Ml

Ag8sessinent of an
HesBased Robust
controller Through
P1loted Simulator
Testmg of FHelicopter
Frandigo:Qualities

MSc Thesis Report
Thom™Wennnk

74




Assessment of an
He-Based Robust
Controller Through
P1loted Simulator
Testing of Helicopter
Handling Qualities

by

Thom Wennink

to obtain the Master of Science
at the Delft University of Technology,
to be defended publicly on Wednesday the 25th of June, 2025.

Student number: 4381688
Project duration:  September, 2024 — June, 2025

Supervisor: Dr. M. D. Pavel, TU Delft, thesis supervisor
Dr. Eng S. Theodoulis, TU Delft, thesis supervisor
Ir. O. Stroosma, TU Delft, flight test supervisor
Cover: SIMONA Research Simulator (modified)

(https://www.tudelft.nl/Ir/organisatie/afdelingen/control-and-
operations/facilities/simona-research-simulator)

o]
TUDelft



Preface

This thesis is the culmination of my time studying at the TU Delft. It took years of hard work, not only
academically but also personally, but | have reached the end. | look back on my time at the TU Delft
with pride, and a sense of accomplishment. | have learned far more than | ever expected beforehand.
All the experiences during these years have made my time studying at the TU Delft a very memorable
time in my life, that | can look back on with joy. The work | did on this thesis in particular was challenging
but in the end, very rewarding. Especially the opportunity to work on the Simona research simulator is
an experience | will never forget.

Now to the people who have made a very significant impact on my thesis. First off, | would like to thank
my supervisors, Marilena Pavel and Spilios Theodoulis, for their guidance and support throughout the
whole process of my thesis. They have helped me through the challenges | faced, and led me through
them with their insight and encouragement. | would also like to thank Olaf Stroosma for his help with
the set-up, supervision and execution of the flight test performed, his help was invaluable and | am very
grateful. A special thanks to Tomasso Capra, on who’s research this thesis is a continuation, for his
time and effort spend on helping me.

| would also like to sincerely thank the pilots who took time and energy to perform the flight test. Their
enthusiasm and meticulous feedback, made it not only a joy to perform the flight tests, but also provided
me with the data needed for this research, and gave me insights that elevated the result immensely.

Lastly, | would like to deeply thank my family and friends, who have helped me through the challenging
times, and were there to celebrate the accomplishments. Without their constant encouragement, this
thesis and my time at the TU Delft would have not been what it is today.

Thom Wennink
Delft, June 2025



Preface

Nomenclature

1
2
3

Introduction
Scientific Article

Literature Review

3.1 Handling Qualities . . . . ... ... ... ... ..
3.2 RobustControl . . . ... ... ... ... ...
3.3 ResearchProposal . . . .. ..................

Background: Helicopter Model & Robust Controller

41 Model . .. ... . ..
4.2 Controllerdesign . . . . . ... ... ... ... L.
4.3 Discretization . . .. ... ... o

Flight Test: Design and Results

5.1 Controller Configuration . . . . .. ... ... ........
52 Tasks . . . . . . ..
5.3 Simonaresearch simulator . . ... ... ..........
54 Flight TestResults . . . ... ... ... ... ........
55 Discussion . . ... .. ... e

Anti-Windup

6.1 Actuator Saturation and Integral Windup . . . . . . ... ..
6.2 Method . ... ... .. . ... ...
6.3 Results . ... ... .. .. . ...

Conclusion & Recommendations

11

contents

22

................ 22
................ 27
................ 32

33

................ 33
................ 39
................ 42

44

................ 44
................ 45
................ 51
................ 55
................ 63

65

................ 65
................ 66
................ 68

71



Nomenclature

Symbol Definition Unit
ay Rotor flapping coefficient [-]

c Blade chord [m]
Cyq Drag coefficient [-]
Cr Thrust coefficient [-]
Ci, Lift curve coefficient [-]

D Drag force [N]
dr,do Disturbances, input and output [-]
F, F, Resultant force along the x,z-axis of the body frame [N]
G Plant [-]

g Gravitational constant [ms—2]
h Time-step used in the Runge-Kutta method [s]

I Blade moment of inertia [kg m?]
K Controller element [-]

kn, Runge-Kutta factor [-]

m Measurement uncertainty [-]

m Mass [kq]
M Moment force [Nm]
q Pitch rate [deg/s]
R Radius of the rotor [m]

r Reference signal [-]

S Blade area [m?]
S1,50 Sensitivity function, input and output [-]

T Thrust force [N]
T, To Complementary sensitivity function, input and output  [-]

U Horizontal velocity in the body frame [m/s]
U Input [-]
Up Input at a certain time-step [

% Velocity vector [m/s]
V. Vertical velocity in the earth frame [m/s]
W Weighting filter [-]

w Vertical velocity in the body frame [m/s]
Xeg Center of gravity in X-direction [m]

y Output [-]

Qe Angle of attack of the control plane [deg]
5y Lock number [-]

€n Total error at timestep [deq]
€ Angle of incidence of the velocity [deg]
¢ Damping ration [-]

0 Pitch angle of the helicopter [deq]
0., 0y Inputs, cyclic and collective, to the helicopter model [deg]
Ae Non-dimensional induced velocity of control plane []

A Non-dimensional induced velocity [-]

i Rotor advance ration [-]

p Density [kg/m?]
o Rotor solidity [-]

T Time-constant [s]
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Symbol Definition Unit
Ta; Thrust coefficient state derivative factor [-]

Q Rotational speed of the rotor [deq]
w Frequency [rad/s]
We Low-pass filter frequency [rad/s]
W, Natural frequency [rad/s]




