outboard control surfaces is at its deflection limits, the other control
surfaces will no longer be scaled to prevent the control surfaces from staying locked at their
deflection limit. Thus, the direction, the ratio between moments, is temporarily not guaranteed
until the control surface is no longer at its limit.
After this, there are four cases:

1. B has more columns than rows: in this case, the Moore-Penrose pseudo-inverse is used
to invert the B.

2. B has the same amount of rows as columns: it can be inverted normally.
3. B has fewer columns than rows: The problem is now over-determined, and the result will

not fully meet the desired moment. To minimize the error, the following pseudo-inverse is
used [66]: P = (BT

redBred)
−1BT

red

4. B is empty, meaning there are no control surfaces left to allocate. In this case, the control
allocation does not completely meet the desired moment.

With the new inverted B matrix and m∗
des, the other control surfaces can be allocated. If some

control surfaces reach their limit, the algorithm starts again, until no surfaces are over the limit,
or there are no control surfaces left to allocate.

2.5.5. Outer Loop and Flight Envelope Protection
The design and selection of outer loop control blocks with Flight Envelope Protection (FEP) was based
on the FCS proposed by Lombaerts [67] with some changes [23] for the Flying V implementation. This
resulted in an outer loop control structure with four major blocks, namely the:

1. C∗ controller block with pitch reference model for longitudinal channel control
2. A roll reference model for the roll channel control
3. Sideslip compensator for the yaw channel control
4. Linear Controller that converts the outputs of the three aforementioned control blocks into a virtual

control signal v

The Flight Envelope Protection (FEP) feature is incorporated with the C∗ control block and roll, pitch
and sideslip reference model and is discussed with the respective control blocks themselves. The
tuning of the gains in the blocks is done through a optimisation routine.

1. C∗ controller and pitch reference model
For longitudinal control, aC∗, also referred asC-star, control block was combined with a pitch reference
model. C∗ is based on the C∗ criterion [68], shown in Equation (2.56), which is a control law that mix
both pitch rate (q) and load factor (nzpilot ) at the pilot-station, where for the lower speed regimes the
pitch rate is more dominant and for the higher speed the load factor is dominant. The application of the
C∗ control law has been used in various aircraft, for example in Airbus A320 [69]. The control law was
selected to increase the familiarity that pilots have when flying with the Flying V for the first time.

C∗ =
V

g
q + nzpilot (2.56)

The C∗ control block is illustrated in Figure 2.26, receives a C∗ command from the pilot that is multiplied
by cos(θ)

cos(ϕ) to include turn compensation and lower the commanded load factor at high pitch angles [23,
67]. By subtracting the pitch rate from the command control input, a commanded load factor can be
determined. However, before this is done, it can also been observed that theC∗ control block is guarded
to not exceed a maximum or minimum Angle of attack (α) and load factor.



2.5. Aircraft Simulation Model 62

Angle of attack Protection
The angle of attack protection is implemented to ensure that the Flying V stays in its flight envelope at
all times and to prevent it from reaching the pitch-break up effect, which already start at angle of attack
above 20 degrees and the aircraft at an angle of attack higher than 34 ends up in an unrecoverable
state even with maximum control deflections. In practice, the maximal recoverable angle of attack can
be lower, as in an ideal scenario you could deflect from maximum to minimum deflection.
The maximum angle of attack (αmax) protection only becomes active for angles higher than 15 degrees,
and the minimum (αmin) for angles of attack below 0 degrees, these values are chosen to make sure
that the protection does not limit the Flying V’s manoeuvrability in normal flight. The angle of attack
protection is computed as the maximum load factor (nzαmax

) and minimum (nzαmin
) as shown in Equa-

tion (2.57). Kαmax
and Kαmin

are gain values which are tuned to satisfy the desired performance and
flying and handling quality.

nzαmax
= nz +Kαmax(αmax − α)

nzαmin
= nz +Kαmin(αmin − α)

(2.57)

Load factor Protection
The load factor is defined as the ratio of lift L over weight W , nz = L

W , the maximum load factor is
calculated using the equation of motions, resulting in the following Equation (2.58) [67]. Where CLmax

is the maximum lift coefficient at an angle of attack of 25 degrees and ∆CLmax
is set to 0.01. The

maximum nzmax is set as 2.5 and nzmin is equal to -1.

nzmax = max

(
−1,min

(
2.5, 1 +

(CLmax −∆CLmax) qS

W
cos(ϕ)− ny sin(ϕ)− cos(γ) +

T

W
sin(α) cos(ϕ)

))
(2.58)

Figure 2.26: Block diagram of the C∗ controller [23]
The computed protected load factor is used to get a θ̇command for the pitch reference model. This is
determined using a PI-control with a feedforward path, which uses the real load factor as its reference
with three gain values (Kd,Knzs ,Knz).
The pitch reference model acts as second-order filters as illustrated in Figure 2.27, with the relations
between gains and damping ratio defined as:

K1 = 2ζω

K2 =
ω

2ζ

(2.59)
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Figure 2.27: Block diagram of the pitch reference model [23]

2. Roll reference model
The roll reference model is identical to the pitch reference model, but it also has roll protection in the
reference model, as illustrated in Figure 2.28. The input is the roll rate command from the pilot, and
the reference model acts as a Rate Control Attitude Hold controller [23, 67].

Roll angle Protection
The roll angle protection is calculated through the equations of motion relations and expressed by
Equation (2.60), which limits the roll angle and roll rate. To not limit the manoeuvrability in normal flight,
the roll angle protection is only active when the roll angle is within two degrees of the limit.

ϕmax = min

(
66, arccos

(
mg cos(γ)

T sinα+ (CLmax −∆CLmax) qS

))
ϕ̇max = Kϕprotect(ϕmax − ϕ)

ϕ̇min = Kϕprotect(−ϕmax − ϕ)

(2.60)

Figure 2.28: Block diagram of the roll reference model [23]

3. Sideslip compensator
The sideslip compensator provides sideslip control and not yaw rate control, illustrated in Figure 2.29.
The vertical velocity (w) is approximated by Equation (2.61) and the use of this control law requires
sideslip angle measurements [23].

w ≈ V sin(α) (2.61)
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Figure 2.29: Block diagram of the sideslip compensator reference model [23]

4. Linear controller
The linear controller converts the outputs of the reference models and sideslip compensator to virtual
signal v. This linear controller is a PI controller with the control law Equation (2.62) obtained from [67].

vp =

(
Kϕ +

KϕI

s

)
· ϕref +Kϕ̇ · ϕ̇ref +Kϕ̈ · ϕ̈ref

vq = Kθ · θref +Kθ̇ · θ̇ref +Kθ̈ · θ̈ref
vr = Kr · rref

(2.62)

2.5.6. Tuning
The tuning of the gains in the outer loop control blocks are done through a multi-objective optimisation,
extensively described by Stougie [23]. The optimisation is performed separately for the longitudinal
and lateral design parameters, and the optimisation is done according to a scoring for the objectives:

• The MIL-STD-179A flying and handling quality requirements
• Gain and Phases Margins
• Low Order Equivalent System (LOES) fit
• Attitude bandwidth

2.5.7. Pseudo-Control Hedging
Pseudo Control Hedging (PCH) is a way to prevent actuator wind up, which can happen due to a high
deviation in commanded input signal that is drives the actuator to its saturation limits, which continu-
ously accumulates to a high error. Through PCH, the virtual control signal to the inner loop is lowered
by calculating the difference between the demanded moment and estimated moment, which then com-
putes commanded signals, which are achievable by the actuator to reach the desired control surface
deflections. This virtual control hedge is expressed by Equation (2.63) [70].

vh = G(x)(ucomm − uactual) (2.63)

For the Flying V FCS, the virtual control hedge is subtracted for the pitch and roll reference model, but
not the yaw moment.

2.5.8. Sensor Dynamics & Filtering
The sensor parameters for the FCS sensor dynamics are based on values from Grondman [70] for the
sensors of the Cessna Citation II PH-Lab laboratory aircraft with an overview of these sensor parame-
ters provided in Table 2.10. The noise and bias are modelled by white noise that’s added to the signal.
The sampling of the signals are done through zero-order hold blocks available in Matlab and integrators
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in the controllers will be replaced by discrete integrators using Tustins approximation [23] as expressed
by Equation (2.64). MATLAB automatically converts discrete signals to continuous time signals.

1

s
≈ Ts(z + 1)

2(z − 1)
(2.64)

To obtain level 1 flying qualities, these baseline sensor parameters, the time delay for the sensors
and control blocks have been adjusted for the Flying V FCS [23]. A high level overview of the sensor
dynamics are shown in Figure 2.30.

Sensor Sampling rate [Hz] Time delay [s] Noise Bias Filter time constant
p, q, r [rad/s] 50 0.1 1 · 10−9 3 · 10−5 0.05
ϕ, θ [rad] 50 0.1 1 · 10−9 4 · 10−3 0.05
V [m/s] 1/0.065 0.325 1 · 10−4 2.5 0.05
α, β [rad] 50 0.1 7.5 · 10−8 3 · 10−5 0.05
Ax.AyAz 50 0.1 1 · 10−5 2.5 · 10−3 0.05

Table 2.10: Baseline Sensor parameters [70]

Figure 2.30: Sensor dynamics model [23]

To obtain the angular accelerations, the output of the body rate filters is first filtered by a second order
filter and then differentiated through Matlab’s discrete control blocks.The instantaneous change of pitch
angle θ and change of roll angle ϕ are calculated using the gyroscopes. It is assumed that the air density
and actuator positions are known without any time delay, bias, or noise.

The inner loop control signal is also discretised as following:

uk = uk−1 +G−1(xk−1)(vk −
xk−1 − xk−2

Ts
) (2.65)

A synchronisation filter is applied to ensure that uk−1 is in sync with the angular acceleration measure-
ments, as time delays originating from for example sensors causing a time difference could degrade
the performance of the FCS. This synchronisation filter consists of the same second-order filter that
is applied to obtain the angular acceleration. The time delay was set to be 2ms higher to cope with
unaccounted time delays [23].

There is no filtering present to eliminate the noise and biases in the system and estimate the aircraft’s
signals and states.

2.6. Adaptive FCS Requirements
Based on the existing research for the Flying V FCS, it has been observed that when the control ef-
fectiveness estimations are deviated, the aircraft has a higher variance in its response and the control
surfaces exhibit oscillatory behaviour. In addition, when the aircraft is flying in a condition at which it



2.7. Conclusion 66

has not been tuned, there is a relation regarding air density and dynamic pressure, which causes the
control surfaces to exhibit oscillatory behaviour and reach its control surface deflection limits. This has
been attributed to the gain scheduling being done at an insufficient set of points.
The existing FCS has been evaluated through several handling quality criterion and tracking reference
simulations, where it was established that the augmentation through a nonlinear FCS control method
provided Level 1 flying qualities.

When looking at the development and research opportunity for the implementation of adaptive control
methods into the FCS, it can be determined that the existing INDI could be modified or replace with a
nonlinear and adaptive control method. Moreover, the FCS has not been investigated in a fault-tolerant
scenario, and thus it is unknown if the designed FCS is able to cope in a fault-tolerant scenario, which
also provides the research opportunity for an adaptive FCS.
Depending on the adaptive FCSmethod, it may not be necessary to re-evaluate the FCS as in-depth as
the previous researches, however it may be interesting to observe what level of flying quality the aircraft
can achieve when it’s under a fault-tolerant scenario, which allows the investigation on how an adaptive
FCS is able to perform in such a scenario. Moreover, several tracking experiments observed saturation
in control deflections, and these experiments can be re-enacted to observe the improvements that an
adaptive FCS can provide.

2.7. Conclusion
This chapter provided a literature review regarding the state-of-the-art research focused on the devel-
opment of the FCS for the Flying V. With the literature review conducted, some research sub-questions
can be answered:

1. What are the results and lessons from previous research on developing the FCS for the Flying
V?
(a) What is the current state of handling qualities of the Flying V?

• There have been separate assessment for the bare-airframe of the Flying V and the
augmented Flying V with an FCS or CA algorithm

• Bare-airframe: Level 1 & Level 2 with respect to its longitudinal dynamic modes. Level
3 to unstable with respect to the Dutch roll. Experimental simulations reveal unstable
behaviour and control saturation.

• Augmented airframe with FCS: Several FCS using linear control laws and different CA
schemes. Simulator experiments and offline experiments with linear flight control laws
reveal that the Dutch Roll is still stable and control surfaces saturate. The nonlinear
FCS from [23] was shown to stabilise the dynamic modes and provide Level 1 Flying
qualities.

(b) What are the latest development in aerodynamic modelling for the Flying V?
• The latest aerodynamic model for the Full-Scale Aircraft is determined by the combina-
tion of the VLM model and elements from the WTE, which is able to capture longitudinal
instability, pitch break and lateral instability, dutch roll. At the time of writing, a new
Full-Scale Flying V model has been developed for use with the FCS. The Flight Test
Experiment needs further investigation and validation against the WTE experiments,
before it can be scaled to the Full Scale model.

(c) What is the current state of the Flying V simulation model?
• The current Flying V simulation model is developed using the combined aerodynamic
model. The FCS for the Flying V is developed with the nonlinear Incremental Dynamic
Inversion (INDI) method with Flight Envelope Protection, white noise, sensor dynamics,
time delays and discretisation.

(d) What assumptions and uncertainty are present in the simulation model of the Flying V?
• The implemented aerodynamic model is estimated at a limited set of flight conditions
and developed from a combination of linear aerodynamic data for the full scale aircraft
and nonlinear data of a half-wing subscale wind tunnel experiment, which has limited
validity to investigate and observe the aircraft’s dynamics across different flight condition

• Due to the combined aerodynamic model there is an uncertainty in the aerodynamic
model and future iteration would require updates of the FCS to cope with this
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• There is no engine simulation model that provides the thrust at the various flight condi-
tion, but it is computed to achieve the necessary trim at the flight condition

• The sensors have been adjusted to conform to Level 1 flying qualities, and it is unknown
if these sensors are available in the industrial market

• The mass, weight and moment of Inertia of the aircraft remains the constant during the
simulation

• Zero wind and perfect atmosphere
(e) What are the specifications and requirements for that apply to an FCS with an adaptive

control method?
• Achieve Level 1 flying qualities
• Achieve satisfactory performance with uncertainties as good or better than the existing
simulation model

• Achieve satisfactory tracking performance with fault-tolerant scenarios
2. What evaluation metrics are suitable to assess the adaptive control method for the FCS?

(a) What are the flying & handling qualities criteria, which have been evaluated with the FCS?
• Several simulator experiments with linear FCS and offline simulations with nonlinear
FCS.

• CAP, Gibson Tracking, Gibson phase.
• Different longitudinal and lateral manoeuvres and tracking experiments were conducted.

(b) What assessment for evaluating uncertainties/delays have been performed?
• Aerodynamic uncertainty
• Influence of time delays
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Nonlinear & Adaptive Control Methods

This chapter concerns an overview of all relevant state-of-the-art nonlinear & control methods. For each
method, the description of the method and their respective state-of-the-art application. The following
research questions:

• What advancements have there been in the applications of nonlinear & adaptive methods?

1. What methods have been implemented for fault tolerant control?
2. What method is the most suitable for fulfilling the requirements for the Flying V?

3.1. Backstepping Approaches
This section concerns the backstepping-based approach, which are a class of methods based upon
Lypaunov stability theorem and has had various applications and research for nonlinear control. First,
the Backstepping (BS) will be elaborated (3.1.1), which presents the theoretical foundations of this
method with a description on the application in flight control. Secondly, a description of the Incremental
Backstepping (IBS) will be described (3.1.2), which replaces the feedback of system dynamics in the
control law by sensor measurements/estimations. At last, the adaptive schemes or frameworks applied
with (I)BS are further elaborated (3.1.3).

3.1.1. Backstepping
Backstepping (BS) control is a recursive, Lyapunov-based, nonlinear control method. The application
of the method starts with a scalar equation that is separated by the largest number of integrations from
the control input and ’step back’ towards the (physical) control input. At each step, a ’virtual’ control
law is calculated, where the state variables are considered in the design of the control method. The
’virtual’ control law is designed as per Lyapunov’s theory and stability concepts, thus guaranteeing
global asymptotic stability and tracking. The last step is where the ’real’ control law is found. Several
works of literature provide a comprehensive description of the method and its design [15, 71–73].

First theorems and definitions regarding Lyapunov stability theory are described as it forms the basis
of the BS method, and then a general procedure for recursive BS is described. To overcome the
high design effort required for applying this technique, Command Filtered Backstepping (CFBS) was
developed. At last, state-of-the-art applications in flight control are described.