Introduction

Helicopters have always been a complex piece of engineering, offering amazing characteristics such
as being able to take off and land vertically, hover in the sky, move any direction, and making hard to
reach places accessible with ease. However, this mobility does come at price. Instability is a well-known
problem that helicopters struggle with, from instability in pitch during forward flight, to instability when
hovering, and large coupling effects between different axes(Reeder et al., 1966). To tackle helicopter
stability issues and to elevate rotorcraft performance, developments regarding rotorcraft hardware have
consistently been made (Stiles et al., 2004). To further aid rotorcraft stabilization, control systems have
been implemented since the early development phase of rotorcraft (Prouty and Curtiss, 2003). One
important development of modern control theory is robust control. The concept of robust control is
to design a stabilizing controller, often imposed with certain performance criteria, with uncertainties
taken into account in the design process. Any aircraft in the real world is subjected to uncertainties.
This can range from external disturbances, such as wind gusts, to internal hardware uncertainties, for
instance sensor errors. Uncertainties can also appear in the form of errors in the model that was used
to design the controller. Uncertainties are inevitable, however, robust control methods can guarantee
that, when under the effect of a certain level of uncertainty, the controller will not violate constraints
imposing desired performance and stability.

When discussing control augmentation techniques an important factor is the handling quality. Handling
qualities are a measure of the pilot experience in the cockpit and of their workload to conduct certain
tasks. The pilotis a central part of any aircraft system. He is the one in control of the rotorcraft. However,
when conditions occur where the pilot workload intensifies, it is vital that the aircraft has good handling
qualities. Good handling qualities reduce the pressure on the pilot and keeps dangerous situations from
escalating. The 32nd Nikolsky Honorary lecture by Padfield (2013) is fully dedicated to this subject and
illustrates how far the development of handling qualities have come. One of the widely used documents
on rotorcraft handling qualities is ADS-33 (Anon., 2000), preceded by the MIL documents (Anon., 1961).
These documents provide a basis on how to design and test a controller to use control augmentation
as a method to minimize the pilots workload.

To achieve a desired level of handling qualities, certain metrics are often used to impose design criteria
on the design of a controller. These metrics are developed to represent aspects that would lead to
these handling qualities. However, since handling qualities by nature are an experience of the pilot,
the pilot experience must be tested in order to verify a controller design produces the desired handling
qualities. This leads us to the focus of this thesis: an assessment of the handling qualities of a robust
controller, designed for the Bo-105, by means of piloted flight testing. This controller was previously
designed by a fellow TU Delft student, presented in his thesis (Capra, 2024). One of the previous goals
of this research was the design a controller reaching level 1 handling qualities. This thesis designed
and performed a flight test on the Simona research simulator at the TU Delft faculty of Aerospace
Engineering, involving experienced pilots, as a method to verify the desired handling qualities set in
the previous research, as well as furthering research into helicopter application of robust controllers.



This thesis follows the subsequent structure: the accompanying scientific article to this thesis is pre-
sented in chapter 2. A literature review is provided in chapter 3, which discusses handling qualities
and robust control. This aims to provide some background for the research performed in this thesis,
and aid in the development of research objectives and questions. The background into the model and
controller used in this research is discussed in chapter 4. In chapter 5 the design and results of the
flight test are discussed. This includes the different tasks that were flown, the comparative controller
configuration that was used, and the setup of the simulator. As a result of significant pilot induced oscil-
lations during one of the runs flown during the flight test additional research was done into anti-windup,

which is discussed in chapter 6. Lastly, the conclusion to this report and recommendations on further
research, are given in chapter 7.
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Assessment of an Hoo-Based Robust Controller Through Piloted
Simulator Testing of Helicopter Handling Qualities

T.S. Wennink, M.D. Pavel, S. Theodoulis
Delft University of Technology, Faculty of Aerospace Engineering, Kluyverweg 1, 2629 HS Delft, The Netherlands

This paper is on the assessment of handling qualities for a robust controller, previously
designed using Hoo techniques for a longitudinal model of the Bo-105. These techniques offer
robustness against uncertainties, but for the designed handling qualities to be verified, a flight
test was required. During this flight test, the pilots were asked to perform a set of tasks. These
include a stick sensitivity task, tracking tasks for the pitch and altitude, being flown at different
flight conditions to show robustness, a bob-up, and an acceleration-deceleration task. These
tasks were flown for two different controller configurations, the robust controller and a simple
pitch rate controller as a base line. The impact of the stick sensitivity is investigated and
minimized during the first task, after which the pilots provided a Cooper-Harper rating for
the remaining tasks. All task except for the acceleration-deceleration task saw increases in
ratings for the robust controller, compared to the baseline configuration. The tracking tasks
achieved a handling quality level on the border of 1 and 2. Non-controller factors, such as
stick force, missing cueing and performance limits, were commented on to be of impact on
the ratings given by the pilots. The acceleration-deceleration task brought significant PIO to
light. This was investigated and attributed to integral windup. Anti-windup methods, clamping,
and back-calculation were used to successfully combat the problem. Overall the design of the
robust controller trends the handling qualities towards level 1, but does not fully reach this level.
However, there are indications that most of the deficiencies are not controller related however.