Lyapunov Stability, Theory and Control Design
The description and outline of BS applications has been comprehensively gathered in [73]. For the
description of Lyapunov’s Stability, Theory and application to control design the following nonlinear
dynamic system is considered:

ẋ = f(x), x(t0) = x0 (3.1)

where x ∈ Rn is the state and f satisfies Lipschitz condition locally, which is defined as:

68
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Definition 3.1 Lipschitz condition
A function f(x, t) satisfies a Lipschitz condition on D with Lipschitz constant L if 1:

|f(x, t)− f(x,y) ≤ L|x− y| (3.2)

for all points (x, t) and (y, t) in D2

The equilibrium point x0 ∈ Rn satisfies the relation f(x0) = 0 where it can be assumed that without loss
of generality, that the system has an equilibrium point x0 = 0. The concept of stability is concerned
with the investigation and characterisation of the behaviour of dynamic systems. For control systems,
the concern of stability is regarding changing the properties of dynamic systems such that they exhibit
acceptable behaviour when perturbed from their operating point by external forces [20]. Fundamental
concepts of stability were introduced by Alexandr Lyapunov who describes the stability of a nonlinear
system around equilibrium point [14, 15] as:

Definition 3.2 Stability in the sense of Lyapunov
The equilibrium point x0 of the nonlinear system (Equation (3.1)) is:

• stable if for each ϵ > 0 and any t0 > 0, there exists a δ(ϵ, t0) > 0 such that:
|x(t0)| < δ(ϵ, t0) ⇒|x(t)| < ϵ ∈ t ≥ t0

• uniformly stable if for each ϵ > 0 and any t0 > 0, there exists a δ(ϵ) > 0 such that:
|x(t0)| < δ(ϵ) ⇒|x(t)| < ϵ ∀t ≥ t0

• unstable

Figure 3.1 illustrates the concept of stable, uniformly stable and unstable in R2

Figure 3.1: Lyapunov stability illustrated in R2. Taken from [20]

If the equilibrium point x0 = 0 is stable, the time to return to stability after it has been perturbed, can
be described as:

• asymptotically stable if it is stable, and for any t0 > 0, there exists a η(t0) > 0 such that:
|x(t0)| < η(t0) ⇒|x(t)| → 0 t→ ∞

• uniformly asymptotically stable if it is uniformly stable, and there exists an δ > 0 independent
of t such that ∀ϵ > 0 there exists a T (ϵ) > 0 such that:

|x(t0)| < δ ⇒|x(t)| < ϵ ∀t ≥ t0 + T (ϵ)

• exponentially stable If for any ϵ > 0 there exists a δ(ϵ) > 0 such that:
|x(t0)| < δ ⇒|x(t)| < ϵe−α(t−t0) ∀t > t0 ≥ 0

for some α > 0
• globally exponentially stable if exponential stability is satisfied for any initial state x(t0)
• marginally stable if it is stable (in the sense of Lyapunov) but not asymptotically stable
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To determine the stability without explicitly solving the differential equation, Lyapunov’s direct method
can be applied. The method concerns finding a suitable function V (x) with the following definition:

Definition 3.3 -
A continuously differentiable scalar function V (x) is:

• positive definitive if V (0) = 0 and V (x) > 0 for x ̸= 0
• positive semi-definitive if V (0) = 0 and V (x) ≥ 0 for x ̸= 0
• negative (semi-)definitive if −V (0) = 0 is positive (semi-) definite

The Lyapunov function can be defined as:
Definition 3.4 Lyapunov function
A continuously differentiable scalar function V (x) is said to be a Lyapunov function for the system
(Equation (3.1)), if its time derivative along the system’s trajectories is negative semi-definite:

V̇ |ẋ=f(x,t) =
∂V

∂t
+
∂V

∂x
f(x, t) ≤ 0, ∀t ≥ 0, ∀x ∈ Rn

The stability of the system around equilibrium point x0 can now be determined with the Lyapunov’s
Direct Method theorem to describe the asymptotic stability and this results in the theorem by LaSalle
and Yoshizawa [15]:

Definition 3.5 LaSalle-Yoshizawa
Let x0 = 0 be an equilibrium point and suppose that f is locally Lipschitz in x and uniformly in t. Let
V be a continuously differentiable function such that:

• γ1(x) ≤ V (x, t) ≤ γ2(x)
• V̇ |ẋ=f(x,t) = ∂V

∂t + ∂V
∂x f(x, t) ≤ −W (x) ≤ 0

∀t ≥ 0, ∀x ∈ Rn, where γ1 and γ2 are continuous positive definitive functions and where W is a
continuous function. Then all solutions of the nonlinear system satisfy:

lim
t→∞

W (x(t)) = 0

In addition, if W(x(t)) is positive definite, then the equilibrium x0 = 0 is globally uniformly asymptotically
stable

Now consider the system to be controlled:

ẋ = f(x,u), (x0, t0) = (0, 0), f(x0, t0) = 0 (3.3)

where x ∈ Rn is the system state and u ∈ R the control input. The control objective is to design a
stabilising feedback control lawα(x) for the control input such that the equilibrium point x0 = 0 is globally
asymptotically stable. To prove the stability, a function V (x) can be chosen as a Lyapunov candidate
and requires that the derivative with the stabilising feedback control law satisfies V̇ (x) ≤ −W (x), where
W (x) is a positive definite function. [71].
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This is a challenging task as a stabilising control law for the systemmay exist, but satisfying the condition
may fail because of a poor choice of V (x) and W (x). If it exists, then the corresponding system
possesses a Control Lyapunov Function (CLF), which is defined as [15, 71]:

Definition 3.6 Control Lyapunov Function
A smooth positive definite and radially unbounded function V , with V (0) = 0 and V (x) > 0 for x ̸= 0,
is called a CLF if there exists a u ∈ R that satisfies:

inf
u∈R

{
∂V

∂x
f(x, u)

}
< 0, ∀x ̸= 0

Determining an appropriate CLF can be as complex as designing the stabilising feedback law. With the
backstepping procedure these problems can be tackled where you determine V (x) and α(x) for scalar
systems. In most works of literature the following CLF is commonly applied [15, 71, 73]:

V (x) =
1

2
x2 (3.4)

Recursive backstepping
The concept of recursive backstepping is to design a controller in a recursive way and consider state
variables (xi) as ”virtual controls” and design intermediate ”virtual” control laws. Starting with the scalar
equation that is separated by the largest numbers of integrations from the control input u. In other
words, the backstepping approach determines how to stabilise the subsystem using the state and how
to make the next state stabilise the subsystem, and this process is recursively done until the final con-
trol law u is designed. Each control law is designed with Lyapunov’s theory and stability principles, thus
resulting in asymptotic stability and boundness for the cascaded subsystems.
The recursive backstepping approach, outlined by Sonneveld [15], allows for the design of a controller
applicable to a wide range of nonlinear systems in a structured, recursive manner. The following as-
sumptions are made for the application [15]:

• The nonlinear system is in strict-feedback form
• The nonlinear system is control-affine
• The nonlinear system dynamics are available and known

Starting from the state that is the ’furthest’ from the actual control input u, three steps are taken to apply
the backstepping technique:

1. Introduce a virtual control and error state, and rewrite the current state equation in terms of these
2. Choose a CLF for the system, treating it as a final stage
3. Choose a stabilising feedback term for the virtual control that makes the CLF stabilisable.

The CLF is augmented at the subsequent steps to reflect the presence of new virtual states, but the
same three stages are followed at each step. The recursive backstepping procedure is illustrated in
Figure 3.2

Consider the application of this procedure for a strict feedback nonlinear system for a tracking task:

ẋ1 = f1(x1) + g1(x1)x2

ẋ2 = f2(x1, x2) + g2(x1, x2)x3

...
ẋn = fn(x1, x2, ..., xn) + gn(x1, x2, ..., xn)u

(3.5)

where xi ∈ R, u ∈ R and gi ̸= 0. The control objective is to force output y = x1 to asymptotically track
the reference signal yr whose first n derivative are assumed to be known and bounded.
The backstepping procedure starts by defining the tracking errors as:

z1 = x1 − yr

zi = xi − αi−1, i = 2, ..., n
(3.6)
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The nonlinear system can be rewritten in terms of these new variables as:

ż1 = f1(x1) + g1(x1)x2 − ẏr

ż2 = f2(x1, x2) + g2(x1, x2)x3 − α̇1

...
żn = fn(x1, x2, ..., xn) + g2(x1, x2, ..., xn)u− α̇n−1

(3.7)

The Control Lyapunov Functions (CLFs) are selected as:

Vi = Vi−1 +
1

2
z2i , i = 1, ..., n (3.8)

and the (virtual) feedback controls as:

α1 =
1

g1
[−c1z1 − f1 + ẏr]

αi =
1

gn
[−gi−1zi−1 − cizi − fi + α̇i−1], i = 2, ..., n

u = αn

(3.9)

with gains ci > 0.
∫ẋ1 = f1(x1)+

g1(x1)x2

∫ẋ2 = f2(x1, x2)+
g2(x1, x2)x3

∫ẋn = fn(x)+
gn(x)u

α1(f1, z1, ẏr)

α2(x1, x2, yr)

u(x, yr)
yr

x1ẋ1x2ẋ2x3

+

−

z1

ẏr

α1

+

−
z2

α̇1

α2

−

+

zn z3

α̇2

α̇n−1

u

ẋ3ẋn

f1, g1

g1f2, g2
fn, gn

g2
gi−1

Figure 3.2: Recursive backstepping procedure. The green lines represent information required for control design. Adapted
from [20] and [15]

Command Filtered Backstepping
For the design of a control law with BS, it can be observed that time derivatives of the reference com-
mand yr and virtual control, α̇i must be known, however, it can be challenging to determine analytical
expressions for the derivative as they can contain part of the system dynamics and cumbersome to de-
termine. The use of command filtering as described in [74] furthers the practical application of BS, due
to the simplification of determining the command derivatives, where the raw intermediate commanded
reference signals are passed through a filter before it is used as a final reference. The benefits of using
this approach as described by [74] are:

1. Decoupling of the design of the controllers for the backstepping iterations
2. Avoiding the tedious algebra related to computing the command signal derivatives. This compu-

tation becomes especially burdensome for scalar backstepping with n > 3 or vector backstepping

Moreover, command filters can be used to incorporate magnitude and rate constraints on the control
input and intermediate states as ilustrated in Figure 3.3 & 3.4 [73–75].

Figure 3.3: First order filter while enforcing magnitude, bandwidth and rate limits constraints. Taken from [73]



3.1. Backstepping Approaches 73

Figure 3.4: Second order filter while enforcing magnitude, bandwidth and rate limits constraints. Taken from [73]

The design approach for Command-Filtered Backstepping (CFBS) is outlined in [73, 76] and is de-
scribed as the following for a second-order system in strict-feedback form:

ẋ1 = f1(x1) + g1(x1)x2

ẋ2 = f2(x1, x2) + g2(x1, x2)u

It is assumed that fi, gi and their first partial derivatives are continuous and bounded. For the system,
x1 is the output command variable. The tracking errors can be defined as:

z1 = x1 − x1,r

z2 = x1 − x2,r

The reference command and its derivative are defined as xi,r, ẋi,r and are obtained using the raw,
unfiltered commands denoted as x0i,r with the command filter. With the application of command filtering
the modified tracking errors are defined as:

z̄1 = z1 −X1

z̄2 = z2 −X2

The variables X1,X2 are an estimation of the effect that the command filter has on the tracking error.
The dynamics of these variables are defined as stable linear filters, which can be a first or second-order,
low-pass filter with unity low-frequency (DC) gain [73]:

Ẋ1 = −c1X1 + g1(x2,r − x02,r)

Ẋ2 = −c2X2 + g2(u− u0)

By design of the filter, the signal (xi,r−x0i,r) and its derivative ẋi,r is bounded and small. Therefore, as
long as gi is bounded, then Xi is bounded. The Control Lyapunov Functions (CLFs) are set up for the
modified tracking errors. Where for the first CLF the following expression and derivative are defined:

V1 =
1

2
z̄21

V̇1 = z̄1 ˙̄z1

= z̄1[f1 + g1x2 − ẋ1,r − Ẋ1]

Aswith the standard (recursive) BS procedure, the stabilising control lawmust render the time derivative
to be negative (semi-) definite:

α1 ≜ x2,r =
1

g1
[−c1z1 − f1 + ẋ1,r]

However, instead of directly applying this control law, the raw unfiltered x02,r control law is designed.
Rewriting x2 = z2 + x02,r and inserting Ẋ1 and simplifying results in the following expression:

V̇1 = [f1 + g1z2 − ẋ1,r + c1X1 + g1x
0
2,r]

A possible choice for x02,r is:

αi ≜ x02,r =
1

g1
[−c1z1 − f1 + ẋ1,r]−X2
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Inserting this choice yields:

V̇1 = z̄1[f1 + g1z2 − ẋ1,r + c1X1 + (−c1z1 − f1 + ẋ1,r)− g1X2]

= z̄1[−c1(z1 −X1) + g1(z2 −X2)]

= z̄1[−c1z̄1 + g1z̄2]

= −c1z̄21 + z̄1g1z̄2

The cross term z̄1g1z̄2 is removed in the second design step, where CLF V2 is defined as following:

V2 = V1 +
1

2
z̄22

Its time derivative should be rendered negative (semi-) definite:

V̇2 = V̇1 + z̄2 ˙̄z2

= V̇1 + z̄2[f2 + g2u− ẋ2,r − Ẋ2]

Inserting the expressions for V̇1 and Ẋ2 and simplifying results in the following time derivative:

V̇2 = −c1z̄21 + z̄1g1z̄2 + z̄2[f2 − ẋ2,r + c2X2 + g2u
0]

A possible choice for u0 is:
u =

1

g2
(−c2z2 − f2 + ẋ2,r − g1z1)

This yields:
V̇2 = −c1z̄11 − c2z̄

2
2

The derivation, properties, and proof are presented by Farrell [74] states that the compensated track-
ing errors of the command filtered backstepping approach have the same stability properties as the
standard backstepping approach.

State-of-the-art Applications
Recursive Backstepping and Command Filtered Backstepping has been applied on 2nd order nonlinear
flight control system [15, 75] and succesful application for a fixed-wing UAV [77]. These applications
will be described further in detail.
BS has been applied to develop longitudinal control for a second-order nonlinear model, as presented
in [15]. The system as set up in Equation (3.10) consists of longitudinal force (f1) and moment equation
(f2) with aerodynamic coefficients represented as third-order polynomials.

ẋ1 = x2 + f1 + g1u

ẋ2 = f2 + g2u

with states
x1 = α, x2 = q

(3.10)

To bring the system in strict-feedback form (or lower-triangular form) it was assumed that the control
surface was a pure moment generator, thus removing the contribution of the control surface in the
longitudinal force direction (g1 = 0) and to compensate for the neglected control term an integrator term
(λ =

∫ t
0
z1dt) was added in its control design. Resulting in the backstepping control law as expressed

by 3.11.

u =
1

g2
[−c2z2 − z2 − f2 + α̇1]

with
z1 = x1 − yr z2 = x2 − α1

V1(z1) =
1

2
[z21 + k1λ

2
1] V2(z1, z2) = V1 +

1

2
z22

α1 = −c1z1 − k1λ1 − f1 + ẏr, c1 > 0

(3.11)
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The numerical simulation shows that the controller can track the reference signal for different sets of
gain values. However, when the full model is used the autopilot without the integrator term (k1 = 0)
can only achieve bounded tracking, these results are shown in Figure 3.5 & 3.6.

Figure 3.5: The tracking response, pitch rate response and
control deflection with an backstepping implementation

designed with three sets of gain values for an idealized 2nd
order nonlinear system example. Taken from [15]

Figure 3.6: The tracking response, pitch rate response and
control deflection with an backstepping implementation

designed with three sets of gain values for the full 2nd order
nonlinear system example. Taken from [15]

Backstepping in the presence of uncertain nonlinearities or unknown parameters has been analysed by
[75], where nonlinear damping was used to counteract the uncertainty. The application of this nonlinear
damping term can be illustrated through a scalar system with uncertainty as shown in Figure 3.7.

+
∫

φ(·)

×

∆(t)

u x

ẋ = u+ φ(x)∆(t)

Figure 3.7: A system with ”matched” uncertainty. Taken from [71]

Where φ(x) is a known smooth nonlinearity described as x2 with∆(t) as an uncertainty that represents
an exponentially decaying function in time described as ∆(0)ekt. It can be observed that for a chosen
combination of initial conditions of x(0) and ∆(0) will escape in finite time and to overcome this, a
nonlinear damping term (s(x)) is added to the backstepping control law as shown by Equation (3.12).

u = −cx− s(x)x (3.12)

The design of s(x) is done accordingly to the CFL V (x) = 1
2x

2, yielding to the control law shown in
Equation (3.13), which can guarantee global uniform boundness of x and convergence, regardless of
how small gains κ and c are chosen [71, 75].

s(x) = κφ2(x), κ > 0

u = −cx− κφ2(x)
(3.13)

With this nonlinear damping term, a robust recursive backstepping procedure is designed and applied
to the 2nd order nonlinear system, which was previously investigated, but now with uncertainty [75] as
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expressed in Equation (3.14).

ẋ1 = x2 + f1(x1) + wT (x1)∆1(u)

ẋ2 = f2(x1) + g2(x1)u
(3.14)

Where w(x1) = g1 and ∆1(u) = u. The numerical simulation results as shown in Figure 3.8 show that
the designed robust control law is able to track the reference signal with less error compared to the
standard backstepping implementation.

Figure 3.8: Tracking response, error and commanded control input with a comparison of the standard and robust backstepping
design. Taken from [75]

The application of Command-Filtered Backstepping (CFBS) for the 2nd order nonlinear systems is
applied by van Oort [75]. With this approach, second order filters are used instead of the analytical
derivative to produce the reference (control) commands and the final control output is constrained
to show the effect of constraining the input on the filters and closed-loop response. The numerical
simulation output is shown in Figure 3.9 with no integrator term (k1 = 0), where it can be observed that
the designed control law is able to track the reference signal.

Figure 3.9: Tracking response, error and commanded control input with a comparison of the command-filtered backstepping
design. Taken from [75]

However, the control design was applied to a system with known dynamics and relatively small uncer-
tainties were considered. Thus, if these uncertainties become larger, the closed-loop performance will
degrade and possibly result in an unstable closed-loop system. Moreover, robust control design tend
to yield to a conservative control law, especially when uncertainties are large and the application of
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nonlinear damping terms or switching control functions may result in undesirable high gain control or
chattering in control signal [15, 75].

The application of CFBS applied as a robust path following control of a fixed-wing UAV [77] with the goal
to track a reference path under wind disturbance. Its performance has been validated via hardware-in-
the-loop simulations and flight tests. The CFBS is applied to generate a robust scheme for a roll com-
mand to steer the fixed-wing UAV. The hardware-in-the-loop simulations compare CFBS and traditional
BS, where it is shown that the CFBS scheme can cope with wind disturbance and follow the circular ref-
erence path. It is also shown that the roll command designed with CFBS is less noisy compared to BS,
where numerical differentiation is used to compute the derivative of the desired course angle. The flight
tests showedCFBS enables the aircraft to achieve the necessary tracking performance for roll guidance.

Figure 3.10: Error of the path tracking states: cross-track,
along-track and course angle error. Taken from [77]

Figure 3.11: Roll angle command comparison between Robust
CFB and BS. Taken from [77]

Advantages/Disadvantages
The following advantages of Backstepping can include:

Advantages

• Lyapunov-based nonlinear control method, which guarantee global asymptotic stability/tracking
• Control designer has freedom in selecting what dynamics to use in the control law design to
achieve desired properties

The following disadvantages of Backstepping can include:

Disadvantages

• The formulation of recursive backstepping is defined for a system in strict-feedback form
• Requires accurate knowledge of nonlinear system dynamics (model-based information) for con-
trol law design and parametric uncertainties can result in an unstable closed loop system

• BS requires analytical derivations, which can be solved by applying command filters
• Increased complexity when applied to high order systems with the recursive procedure, which
resolves into designing multiple loops and tuning of gains

3.1.2. Incremental Backstepping
The developments of Incremental Backstepping (IBS) has found its foundation through the application
and research developments of Incremental Nonlinear Dynamic Inversion [18, 20, 21, 78, 79]. IBS
proposes a reformulation of the recursive backstepping design that relies on feedback of sensor mea-
surements that provides estimates of the nonlinear system states and control/actuator state, and uses
this to send new control commands in increments. This is also described as incremental control.

The formulation of IBS is elaborated in [20, 21] for spacecraft control and [73, 76] for the flight control.
The design procedure follows similar steps as recursive backstepping and for the description of the
design procedure of incremental backstepping, certain steps will not be expressed in great detail.
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Considering the following cascaded second order nonlinear systems as illustrated in Figure 3.12 and
expressed by Equation (3.15).

ξ̇ = h(ξ) + k(ξ)x

ẋ = f(ξ,x) +G(ξ,x)u
(3.15)

Figure 3.12: Cascaded structure of second order nonlinear system Equation (3.15). Taken from [20]

The first state equation can represent a system’s kinematics and the second system the dynamic. The
control input u represents a control surface and G(ξ,x) represents a control input matrix.
Similar to the recursive backstepping procedure, the subsystem that’s the furthest away from the input
is considered first. The tracking error is defined for the cascaded system:

z = x− xdes = x− α(ξ) (3.16)

with α(ξ) as the virtual control law that will be designed. The second step is to construct a CLF for the
first subsystem, which can be chosen as:

V1(ξ) =
1

2
ξT ξ (3.17)

Thereafter, the virtual control law, the stabilising function, (α(ξ)) can be designed such that the deriva-
tive of the CLF (V1) is negative definite.
With the control law of the first subsystem defined, the final control law (u) can be defined. The 2nd
subsystem is written in terms of the error state:

ż = ẋ− α̇(ξ,x) = f(ξ,x) +G(ξ,x)u− α̇(ξ,x) (3.18)

The CLF for the 2nd subsystem can be defined as:

V2(ξ,x) = V1 +
1

2
zT z (3.19)

The selection of the final control law u needs to make the derivative of V2 negative definite, however
compared to recursive backstepping, the control law for u will be determined in incremental form, which
is obtained through the following steps:

Step 1: First-order Taylor series expansion
Consider the 2nd subsystem:

ẋ = f(ξ,x) +G(ξ,x)u

Taking the first-order Taylor series expansion around the current state y0 = [ξ0,x0] and input [u0] results
in the following expression:

ẋ ≈ f(y0) +G(y0)u0 +
∂

∂y
[f(y) +G(y)u]

∣∣∣∣
x=x0,u=u0

(y − y0) +
∂

∂u
[G(y)u]

∣∣∣∣
x=x0,u=u0

(u− u0) + H.O.T

(3.20)

Here H.O.T are higher order terms that are neglected for the first-order approximation of ẋ.