Nomenclature

h = Time-step used in the Runge-Kutta method [s]
K = Controller element [-]
kn = Runge-Kutta factor [-]
q = Pitch rate [deg/s]
S = Sensitivity function [-]
u = Horizontal velocity in the body frame [m/s]
Up = Input at a certain time-step [-]

o = Vertical velocity in the earth frame [m/s]
w = Vertical velocity in the body frame [m/s]
Xn = State in the Runge-Kutta method [-]
€ = Total error [deg]
4 = Damping ration [-]
0 = Pitch angle of the helicopter [deg]
6.,60 = Inputs, cyclic and collective, to the helicopter model [deg]
A; = Non-dimensional induced velocity [-]
T = Time-constant [s]
w = Frequency [rad/s]
We = Low-pass filter frequency [rad/s]

Wy = Natural frequency [rad/s]



I. Introduction

Helicopters have always been a complex piece of engineering, offering amazing characteristics such as being able
to take off and land vertically, hover in the sky, move any direction, and making hard to reach places accessible with
ease. However, this mobility does come at price. Instability is a well known problem that helicopters struggle with,
from instability in pitch during forward flight, to instability when hovering, and large coupling effects between different
axes[1]. To tackle helicopter stability issues and to elevate rotorcraft performance, developments regarding rotorcraft
hardware have consistently been made [2]. To further aid rotorcraft stabilization, control systems have been implemented
since the early development phase of rotorcraft [3]. One important development in modern control theory is robust
control. The concept of robust control is to design a stabilizing controller, often imposed with certain performance
criteria, with uncertainties taken into account in the design process. Uncertainties are inevitable, however, robust
control methods can guarantee that, when under the effect of a certain level of uncertainty, the controller will not violate
constraints imposing desired performance and stability.

When discussing control augmentation techniques an important factor is the handling quality. Handling qualities
are defined by Cooper and Harper [4] to be "those qualities or characteristics of an aircraft that govern the ease and
precision with which a pilot is able to perform the tasks required in support of an aircraft role", they are a measure of
the pilot experience in the cockpit, and of their workload to conduct certain tasks. The pilot is a central part of any
aircraft system. However when conditions occur where the pilot workload intensifies, it is vital that the aircraft has
good handling qualities. Good handling qualities reduce the pressure on the pilot and keeps dangerous situations from
escalating. The 32nd Nikolsky Honorary lecture by Padfield [5] is fully dedicated to this subject and illustrates how far
the development of handling qualities have come. One of the widely used documents on rotorcraft handling qualities
is ADS-33 [6], which supersedes the first specifications that focused specifically on helicopters, collected in the MIL
documents [7]. This document provides a basis on how to design and test a controller to use control augmentation as a
method to minimize the pilots workload.

To achieve a desired level of handling qualities, certain metrics are often used to impose design criteria on the
design of a controller. These metrics are developed to represent aspects that would lead to these handling qualities. A
collection of these and their design process is highlighted by Memon et al. [8]. However, since handling qualities by
nature are an experience of the pilot, the pilot experience must be tested in order to verify a controller design produces
the desired handling qualities. Apart from the design of the controller, external factors can also impact the handling
qualities, such as input design [9] or motion [10].

This leads us to the focus of the research presented in this paper: an assessment of the handling qualities of a robust
controller, designed for the Bo-105, by means of piloted flight testing. This controller was previously designed by a
fellow TU Delft student, presented in his thesis [11]. One of the previous goals of this research was to design a controller
reaching level 1 handling qualities. The presented research designed and performed a flight test on the Simona research
simulator at the TU Delft faculty of Aerospace Engineering, involving experienced pilots, as a method to verify the
desired handling qualities set in the previous research. A set of interesting examples of research where robust control
was used to design a robust controller, including (simulated) flight testing of the controller and assessment of handling
qualities of these controller are by Postlethwaite et al. [12], Walker et al. [13], Postlethwaite et al. [14] and Horn et al.
[15].

The structure of this paper is as follows: the model used for the design of the flight test is discussed in section II.
The design methods and background of the controller can be found in section III. The flight test design is discussed in
section IV. The results of the flight test are presented and discussed in section V. As a result of significant pilot induced
oscillations during one of the runs flown during the flight test, additional research was done into anti-windup, which is
discussed in section VI. Lastly, the conclusion to the this paper is given in section VIIL.

I1. Model

Helicopter

The helicopter model that was used for the flight testing was a 3-DOF, longitudinal adaptation [16] of a 6-DOF
version of the model, developed by Pavel [17]. This model is a general helicopter model, which is applied to the
specification of the BO-105 during this research. The output of the model is a set of state derivatives, accounting
for positional and rotational change, and an added factor for the regulation of the thrust coefficient. The inputs are a
collective and longitudinal cyclic angle. The vectors are shown below.
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Actuators
A model for the actuators was obtained from Bouwer and Hilbert [18] in the form of a second order transfer function,
with a natural frequency of 50.265 and a damping ratio of 0.95:

2526.6
52 +95.55 +2526.6

Apart from a model for the response of the actuators, the physical limits are also of importance. These are in the
form of a rate limit and a positional limit, and can be seen in Table 1 [19][11].

@)

Max. Max. -
Actuator ax. + ax Max. Rate
Deflection | Deflection
Collective | 15.0 -0.2 16.0
Cyclic 11.0 -6.0 28.8

Table 1 Actuator position and rate limits in degrees

II1. Controller

The controller used in this research was developed by Capra et al. [20]. This section will be a brief summary of the
controller and some of the design choices made by Capra et al. [20], that directly impacted this research.

The controller consists of three parts; the feed-forward element, the PI-like element, and the pitch rate element, all
shown in Figure 1. Starting with the feed-forward element, K ¢ ¢, its purpose is to shape the response of the signal it is
acting on, and has the shape of second order transfer function. The PI-like element, K, is the part of the controller that
is used for tracking the pilot inputs. This has a classic PI shape, a proportional element and an integral element, with a
low pass filter added to both of these elements. The transfer function of the PI-like element will then be: [20]

K w
Kels) = (KP+TI). 9+Z)
. s B

3

The last element is the pitch rate element, K, which is a stabilizing factor for the pitch rate of the helicopter. Since
the phugoid mode of the helicopter is unstable, this element is added to improve the stability of this mode by damping
the pitch rate.
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Fig.1 Schematic overview of the shape of the controller, with its different elements highlighted.