Step 2: Time-Scale Separation
When the sampling rate of the sensors measuring the state derivative is sufficiently high, the lineariza-
tion error is small and can be written as:

ẋ ≈ ẋ0 +A0∆y +B0∆u (3.21)
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where
∆y = y − y0, ∆u = u− u0

A0 =
∂

∂y
[f(y) +G(y)u]

∣∣∣∣
x=x0,u=u0

B0 =
∂

∂u
[G(y)u]

∣∣∣∣
x=x0,u=u0

= G(y0)

(3.22)

The variables ∆y and ∆u are expressed as the incremental state vector and incremental control input
respectively.
Assuming a sufficiently time-scale separated system, where the increment in state ∆y is much smaller
than the increment in both state derivative∆ẏ and input∆u, the former term can be neglected [20, 21].
This results in a simplified linearised expression for the 2nd subsystem:

ẋ ≈ ẋ0 +B0∆u (3.23)

Step 3: Incremental Backstepping Control Law Design
With the subsystem written in incremental form, the backstepping procedure is continued, where the
tracking error is now expressed as:

ż = ẋ− α̇(ξ,x) ≈ ẋ0 +B0∆u− α̇(ξ,x) (3.24)

The control law is now expressed in incremental form ∆u and needs to be designed to yield CLF V2
negative definite. One choice for incremental control vector is:

∆u = B−1
0 [−c2z− ẋ0 + α̇− ∂V1

∂ξ
k(ξ)] (3.25)

To obtain the total control input u, the current control input u0 needs to be added to the incremental
control input ∆u as following:

u = u0 +∆u (3.26)
A schematic overview of the incremental backstepping approach is illustrated in Figure 3.13.

Figure 3.13: Incremental Backstepping control diagram. Blue lines represent information required for control design. Taken
from [21]

For the application of incremental backstepping the following assumptions are implicitly made [20, 21]:
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1. Complete and accurate knowledge of states is available
2. Sensors to measure the acceleration ẋ with sufficiently high sampling rate need to exist and be

available
3. Sensor to measure the current control input (actuator) need to be available or estimated on the

basis of a high-fidelity model of the actuator dynamics
4. Time-scale seperation where it is assumed that the state derivatives evolve faster than the state

upon fast control action, which directly influences the dynamics of the rigid body
5. Fast control action is assumed, where the dynamics of the actuator (and control surface) evolve

much faster than the states

State-of-the-art Applications
Incremental Backstepping has various applications in spacecraft control [20, 21] for attitude and rate
control. IBS in flight control has been applied for a numerical simulation F-16 model and augmented
with command filters comparing it with conventional recursive BS [73], where the robustness against
aerodynamic uncertainties was assessed. Application on a fixed-wing unmanned aerial vehicle (UAV)
with command filtering showed robustness against model uncertainties and disturbances [76].

A study that applies IBS with the same second order nonlinear system used for the recursive backstep-
ping approach is discussed in [21]. Under nominal situations, the performance of the IBS had relatively
the same tracking performance and closed-loop response as BS. When aerodynamic uncertainties
were applied to the system’s dynamics, the conventional backstepping was not able to cope with large
uncertainties and the nominal performance is lost and/or degraded as shown in Figure 3.14. However,
IBS is able to maintain tracking performance without significant loss or degradation, as shown in Figure
3.15 [21].

Figure 3.14: Backstepping control law tracking performance
for a nonlinear system with aerodynamic uncertainties. Taken

from [21]

Figure 3.15: Incremental Backstepping control law tracking
performance for a nonlinear system with aerodynamic

uncertainties. Taken from [21]

The robustness and tuning of IBS with respect to uncertainties in its control effectiveness in terms with
and without actuator dynamics has been analysed by [80]. The study also asserts the assumption
regarding fast actuator dynamics. This analysis was done using two different simulation models, one
of which is the same nonlinear second order system used in the previous study described previously,
the other is an F-16 simulation model. The study started with the incorporation of the uncertainty
γ, without actuator dynamics, described for a strict-feedback cascaded system. IBS has robustness
against uncertainties in the plant dynamics, but it has not been assessed on whether uncertainties in
g2,0, the control effectiveness term in the IBS control law, will influence the performance of the IBS. To
investigate this, an uncertainty parameter γ is defined as:

γ =
g2,0
gu

=
g2,0

g2,0 +∆g
(3.27)

Incorporating the uncertainty into the control law results in the expression described by Equation (3.28).
When γ = 1, there are no uncertainties in the system, when γ ̸= 1 there are uncertainties in the system.
The study only considers γ > 0.



3.1. Backstepping Approaches 81

ẋ2 = γ(−gT1 z1 − c2z2 + α̇) + (1− γ)ẋ2,0 (3.28)

The inclusion of actuator dynamics is represented by the following equation:

u̇ = −τu+ τue (3.29)

where ue = u0 + ∆u and 1/τ is the time constant of the actuator. The incremental input from the
IBS control law passes through the actuator before it enters the system, and the complete closed-loop
cascaded system is described by the block diagram Figure 3.16.

Figure 3.16: Block diagram of closed-loop system including actuator dynamics. Taken from [80]

An unstable uncertainty condition was chosen and analysed using two tuning methods, γ rule, where
a compensation factor is used to stabilise the system, and actuator compensation, where the actuator
dynamics can be approximated as a first-order low pass filter and a compensator based on desired
actuator dynamics is designed with a desired time constant (1/τd).
The tracking performance of the system with actuator dynamics is shown in Figure 3.17, where it can
be established that IBS has an oscillatory response in the presence of unstable uncertainty, but with
the tuning methods the system’s performance can be recovered. This analysis has been repeated for
the F-16 simulation model, where IBS also suffered from performance degradation and both tuning
methods recover the tracking performance.
The study showed how IBS performs in the presence of control effectiveness uncertainties and devel-
oped two tuning methods, which could be applied to recover the system’s performance. Moreover, it
was concluded that the tuning methods could be extended to Fault Tolerant Control (FTC), because it
can potentially cope with larger model uncertainties caused by faults [80].

Figure 3.17: System tracking performance in the presence of unstable uncertainty (Left) with γ tuning. (Right) with actuator
compensation. Taken from [80]

The design of an FTC system has been proposed by [81], where an Active Fault-Tolerant Control
System (AFTCS) was developed consisting of a sensor Fault Detection and Diagnosis (FDD) system
and a controller designed with IBS. The developed system is able to cope with Intertial Measurement
Unit (IMU) sensor and Air Data Sensors (ADS) faults, actuator faults and process faults. The FDD
system uses two variants of Extended Kalman Filters (EKF) to detect and diagnose IMU and ADS
faults, but also estimate filtered state for the controllers. The FTC system is designed with an IBS
control law to cope with actuator and process faults and receives the information from the FDD system.
In addition, second-order command filters are implemented with position limits for the control surface
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actuators. The complete overview of the AFTCS applied to a Cessna Citation II aircraft simulation
model is shown in Figure 3.18.

Figure 3.18: AFTCS block diagram. Taken from [81]

The simulation of the system was first performed without IMU FDD system with only IMU faults, there-
after it was examined with FDD and various fault scenarios. The first analysis showed the performance
of IBS degraded in the presence of IMU sensor, where the sideslip showed oscillations and non-zero
even when there are no manoeuvres. If the fault magnitude increased, a larger influence would dis-
play, and this showed that the IBS would maintain satisfactory performance only when an IMU FDD is
implemented. The second analysis first showed that the AFTCS is able to work well when there are no
faults, indicating that there are no false alarms. After that, the AFTCS was tested in the presence of
sensor faults for the IMU and ADS first and the actuator fails consecutively where after t > 70s all the
actuators fail. The results of the simulation are shown in Figure 3.19, where it can be observed that
the system has consecutive faults, but still can estimate the aircraft state and cope with the actuator
faults to provide satisfactory performance. One aspect that has not been taken into account is the time
delays due to the FDD system, which may affect the performance of the controller.

(a) Command for aircraft attitude and their estimated state under
faults

(b) Control surface deflections and their limits in the presence of
faults

Figure 3.19: Simulation results of the AFTCS in the presence of sensor and actuator faults. Taken from [81]

Command Filtered IBS (CFIBS) has been applied for a fixed-wing UAV in [76]. The IBS control laws
were designed for aerodynamic attitude and trajectory control, where first numerical simulations ex-
periments were conducted to analyse the robustness of the designed IBS control law in the presence
of control effectiveness uncertainties, where it was found that the IBS was able to maintain its track-
ing performance. Thereafter, multiple flight tests were conducted and verified IBS application in real
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world flight with parameter uncertainties, delayed measurements and turbulence disturbances. It was
shown that the designed system with IBS could accurately track a reference signal while requiring little
knowledge of the model parameters.

IBS has also been demonstrated by real-world flight tests on a Cessna Citation II aircraft with angular
accelerometer (AA) feedback in [82]. Previous studies used estimations of angular accelerations for the
feedback into the IBS control law, however using AA sensors it is expected that the performance of the
controller improves due to lower sensor delay. Under nominal manoeuvres, the IBS controller provided
satisfactory performance without AA feedback and with AA feedback the improvement was negligible.
Through simulation studies, it was determined that AA does substantially increase the robustness in
the presence of model mismatch and improved the fault tolerance.

IBS was reformulated and combined with Sliding Mode Control (SMC) in [18]. SMC is a nonlinear
control method where the system’s dynamics is brought and controlled along a sliding surface which
constrains and stabilises the system while also providing robustness against uncertainties. The re-
search resulted in the development of an Incremental Backstepping Sliding Mode Control (IBSMC)
framework, where numerical simulations verified that it has better robustness than backstepping in the
presence of model uncertainties, sudden actuator faults and structural damages.

Advantages/Disadvantages
The following advantages of Incremental Backstepping are described as:

Advantages

• Asymptotic Stability properties of BS
• Less model knowledge required compared to BS
• Better robustness in the presence of uncertainties compared to BS
• Numerical simulations verify that it is able to maintain performance in fault scenarios
• Real world applications with IBS have proven satisfactory results

The following disadvantages of Incremental Backstepping are described as:

Disadvantages

• Time delays can degrade performance and sensors need to provide accurate measurements
• Large uncertainties or model mismatches in the control effectiveness can introduce degraded
performance

• Design and tuning for higher order system still involves the complexity of multiple loops

3.1.3. Adaptive Schemes for (Incremental) Backstepping Control
This section concerns the discussions of adaptive schemes used for BS and IBS. As established in
the previous sections, BS and IBS can degrade in performance in the presence of uncertainties. Thus,
adaptive schemes with BS and IBS, allow for a more sophisticated way to deal with these large uncer-
tainties, whereby the model parameters of the system are estimated and adapted during flight. More-
over, it allows for control design that is able to reconfigure and adapt when faults appear with the aircraft
and reduce the efforts required by the pilot to maintain safe operation [15, 73, 75]. Due to the extensive
range of theory, the results, and findings of the applied techniques are primarily elaborated.

Adaptive Backstepping
Adaptive backstepping (ABS) has been extensively research and applied in [15], where Constrained
Adaptive Backstepping (CABS), Inverse Optimal Adaptive Backstepping and Immersion and Invari-
ance (I&I) Adaptive Backstepping were examined and three Adaptive flight control frameworks were
designed:

1. Integrated ABS
2. Modular ABS with Least Squares (LS)
3. ABS with Immersion and Invariance (I & I)
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These frameworks were applied on an F-16 simulation model with fault scenarios such as sudden ac-
tuator faults and large aerodynamic uncertainties.
It was shown that the standard adaptive approach with tuning functions, which involved dynamic param-
eter laws driven by tracking errors. The control law design with ABS involved tuning functions where
the system’s dynamics were parameterised with regressor functions involving the real system parame-
ters and the CLF was augmented with the parameter estimation error and updated accordingly through
a designed adaptation gain. The virtual control laws were also selected to satisfy CLF and therefore
a Lyapunov-based adaptation law is developed. However, the design of the tuning based functions
involved tedious calculation of analytical functions, determining update gains and is sensitive to input
saturation. Large tracking errors could cause unlearning of the approximated parameters in the design
of the control laws, and thus convergence to the true parameters is not guaranteed.
CABS involves the use of command filters and enforces input or state constraints, to overcome these
shortcomings. Inverse Optimal ABS involves the use of a cost functional that simplifies tuning and
design of CABS, but due to the complexity of this approach it wasn’t deemed suitable for further appli-
cation.
CABS is implemented for an integrated ABS framework, as shown in Figure 3.20 and has been com-
pared to a traditional modular ABS with Least Squares (LS) parameter estimation, shown in Figure 3.21.
The difference is that modular ABS uses the states instead of the tracking error for the parameter up-
date and decouples the identifier from the controller.

Figure 3.20: Integrated Adaptive Backstepping control framework. Taken from [15]

Figure 3.21: Modular Adaptive Backstepping control framework. Taken from [15]
The research study applied the ABS frameworks and evaluated with an F-16 simulation model. The
aerodynamic model is partitioned and identified with a B-spline network to allow for linear in the parame-
ter localised partitions with smooth transitions, and new parameter estimates are continuously adapted
with the B-spline network. A Stability and Control Augmentation (SCAS) system has been designed,
which satisfies the handling qualities requirements across the entire flight envelope of the model. Nu-
merical simulation is performed where several types of sudden changes in dynamic behaviour are
observed. The results of this simulation showed that the modular adaptive design provided the best
estimates of aerodynamic coefficients, tuning required less effort, but nonlinear damping gains need
to be tuned with care to avoid high gain feedback signals. The modular ABS also had a higher com-
putational load due to the requirement of higher dynamical order (more states) compared to integrated
ABS identifier, which uses the tracking errors. The study also develops a nonlinear estimator, which
combines the CABS to form a modular adaptive control scheme, as illustrated in Figure 3.22. This is
referred to as the immersion and Invariance control framework.
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Figure 3.22: Immersion & Invariance Adaptive Backstepping control framework. Taken from [15]
The numerical simulations using this framework demonstrate a higher level of tracking performance
with stronger provable stability and convergence properties, while also achieving modularity in its de-
sign. However, the estimator employs overparametrization, which results in higher computational load,
while also increasing design complexity.
Adaptive ABS as presented in [75], applied the integrated and modular ABS frameworks to achieve
desired performance characteristics over the whole flight envelope and maintain that in the presence
of faults and failures. The developed control was verified with numerical simulations and in the pres-
ence of faults and failures the system provided stability, enhanced performance and survivability of the
aircraft in post-failure conditions.

The importance of reference signals for these adaptive methods should also be highlighted, where it
should be persistently exciting to guarantee that the parameter estimators converge to the true values.

Adaptive Incremental Backstepping
ABS update the parameters of the system dynamics used in the design of the BS control law. Adaptive
schemes with IBS require less model information in its design, where only the control effectiveness
is modelled and adapted with parameter estimation. The first notable development and application of
adaptive IBS has been developed in [73], where IBS with Command-Filtering was designed and evalu-
ated with three parameter estimators methods: Tuning Functions (TF), Recursive Least-Squares (RLS)
and Immersion & Invariance (I&I) for a numerical simulation model of an F-16 aircraft. Compared to
modular ABS with RLS, there are no nonlinear damping terms included.
With the reduction of model-based information, the design of the control laws and parameter update
laws were significantly simplified compared to ABS. The robustness of the designed adaptive con-
trollers were evaluated and compared to non-adaptive BS and IBS through introducing uncertainties
in the aerodynamic damping coefficients and introducing a time-varying magnitude uncertainty in the
control effectiveness parameter used in the IBS control law.
It was shown that IBS has better robustness against uncertainties compared to BS, but with the time
varying control effectiveness parameter, it has not been able to provide satisfactory tracking perfor-
mance. The three designed adaptive controllers were all able to provide satisfactory performance as
shown in Figure 3.23. The accuracy of the parameter estimation using a constant function approximate,
where the control effectiveness is a constant value over time, is shown in 3.24.

Figure 3.23: Tracking performance of adaptive IBS with three different parameter estimation methods. Taken from [73]
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Figure 3.24: Parameter estimation results. Taken from [73]
The RLS estimator had very low design complexity and from visual inspection the accuracy of the
parameter estimation seem closer, but the closed-loop stability in case of uncertainties could not be
proven and converging to the true values is essential. The design of the I&I estimator was the high-
est, but compared to the Tuning-Functions, its analytical expressions can be easily derived and the
dynamics of the estimator error simplified the tuning process of the controller compared to TF and RLS.
Moreover, it was determined in all simulations the reference signal could be improved for obtaining
richer information that would converge to the true parameter.

IBS has been combined with a Gaussian Process (GP) online identification framework in [83]. GP con-
siders the parameter estimation as a statistical problem, where the uncertainty of a system is distributed
over functions that follow a Gaussian distribution. The framework updates the control effectiveness esti-
mates, but also incorporating the functional relationship between the inner and outer control loop. Thus
resulting in an indirect adaptation for the control effectiveness in the IBS control law. The framework has
been simulated with a nonlinear model of the Boeing 747 in failure scenarios and loss of effectiveness,
but also when unmodeled first or second order actuator dynamics appear due to failure. The numerical
simulation was compared to IBS and adaptive IBS with TF and RLS. In the failure scenario, it was de-
termined that GP parameter estimation was similar to RLS and online GP showed satisfactory tracking
performance. In the latter two scenarios RLS worked well, but GP’s superior adaptation resulted in the
best tracking response as it “switched off” the harmful interaction of the failed and non-failed elevator.
Thus showcasing its capabilities as an adaptation algorithm for IBS.

3.2. Dynamic Inversion Approaches
This section discusses the nonlinear and adaptive control approaches, based upon the principle of dy-
namic inversion. First the conventional nonlinear dynamic inversion approach is discussed (3.2.1) with
thereafter an explanation of the incremental dynamic inversion approach (3.2.2). At last, the adaptive
schemes used for NDI and INDI are elaborated (3.2.3).

3.2.1. Nonlinear Dynamic Inversion
Nonlinear Dynamic Inversion (NDI) is a nonlinear control method that aims to linearize a nonlinear
system through the cancellation of nonlinear system dynamics via state feedback, also referred to as
Feedback Linearization [14]. For the application of NDI, the following conditions need to be fulfilled:

• Number of inputs and outputs are the same
• The system is affine in input
• Full knowledge of the system model and states

The derivations of the NDI are elaborated in detail in [14, 18]. A multi-input and output (MIMO) system
with a n×m control input matrix G(x) and is defined as follows:

ẋ = f(x) +G(x)u (3.30)
y = h(x) (3.31)

The control input is defined as following:

u = A−1(x)[v(x)− b(x)] (3.32)
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Whereby, A(x) and b(x), as shown in Equation (3.34), are constructed by determining the input-output
relationship using Lie-derivatives, which is defined as following:

Definition 3.7 Lie derivative
Let h : Rn → R be a smooth scalar function and f : Rn → Rn be a smooth vector field on R⋉, then
the Lie derivative of h with respect to f is a scalar function defined by Lfh = (∇h)f .

The application of Lie derivative can be defined recursively as following:

L0
fh = h

Lifh = Lif (L
i−1
f h) = ∇(Li−1

f h)f , for i = 1, 2, 3, ...
(3.33)

The virtual tracking input (v(x)), represents the desired state derivative and can be generated by a
linear control law and the tracking error dynamics. This linear control law can be designed and tuned
to desired handling qualities.
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(3.34c)

A block diagram of the NDI control law is shown in Figure 3.25

On-board model

A−1(x)
Nonlinear system

ẋ = f(x, u)

∫

b(x)

h(x)
ν u ẋ x y

u = A−1(x)[ν − b(x)]

+

−

Figure 3.25: Block diagram of Nonlinear Dynamic Version. A(x), b(x) contain nonlinear dynamics of the system [14]

State-of-the-art Applications
NDI control has seen extensive research [84], descried as model-based NDI, and has most notably
been implemented in the Lockheed F-35 Lightning II [16, 17]. Advantages of the applications concern
the absence of any need in gain scheduling over the flight envelope and decoupling between input-
output relations, resulting in an inner loop that linearizes the aircraft dynamics and an outer loop that
can be designed to achieve desired flying qualities [18, 85].
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Figure 3.26: NDI timeline and applications. Taken from [84]

The NDI control architecture for the F-35 is designed with augmented control loops where the aircraft
dynamics dependent portions (A(x),b(x)) are incorporated in the On-Board Model (OBM) and the Ef-
fector Blender (EB) respectively. The requirement of the additional augmentation control is due to the
precise knowledge of the aerodynamics model and perfect sensor and actuators. Moreover, it is diffi-
cult to accurately model high-order nonlinear effects due to airframe, mass properties and propulsion
characteristics of the aircraft. Therefore, NDI control does not completely cancel out the aircraft dynam-
ics and this results in mismatches leading to adverse closed-loop dynamics effects, which degrade the
performance and flying qualities of the aircraft.
For the development of the control architecture, the OBM is developed in a sophisticated manner,
where 3 million data points were gathered using wind tunnel test data, that would maximize NDI control
performance throughout the whole flight envelope. The EB is an iterative solver, which determines the
optimal control surface commands taking control surface rate and position limits into account. Special
augmentation and control algorithms were designed, which used the error signal between measured
angular acceleration from the sensor and estimated angular acceleration from amathematical model as
feedback variable to compensate for modelling errors and challenges encountered in the effectiveness
of an NDI-only control law. The outer linear control loop consist of pilot inputs, which are translated
to desired aircraft movements and compared against the aircraft state. This is then inserted into the
regulator, which are designed according to desired flying handling qualities. A complete overview of
the implemented control architecture is shown in Figure 3.27.

Figure 3.27: NDI control architecture including additional augmentation control for F-35. Taken from [84]

Themain drawback of NDI is the required accurate knowledge of the nonlinear system dynamics, which
is very difficult to meet in reality due to model simplifications, computational errors, external distur-
bances, sensor noise, failures. Robust control techniques have been applied in the outer loop control
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to overcome this main drawback, but the resulting control laws result in closed-loop systems can be
marginally or overly conservative in performance and stability robustness [18, 85]. Thus, recent state-
of-the-art applications focus on adaptive (I)NDI or Incremental NDI.

Advantages/Disadvantages
The following advantages of Nonlinear Dynamic Inversion are described as:

Advantages

• Design procedure easily applicable to MIMO systems
• Simple inner and outer loop structure, where the inner loop is responsible for linearization (sta-
bilisation) and outer loop can be designed and tuned with various types of controllers, such as
linear control methods

• Extensive research history with real-world implementation

The following disadvantages of Incremental Backstepping are described as:

Disadvantages

• Closed-loop stability is not ensured
• Requires accurate model knowledge throughout the flight envelope
• Inversion is not always achieved or possible
• Uncertainties can significantly degrade flying qualities and performance

3.2.2. Incremental Nonlinear Dynamic Inversion
One disadvantage of NDI is that a complete system model is required for designing the control system,
to overcome this drawback INDI uses control effectiveness and sensor estimates for its control law
design, thus requiring less model knowledge and replacing the system dynamics, by sensor estimates
[18, 24, 27]. For this approach the control input can be derived for an even more general system:

ẋ = f(x,u) (3.35)

Taking the Taylor series expansion, the system can be linearized at the current time point (x0, u0):

ẋ ≈ f(x0, u0) +
∂f(x, u)

∂x
|x=x0,u=u0(x− x0) +

∂f(x, u)

∂u
|x=x0,u=u0(u− u0) (3.36a)

≈ ẋ0 + F ((x0, u0))(x− x0) +G(x0, u0)(u− u0) (3.36b)
≈ ẋ0 + F ((x0, u0))∆x+G(x0, u0)∆u (3.36c)

Using the time-scale separation principle, the linearisation can be simplified and from which the control
input can be derived:

ẋ ≈ ẋ0 +G(x0, u0)∆u (3.37)
∆u = G−1(x0, u0)(v − ẋ0) (3.38)

Whereby G(x0, u0) is the control effectiveness matrix.
For the application of incremental INDI the following assumptions are implicitly made [20, 21, 24]:

1. Complete and accurate knowledge of states is available
2. Sensors to measure the acceleration ẋ with sufficiently high sampling rate need to exist and be

available
3. Sensor to measure the current control input (actuator) need to be available or estimated on the

basis of a high-fidelity model of the actuator dynamics
4. Time-scale seperation where it is assumed that the state derivatives evolve faster than the state

upon fast control action, which directly influences the dynamics of the rigid body
5. Fast control action is assumed, where the dynamics of the actuator (and control surface) evolve

much faster than the states
6. Control effectiveness matrix is invertible

A block diagram of the INDI control law is shown in Figure 3.28.
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ẋ0

+

−

+

+

Figure 3.28: Block diagram of Nonlinear Dynamic Version. G(x0, u0) contain nonlinear dynamics of the system [18, 19]

State-of-the-art Applications
Early conceptualisation of INDI is referred to as ”simplified” or ”modified”- NDI, with one of the first
applications being on a VAAC Harrier aicraft [86], as shown in the timeline of NDI-based approaches
in Figure 3.26. INDI has then seen multiple space and flight control applications [21, 24, 25, 70, 76, 87,
88].

One of the first notable applications was for applied in [27] for attitude control of a drone, which proved
INDI’s capabilities in real-world scenarios under the presences of disturbances, sensor noise, actuator
dynamics. However, drones are smaller vehicles whose sensitivities and dynamics are at different
scales compared to a real-world aircraft. Thus, the application of INDI on a commercial aircraft was first
explored in [24], where it was implemented as attitiude controller with a simulation model of the Cessna
Citation II. Two controllers were designed, one of which is a continuous-time INDI implementation and
discrete-time INDI implementation to simulate the effect of real-time delays. Moreover, Psuedo Control
Hedging (PCH) was implemented to alleviate performance degradation issues due to control saturation.
A schematic of the controller architecture is shown in Figure 3.29. Analytical results showed themargins
of closed-loop stability as measurement sampling time delay and control effectiveness uncertainties.
Real-world phenomena were also analysed, through adding random noise, bias, model mismatches,
discretization, and time delays with numerical simulation. These results provided further insights on
the improvements for INDI.

Figure 3.29: Attitude control architecture with INDI in the inner loop and a linear controller in the outer loop. Taken from [24]

INDI has been demonstrated for fault-tolerant control in the presence of actuator faults in [88] for tra-
jectory control of the Cessna Citation II where it obtained comparable performance when there are no
faults or model uncertainties. Although, slight differences were still observed and showed some perfor-
mance degradation where there is still deviation from the desired reference inputs. However, control
authority was still present as INDI would compensate for the actuator faults. INDI was implemented
on a fixed-wing aircraft was shown with an UAV [76] and further validating its real world applicability
through repeated flight tests.

The robustness and stability in the presence of external disturbances with INDI were studied in [18],
where a reformulation of INDI was described such that it can be applied without the time-scale sep-
aration assumption and its improved robustness was verified compared to NDI. Moreover, similar to
IBS it was combined with SMC to result in a newer and robust control variant. The stability and robust-
ness properties of INDI when regular, which singular perturbations such as transportation lags, elastic
airframe effects or other types of unknown or unmodeled dynamics were investigated in [26]. It was
recommended that the use of additional model information as a form of complementary augmentation
can further improve the design and application of INDI. Further research presented in [89] presented
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an analysis of discrete-time domain analysis of INDI with SMC for fault-tolerant flight control, where
the stability and robustness against faults such as actuator faults, control reversal, sensing errors are
demonstrated.
A new approach of INDI, namely Hybrid INDI, was developed in [25], where it was augmented with
a complementary filter that supplies angular acceleration estimation based on sensor measurement
and on-board model output. The application was verified by designing an attitude controller for the
F-16 aircraft simulation model as shown in Figure 3.30. Simulations with aerodynamic uncertainties
(in magnitude) and measurement delays showed the improved capabilities of Hybrid INDI compared
to INDI, but the limitations in noise filtering capabilities were encountered where a trade-off between
noise filtering and response time has to be made to obtain good performance.

Figure 3.30: Block diagram of attitude control with Hybrid INDI. Taken from [25]

Advantages/Disadvantages
The following advantages of Nonlinear Dynamic Inversion are described as:

Advantages

• Design procedure easily applicable to MIMO systems
• Simple inner and outer loop structure, where the inner loop is responsible for linearization (sta-
bilisation) and outer loop can be designed and tuned with various types of controllers, such as
linear control methods

• Less model knowledge required compared to NDI
• Better robustness against uncertainties compared to NDI

The following disadvantages of Incremental Backstepping are described as:

Disadvantages

• Closed-loop stability is not ensured
• Inversion is not always achieved or possible
• Uncertainties can significantly degrade flying qualities and performance
• Measurement time delays can have significant impact on performance

3.2.3. Adaptive (Incremental) Nonlinear Dynamic Inversion
This section concerns the discussions of adaptive schemes used for NDI and INDI. As previously es-
tablished in the presence of uncertainties, NDI and INDI can degrade in performance in the presence of
uncertainties and the uncertainty can be incorporated into the control design to improve the robustness
of these techniques. However, when these uncertainties are large the performance can significantly
degrade, where unknown parameters can disturb the stability of the system. Thus, adaptive schemes
applied on NDI and INDI allows for a more sophisticated way to deal with these large uncertainties and
the model parameters of the system are estimated and adapted during flight. Due to the extensive
range of theory, the results, and findings of the applied techniques are primarily elaborated.

Adaptive NDI
Early explorations of Adaptive NDI concerned combinations with black box approaches such as neural
networks or Model Reference Adaptive Control (MRAC), where either a black-box or gray box reference
models are created of the aircraft dynamics. Notable advancement of ANDI has been extensively
researched in [85], where it was applied for the purpose to design a fault tolerance flight control system
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(FTFC). The aerodynamic model is set up with a first order Taylor Series expansion with respect to the
aircraft states, and these model parameters will be adapted online using RLS in the inner loop. The
inner loop stabilises the body angular rates, and new estimates were provided in the second and third
outer loop for aerodynamic angle tracking. This adaptive control law was tested through numerical
simulations with a B747 model and tested with pilot in the loop simulations. Moreover, an Adaptive
Recursive Orthogonal Least Squares (AROLS) was applied to (re-)identify the aerodynamic model.
The adaptation is implemented in the inner loop for NDI rate control as shown in Figure 3.31, here
the Two-Step Method (TSM) is applied where the aircraft state is measured and estimated with IEKF
and then an Aerodynamic Model Identification (AMI) is performed, where the aerodynamic coefficients
in the NDI control law are estimated and updated with RLS. The second outer loop and third outer
loop, as shown in Figure 3.32, has a Local Gradient Determination (LGD), where the force coefficient
derivatives are computed on-line, eventually resolving to aircraft roll angle and aerodynamic angle
virtual control inputs for the inner rate control loop. The LC, represent the linear controllers, which are
proportional and integral control gains to be tuned using a Multi-Objective Parameter Synthesis, that
takes various constraints, such as overshoot, control activity into account. In addition, Psuedo Control
Hedging (PCH) and Control Allocation (CA) were implemented to round off the complete FTFC.

Figure 3.31: NDI rate control loop. Taken from [85]

Figure 3.32: NDI autpilot with bottom block diagram being the third NDI loop for navigitional tracking and the second loop for
zero sideslip roll and angle of attack control. Taken from [85]

The designed control system has been evaluated through piloted simulations in fault scenarios such
as stabilizer runaway, rudder loss and engine separation. The experiment resulted that the controller
is successful in recovering the ability to control the damaged aircraft and reduces physical workload
as FTFC compensates, providing cooperative effort with the pilot for safe and operable flight. This
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resulted in valuable insight and improvement on the real-world application of ANDI.
Recent application of ANDI concerned the use of a Recursive tensor-product (TP) simplex B-splines
aerodynamic model in [29] with NDI as shown in Figure 3.33. The approach was compared to standard
Multivariable Simplex B-spline model structure, where it yielded a comparative approximation accuracy,
while requiring less model parameters.

Figure 3.33: ANDI with recursive spline method. Taken from [29]

Adaptive INDI
INDI has seen various successful real world applications, and adaptive INDI has made continuous
advancements in the applications for drones [27], Vertical Take-off and Landing (VTOL) drones [90]
and various adaptive IDNI approaches for consistent handling qualities have been applied with an F-
16 simulation model in [91].
The first real-world application presented in [27] used the Least Mean Squares (LMS) adaptive filter to
update the parameter estimation of the drone’s actuator effectiveness used in the INDI control law for
angular acceleration. The LMS adaptive filter calculates the difference between expected acceleration
based upon the inputs andmeasured acceleration, whereGmodels the control effectiveness and µ1, µ2

are adaptation constants that adjust the rate of adaptation. A block scheme of the INDI control scheme
is shown in Figure 3.34.

G(k) = G(k − 1)− µ2

(
G(k − 1)

[
∆ωf
∆ω̇f

]
−∆Ω̇f

)[
∆ωf
∆ω̇f

]T
µ1

G =
[
G1 G2

] (3.39)

Figure 3.34: INDI control scheme, where A(z) is the actuator dynamics and H(z) is the second order filter. Taken from [27]

An attitude outer loop control is responsible for steering the drone. Several experiments were per-
formed to analyse the performance, disturbance rejection and adaptation of the adaptive INDI con-
troller. From these experiments, it was observed that when the drone’s configuration was changed a
mismatch occurred in the control effectiveness and that without adaptation the drone’s performance
would degrade, whereas with adaptation the drone was able to maintain its tracking performance.
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Figure 3.35: INDI CE underestimation results in slow response
[27]

Figure 3.36: INDI CE overestimation results in oscillatory
response [27]

Adaptive INDI has been combined with multivariate B-splines for the application of a VTOL drone,
which can adapt the controller effectively and store previous adaptations with a multivariate B-spline
during real-time flights [90]. The selection for B-splines were made on its applicability in creating a
smooth global model, which is able to retain and store its estimation, but also allow for local updates
during adaptation. Moreover, it is able to flexibly model non-linear dynamics over the flight envelope.
The block diagram of the INDI control loop is shown in Figure 3.37. The adaptation rule used in the
research is a Kernel Based - Recursive Least Squares (KB-RLS), which only differs in initialization from
standard RLS as it takes the null space of the smoothness matrix, which consists of constraints on the
global spline model to preserve continuity, for the multivariate B-spline model into account.

Figure 3.37: Spline based adaptive INDI block diagram. [90]

The resulting research findings showed the capabilities of adaptive INDI with a parametric model such
as multivariate B-spline for storing andmodelling the control effectiveness throughout its flight envelope.

The research towards various adaptive INDI schemes for consistent handling qualities in [91] analysed
whether online correction of on-board control effectiveness would decrease sensitivity of handling qual-
ities and control performance. The research specifically focused on the application of adaptive INDI
for pitch rate dynamics with adaptation using the Least Mean Squares (LMS) parameter estimation
method and the sensitivity of the handling quality would be assesed for several flight conditions, CG
position, inertia changes, aerodynamic mismatches and elevator effectiveness deviations from ±15%
of the nominal value. The results revealed that it was able to decrease the handling quality variations,
but in the presence of large CG shifts the time-scale separation assumption was impaired. Conse-
quently, the true estimation of the control effectiveness was not obtained with the implemented method.
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In [92] an adaptive INDI-SMC control architecture, as shown in Figure 3.38 was proposed with the goal
for fault-tolerant flight control. Several fault scenarios were introduced, such as actuator faults, control
reversal, sensing imperfections, and it was shown through numerical simulation that A-INDI-SMC was
able to actively resist and adapt to the fault scenarios.

Figure 3.38: A-INDI-SMC block diagram [92]

3.3. Control Method Selection and Motivation
This section elaborates on the selection of control method to be used, where advantages and disadvan-
tages were elaborated for the respective methods and a motivation is made for the selected method.

State-of-the art applications with Backstepping (BS) and Nonlinear Dynamic Inversion (NDI) have
shown various capabilities when nonlinear control methods are used instead of traditional classical
control techniques. BS has the advantage that due to its Lyapunov based design approaches, asymp-
totic stability can be ensured. Moreover, BS also allows control designers to select which dynamics to
include into the control law design, but due to its recursive and strict-feedback requirement its practical
applications have been limited. Whereas NDI has shown real-world application with its relatively sim-
ple design procedure, where tuning is primarily necessary in its outer control loop, whereas BS has to
be tuned and selected such that its CLF is satisfied. Both of these nonlinear control methods require
accurate model knowledge, which in the case of the Flying V isn’t certain.
This leads to favouring the incremental control version of these respective methods, Incremental Back-
stepping and Incremental Nonlinear Dynamic Inversion, where they both show greater robustness
against uncertainties. Both of these methods have seen various real-world applications and verified
its capabilities for fault-tolerant flight control system design. Incremental Backstepping, while more
simplified, is still a complex design procedure compared to INDI. Moreover, both of these methods still
degrade in performance when large uncertainties are encountered.

Adaptive schemes for (I)BS (I)NDI, where for adaptive BS various frameworks have been developed
with differing success, these developed framework show verified results in the design of fault-tolerant
flight control systems. Adaptive IBS has seen real world applications, where its Lyapunov based stabil-
ity properties allow for asymptotic control stability, whereas adaptive INDI’s stability hasn’t been proved
yet. However, the simplification of (I)NDI control design compared to adaptive (I)BS and recent appli-
cations have shown its capabilities to store and adapt control effectiveness parameters throughout its
flight envelope deem it to be more suitable for application. Various applications of adaptive BS and ABS
show its significant effort required where multiple control loops and gains have to be tuned, whereas for
adaptive NDI and INDI, the tuning primarily concerns linear controller in the outer loop control, which
could result in less effort required for the implementation in the Flying V FCS. Thus, an overall prefer-
ence can be made for adaptive NDI and INDI.
The state-of-the-art applications of adaptive NDI have validated its use for fault-tolerant control, whereas
adaptive INDI has seen real world applications on drones and VTOLs and simulation models, which
leads into a potential application for adaptive INDI for fault-tolerant control on the Flying V.