The values for the different elements of the controller are shown below[20], which are found in previous research
conducted by a fellow student. H,-based constraint optimization methods were used to find these values. This method
uses a set of constraints, expanded on below, to find a solution for the controller values, that minimize the soft constraint,
while making sure the hard constraints are not violated. The main function of the hard constraints is to impose a stability
requirement. These constraints are a constraint on the minimum disk-based stability margins, which resulted in a gain
and phase margin of +7.6dB and +45°respectively. The second hard constraint was a pole placement based on handling
qualities requirements given by ADS-33[6]. The handling requirement set a damping ratio limit of 0.35. Furthermore,
the maximum frequency of the poles was limited to 100rad/s, to account for the sampling frequency, assumed to be 100
Hz[20], so that dynamics would not become too fast to detect properly.

Koy (s) 0.0565 — 0.30 K o(s) —46.87s +26.46 @
s) = . s) =
EAE 2+ 12245 +54.04° 110 s2+ 11.365 +46.16
0.064 0.06592 ~11.09 ~5.6559
K. §)= — Koy (s) = —222 K. -7 K. = 20007 5
Vb (9) = s Vet (8) = 578 o0.p(8) = s 0.1(9) = s )
K, =-1.97 (6)

The soft constraints aim to improve a certain aspect of the controller, which include input and output disturbance
rejection, model following, and control attenuation. For this research, the constraints relating to the implementation of
handling qualities are of importance, while one of the research goals is to validate the designed for handling qualities in
a simulation setting.

The first of these handling quality criteria is a constraint on the disturbance rejection of the pitch and heave. More
specifically, this is in the form of disturbance rejection bandwidth and peak on the sensitivity function of the signals.
These are defined by Berger et al. [21] to be:

w (So = —=3dB) = DRBrad/s, ||S,|lc = DRPdB 7

The values that were used by Capra [11] for this constraint can be seen in Table 2.

Pitch (6) | Vertical Velocity (V)
DRB (rad/s) > | 0.5 1.0
DRP (dB) < 5.0 5.0
Table 2 Disturbance rejection bandwidth and disturbance rejection peak for the pitch and vertical velocity [21].

The other constraint that aims to achieve a certain handling quality is the constraint that is included to improve the
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Fig. 2 Bandwidth and phase delay requirements for small-amplitude pitch changes in hover and in low speed
flight (left), quickness requirements for moderate-amplitude pitch changes in hover and in low speed flight
(right)[6].

model following of the controller. This is a certain response shape in the time domain that is desired for the controller
to follow. The model used for the response shape of the controller is defined in ADS-33 [6] as a first order transfer
function of the response from the collective input to the vertical velocity:

Ke_(TVZeqS)

®

TV:eq s+1

With the parameters that correspond to a handling quality level 1 found by Capra [11] to be:

Parameter | Value

Wiy 5 ms
TV 10s

Zeq

Table 3 Parameters used for the response shaping model for vertical velocity.

The model for the pitch signal is based on the work by Tischler et al. [22], and setup as a second order transfer
function with the following shape:

=Ty, S
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The handling quality level of this model is based on the criteria found in ASD-33[6]. A requirement is put on the
quickness, defined as the peak angular rate over the peak attitude change for a specific axis, in this case the pitch. The
different levels of handling quality, for a target acquisition and tracking task, that correspond to a certain quickness, are
shown in Figure 2. The other requirement that helps shape Equation 9, is another requirement from ADS-33, this time
being on the bandwidth and phase delay. The different levels for the phase delay with a certain bandwidth, can be seen
in Figure 2.

The parameters for the model to follow for the pitch are presented in Table 4. These correspond to a quickness of
1.6 %, which was the limiting factor, and a phase delay of 0.05s with a bandwidth of 6.3 rad/s, found by Capra [11].

Parameter | Value
70, 7.5 ms
e 1

wn 4.5 rad/s

Table 4 Parameters used for the response shaping model for pitch.



IV. Flight test setup

1. Configuration

The robust controller was designed to be able to increase the performance of the helicopter, both in stability and
performance. To be able to analyze this increase, a configuration of the helicopter was needed to have a comparison
baseline case. It was decided to have this baseline configuration only be augmented with a pitch rate controller for
added stability. This configuration is shown in Figure 3, and further referred to as the Stability Augmentation System
(SAS) configuration. The commanded angles for the collective and cyclic signal were directly controlled by the pilot in
the pitch rate controller configuration. The pitch rate controller was only able to influence the cyclic command angle.
The value for the pitch rate controller, K, = 0.4, was found with the help of an experienced pilot, who did not further
participate in the flight test.

Direct control

e0, ref eo, cmd

c,cmd

Pitch rate
q A

Fig. 3 Schematic overview of the SAS configuration.

2. Tasks
For the selection of the tasks to be flown during the flight test, the tasks needed to be fitted to the setup of the
helicopter. This meant that only longitudinal tasks could be considered. Furthermore, the selection of tasks were
aimed to test for the pitch and heave response individually at first, and test for their combined response after. Since the
controller was not designed for hover, it was decided that the bob-up task was a suitable task for implementing hover
aspects into the research, while also including heave response in the test. Lastly, a control configuration task was chosen
to be performed, to investigate and reduce the impact of the stick sensitivity on the handling quality ratings. The tasks
that were chosen to investigate the different aspects of the design for controller were:
1) Control configuration task: to investigate, and try to lower, the impact the cyclic stick sensitivity has on the
ability to control the helicopter, and with that the workload of the pilot.
2) Pitch tracking task: to investigate the pitch response characteristics of the controller in a purely pitch focused task
3) Altitude tracking task: to investigate the heave response characteristics of the controller in a purely altitude
focused task
4) Bob-Up task: to investigate the ability to precisely control the heave in a hover situation, while simultaneously
checking for any coupling between pitch and heave.
5) Acceleration-deceleration task: to investigate pitch and heave characteristic of the controller in an aggressive
setting, where the helicopter is near its performance limits.