This leads into the selection for the appropriate adaptive control method for the Flying V FCS. Adaptive
BS and NDI would require extensive model knowledge and identification of all system dynamics, which
for a developing project such as the Flying V may not be completely feasible at the moment. Therefore,
adaptive IBS and INDI are more applicable, as they both require less knowledge of the complete model.
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Moreover, the inner loop of the Flying V as described in Section 2.5.4, implemented an INDI control
implemented for its rate control. Thus, an evolvement to adaptive INDI for fault-tolerant control allows
preserving the current control architecture as much as possible and doesn’t require a reduces the
complexity in tuning compared to adaptive IBS.

3.3.1. Parameter Estimation
The purpose of parameter estimation is to converge to an estimation of the true model parameter
with a certain model structure and optimization criterion. This optimization criterion can operate in
single update steps or multiple iterations, where continuous adaptation is desired. Moreover, the model
structure defines the characteristics (e.g. constant, linear, quadratic, non-linear) of the parameters and
their relationships and various model structures were identified in this literature research. Such as:

• Constant
• Polynomials
• B-spline
• Multivariate B-spline
• Neural Networks

In addition different parameter estimationmethods were presented, such as LMS, RLS, dynamic scaling
laws.

The existing Flying V aerodynamic model has been modelled by polynomial models and spline models,
which doesn’t present a need towards highly parametric models such as Multivariate B-spline, Neural
Networks. Moreover, from the various state-of-the art applications, recursive least squares has seen
success given its ability to accurately estimate the true parameters.

3.4. Conclusion
From the literature research towards nonlinear & adaptive control methods, the following research
(sub)-questions are answered:

• What advancements have there been in the applications of nonlinear & adaptive methods?

– Nonlinear control methods such as Backstepping and Nonlinear Dynamic Inversion have
been applied in various simulation studies, whereas the latter has real world application on
a high performance fighter jet. However, notable drawbacks from its requirement of accu-
rate model knowledge is not always feasible due to significant effort required in flight test-
ing and real-world phenomena such as noise, external disturbances influence the system
dynamics. The development of Incremental Nonlinear Dynamic Inversion and Incremental
Backstepping thereafter, resulted in nonlinear control techniques, which required less model
knowledge as only control effectiveness is required and the feedback of system dynamics
is replaced by sensor dynamics. Moreover, it has better robustness against uncertainties
and disturbances compared to its non-incremental versions. This has been verified and vali-
dates through multiple simulation studies and real world applications on CS-25 class aircraft,
drones, VTOL. Some drawbacks are encountered as noise and measurement time delays
increase, where INDI specifically has been augmented with filters to result in a Hybrid INDI
technique. When model uncertainties and especially control effectiveness uncertainties are
significantly large, it can lead to degradation in performance. Thus, adaptive schemes for
these nonlinear control methods allow for sophisticated way to deal with these uncertainties
and various reconfigurable controllers have been developed for fault-tolerant control.

1. What methods have been implemented for fault-tolerant control?
– Incremental Backstepping and Incremental Nonlinear Dynamic Inversion have shown
to passively reject actuator faults and compensate for these faults. Adaptive BS and
NDI have seen various successive applications to maintain safe flight in the presence
of sensor, actuator, and engine faults.

2. What method is the most suitable for fulfilling the requirements for the Flying V?
– As identified from the literature research, adaptive INDI is suitable as it preserves the
current control architecture design while advancing it to fault-tolerant control.



4
Preliminary Analysis

This chapter presents a preliminary analysis where a pitch rate control law is designed with PI control,
Incremental Dynamic Inversion (IDI) and adaptive IDI (AIDI) for a pitch reference tracking task. These
control laws are applied to a longitudinal linear, time-invariant (LTI) model, obtained from an F-16 sim-
ulation mode, which has been used in many research studies with the aforementioned studies in the
literature research.
In the preliminary analysis a robustness analysis will be conducted to observe how PI and IDI compare
in the presence of uncertainties and thereafter several fault scenarios will be analysed, comparing IDI
and AIDI.
The goal is to gain insight on the robustness of thesemethods and asses how these controllers compare
to faults. The following sub-research question can thus be partially answered:

• How does the adaptive FCS cope with faults compared to the non-adaptive FCS?

4.1. Simulation setup
A linear, time-invariant (LTI) models longitudinal model is derived based on the F-16 simulation model
from the University of Minnesota. This simulation model has been used and modifified in various state-
of-the-art applications of (I)BS and (I)NDI [15, 25, 26, 75, 80, 91].
The longitudinal model forms the bare-airframe dynamics (4.1.1). A control system is designed for pitch
rate control, which adds actuator dynamics, sensor dynamics and three separate control systems with
different control laws will be designed with the PI, IDI and adaptive IDI control law (4.2). The pitch rate
tracking experiment (4.2.6) and the tuning procedure (4.2.7) for these control laws are elaborated as
last.

4.1.1. Bare-airframe dynamics
The simulation model provides a trim and linearization with two different aerodynamic models, hi-fi and
low-fi, valid for up to a Mach speed of 0.6. The lo-fi model is a subset hi-fi aerodynamic model and does
not include an leading-edge flap control surface and the subsequent models are described in literature
[63, 93]. The lo-fi is used for the analysis.
With the trim function provided in the simulation model, which defines a steady-state trim when a cost
of 1e−29 has been achieved for the respective flight condition. From the trim state, an LTI model is
derived for longitudinal motion of the aircraft. The flight condition and aircraft parameters are defined in
Table 4.1 and the trim state results are defined in Table 4.2. It was determined that the system is stable
and the dynamic longitudinal modes achieve level 1 flying qualities as per the mil-spec requirements
as described in 2.3.1.

97
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The longitudinal model has the following form and involves the respective states:

ẋ = A0x+B0u (4.1)
x =

[
h VT α θ q

]
(4.2)

u =
[
δe
]

(4.3)

TheA0 matrix has the aerodynamic stability derivatives andB0 matrix has the linearized control stability
derivatives linearized around the trim point. The complete LTI system is expressed by Equation (4.4).

The following assumptions are made for the LTI model:

• Constant mass and moment of inertia and center of gravity position
• Constant Thrust
• Simulation valid around the linearized condition

Parameter Unit Value
Flight Condition

Altitude (h) km 6.1
Velocity (VT ) m/s 153.31

Dynamic pressure (q̄) Pa 7688.83
Aircraft properties

mass (m) kg 9295
CG position (xcg) m 0.35c̄

Ixx kg · m2 12871.2
Iyy kg · m2 75667.9
Izz kg · m2 85532.2
Ixz kg · m2 1331.5
Airframe geometry
b m 9.14
S m2 27.87
c̄ m 3.45

Table 4.1: Simulation Parameters

Parameter Unit Value
Cost Function - 2.25e−29

Thrust N 9646.36
Elevator Deflection deg -2.74
Angle of Attack deg 5.45

Dynamic modes

Short Period [-] -0.6545 ± 1.318i
(Level 1)

Phugoid [-] -0.00494 ± 0.088i
(Level 1)

Table 4.2: Trim cost & states and dynamic modes


ḣ

V̇T

α̇

θ̇

q̇

 =


0 7.05e− 13 −503 503 0

1.15e−4 −1.35e−2 5.34 −32.17 −1.34

2.14e−6 −2.52e−4 −0.55 −1.86e−13 0.95

0 0 0 0 1

2.64e−20 −3.1e−18 −1.85 0 −0.76




h

VT

α

θ

q

+


0

5.15e−2

−1.16e−2

0

−9.74e−2


[
δe

]
(4.4)

4.2. Control System Design
The design of the control system has been inspired by the various studies concerning stability, robust-
ness of adaptive nonlinear control methods. Two studies from [91, 94] have primarily formed the design
of the control system for pitch rate control and the actuator and sensor dynamics used for this system
have been extensively been elaborated there.
The LTI system with actuator (4.2.1) and sensor models (4.2.2) form the aircraft dynamics. Moreover,
the F-16 simulation model also supplies an International Standard Atmosphere (ISA) model, which
calculates the dynamic pressure (q̄) throughout the simulation and this is also added to the aircraft
dynamics. With the aircraft dynamics described, the control system using Proportional-Integral (PI)
control (4.2.3), IDI control (4.2.4) and adaptive IDI control (4.2.5) is elaborated. At last, the tuning
procedure (4.2.7) for these controllers is outlined.
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4.2.1. Actuator Dynamics
The F-16 simulation model includes actuator dynamics using first-order low-pass dynamics, as shown
by Equation (4.5).

A(s) =
ωact

s+ ωact
(4.5)

Here ωact is the actuator bandwidth, which is set to 20.2 rad/s, but is increased to a higher bandwidth
as elaborated in [91], where it is set to 60 rad/s. A higher bandwidth is beneficial for fast changing
commands or rejecting disturbances, moreover the actuator dynamics also include deflection saturation
and rate saturation, where the maximum & minimum deflection and rate of deflection are limited, which
is ± 25 deg and ± 60 ◦/s respectively. The block diagram of the actuator dynamics are shown in
Figure 4.1.

Figure 4.1: Block diagram of the actuator dynamics, including deflection and rate saturation limits. Taken from [91]

4.2.2. Sensor Models
For this preliminary analysis, the sensor models to measure the pitch acceleration and pitch rate are
implemented tomake the system closer to real-world system. Sensor delays, compute delays and noise
are not included in this analysis. The sensor model for pitch rate is a rate and linear acceleration sensor
with notch filter, and modeled by second order dynamics as shown in Equation (4.6) and elaborated in
[25, 91].

HRN (s) =
0.0001903s2 − 0.005346s+ 1

0.0004942s2 + 0.03082s+ 1
(4.6)

The pitch acceleration is measured using an angular accelerometer with second-order dynamics of the
structure as shown in Equation (4.7) [91].

HAA(s) =
ω2
AA

s2 + 2ζAAωAA + ω2
AA

(4.7)

The filter parameters are set to ωAA = 30rad/s and ζAA = 1. The aircraft dynamics with the sensor
measurement is shown in Figure 4.2.

Bare-airframe
dynamics

1
s

ISA

u ẋ x

x

(h, VT )q̄

HRN(s)

HAA(s)

(q)

(q̇)

qm

q̇m

(q̄, qm, q̇m)

Figure 4.2: Aircraft Dynamics

4.2.3. Linear Controller
A proportional integral (PI) controller is implemented as the linear Control method with the following
description for the inner and outer loop respectively:
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ucmd = Kp1(q̇des − q̇m) +
KI1

s
(q̇des − q̇m) (4.8)

q̇des = Kp2(qref − qm) +
KI2

s
(qref − qm) (4.9)

The block diagram of the control system is shown in Figure 4.3.

Inner Loop

LC
(inner)

Actuator
model

Aircraft
Dynamics

LC
(outer)

qref q̇des ucmd u

q̄

qm

q̇m

+ +

Figure 4.3: PI pitch rate control system

4.2.4. Incremental Dynamic Inversion Controller
The derivation of this control law is based on INDI, but now the controller is applied to a linear system
and is defined as IDI. It starts with the equation of motion for the pitch dynamics:

q̇ =
Izz − Ixx
Iyy

pr +
Ixz
Iyy

(r2 − p2) +
1

Iyy
M (4.10)

The momentM is defined as following:

M = q̄Sc̄Cm,T (4.11)
Cm,T = f(α, β, q, δe) = Cm(α, δe) + Cz(α, β, q, δe)[xcgr − xcg] + Cmq

(α) (4.12)

Cz,T = Cz(α, β, δe) + Czq (α)
c̄q

2V
(4.13)

Where Cm,T is the total pitch moment coefficient and Cz,T is the vertical force coefficient acting on the
aircraft. The reference point xcgr is set at 0.35c̄ and Cmq

, Czq are the damping coefficients. These
coefficients are acquired from the low-fi aerodynamic dataset.
To derive the IDI control law, the equation of motion is linearized with the first order Taylor series around
the trim point, as expressed by Equation (4.14).

q̇ =
q̄0Sc̄

Iyy

(
∂Cm,T (x0, u0)

∂x
∆x+

∂Cm,T (x0, u0)

∂δe
∆δe

)
(4.14)

=
q̄0Sc̄

Iyy
Cmx

∆x+
q̄0Sc̄

Iyy
Cmδe

∆δe (4.15)

It is assumed that the rolling (p) and yawing moment (r) are very small and from observing the pitching
dynamics and respective aerodynamic dataset, it is determined that it only depends on the angle of
attack (α), pitch rate (q) and elevator deflection (δe), which results in the following expression:

q̇ =Mα∆α+Mq∆q +Mδe∆δe (4.16)

Here Mα,Mq,Mδe are the state and control derivatives as included in the longitudinal LTI model in
Equation (4.4).
For IDI it is assumed that the sampling time is sufficiently high, and the state dynamics are sampled by
sensors, which results in the following expression:

q̇ = q̇0 +Mδe∆δe (4.17)

Mδe =
q̄0Sc̄

Iyy
Cmδe

(4.18)
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Setting q̇0 as the desired pitch acceleration q̇des, applying time-scale separation and solving for ∆δe
results in the IDI control law [91]:

∆δe =

[
q̄0Sc̄

Iyy
Cmδe

(x0, u0)

]−1

(q̇des − q̇0) = G−1 (x0, u0) (q̇des − q̇0) (4.19)

δe = δe0 +∆δe (4.20)

Here G(x0, u0) is the Control Effectiveness (CE) term, also referred as on-board model, obtained
through the linearization of the equation of motions. The longitudinal LTI model has the control deriva-
tives for the pitch dynamics, and for the preliminary analysis it will be used as the CE term. Moreover,
as the IDI control law computes an increment of control deflection, the previous control deflection is
obtained from the previous timestep and synchronized with the measurement of pitch acceleration by
applying the same delay from the HAA filter [91].

GOBM =
q̄0Sc̄

Iyy
Cmδe

= −9.74e−2

[
1

deg · s2

]
(4.21)

Cmδe
= −1e−2

[
1

deg

]
(4.22)

The outer loop controller is a linear control block, which computes the desired pitch acceleration (qdes)
and the complete block diagram is shown in Figure 4.4.
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+ +

−−

+

++

Figure 4.4: IDI pitch rate control system

4.2.5. Adaptive IDI Controller
As mentioned in the previous section, the CE term G is directly acquired from the LTI model, however
in the real world there could be multiple uncertainties in the derivation of this term due to physical influ-
ences (e.g. uncertainty in mass andmoment of inertia or aerodynamic data) or time-varying as dynamic
pressure influences the effectiveness of the control surface. Moreover, in cases of fault scenarios re-
garding actuator and the control surface, CE will change and cause a model-mismatch and this could
lead to performance degradation or unstable scenarios. The study [91] has extensively researched
various adaptive methods for pitch rate control and one of them is the use of Recursive Least Squares
(RLS), which is the parameter estimation method of interest and is applied in this preliminary analysis.
The RLS - IDI, now defined as the Adaptive IDI (AIDI), controller is formulated from the linearized pitch
dynamics, where G̃OBM is now an uncertain parameter:

q̇ = q̇0 + G̃OBM∆δe (4.23)

This uncertain parameter can be estimated or as done in the research of [91] adjusted through a cor-
rection factor that will be estimated. The factor is estimated by formulating a prediction model, that
determines the increment of pitch acceleration between timesteps. This increment is defined as follow-
ing:

∆q0 = q̇0 − q̇−1 = θ · ϕ (4.24)
ϕ = GOBM∆δe,0 (4.25)
θ = ĉ (4.26)

(4.27)
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Here ϕ is the basis function and θ is the parameter to be estimated and the current and previous
timestep for the estimation. The RLS algorithm is formulated as the following [85, 91]:

Kk+1 = Pkϕk+1

(
λ+ ϕTk+1Pkϕk+1

)−1 (4.28)

θ̂k+1 = θ̂k +Kk+1

(
zk+1 − ϕTk+1θ̂k

)
(4.29)

Pk+1 =
1

λ

(
I −Kk+1ϕ

T
k+1

)
Pk (4.30)

Here Pk is the parameter covariance, which sets the confidence in the initial estimation of θ, where a
low value of Pk is set when the initial estimation of θ0 is accurate and high when the initial estimation
is uncertain, which leads to high initial adaptation. The forgetting factor, λ sets how much of previous
datasets should be used in the parameter estimation and is set between 0 and 1, but most commonly
a value between 0.98 and 1 is used as a lower value can lead to oscillatory adaptation. Kk+1 calcu-
lates the gain to update the parameter θ based on the error between the prediction model and real
output (zk+1), which is the incremental pitch acceleration. This results in an adaptive IDI control law as
following and the block diagram of the control system is shown in Figure 4.5

∆δe = (ĉ ·GOBM )
−1

(qdes − q̇0) (4.31)

The initial covariance (P0) is set to 100 as there is high uncertainty expected in the initial CE. The
forgetting factor (λ) is set to 0.9998 and the initial estimation for the scaling factor (θ0) is set to 1.0.
During the analysis, these values will be adjusted accordingly if necessary.

Inner Loop

AIDI
(ĉ ·GOBM)−1

Actuator
model

Aircraft
Dynamics

LC
(outer)

HAA(s) z−1

RLS

∆uqref q̇des ucmd u

q̄

qm

q̇m

u0

ĉ ·GOBM

+ +

−−

+

++

Figure 4.5: AIDI pitch rate control system

4.2.6. Pitch Tracking Experiment
Control system is synthesized to track a reference pitch rate (qref ) reference, which can be generated
by control stick deflections from the pilot. This pitch rate reference has been designed to keep the
aircraft within the linearized flight condition and is shown in Figure 4.6.
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Figure 4.6: Pitch rate reference input

4.2.7. Tuning Procedure
The gains in the control system have to be tuned and this will be done similarly to the Flying V tuning
algorithm, which takes multiple objectives and constrains concerning various handling qualities and
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performance of tracking reference into account for determining the optimal gains.
The performance of tracking the pitch rate reference is evaluated through the Root Mean Square Error
(RMS), the maximum error and control activity. These metrics are formulated as following:

RMS =

√√√√ 1

N

N∑
i=1

(qref − q)2 (4.32)

max (e) = max (qref − q) (4.33)

δeactivity =

∫ T

0

δ̇2edt (4.34)

Here N is the total timesteps and T is the total simulation time.

The Gibson Dropback criterion is used as the handling quality constraint. The development of this
criterion has stemmed from the investigation and criteria for Pilot Induced Oscillation (PIO) on highly
augmented flight control systems on maneuverable aircraft [95]. The Gibson dropback criterion is
analyzed in the time domain, where the aircraft receives and pitch rate command reference through a
stick deflection from the pilot and is then released. The following parameters are computed to form the
criterion:

• The ratio between maximum and steady state pitch rate qss, qmax: qmax

qss
• The Difference between the steady-state pitch attitude (θss) at stick release, and after it has been
released (θrelease). This difference is referred to as Dropback (DB) if positive or Overshoot (OS) if
negative, which is then divided by the steady-state pitch rate to form the parameter used by the
criterion: DB(OS)

qss

These parameters are prescribed to a region, where it relates the criterion parameters to response
abruptness, sluggishness, bobbling or satisfactory as shown by the example presented in Figure 4.7.

Figure 4.7: Gibson dropback criterion regions with results from
three landing databases studies. Taken from [95]

Figure 4.8: Updated Gibson dropback criterion regions with
results from three landing databases studies. Taken from [95]

An updated version of the criterion was defined, which improves some shortcomings of the Gibson
dropback as the criterion as defined by Gibson is influenced by time delay. Thus, the parameter for
the pitch attitude is changed to the pitch attitude dropback, which is the difference between the peak
pitch attitude (θpeak) and steady state (θss) after the stick has been released. This eliminated the time
delay in the dropback parameter and as per the newly defined criterion it cannot be negative anymore,
where a region between acceptable dropback and unacceptable dropback is now defined as shown by
the example in Figure 4.8. Assessments with the Gibson criterion favor a system with zero DB or OS,
meaning that the pitch rate response accurately follows the pitch attitude, which is also important for
controlling the flight path of the aircraft [95].
With the Gibson Dropback criterion, the gains are constrained such that they provided desired closed-
loop dynamics

The optimal gains will be determined through using the Matlab fminsearch optimisation function, where
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the evaluation metrics are weighted such that they have the same relative magnitude and importance,
and the handling quality constraints will be used as penalization boundaries, which penalizes the de-
termined gains if they go over satisfactory and acceptable dropback boundaries.
This results in a score for a set of gains, where a lower score means that the set of gains satisfy the
performance and handling quality criteria optimally. Moreover, the RMS and max error for the gibson
dropback criterion is used as evaluation, which leads to faster convergence to an optimal set of gains.
This results in the following scoring:

SCORE1 = 100 ∗ RMS(etracking) + 10 ∗max(etracking) + 5e−3 ∗ δeactivity (4.35)
SCORE2 = 100 ∗ RMS(egibson) + 10 ∗max(egibson) + 1e3 ∗ qovershootpenalty

+ 1e3 ∗DBpenalty (4.36)
SCORE = SCORE1 + SCORE2 (4.37)

(4.38)

The selection of weights in these scoring functions have been chosen based upon trial and error to
result in optimal and fair scoring for all controllers. The optimal gains for the IDI controller will also be
used for the AIDI controller. This resulted in the following sets of gains:

Controller Gains Score

PI

K inner
P = -4.01

93.1K inner
I = -9.94

Kouter
P = 22.88

Kouter
I = 13.9

IDI KP = 10.28 91.3
KI = 3.23

Table 4.3: Optimal gains

4.3. Simulation Results
This section concerns all simulation results for the preliminairy analysis. First the nominal results are
observed, where the PI & IDI controllers are compared (4.3.1). Secondly the robustness analysis will
be conducted, where PI & IDI controllers are compared and the worst case result will be analysed with
the AIDI controller (4.3.2). At last the IDI and AIDI controllers are assesed in various fault scenarios
(4.3.3.).

4.3.1. Nominal System Results
The nominal pitch tracking results and results for the Gibson criterion are shown in Table 4.4 and from
closer inspection through the pitch tracking error as shown in Figure 4.9, it can be observed that at
certain step changes the PI controller error is larger, but they’re within order of error as determined by
the RMS.

Nominal system: Pitch Tracking error
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Figure 4.9: PI & IDI: Pitch tracking error
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The remaining aircraft states are shown in Figure 4.10, where it can be observed that the pitch tracking
reference starts and ends approximately at the same altitude and velocity, moreover as shown in [91],
the CE of the elevator on the pitch dynamics changes due to variation in velocity and dynamic pressure
as shown in Figure 4.11. Although in the nominal simulation results and robustness analysis, the CE
remains constant in the bare-airframe, the variation in CE can be used to simulate a time varying CE
to approximate the change as it would appear in non-linear simulation.

Nominal System: State responses and Control input
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Figure 4.10: PI & IDI: All system states error
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Controller RMS(e)tracking qmax

qss

DB(OS)
qss

PI 2.95e−1 1.09 −1.23e−5

IDI 2.88e−1 1.06 3.86e−5

Table 4.4: PI & IDI: Pitch tracking and gibson criterion result

The Gibson dropback criterion results as shown in Figure 4.12 & 4.13 show that both controllers were
tuned to be within the satisfactory region.

(Gibson) tracking response characteristics
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Figure 4.12: PI & IDI: Gibson dropback tracking result
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4.3.2. Robustness Analysis
Robustness is described as the system capabilities to maintain performance when subjected with dis-
turbances or uncertainties. The robustness analysis will be conducted through applying a deviation in
the nominal value of state and control derivatives for the pitch dynamics, as expressed in 4.16. This
deviation is applied using the ureal function in MATLAB to create an uncertain parameter with a ±%
deviation of the nominal value in magnitude only. Three uncertainty cases are set-up:

• Uncertain Case (UC) 1: Mα,Mq may deviate up to ±75%
• Uncertain Case (UC) 2: Mδe may deviate up to ±30 %
• Uncertain Case (UC) 3: Combines both UC1 and UC2

These uncertain parameters are sampled using the usample function in MATLAB, which randomly
samples the uncertain parameter in a uniform distribution. The robustness analysis will thus concern a
Monte Carlo simulation where 500 samples are randomly taken. At last, the worst UC case is analyzed
using AIDI.

The RMS for all cases are normalized against the nominal RMS performance and the influence of
uncertainty is shown in Figure 4.14. It can be observed in all cases, that the PI controller is affected
the most from the uncertainty compared to IDI. A higher value ofMq results in a lower RMS compared
to the nominal performance due to the control surface having higher effectiveness, but a lower value
results in degraded performance, is shown in the second and third case as a wider spread of RMSE is
obtained.
For IDI a model mismatch in CE can lead to performance degradation. This is also observed in the
tracking response and control surface deflection as shown in Figure 4.15 & 4.16, where higher control
surface deflections are required, which could lead to further wear on the actuators.

Uncertain System cases: Normalized Root Mean Squared Error (RMS)
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Figure 4.14: PI & IDI: Normalized RMS

Figure 4.15: PI: UC case 3 tracking response and control
surface deflection

Figure 4.16: IDI: UC case 3 tracking response and control
surface deflection

The effect of uncertainty in the Gibson criterion for the three cases is shown in Figure 4.17 & 4.18,
where for each case the axes limits are adjusted to observe the spread and effect of uncertainty on the
criterion. Here it can be observed that the uncertainty in the state dynamics, as shown in the first case,
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leads to OS and outside the satisfactory region of the Gibson criterion. The second case has a linear
effect on the criterion, where the IDI controller has the highest change in maximum pitch rate overshoot,
which shows how significant the influence of model mismatch has for IDI, whereas PI spreads to more
OS or DB. The third case leads to a wider spread. In all cases, it can be observed that the PI controller
is the most affected from uncertainty.
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Figure 4.17: PI & IDI: Uncertainty Case 1 & 2 for Gibston Criterion
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Figure 4.18: PI & IDI: Uncertainty Case 3 for Gibston Criterion

UC 3 is repeated with the AIDI controller and the RMS for the tracking experiment is shown in Fig-
ure 4.19, where it can be determined that AIDI has a smaller deviation of RMS, moreover the mean
of the RMS is lower compared to the nominal RMS, which shows that the AIDI controller improves
the performance. The CE estimation error is shown in Figure 4.20, where RLS is able to adapt and
estimate the true CE term.
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Figure 4.19: IDI & AIDI: RMS for uncertainty case 3
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Figure 4.20: IDI & AIDI: Parameter estimation for UC3

4.3.3. Fault-tolerant Analysis (IDI/AIDI)
This section presents several Fault Scenario (FC), where the IDI and AIDI controllers are compared
and asses for their fault-tolerance. Several studies have assessed faults with various Moreover, as
described in the previous section, the CE for the pitch dynamics in the bare-airframe, the last entry of
the B0 matrix, will now also change during the simulation as this term varies throughout the simulation
to more closely approximate the non-linear simulation as presented in [91]. It is shown that the AIDI is
able to approximate the true CE of the aircraft as shown in Figure 4.21.
To assess the fault-tolerance of these controllers, three FC are evaluated:

• Fault Scenario 1: At t = 20 during the tracking experiment, the effectiveness of the control
surface is halved, where Bfault = 1

2B0

• Fault Scenario 2: FC1 now also has a disturbance acting on the control surface and measured
by the actuator, this signal is shown in Figure 4.22

• Fault Scenario 3: At t = 20 during the tracking experiment, the control surface will have control
reversal and a fault, where now Bfault = − 1

2B0. The noise as experienced in the previous
scenario will also be added
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Fault Scenario 1:
The pitch rate tracking comparison is shown for FC1 is shown in Figure 4.23, where it can be observed
that both controllers are able to cope with the introduced fault starting and the performance between
both controllers are relatively close. However, looking at the parameter estimation as shown in Fig-
ure 4.24, the adaptation to the true CE happens at a slow rate. This could be because of the control
excitation not being sufficient, as shown in the tracking result, where the signal and control surface isn’t
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richly supplied with excitation and only upon the step changes the controller adapts.
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Figure 4.23: FC1: tracking performance λ = 0.9998, P0 = 100
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Figure 4.24: FC1: CE parameter estimation with λ = 0.9998, P0 = 100

Through trial-and-error it was observed that changing the forgetting factor to λ = 0.995, results in
faster adaptation as shown in Figure 4.25, but going lower than that would lead to oscillation. For the
remainder of the fault scenarios, this forgetting factor will be used.
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Figure 4.25: FC1: CE estimation λ = 0.995, P0 = 100

Fault Scenario 2:
The pitch rate tracking comparison is shown for FC2 is shown in Figure 4.26, where it can be observed
that the IDI controller is oscillating more than the AIDI, which is able to reject the disturbance more
appropriately. Moreover, the effect of the disturbance and noise doesn’t have much influence on the
parameter estimation, as shown in Figure 4.27.
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Figure 4.26: FC2: tracking performance λ = 0.995, P0 = 100
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Figure 4.27: FC2: CE parameter estimation with λ = 0.995, P0 = 100

Fault Scenario 3:
The pitch rate tracking comparison is shown for FC3 is shown in Figure 4.28, where it can be observed
that the IDI controller is now unstable, but the AIDI is able to adapt and keep tracking the reference,
while also rejecting the disturbance on the control surface. Moreover, as shown in the CE estimation
Figure 4.29, the RLS estimator immediately flips towards the new true CE with the opposite sign and
half in value. This is primarily caused, by the instantaneous change and therefore excitation on the
control surface as shown in the tracking plot, thus further highlighting the important that the control
surfaces needs to be excited sufficiently for the parameter estimation.
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Figure 4.28: FC3: tracking performance λ = 0.995, P0 = 100
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Figure 4.29: FC3: CE parameter estimation with λ = 0.995, P0 = 100

4.4. Conclusion
This preliminary analysis has analysed the robustness of an linear control method, PI against a linear
version of the INDI control method. It was observed that IDI had higher robustness against parametric
uncertainties in the bare-airframe model concerning the states and control input for the pitch dynamics.
Moreover, with the use of an adaptive IDI with RLS implementation, the performance degradation was
lowered and even improved compared to IDI.
Several fault scenarios have been analysed, where a preliminary answer can be given to this sub
research question:

• How does the adaptive FCS cope with faults compared to the non-adaptive FCS?
– It is observed that when faults are introduced on the control effectiveness, where it is reduced
by 50 % control surface, IDI and AIDI are able to keep tracking the reference. Moreover, the
control surface also needs to be sufficiently excited to estimate the true CE, which was
adjusted by lowering the forgetting factor. Upon the addition of noise and control reversal,
it was observed that the IDI controller had degraded in tracking performance and became
unstable in the latter situation. Whereas the AIDI was able to keep tracking the pitch rate
reference.



5
Literature Research Conclusion

This chapter concerns the discussion and conclusion with the insights gained through the literature
study, describing state-of-the-art applications and the preliminary research. Firstly, the main findings
and answers for the research questions will be described, thereafter an outline for the application of
adaptive incremental Dynamic Inversion (INDI) with RLS for the Flying V is defined, concerning future
research steps.

Firstly, the existing literature and research of the Flying V was described, where the following research
and sub research questions were answered:

1. What are the results and lessons from previous research on developing the FCS for the Flying
V?
(a) What is the current state of handling qualities of the Flying V?

• There have been separate assessment for the bare-airframe of the Flying V and the
augmented Flying V with an FCS or CA algorithm

• Bare-airframe: Level 1 & Level 2 with respect to its longitudinal dynamic modes. Level
3 to unstable with respect to the Dutch roll. Experimental simulations reveal unstable
behaviour and control saturation.

• Augmented airframe with FCS: Several FCS using linear control laws and different CA
schemes. Simulator experiments and offline experiments with linear flight control laws
reveal that the Dutch Roll is still stable and control surfaces saturate. The nonlinear
FCS from [23] was shown to stabilise the dynamic modes and provide Level 1 Flying
qualities.

(b) What are the latest developments in aerodynamic modelling for the Flying V?
• The latest aerodynamic model for the Full-Scale Aircraft is determined by the combina-
tion of the VLM model and elements from the WTE, which is able to capture longitudinal
instability, pitch break and lateral instability, Dutch roll. At the time of writing, a new
Full-Scale Flying V model has been developed for use with the FCS. The Flight Test
Experiment needs further investigation and validation against the WTE experiments,
before it can be scaled to the Full Scale model.

(c) What is the current state of the Flying V simulation model?
• The current Flying V simulation model is developed using the combined aerodynamic
model. The FCS for the Flying V is developed with the Nonlinear Incremental Dynamic
Inversion (INDI) method with Flight Envelope Protection, white noise, sensor dynamics,
time delays and discretisation.

(d) What assumptions and uncertainty are present in the simulation model of the Flying V?
• The implemented aerodynamic model is estimated at a limited set of flight conditions and
developed from a combination of linear aerodynamic data for the full scale aircraft and
nonlinear data of a half-wing subscale wind tunnel experiment, which has limited validity
to investigate and observe the aircraft’s dynamics across different flight conditions

113
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• Due to the combined aerodynamic model there is an uncertainty in the aerodynamic
model and future iteration would require updates of the FCS to cope with this

• There is no engine simulation model that provides the thrust at the various flight condi-
tion, but it is computed to achieve the necessary trim at the flight condition

• The sensors have been adjusted to conform to Level 1 flying qualities, and it is unknown
if these sensors are available in the industrial market

• The mass, weight and moment of inertia of the aircraft remains the constant during the
simulation

• Zero wind and perfect atmosphere
(e) What are the specifications and requirements for that apply to an FCS with an adaptive

control method?
• Achieve Level 1 flying qualities
• Achieve satisfactory performance with uncertainties as good or better than the existing
simulation model

• Achieve satisfactory tracking performance with fault-tolerant scenarios
2. What evaluation metrics are suitable to assess the adaptive control method for the FCS?

(a) What are the flying & handling qualities criteria, which have been evaluated with the FCS?
• Several simulator experiments with linear FCS and offline simulations with nonlinear
FCS.

• CAP, Gibson Tracking, Gibson phase.
• Different longitudinal and lateral manoeuvres and tracking experiments were conducted.

(b) What assessment for evaluating uncertainties/delays have been performed?
• Aerodynamic uncertainty
• Influence of time delays

From the literature study towards nonlinear & adaptive control methods, it was determined that the
chosen method is adaptive INDI with Recursive Least Squares (RLS), the following research (sub)-
questions are answered:

• What advancements have there been in the applications of nonlinear & adaptive methods?

– Nonlinear control methods such as Backstepping and Nonlinear Dynamic Inversion have
been applied in various simulation studies, whereas the latter has real world application on
a high performance fighter jet. However, notable drawbacks from its requirement of accu-
rate model knowledge is not always feasible due to significant effort required in flight test-
ing and real-world phenomena such as noise, external disturbances influence the system
dynamics. The development of Incremental Nonlinear Dynamic Inversion and Incremental
Backstepping thereafter, resulted in nonlinear control techniques, which required less model
knowledge as only control effectiveness is required and the feedback of system dynamics
is replaced by sensor dynamics. Moreover, it has better robustness against uncertainties
and disturbances compared to its non-incremental versions. This has been verified and vali-
dates through multiple simulation studies and real world applications on CS-25 class aircraft,
drones, VTOL. Some drawbacks are encountered as noise and measurement time delays
increase, where INDI specifically has been augmented with filters to result in a Hybrid INDI
technique. When model uncertainties and especially control effectiveness uncertainties are
significantly large, it can lead to degradation in performance. Thus, adaptive schemes for
these nonlinear control methods allow for sophisticated way to deal with these uncertainties
and various reconfigurable controllers have been developed for fault-tolerant control.

1. What methods have been implemented for fault-tolerant control?
– Incremental Backstepping and Incremental Nonlinear Dynamic Inversion have shown
to passively reject actuator faults and compensate for these faults. Adaptive BS and
NDI have seen various successive applications to maintain safe flight in the presence
of sensor, actuator, and engine faults.

2. What method is the most suitable for fulfilling the requirements for the Flying V?
– As identified from the literature research, adaptive INDI is suitable as it preserves the
current control architecture design while advancing it to fault-tolerant control.

In the preliminary analysis, the following three different controllers were designed for pitch rate control:
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1. Linear control: Proportional-Integral
2. Linear version of INDI, called IDI
3. Adaptive IDI with RLS

With these controllers an robustness analysis was performed, where parametric uncertainties in the
pitch dynamics were introduced, after that fault scenarios, where the control effectiveness of the control
surface was reduced, were analysed. It was determined that in all cases the adaptive IDI was able to
have less performance degradation and cope with the faults. The following answer could be partially
answered based on the insights gained during this analysis:

• How does the adaptive FCS cope with faults compared to the non-adaptive FCS?
– It is observed that when faults are introduced on the control effectiveness, where it is reduced
by 50 % control surface, IDI and AIDI are able to keep tracking the reference. Moreover, the
control surface also needs to be sufficiently excited to estimate the true CE, which was
adjusted by lowering the forgetting factor. Upon the addition of noise and control reversal,
it was observed that the IDI controller had degraded in tracking performance and became
unstable in the latter situation. Whereas, the AIDI was able to keep tracking the pitch rate
reference.

With the literature research completed, an outline of steps is defined towards the applications of adap-
tive INDI for the Flying V, where certain activities are described. The FCS used for the future research
is the current FCS with FEP as defined by the study of Stougie et al.