Sensitivity configuration task

The first task that was performed is a configuration task for the sensitivity of the cyclic stick. This was done to
investigate the effects of the input device on the ability to control the helicopter, and furthermore to lower this impact on
the tasks to come. The impact that stick sensitivity can have on the handling qualities was already researched in early
stages of helicopter development [9]. In this task, a pitch tracking task (see below) was used to give the pilot a reference
to compare different sensitivities. The cyclic stick sensitivity was varied by varying the maximum deflection of the stick,
while keeping the corresponding maximum input the same at the new maximum deflection. The different maximum
deflections are shown in Table 5. The assessment of the performance of the sensitivities was done based on the pilot’s
experience, and by performing test runs where the pilot was asked to give an overall preference of the sensitivity. When



the preferred sensitivity was found, this sensitivity was locked in and used for the remainder of the flight test.

Sensitivity 1 2 3 4
Max. Stick Deflection (deg) | 14.8 | 12.0 | 9.0 | 6.0
Table 5 Maximum deflection of the cyclic stick, with corresponding sensitivity level.

Pitch tracking task

With the sensitivity selected, the next series of tasks are designed to test the controller in different situations. From
this task on, the pilot was asked to provide a Cooper-Harper rating to the performed tasks.

The pitch tracking task was designed to test the pitch response of the controller. In this task, the pilot was presented
with a reference pitch signal to follow. This reference signal consists of a set of series of ramp and step inputs, which for
this specific task were always the same number of inputs, but randomized in their amplitude and length, over the same
total time, for each run of the task performed. To put a measurable performance on this task, the pilot will obtain a score
based on the total time spend within a certain limit of the reference signal. If he stays within +0.5° of the reference
signal, for at least 50% of the run, this will be desired performance. Adequate performance will be if the pilot stays
within +1.0° of the reference signal, for at least 50% of the run. The reference signal, as well as the limits to this signal,
and the total scores will all be displayed to the pilot. The pilot’s display for both the pitch and the following altitude
tracking task is shown in Figure 4.

Altitude tracking task

The altitude tracking task is a very similar task as the pitch tracking task. The design is inspired by the hurdles task
flown in the experiment on the large motion simulator in Bedford[23]. Instead of the reference signal being for the pitch
of the helicopter, it will be for the altitude of the helicopter. The pilot is again asked to follow the reference signal. For
this task, a desired and adequate limit is placed on the reference signal, corresponding to 10ft and 20ft respectively.
Similarly as the pitch tracking task, this task is deemed to be successful with desired performance when 55% of the total
time spent on the run is within the desired limit. This will again be the same for adequate performance.

Both the pitch and altitude tracking tasks were to be flown at different initial speeds, and initial altitudes. During
the tasks, these speeds and altitudes will vary because of the input of the pilot. It was up to the pilot to find the best
strategy to perform these tasks. To try to keep the focus on the pitch and vertical velocity response, it was not required
to stay within a hard limit in regard to the speeds and altitudes, other than at low altitudes not reaching the ground. It
was however asked of the pilots to fly the helicopter within a reasonable level of aggressiveness, as would be used in a
regular, non-emergency, flight condition. The important aspect of how the helicopter was flown is consistency, since the
goal of the experiment is to compare the difference with and without the designed controller.
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Fig. 4 Tracking task display for the pilot, with the square on the pitch tape being used for the pitch tracking
task, and the lines on the altitude tape being used for the altitude tracking task. Additionally, the desired and
adequate limits for each task are included as well.

Bob-up task

The bob-up task is a task inspired by a task described in ADS-33 [6], called the vertical maneuver in ADS-33. This
task is designed to check the heave response of the controller, especially the precision with which the helicopter can be
controller in the vertical axis. The bob-up task starts with the helicopter in a stabilized hover at 15ft. The pilot then
ascends to 55ft and stabilizes there for 2 seconds and comes back down to 15ft. For this task, there were outside visuals
to assist the pilot. To assist the pilot with the altitude requirement and with maintaining a hover, a board with a ball in
front, at a certain distance is shown to the pilot. This board is located at both 15ft and 55ft. A schematic representation
of the task is presented in Figure 5.

The performance level achieved by the pilot during this task is based on the time spend to complete this maneuver.
A secondary requirement was put on the longitudinal position away from the starting position, however, since there were
no screens in the simulator to look downwards, this was indicated to the pilot on the HUD. The limit on this position
was taken from the ADS-33 task: +6 ft for desired performance and +10 ft for adequate performance.[6] The time to
complete the maneuver was set to 15s for adequate performance, and 10s for desired performance, obtained from the
vertical maneuver.

The position requirement was checked in the simulator before the actual flight test. The pilot was able to hold
position somewhat, but was experiencing difficulties due to the visual cues missing from below the helicopter. The
positional requirement was thus deemed to not be leading in the performance criteria.
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Fig.5 Schematic representation of the boards used to assist the hover; on the left a front view and on the right a
side view.