Step 0 - Preparation At the time of writing a new aerodynamicmodel has been provided asmentioned
in the literature study of the Flying V research. This new model will give new aerodynamic estimates
and characteristics. The existing FCS used for the Flying V needs to be updated This step concerns
the work in preparation for the next step, which represents the main work of the research. The follow
activities are conducted:

1. The new (RANS) aerodyanmic model is implemented into the simulation model
2. (lower-level priority) Linearize the aircraft dynamics and observe the aircraft dynamics with the

newer aerodynamic model to observe the changes in dynamic modes
3. Update the trim routine to work with the new aerodynamic model
4. Update control gains using the existing tuning procedure

Certain activities can be done concurrently with the other steps

Step 1 - Adaptive INDI (inner loop) The current FCS has an inner loop where INDI has been applied
for rate control. The chosen implementation concerns adaptive INDI ith RLS, which is applied in the
inner loop where the principal elements will reside for the adaptive control:

1. On board model
• The control effectiveness (Ci

δj
) can bemodelled through a polynomial model with fixed regres-

sors, whose selection are based upon the existing knowledge of the aerodynamic model
• The selection of a polynomial model was determined on the basis of current understand-
ing of the aerodynamic data of the Flying V, which have been effectively modelled through
polynomial models

2. Adaptation mechanism
• The adaptation mechanism is done through parameter estimation of the control effective-
ness, whereby Recursive Least Squares (RLS) is chosen given its successful applications
in online adaptive flight control and fault tolerance control design. The identification of the
control effectiveness is done using the jacobian of the aircraft dynamics w.r.t. control sur-
faces ( ∆ṗ

∆δj
, ∆q̇
∆δj

, ∆ṙ
∆δj

)
3. Design for control surface excitation and rich signals for reference tracking and identifying the CE

terms

The following activities are conducted:

1. Adaptive INDI is implemented
2. The selection of excitation for the identification of control effectiveness parameter
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3. The assessment of adaptation is done through flying the aircraft at various flight conditions and
observing if the adaptation identifies the appropriate value

4. The tracking performance of the implemented adaptation loop is assessed
• Inspired from existing literature and previous research activities of the Flying V

5. Fault scenarios are conducted to observe how the adaptive INDI is able to cope with these faults

The polynomial model that’s determined within this step is stored and used for the implementation in
the adaptive FCS

Step 2 - Extension to outer loop Evaluate the adaptive FCS, which include the flight controller
blocks, FEP and sensor dynamics, through the following activities

1. See how the adaptive control algorithm copes with sensor dynamics (noise, bias)
2. Tracking performance tasks, which have been conducted in previous studies, are used to observe

the improvements
3. Assessment of select handling qualities of interest, some of which may not have been conducted

in previous FCS studies (e.g. Dropback Criterion)
4. Fault scenarios are conducted to observe how the adaptive FCS is able to cope with these faults

and how it compares to the non-adaptive FCS
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6
Additional Results

This chapter describes the results generated to obtain the main research contribution as described
in the paper, in addition to additional results to further give insight on the research conducted in the
thesis. Firstly the description of the new simulation model is defined (6.1), which formed around a new
aerodynamic model used in this research, this newer model demanded an updated trim procedure and
tuning routine the control gains with the handling quality results at last. At last additional simulation
results (6.2) are given

6.1. New Simulation Model
The simulation model used for this research is based upon the latest development of FCS for the
Flying V as described in [23, 96]. The aircraft parametric design and aerodynamic model has since
then received multiple revisions [9, 44, 97, 98], and will be used to form the basis of a new simulation
model that’s used in this research. The decision to develop a new simulation model is made due to
many aspects of the previous code requiring significant overhaul for the use of this research. Moreover,
certain errors have also been identified and corrected in previous research using this model [99].

The aircraft parameters concerning mass and CG are established in [9], with a family optimised Flying
V, FV-1000 aircraft, which defines a Maximum Take-off Weight (MTOW) of 266 tonnes and a Maximum
Landing Weight 76% of its MTOW. The family optimised FV has also been further researched with the
study regarding stability and control [97] and the optimisation of fuel-burn and control authority. A safe
range of CG positions was determined to guarantee stability and control during flight. The most forward
(longitudinal) position of CG with MLW is at approximately 28.5m, distanced from the nose, and 29.1m
at MTOW, the most aft position is 30.1m, as illustrated in Figure 6.1. The approach speed for the FV-
1000 is established at 76 m

s , which was set at 68.62
m
s ) in the previous research [100].

The moment of inertia was determined through a lumped mass method as established in [34], which
is a source of uncertainty, as it has not been updated in the research with the newer geometry. The
mean aerodynamic chord (c̄) is 18m, the surface (S) is 898 m2 and the span (b) is 65 m.

6.1.1. Updated Aerodynamic Model
The aerodynamic model is from an early iteration of the study in [98], and is derived from a combination
of RANS and VLM simulations at various flight envelope points from Mach (M ) 0.2 to 0.7 with height (h)
0m to 9750m, as shown in Figure 6.2, at various CG positions. The flight envelope now defines more
points with the aim to capture the necessary datapoints to describe a step-climb from takeoff to cruise
and at last approach. Thus with a more readily available dataset the approach and cruise condition
can be interpolated or extrapolated respectively. It was also identified that the pitch-break up is present
at a lower α of 11 deg, and decreases at higher altitude and Mach numbers. The model is delivered
look-up table for force and moments in the body frame and consists of the dependencies as shown in
Table 6.1.
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Figure 6.1: Dimensional Center of Gravity (CG) and aircraft weight loading. Taken from [98]
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Figure 6.2: Aerodynamic model, flight envelope points. The Diamond points indicate the approach and cruise flight condition,
which will be interpolated/extrapolated respectively

at: M & h α β p̂ q̂ r̂ δei/o δai/o δr
CX r r r r
CY r v r r
CY r v r
Cl r v v r r
Cm r v r
Cn r v v r r

Table 6.1: Force and moment aerodynamic coefficients, r and v denotes RANS and VLM simulations respectively, and i
denotes inner elevon and o outer elevon. Adapted from [98]

The aerodynamic coefficients for the control surfaces, are modeled as ganged control surfaces as
elevator deflection (δe), aileron deflection (δa) for the inner and outboard elevons. These respective
aerodynamic coefficients will be split seperately for each control surface with the assumption is made
that the deflection of a single elevon will account for 50 % of the performance brought by the deflection
of either both, as elevator, or asymetrically, as aileron. The rudders on each winglet will still be defined
as a single control input in the model.

6.1.2. Trim Procedure
As the newer aerodynamic model describes a larger envelope of flight conditions a new trim routine
has been developed, due to the older trim routine not able to provide a steady-state trim as described
in [99]. Acquiring a trim is of high importance for the linearisation of the non-linear dynamics, upon
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which the tuning and handling qualities are determined upon.
In the trim routine, The aircraft is considered to be in a nominal condition with all engines functioning,
no crosswind or gust. The trim function accepts the following inputs:

Trim input =
[
ub α δa δe δr T1 T2

]T (6.1)

The cost function is defined as following:

Cost =Wḣḣ
2 +Wu̇u̇

2 +Wv̇ v̇
2 +Wẇẇ

2 +Wṗṗ
2 +Wq̇ q̇

2 +Wṙ ṙ
2

+Wϕ̇ϕ̇
2 +Wθ̇ θ̇

2 +Wψ̇ψ̇
2

+WV (Vac − Vref )
2 ++WT (T1− T2)2 +Wγ(γac − γref )

2

(6.2)

The aircraft is trimmed for straight-and-level flight and is trimmed until all state derivatives are as small
as possible. The trim analysis results are shown in Table 6.2 is conducted with the following conditions:

• Bare-airframe
• V = V0
• h = h0
• ϕ = ψ = β = 0
• p = q = r = 0
• Each trimmed steady-state is simulated for 300 seconds (5 minutes) to observe its trimmed state
behaviour

• Center of gravity in forward position or aft position
• A MLW of 202160 kg is used for the approach flight condition and a MTOW of 266000 kg is used
for all other flight points

• Maximum α of 25 deg.

Flight condition Mach Cost Vtrim [m/s] α [deg] δCS [deg] T [kN]

Forward CG

Takeoff
0.20 2.41e-13 68.06 21.98 -0.69 525.08
0.25 3.14e-11 85.07 14.04 -2.64 210.33
0.30 5.49e-13 102.08 9.56 -6.25 83.79

Approach 0.23 5.14e-13 77.37 14.76 -4.16 168.02
0.30 2.42e-13 100.93 8.37 -7.05 53.68

Cruise 0.85 4.52e-11 250.80 6.32 -3.60 107.34

Aft CG

Takeoff
0.20 1.04e-11 68.06 20.75 5.19 501.59
0.25 3.49e-13 85.07 13.17 0 202.02
0.30 4.04e-14 102.08 8.91 -3.63 94.18

Approach 0.23 1.94e-12 77.39 13.76 -4.16 156.14
0.30 2.61e-13 100.93 7.49 -3.44 71.31

Cruise 0.85 8.21e-13 250.80 5.89 -1.94 104.94

Table 6.2: Trim results for all conditions

The trim results given an overview of the steady-state trim for level wing flight, the overall trend is that at
forward center of gravity the required angle of attack and control surface deflection is higher, however
at the takeoff condition with an aft center of gravity a pitch down moment is induced, which requires a
positive (downwards) deflection to counteract, whereas at other flight conditions the aircraft exhibits a
pitch-up, which requires a negative (upwards) deflection to counteract.
With the trim a linearised state space can be derived, whereby a steady-state simulation is performed
up to 300s. Here it can be observed that as the aircraft is flying slower and is near the pitch break,
which acts earlier at lower velocity at the respective flight conditions, dynamic instability occurs as as
shown in Figure 6.3, thus requiring further stability augmentation systems for safe and operable flight
at this flight condition. At higher velocities, the steady state trim is stable, below the pitch-break up, and
only a small numerical perturbation is observed Figure 6.4.
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Steady state simulation
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Figure 6.3: Steady state trim of takeoff at Mach=0.2 with fwd CG

Steady state simulation
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Figure 6.4: Steady state trim of cruise at Mach=0.3 with fwd CG

Linearization Verification & Bare-airframe Dynamic Modes
With the trim obtained, a linearization of the aircraft dynamics is conducted, whereby the dynamics
are decoupled into longitudinal and lateral dynamics to analyse the eigenvalues, which are plotted in
Figure 6.5 & 6.6.
With respect to Approach and Cruise condition, it can be determined that the phugoid mode is stable,
but near the origin and the right half pole plane, whereas the short period is stable. For takeoff the
dynamic mode for phugoid is unstable. This is valid for forward and aft center of gravity. The lateral
modes, reveal that the Dutch Roll is also very near the origin and right half pole plane, with an unstable
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spiral.
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Figure 6.5: Longtiudinal eigenvalues at forward and aft centre of gravity for three flight conditions
Lateral eigenvalues
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Figure 6.6: Lateral eigenvalues at forward and aft centre of gravity for three flight conditions

To get a sense of the characteristic of the dynamic mode, an excitation can be introduced. This is done
by a step input on the inboard elevons (CS1L & CS1R) for the longitudinal dynamics, and an asym-
metric elevon block input and rudder input for the lateral. The excitation also serves as a linearization
verification to observe how closely the linearized state space and decoupled state space match the dy-
namics of the nonlinear system. This analysis for the approach and cruise condition respectively with
a forward center of gravity and the nonlinear, linearized state space and decoupled state dynamics are
simulated respectively shown in Figure 6.11 & 6.12 for Longitudinal dynamics and
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Figure 6.7: Longtiudinal excitation at forward CG for approach
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Figure 6.8: Longtiudinal excitation at forward CG for cruise
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Figure 6.9: Lateral Excitation at forward CG for approach with asymmetric elevon input
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Figure 6.10: Lateral excitation at forward CG for cruise with asymmetric elevon input
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Figure 6.11: Lateral Excitation at forward CG for approach with rudder input
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Figure 6.12: Lateral excitation at forward CG for cruise with rudder input

For the longitudinal excitation, it can be observed that the short period quickly damps, but the phugoid
is underdamped and remains oscillatory, the lateral excitation reveals a Dutch roll that’s stable, but the
dynamics diverge due to the unstable spiral.

6.1.3. Sensor Dynamics
The sensors used in the Flying V simulation model are based upon the description provided in [96,
101], which based its sensor parameters on the specifications used in [70]. As the baseline sensor
parameter specifications wouldn’t obtain level 1 handling qualities for the Flying V, some adjustments
were made to obtain that and it is assumed that such sensors characteristics are obtainable. The
sensor characteristics used for this research are shown in Table 6.3. Additionally noise and bias is also
added to the control surface output, and these are assumed to be available from the actuators.

State Noise (σ) Bias Delay [ms] Sampling rate [Hz] Filter time constant

p, q, r [rad/s] 1.5× 10−9 3.0× 10−5 50 100 0.04
ϕ, θ, ψ [rad] 1.0× 10−9 4.0× 10−3 50 50 0.05
fx, fy, fz [rad] 1.5× 10−5 2.5× 10−3 100 50 0.05
α, β [rad] 7.5× 10−8 3.0× 10−3 100 100 0.05
h [m] 4.5× 10−3 8.0× 10−3 150 20 0.05
V [m/s] 8.5× 10−4 2.5 150 20 0.05
δCSi [rad] 1.5× 10−9 2.5× 10−5 - 100 -

Table 6.3: Sensor parameters, based on [70]

6.1.4. Actuators
The elevon and rudder actuator dynamics in the previous simulation model used actuator parameters
were derived from more agile aircraft’s [101], and it is desired to use actuator parameters that match
a passenger aircraft more closely. Thus actuator parameters of an B747 simulation model, which are
derived from the parameters in [102, 103] and are defined in Table 6.4. The limits of the control surfaces
were not changed.

The control surface actuators are modelled as a 2nd order system:

Hact =
ω2
0

s2 + 2ζω0s+ ω2
0

(6.3)

The engine is modelled as a first order system with a maximum thrust of 379 kN [101]:

Heng(s) =
1

0.2s+ 1
(6.4)
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Inboard and outboard elevons (δL/RCS1 & δ
L/R
CS2 ) Rudder (δL/RCS3 )

min,max min, max

Position limits (u̇) [deg] -25,25 -30,30
Rate limits (u) [deg/s] -40,40 -45,45
Natural frequency (ω0) [rad/s] 35 35
Damping coefficient (ζ) [-] 0.8 0.8

Table 6.4: Control Surface actuator limits and actuator parameters

6.1.5. Gain Tuning Results
The tuning of the gains in the outer loop control blocks are done through a multi-objective optimisation,
extensively described by Stougie [23]. However, tuning was done through trial-and-error with random
sampling of gains until various objectives were minimized and constraints were satisfied.
The tuning routine has been modified to use PatternSearch in MATLAB™and longitudinal and lateral
gains have been tuned for the new aerodynamic model for the Takeoff, Approach, and Cruise conditions
at a forward and aft CG as outlined in Table 6.5. The details of the handling criterions were elaborated
in Section 2.3.1 and in summary are taken from:

• The MIL-STD-179A flying and handling quality requirements [54, 55, 95]
– Dynamic modes
– Control Anticipation Parameter (CAP) [104, 105]
– Gibson dropback [104]

• Stability margins [106] computed at the broken loop location just before the INDI control law input
as done by [23]

• Low Order Equivalent System (LOES) fit [54, 107]
• Attitude bandwidth for longitudinal control [105, 108]
• Tracking performance with block inputs

Flight Condition Mach speed [-] Height [km]

Takeoff 0.25 0.0
Approach 0.30 1.0
Takeoff 0.85 13.0

Table 6.5: Tuned flight conditions

An example of the PatternSearch algorithm output is presented in Figure 6.5, where several iterations
are presented of the objective score value for several iterations, where at each iterations an population
of 16 sets of gain parameters are evaluated, which thereafter converges to the optimal set of gains. To
limit the wide exploration of gain values a limit of the maximum and minimum gains are set, which is [-
20,20] respectively. The output of the gain values and minimization of the handling and tracking quality
objectives is shown in Figure 6.14 to 6.16. An handling quality objective is completely satisfied when
its Score reaches 0 (or set as a very small value for the logarithmic scale), but it has been observed
during the optimisation that not all objectives can fully be satisfied.
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Figure 6.13: Patternsearch training result example Figure 6.14: Gain Score training

Figure 6.15: Tracking Quality score result Figure 6.16: Tracking Quality score result

Flying & Handling Quality Results
The LOES fit for the longitudinal and lateral dynamics is performed for the pitch rate, vertical load factor
transfer function and roll rate, sideslip angle respectively. This LOES fit is then used for the handling
criterion regarding dynamic modes, CAP, and bandwidth criterion for the longitudinal dynamics. The
LOES fit cost is determined through an objective function whereby the Low Order transfer function
dynamics are evaluated against the higher order dynamics as outlined by [23]. The threshold at which
a fit is deemed sufficient is set at 15 in this research and the result for each flight condition at forward
and aft CG is shown in Figure 6.17 where it can be observed that it is satisfied.
With the LOES fit obtained, the dynamic modes for the augmented aircraft with FCS are determined,
however the phugoid dynamic mode isn’t taken into account with this research as it is assumed that the
short period transfer function fit can be directly obtained with the approximated short-period transfer
function. The results are shown in Table 6.6 to 6.8 with the ideal flying quality requirements for all
conditions defined in Table 6.9 based on the most constraining thresholds defined in the MIL-SPEC
1797A requirements.
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Figure 6.17: LOES Score results

Dynamic mode
Takeoff

Forward Aft

ζ ω Ts ζ ω Ts

Short Period 0.545 2.298 0.796s 0.699 1.739 0.821s
Dutch Roll 2.798 44.549 0.008s 0.443 2.254 0.999s
Aperiodic Roll - - 0.036s - - 0.114s
Spiral - - 0.150s - - 90.224s

Table 6.6: Damping ratio and natural frequency for dynamics of the Flying-V for Takeoff condition.

Dynamic mode
Approach

Forward Aft

ζ ω Ts ζ ω Ts

Short Period 0.650 1.396 1.100s 0.650 1.456 1.056s
Dutch Roll 2.483 7.266 0.055s 3.079 5.680 0.057s
Aperiodic Roll - - 0.166s - - 0.890s
Spiral - - 20.900s - - 0.890s

Table 6.7: Damping ratio and natural frequency for dynamics of the Flying-V for Approach condition.

It can be determined that the Short Period and Dutch Roll are at level 1 flying qualities, however the
Spiral mode isn’t satisfied and the LOES fit approximates a similar time constant for the Aperiodic Roll
and Spiral at Approach and Cruise flight conditions, highlighting a deficiency in the LOES fit.

The CAP results is shown in Figure 6.18, where it is determined that the CAP criterion falls within
Level 1 flying quality, however the CAP criterion also defines thresholds for the time delay of the pitch
rate transfer function, which is acquired from the LOES fit, and it can be determined that the Level 1
threshold isn’t met for all conditions.
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Dynamic mode
Cruise

Forward Aft

ζ ω Ts ζ ω Ts

Short Period 0.691 1.454 0.994s 0.840 1.466 0.811s
Dutch Roll 1.037 9.957 0.096s 0.404 11.062 0.223s
Aperiodic Roll - - 1.148s - - 0.225s
Spiral - - 1.148s - - 0.225s

Table 6.8: Damping ratio and natural frequency for dynamics of the Flying-V for Cruise condition.

Dynamic mode Ideal flying qualities requirements

Short Period
Level 1: 0.5 < ζsp < 1.3
Level 2: 0.35 < ζsp < 2.0
Level 3: ζsp > 0.25

Dutch roll
Level 1: ζdr > 0.08, ωdr > 0.5, ζdrωdr > 0.15
Level 2: ζdr > 0.02, ωdr > 0.5, ζdrωdr > 0.05
Level 3: ζdr > 0.0, ωdr > 0.4

Aperiodic roll
Level 1: Tr < 1.4 s
Level 2: Tr < 3.0 s
Level 3: Tr < 10.0 s

Spiral
Level 1: Ts > 28.9 s
Level 2: Tr > 11.5 s
Level 3: Tr > 7.2 s

Table 6.9: Dynamic mode requirements for tuning, based on [109]

10
-1 0.15 0.25 0.35 10

0 1.3 2.0 10
1 20

sp
 [-]

10
-2

0.05

10
-1

0.16

10
0

3.6

10
1

C
A

P
 [

1
/(

g
*s

e
c

)]

Level 1

Level 2

Level 3

FWD AFT

0

0.05

0.1

0.15

0.2

0.25

e
 (

s
e
c
)

Level 1

Level 2

Level 3

Figure 6.18: CAP results, thresholds found in [105]



6.1. New Simulation Model 130

The bandwidth criterion results are shown in Figure 6.19 with pitch transfer function obtained through
linearization of the higher order dynamics and the bandwidth criterion limits taken from [108] for all
flight conditions. It can be determined that the phase delay meets the desired threshold, however the
Bandwidth isn’t resolved appropriately.
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Figure 6.19: Bandwidth results, figure based on [108]

The Gibson dropback result for a commanded C* command with respect to the pitch rate is shown in
Figure 6.20, where it is determined that the Approach condition satisfies the criterion, however Takeoff
and Cruise need further improvement.