Acceleration-deceleration task

The last task to be completed was the acceleration—deceleration task, which is also a task described in ADS-33
[6]. The task is used to assess both the pitch and heave response of the helicopter. Especially the coupling between
pitch and heave is tested, in the case of large pilot inputs. In this task, the pilot starts in a stabilized hover, and rapidly
accelerates to 50 knots, while holding the altitude below 50 ft. When the target speed of 50 knots is reached, the pilot
rapidly decelerates to a hover again. The task, and the course used, are shown in Figure 6. A performance requirement
is that a certain nose-up pitch angle is reached during the deceleration of the helicopter. ADS-33 considers a desired
performance if this angle is at least 30° , and adequate performance if the angle is at least 10°. Since the maximum
input to the controller was set to 30°, it was investigated to see if this was a feasible requirement to be used. The
helicopter showed responses that could go over 30 °, because of some overshoot during more aggressive maneuvers. It
was however decided, similarly as the with the bob-up task, to be slightly lenient with this requirement. This was done
to not punish the pilot for going too smoothly if that meant he would fall just short of 30 °, so the requirement was set to
28 °. The total task was to be completed within a distance shown both in the visuals, by the use of pylons on the ground,
and indicated on the HUD.
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Fig. 6 Top view of the course used in the acceleration-deceleration task.
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Simulator

For the flight test the Simona research simulator located at the faculty of Aerospace Engineering at the TU Delft was
used. The simulator is a customizable cockpit, sitting on a hexapod motion system. The inside provides a wide angle
field of view, provided by three projectors attached to the cabin. However no screens are present to give the pilot a view
below the helicopter, which is a limitation on the visual cues the pilot is able to receive. Since the experiment was
conducted for a longitudinal model, the cyclic stick was locked in its lateral direction so the pilot would not get a false
sense of input in this direction. With the same reasoning the pedals were not used during the experiment. The pilot was
assisted with a head-up display, displaying information such as airspeed, altitude, and pitch. This system was also used
during the pitch and altitude tracking tasks to display the goal to the pilot. Due to issues with the motion system, motion
was not used during this experiment.

V. Results

Sensitivity configuration task

The first task was performed to select the preferred sensitivity setting for the cyclic stick. The first pilot selected
sensitivity level 3. The second pilot immediately noticed the somewhat high stick force, and found that slightly
distracting at times. His preference on sensitivity setting was between level 2 and level 3. To improve the comparison
between the two pilots, it was decided to use level 3. Both pilots completed all the following tasks with this sensitivity
selected.

Pitch tracking task

Figure 7 shows the handling quality ratings of the pitch tracking task. This is split up between the two pilots and was
performed for different flight conditions.

Comparing the results between the SAS configuration and the robust configuration for this task, the improvement in
handling quality is quite apparent. During the runs with the SAS configuration, neither pilot managed to achieve desired
performance, however adequate performance was reached for all airspeeds. For the robust controller case, desired
performance was reached for nearly all runs. Pilot 1 ranked the robust controller on the border between level 1 and level
2 across his runs. The border represents the pilot deeming improvement necessary or not. The first pilot furthermore
noted that he was doubting between a rating of 3 and 4 for both the cases where he awarded a 4(40m/s at sea level,
20m/s at 4000m). The rating by the second pilot was slightly lower, all level 2, indication some improvements were
deemed necessary. He commented on the force of the cyclic being too high, and possibly awarding a better rating if this
force was less.

The altitude and speed differences are included in the task to test for the robustness of the controller, where the
performance is checked when moving away from the design point (sea level, 20m/s). To account for changes in the
helicopter dynamics at different speeds and altitudes, the SAS configuration is also tested as a base line here. It can be
seen that the robust controller stays relatively consistent across the different speeds and altitudes. This shows how the
controller can deal with uncertainties in the model, because the linearized model, on which the controller is based, is not
correct for that trim condition.
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Pitch Track - Pilot 1 Pitch Track - Pilot 2

Flight Condition
Flight Condition
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m Robust mSAS ® Robust mSAS

Fig. 7 Handling quality rating by both pilots, at different initial flight conditions, expressed in altitude and
airspeed, and configurations, during the pitch tracking task.

Altitude tracking task

The ratings of the handling qualities in the altitude tracking task, seen in Figure 8, differ a bit between the pilots.
Part of this is to do with the fact that the second pilot had better performance in the SAS configuration, compared to the
first pilot. The first pilot did not manage to achieve desired performance at sea level for this configuration, whereas the
second pilot did. Both pilots showed a decrease in performance, and HQ rating, for the faster runs at 4000m altitude,
and commented on the slow response of the helicopter. The robust controller did not show this decrease in performance
for the pilots at these flight conditions.

Pilot 1 showed significant improvements in ratings when using the robust controller, even showing level 1 handling
qualities for all runs. This indicates that he does not believe the robust configuration needs improvement. Pilot 2 gave
the robust controller a very consistent rating of 4, being just level 2. He believes that the deficiencies still warrant
improvement. The comments he made were however mostly about the force in the stick, and he was missing some cueing.
He for instance suggested that he would like to have an indication of the current vertical speed. If these improvements
would be implemented it could already be enough to achieve a level 1 HQ rating.

Altitude Track - Pilot 1 Altitude Track - Pilot 2

Flight Condition
Flight Condition

HQ rating HQ rating

m Robust mSAS mRobust mSAS

Fig. 8 Handling quality rating by both pilots, at different flight conditions, expressed in altitude and airspeed,
and configurations, during the altitude tracking task.

Bob-up

In the bob-up task the helicopter is tested in a flight condition it is not designed for, hover. Results of Capra [11]
already show that the robust controller would have significantly different values for its elements, had it been designed
for the hover condition. This task was flown to check for heave traits and coupling between pitch and heave.

The results for the best run, for each configuration, are shown in Table 6. The time to complete the task was
used as an indication of performance. The pilots did not manage to get adequate or desired performance for the SAS
configurations. Both of them reported a lot of PIO and cross coupling between the pitch and vertical velocity. For
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pilot 2 the controllability even required significant pilot compensation, resulting in a rating of 9. The robust controller
removed the cross coupling, according to the pilots, and reduced their workload significantly. However, neither pilot
managed to achieve desired performance, limiting their maximum rating to 5.

During this task, the pilots also noted that they would have preferred to have some motion cueing. This would have
helped them feel the hover more, and have extra senses to rely on to keep a steady hover. A point that was brought up by
pilot one, is that the desired performance felt unattainable. The bob-up task flown in this research was an adaptation of
an ADS-33 task [6], but due to already existing visuals that were used, it was slightly different. The task could be tuned
better to the performance levels that are more realistic for this model.

Bob-Up
. . Pilot 1 - Pilot 2 -
Pilot 1- SAS|Pilot2- SAS Sl Robust
e 185 | 18 14 |  10.5
o]: 7 9 5 3

Table 6 Scores, in time to complete the task, and handling quality rating of both pilots, of the bob-up task.

Acceleration-deceleration task

During the acceleration-deceleration task, both pilots managed to obtain desired performance. The handling quality
rating of each pilot is shown in Figure 9. The first pilot rated both configurations with a 1. He did however, have some
comments about this task. He felt like he was missing some elements that were not tested in this task. One of the main
ones is that the model used does not use a model for the governor, it just uses a constant RPM for the rotor. However,
since the acceleration-deceleration task is an aggressive maneuver, the dynamics of the blade and the engine play a
role in this task. Another comment, repeated from the bob-up task, is the missing visual cues, since the field of view
was limited in the simulator, at high pitch attitudes, the pilots lost sight of the horizon. When comparing the robust
controller to the SAS, the pilot noted that the way of flying was different, but that overall, after getting used to this way
of flying, it required less workload than the SAS.

Pilot 2 did not reach level 1 handling qualities for this task. Pilot 2 was experiencing PIO during his runs, with the
robust controller configuration. In one run these oscillations became so large that the pilot lost control. This run forms
the basis of what is discussed in the next section. This pilot, just as pilot 1, showed no increase in handling quality
rating between the different configuration.

After having completed the bob-up task and the acceleration-deceleration task, it became apparent that the design of
these tasks, and with what set-up of the model and simulator they were performed, is a large impact on the handling
qualities the pilots awarded them. It is important to tune everything around the flight test so that the result closely
matches the handling qualities of the actual controller.

Bob-Up Acceleration-Deceleration

PILOT 2 PILOT 2

PILOT 1 PILOT1

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
HQ rating HQ rating

® Robust ®SAS ® Robust mSAS

Fig. 9 Handling quality ratings of the bob-up and the acceleration-deceleration task.

12



VI. Anti-windup

In Figure 10 the pitch angle, commanded pitch angle and the cyclic actuator angle can be seen for one of the runs
pilot 2 flew. In this run, he was asked to perform the acceleration-deceleration task. However, the helicopter got into an
uncontrolled state. The pilot was trying to regain control, but as can be seen, the inputs he gave only made the oscillation
grow bigger. During the flight test with the pilot, the simulation got stopped around 28s, but to show that the instability
is a result of pilot inputs, the simulation was continued outside of the simulator, with an input of O degrees pitch angle. It
can be seen that the controller does manage to stabilize the helicopter. The actuator angle is also provided in the plot, to
show what is happening at the inputs of the model. This shows that the actuator is saturated during the worst oscillations.

The issue that could be the cause of this, and that is investigated in this section, is integral windup, occurring
when the actuator is saturated. In short, integral windup occurs when the error feeding into the integral element of the
controller is non-zero, but the actuators cannot command more input into the model. The controller is still adding extra
signal to its output due to the integral component, and will continue to do so until the sign of the error term flips.

Acceleration-Deceleration - run 2 (Om/s sea level, Robust Controller Pilot 2) Pitch Angle # and Commanded 6
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Fig. 10 Pitch angle, commanded pitch angle and actuator angle of an acceleration-declaration run performed
by pilot two, extended with 0 degree input.

Clamping

The first method, tried to improve the issue of integral wind-up, is the clamping method [24]. This method is,
simply put, to set the error signal input to the integral part of the controller to zero when the actuator is in a saturated
state. This stops the addition of extra cumulative error when the actuator is saturated, and will resume immediately
when the actuator is not saturating anymore, meaning that the error term is decreasing again. This makes it so that the
integral term does not need the time to reduce the accumulated output that would have been added during saturation. A
schematic overview is shown in Figure 11 to visualize the set-up of this method in the controller. The blue blocks are a
representation of a method to determine if the controller is saturated. This can be done in different ways, depending on
how the simulation is run. Examples are to use a series of logic blocks in Simulink to determine if the saturation is
occurring, or, in the case of the discretized model used in this research, as a boolean in the code. The model for the
actuator accounts for both a rate and a position limit, which means that when either occurs, the actuator is considered
saturated for the clamping method. When this happens, the blue block activates a switch, to follow the new path (dashed),
to set the input of the K. ¢ ; block to zero, meaning that the output of the integral part of the controller will remain
constant from that point on.
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Fig. 11 Schematic overview of the clamping method. The blue block indicating the method used to determine
saturation, whichever is applicable in the simulation, leading to a switch, which lets through a constant O whenever
saturation occurs, and otherwise the error term of the respective signal.