The stability margin with the lowest margin as provided by the function allmargin from 10−4 to 10−4 are
determined with the results shown in Figure 6.21. The thresholds are defined to achieve at least (±) 6
dB of gain margin and 45◦ of phase margin. From the tuning, it can be determined that Approach and
Cruise are meeting or near to the minimum margin thresholds, however the Takeoff condition has the
least margin.

Figure 6.20: Gibson dropback results
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Figure 6.21: Stability results

Tracking Results
The tuning of the reference tracking is done for the longitudinal and lateral dynamics respectively and
done with the handling qualities. The results of the tuning are shown in Table 6.10 with the tracking
response for all conditions shown in Figure 6.22 and 6.23. For the tuning at the Takeoff condition, the
tracking reference was reduced as the original reference would lead to destabilized scenario. At AFT
CG the tracking performance degrades for the lateral dynamics increase and more control effort is
required.

Tracking State Metric Takeoff Approach Cruise

FWD CG AFT CG FWD CG AFT CG FWD CG AFT CG

C∗

RMSE 0.057 0.067 0.058 0.0559 0.055 0.0533
Peak (g) 0.69 0.74 0.603 0.06 0.64 0.61
OS (%) 13.00 16.57 6.88 9.50 7.40 5.20

RiseTime (s) 0.27 0.28 0.48 0.48 0.29 0.46
SettlingTime (s) 2.64 3.52 3.04 3.54 2.78 2.77

δ energy 18.36 26.20 4.54 4.77 2.80 2.96

ϕ

RMSE 0.30 0.30 0.327 0.363 0.310 0.350
Peak (◦/s) 2.62 3.00 3.55 3.91 3.27 3.94
OS (%) 31.97 50.46 18.59 30.36 8.99 31.60

RiseTime (s) 0.30 0.48 0.29 0.33 0.24 0.37
SettlingTime (s) 4.53 5.94 4.94 2.87 8.47 5.17

δ energy 19.19 17.86 22.78 27.92 15.13 17.97

β

RMSE 0.310 0.272 0.337 0.321 0.338 0.300
Peak (◦) 1.33 1.34 2.24 2.45 2.28 2.39
OS (%) 0.29 0.89 12.32 22.74 14.30 19.71

RiseTime (s) 0.94 2.78 1.19 0.96 1.30 0.88
SettlingTime (s) 6.28 6.16 4.34 6.16 6.17 6.64

Table 6.10: Tuning Summary for tracking at FWD and AFT CG Positions
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Figure 6.22: Longitudinal Tracking response summary

Figure 6.23: Lateral Tracking response summary

6.2. Simulation Results
This section provides additional simulation results concerning the combined longitudinal and tracking
task as shown in Figure 6.24. This control tasking task is designed to keep the aircraft level and at
steady state at the end of the simulation and the nominal results at Approach condition (FWD CG) is
shown in Figure 6.26 and 6.30.
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Figure 6.24: Control Tracking task

Figure 6.25: Nominal result at Approach (FWD CG): tracking
response and control surface deflections

Figure 6.26: Nominal result at Cruise (AFT CG): tracking
response and control surface deflections

From the simulation, it can be observed that the variation of dynamic pressure has a proportional effect
on the control effectiveness and the initial control effectiveness initialised varies as shown in Figure
6.27 and 6.28.
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Figure 6.27: Approach (FWD CG): Change in dynamic pressure



6.2. Simulation Results 134

Figure 6.28: Approach (FWD CG): Change in Control Effectiveness

Figure 6.29: Approach (FWD CG): nominal case states
Figure 6.30: Cruise (AFT CG): nominal case states

The following additional results at Approach with a FWD CG and Cruise with an AFT CG are analysed

1. On-board model mismatch
2. Asymmetric structural fault

The Recursive Least Squares (RLS) filter and Variable Forgetting Factor has the following configuration
for the simulation:

P0 = 100I5x5

λmax = 1 λmin = 0.995

Σ0 = 0.01

The adaptation with RLS incorporates the residual, or described as innovation, based on the measured
rotational acceleration demand and the rotational acceleration by the control surfaces at time step k−1.
This residual is formulated as:

ϵk = ∆ω̇k−1 − Ĝ∆Uk−1 (6.5)
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On-board Model Mismatch
The INDI control law in the inner loop has a dependency on its On-Board Model (OBM), which is ini-
tialised at linearisation and contains the control effectiveness of the control surfaces. Amodel mismatch
between the OBM and the real control effectiveness dynamics could lead to degraded performance,
and adaptation to correct for this mismatch could be beneficial. An analysis was performed, where the
OBM has 25% less control effectiveness, and this is compared against the nominal tracking response,
where the OBMmatches the real dynamics. The results are shown in Table 6.11 with and without adap-
tation with the relative difference of INDI without adaptation. For this set of results, no control excitation
was used for the identification.

State [RMSE] Method Case Approach Cruise

FWD CG AFT CG

C∗ [g]
INDI Nominal 0.0322 0.0348

-25 % OBM 0.0302 (-6.21%) 0.0300 (-13.79%)

AINDI Nominal 0.0314 (-2.48%) 0.0298 (-14.36%)
-25 % OBM 0.0311 (-3.41%) 0.0295 (-15.22%)

ϕ̇ [deg/s]
INDI Nominal 0.3233 0.3417

-25 % OBM 0.3196 (-1.14%) 0.3284 (-3.89%)

AINDI Nominal 0.3217 (-0.49%) 0.3349 (-1.99%)
-25 % OBM 0.3211 (-0.68%) 0.3319 (-2.86%)

β [deg]
INDI Nominal 0.1093 0.0371

-25 % OBM 0.1094 (+0.09%) 0.0344 (-7.27%)

AINDI Nominal 0.1095 (+0.18%) 0.0408 (+9.97%)
-25 % OBM 0.1096 (+0.27%) 0.0342 (-7.81%)

Metric

δCSactivity [deg/s2]
INDI Nominal 24.240 13.415

-25 % OBM 34.978 (+44.3%) 19.846 (+47.9%)

AINDI Nominal 28.494 (+17.54%) 22.100 (+64.7%)
-25 % OBM 31.621 (+30.44%) 21.855 (+62.9%)

Table 6.11: RMSE and Control surface activity results at Approach and Cruise for tracking at FWD and AFT CG Position
respectively

In the approach condition, the OBM model mismatch has marginal influence on the tracking perfor-
mance and the increase with control activity corresponds to higher maximum deflections, where with
adaptation the increase isn’t as high. In the cruise condition, the decrease of the OBM effectiveness
improves the tracking performance, and the control surface activity also increases.

In the nominal case, with adaptation this can be elaborated with the innovation as shown in Figure
6.31, where each axis residual is shown and at last the residual norm. It can be observed that the
highest residual occurs as the aircraft has to follow the lateral tracking reference, and this subsides
as the tracking reference is met. These residual errors lead to the Variable Forgetting Factor (VFF)
adjusting itself as shown in Figure 6.32 and lead to the control effectiveness factor adapting, as shown
in Figure 6.33, where it can be observed in the first column that the control effectiveness with respect
to the angular acceleration are adapted proportionally.
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Figure 6.31: Approach (FWD CG), adaptive INDI: Innovation in nominal case
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Figure 6.32: Approach (FWD CG), adaptive INDI: Variable Forgetting Factor in the nominal case
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Figure 6.33: Approach (FWD CG), adaptive INDI: Control effectiveness in the nominal case

With adaptation in the OBM mismatch case, the mismatch of the CE is adjusted and corrected for as
shown in Figure 6.34 and it’s characteristic to slightly underestimate the CE occurs.

Figure 6.34: Approach (FWD CG), adaptive INDI: Control effectiveness in the OBM mismatch case

Examining a higher underestimation case for the Approach condition, where there is a 40% OBM mis-
match with the results shown in Table 6.12 reveals that there is a limit at which INDI can cope with
OBM mismatch. It is evaluated that the high underestimation leads to an oscillatory control surface
deflections, which affect the tracking of the C∗ command as shown in Figure 6.35 & 6.36.

State [RMSE] Method Approach

C∗ [g] INDI 0.0765 (+ 137.10%)
AINDI 0.0308 (-4.33%)

ϕ̇ [deg/s] INDI 0.3192 (-1.27%)
AINDI 0.3208 (-0.79%)

β [deg] INDI 0.1096 (+0.24%)
AINDI 0.1096 (+0.32%)

Metric

δCSactivity [deg/s2] INDI 164.0714 (+576%)
AINDI 37.5893 (+55.0%)

Table 6.12: RMSE and Control surface activity results at Approach and Cruise for tracking at FWD and AFT CG Position
respectively
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Figure 6.35: Approach (FWD CG), adaptive INDI: Control surface deflection with -40% OBM mismatch case



6.2. Simulation Results 139

Figure 6.36: Approach (FWD CG), adaptive INDI: Tracking with -40% OBM mismatch case

Although the adaptation doesn’t estimate the true parameter, its adaptation is able to correct for the
mismatch and track the reference accurately.

Asymmetric Structural Fault
An asymmetric structural fault, where the inboard elevon on the left hand side, and outboard elevon on
the right-hand side lose their effectiveness completely. This is only analysed for the Cruise condition
at AFT CG and the Approach condition has been analysed in the Scientific Paper (Part 1). The relative
change against the nominal condition is also provided, and it can be observed that adaptation leads
to significantly better tracking, as shown in Figure 6.37. Without adaptation INDI oscillates as it has
difficulty in tracking the C* command and near its pitch break, due to the severe reduction of control
authority with the faulted control surfaces, this is also evident with the control surface deflection com-
parison as shown in Figure 6.38 and aircraft state in Figure 6.39.
The adaptation of the CE is shown in Figure 6.42 where it is observed that the adaptation also under-
estimates the control effectiveness of the healthy surfaces and this reconfiguration leads to the control
deflection to achieve the desired tracking performance.
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State [RMSE] Method Cruise

AFT CG

C∗ INDI 0.16704 (+380 %)
AINDI 0.04415 (+26.8%)

ϕ̇
INDI 0.42078 (+23.1 %)
AINDI 0.37695 (+10.3 %)

β
INDI 0.04060 (+9.43%)
AINDI 0.04010 (+8.08 %)

Metric

δCSactivity

INDI 31.7433 (+136 %)
AINDI 33.6425 (+150 %)

Table 6.13: RMSE and Control Surface Activity at Cruise for tracking at FWD and AFT CG Position respectively

Figure 6.37: Cruise (AFT CG): Reference Tracking comparison
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Figure 6.38: Cruise (AFT CG): Control surface deflection comparison
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Figure 6.39: Cruise (AFT CG): Aircraft State comparison
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Figure 6.40: Cruise (AFT CG): Innovation
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Figure 6.41: Cruise (AFT CG): VFF

Figure 6.42: Cruise (AFT CG): Control effectiveness adaptation
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7
Conclusions & Recommendations for

Future Work

The research objective of this study is to develop a fault-tolerant flight control system, that can learn
and adapt to model uncertainties and faults, while adhering to the stability and handling qualities to
safely operate the aircraft. The main research question is defined as:

How can an adaptive control method be applied to the Flight Control System (FCS) of the Flying V for
improving its fault tolerance?

To answer the main research question, several sub-questions are formulated to scope and define the
research work and objective for the literature research and master thesis project. These research ques-
tions are revisited and answered, and thereafter the conclusion with the answer of the main research
question is given (7.1). At last, recommendations for future work are given (7.2).

7.1. Conclusion
In this section, several questions, where some have been answered in Chapter 5, are further expanded
upon with the insights gained during the research.

1. What are the results and lessons from previous research on developing the FCS for the Flying
V?
(a) What is the current state of handling qualities of the Flying V?

• The current state of handling qualities of the Flying V have been established on the new
aerodynamic model where at the respective flight conditions the bare-frame eigenvalues
have been examined and experimentally simulated with disturbances from its steady-
state trim, revealing unstable lateral modes and marginally stable longitudinal modes
where the short period quickly damps, but the phugoid is underdamped and remains os-
cillatory, the lateral excitation reveals a Dutch roll that’s stable, but the dynamics diverge
due to the unstable spiral.

• The augmented aircraft fulfils the Level 1 flying qualities with respect to the dynamic
modes and handling criteria used in previous researches have been applied again, with
the bandwidth criterion not being satisfied for level 1 flying qualities. The CAP criterion
has been fulfilled partially, as the time delay is within Level 1 and Level 2 flying qualities at
the evaluated flight conditions. The Gibson dropback criterion is met for the Appproach
flight condition, whereas the other flight conditions, Takeoff and Cruise, aren’t satisfied.

(b) What are the latest developments in aerodynamic modelling for the Flying V?
• During this research, updated aerodynamic models have been provided, which incor-
porate additional states and control surfaces than used in this research, whereby the
nonlinearity of the aerodynamic model is further defined. This research incorporated the
first iteration of this newer model with a simulation model that independently commands
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each elevon instead of ganged control surfaces, however the model is still defined with
linear control surface effectiveness estimations

(c) What is the current state of the Flying V simulation model?
• The developed model in this research has updated tuning scripts and a new aerody-
namic model, and fault injections or on-board model mismatches. Moreover, the actua-
tor dynamics were updated as the previous simulations models used actuator dynamics
of a highly agile aircraft, and this was adjusted to bemore in line with commercial passen-
ger aircrafts. The Flight Envelope Protection and Control Allocation in previous research
were not enabled in this research.

(d) What assumptions and uncertainty are present in the simulation model of the Flying V?
• There is no engine simulation model that computes the thrust at the various flight condi-
tion, but it is computed to achieve the necessary trim at the flight condition.

• The mass, weight, and moment of Inertia of the aircraft remains constant during the
simulation.

• The moment of inertia matrix is not updated for this newer geometry and is a source of
uncertainty.

• It is assumed that the structural faults do not influence any other aerodynamic parame-
ters and constants.

• Zero wind and perfect atmosphere assumption in the simulation model.
(e) What are the specifications and requirements that apply to an FCS with an adaptive control

method?
• The same specifications and requirements used in previous research of Nonlinear Incre-
mental Dynamic Inversion (INDI) have been applied, whereby the outer loop reference
controllers are tuned with the INDI in the inner loop for rate control.

2. What evaluation metrics are suitable to assess the adaptive control method for the FCS?
(a) What are the flying & handling qualities criteria, which have been evaluated for the FCS?

• The same specifications and requirements used in previous research [23] have been
applied for the tuning of the outer loop gains, but no evaluation of the handling quality
with adaptation have been performed.

(b) What assessment for evaluating model parameter uncertainties have been performed?
• Structural faults have been incorporated as a scaling parameter with respect to the aero-
dynamic parameters of the control surfaces.

3. What advancements have there been in the applications of nonlinear & adaptive methods?
(a) What methods have been implemented for fault-tolerant control?

• This research has incorporated adaptation in the inner loop, where the on-board model
is adapted online with Recursive Least Squares.

4. How does the selected adaptive method satisfy the requirements for the Flying-V FCS?
(a) How does the adaptive FCS compare in tracking qualities to a non-adaptive FCS?

• The FCS with adaptation achieves lower Root Mean Square Error (RMSE) for the re-
spective tracking references, but its adaptation also leads to higher control activity since
the adaptation leads to an underestimation of the control effectiveness.

(b) How does the adaptive FCS cope with faults compared to the non-adaptive FCS?
• At the analysed flight conditions the FCS with adaptation is able to appropriately adjust
for faults, by reconfiguring and adapting the on-board model. The algorithm does not
estimate the true parameters from the dynamics, but adapts the parameters such that
the desired angular acceleration can be met.

To answer the main research question and conclude the research, the objective of this research was to
incorporate a fault-tolerant FCS for the Flying-V and thereby improve its fault tolerance. The method
applied in this researchwas to use an adaptive control method, where an adaptive inner loop rate control
law is designed with INDI. The adaptation mechanism is to adapt and update the control effectiveness
parameters with RLS. With adaptation, it was shown that adaptive INDI improves the tracking response
andwhen faults or on-boardmodel mismatches are introduced, it canmaintain better performance. This
improves the fault tolerance of the FCS and leads to further advancements of FCS for the Flying V.
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7.2. Recommendations
As outlined in the previous section, a fault-tolerant FCS with adaptive INDI has been implemented,
which leads to improved tracking performance. However, improvements can still be incorporated in the
method used, the assessment of its fault tolerance and other improvements regarding the simulation
model, gain tuning and optimisation and handling quality.

The current estimationmethod utilizes a correction parameter to update the control effectivenessmodel,
however, this model is a non-physical parameters solely dependent on a single variable for its estima-
tion. Further studies can be conducted to investigate if more variables or a different model can be
applied to improve the control effectiveness estimations. This is especially important as future aerody-
namic models can contain non-linear estimations and the current model becomes more limited.
Further research can also investigate on Control Allocation (CA) with the aim of making optimal use of
the adapted control effectiveness, where a comprehensive analysis on this aspect can be conducted
to ensure appropriate distribution of control commands when saturated or in case of complete loss of
effectiveness. This is also related to the control surface excitation to enrich dynamics and improve the
estimation, while minimizing the disturbance on the tracking task.

The analysed fault cases are limited to structural faults which lead to control effectiveness reduction,
but further analysis towards actuator faults and sensor faults or combined faults are of interested and
thus necessitate more investigation and analysis to assess the fault-tolerant FCS. This can also be
cases at Takeoff and One Engine Inoperative (OEI) cases.
Future evaluations can also investigate how uncertainties related to time delays, higher noise or distur-
bances affect the adaptation. Moreover, the Flight Envelope Protection (FEP) is not incorporated, and
future research can analyse how the updated on-board model affects the FEP.

The optimization was performed with the PatternSearch method in MATLAB with an objective function
that evaluates the handling qualities and tracking performance concurrently. Upon completion of the
gain tuning, it was observed that not all handling qualities are confidently met and some tracking qual-
ity specifications. The bandwidth criterion is not met for all flight conditions and the handling quality
constraints have been mostly superficial, where the boundaries are incorporated as soft-constraints to
that could be exceeded. Future research can improve the optimisation and meet the handling quality
criterions.

The simulation model applied various assumptions, such as zero wind and perfect atmosphere assump-
tions, and future research can focus on incorporating more realistic dynamics and combine that with
faults. Additionally, the mass model and inertia is remained constant, with the latter still obtained from
an older geometry model. Further updates and uncertainty analysis should be evaluated.
Moreover, the tracking reference used in this research is a short simulation and is not assessed against
more complex manoeuvres to meet compliance against CS-25. At last, no piloted simulator tests were
performed, and future research can also evaluate the performance with and without adaptation.
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