Back-calculation

The second anti-windup method implemented is back-calculation[25]. In this method, instead of setting the input to
the integral term of the controller directly to zero when saturation of the actuator occurs, the input signal is reduced
proportional to the difference between the input and output of the actuators. This is visualized in Figure 13. It shows that
the signal going into the integrator of the controller is first reduced by the difference in the actuator in- and output, which
can be seen in Figure 12, scaled with a factor K,. This means that the error term that goes into the integrator, and gets
added to the cumulative error, is reduced based on not only if, but also on "how much" the actuator is saturating. What
this also means is that the error signal is not immediately zero when saturation occurs, but that it decreases gradually,
but also that it can even become the opposite sign and reduce the cumulative error before saturation stops. Choosing an
adequate value for K|, is still required. Astrém and Hagglund [25] suggests using a value between the scaling factor of
the derivative and integral part of a classic PID-controller. Since there is only a integral part to the PI-like part of the
controller, it was chosen to make K, equal to K j, for the corresponding signals.

Actuator rate

e oy
Ocmd Actuator Model and position —
¢,cmd limiter °

ec, dif
eo, dif

Fig. 12 Overview of actuator system, with the difference in input and output being calculated.
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Fig. 13 Schematic overview of the back-calculation method. The blue block taking the difference between the
input and output of the actuators, and feeding this into the integral loop.

Results

In Figure 14 the (commanded) pitch angle for the acceleration-deceleration run of pilot 2 is plotted for three different
controllers. The first, the dashed line, is the case where no anti-windup method is used to counteract the oscillations,
which is the simulated response that occurred during the flight test. The recorded pilot input is used for the other
two cases as well. The second case is the simulation run with the clamping method implemented as an anti-windup
technique. And the third case is where back-calculation is used. The commanded pitch angle is also plotted, to show
how well the response is following the input. What can be seen is that for both methods of anti-windup, the suspected
pilot induced oscillation is very significantly improved. As for the difference between the methods, the clamping method
seems to overall require a bit more time to respond, whereas the back-calculation method seems to respond much more
immediate.

The performance of each method is visualized in Figure 15, in which the total error up to the current time-step is
plotted, with the total error being the difference between the commanded pitch and the actual pitch of the helicopter.

€n = (ecmd,n - en) + €n-1 (10)

This is done for the three cases that were plotted before: no anti-windup, clamping anti-windup and back-calculation
anti-windup, with the additional graph for the "no actuator limits" case. For this last case, a simulation was run where
the limits on the actuators, both rate and absolute limit, were removed. This was done to have a bottom line to the
performance of the controller without actuators. What can be seen is a significant increase for both cases of anti-windup,
but with a better performance increase in the back-calculation case.
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Fig. 14 Commanded pitch angle in green, and the resulting pitch angle of the helicopter, when using both
anti-windup techniques, and a dashed line for the original pitch angle. This is an extended simulation, that was
performed on Matlab after the flight test, that uses one of inputs for the acceleration-deceleration task, flown by
pilot 2.
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Fig. 15 Total error at each time step for the case with no anti-windup applied, the case for both the anti-windup
methods applied and when no saturation limits were imposed on the actuators.

VII. Conclusion

The aim of this research was to assess the handling qualities of the robust controller designed by Capra et al. [20].
The flying quality metrics that were used in this design were an important factor in this research, to validate if these
metrics served their intended goal to achieve a level 1 handling qualities.

The ratings from the pilots indicate that the robust controller is around the border between level 1 and level 2
handling qualities for most of the tasks. Between the pilots, one pilot had consistently lower rating over all of the tasks.
The pilot did not however, believe that this was mainly due to the response that the robust controller produced, but
due to external factors. One factor that he consistently mentioned during the different tasks was the stick force, and he
believed that this did increase his workload and with that rating to level 2 handling qualities.

The bob-up task did show another factor that could have an impact on the overall rating, the performance goal. This
was believed to be set to an unattainable level, with the set-up that was used in the flight test. This would require more
research to conclude that this was in fact the case, especially since other factors such as a lack of motion cueing could
also have an impact on the rating of the pilots.

A factor that has been further researched is the actuator saturation, and anti-windup methods to combat this problem.
This showed a clear increase in response directness and removing the pilot induced oscillations that were experienced in
one of the pilots runs. The method that was most suitable was based on back-calculation. Since this was done after the
flight test, a potential handling quality rating increase was not obtained with the anti-windup method implemented.
However, it was shown that the simulated runs with the same pilot input no longer became unstable.
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Overall, it is concluded that the design of the controller has a strong indication that it satisfies level 1 handling
qualities, in a situation where the external factors are tuned for properly. The metrics that are used in the design aim to
represent handling qualities in a quantitative way, when handling qualities are inherently a complex and encompassing
rating, put on the experience of the pilot. Coupled with the a flight test having many factors that influence the experience
of the pilot as well, it is difficult to conclusively say that the controller need to be improved to reach level 1 handling
qualities, but the method used to design the controller shows good promise for reaching desired handling qualities.
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[Literature Review

3.1. Handling Qualities
Flying or Handling Qualities

When investigating how well an aircraft behaves, the words flying qualities and handling qualities fre-
quently come up. Although they are commonly used terms, as Padfield (2013) says, there is no univer-
sally accepted distinction between the two concepts. However, a generalized distinction can perhaps
be made. Flying qualities are defined by Phillips (1989) as: "the stability and control characteristics
that have an important bearing on the safety of flight and on the pilots’ impression of the ease of flying
an airplane in steady flight and in maneuvers”. Handling qualities are defined by Cooper and Harper
(1969) to be "those qualities or characteristics of an aircraft that govern the ease and precision with
which a pilot is able to perform the tasks required in support of an aircraft role” and "Other factors that
influence the handling qualities are the cockpit interface, the aircraft environment and stress...”. Com-
bining both definitions allows for the handling qualities to be described as the flying qualities during the
execution of a set task, taking into account the visual cues and the environment. Flying qualities can
usually also be estimated from certain responses of the helicopter, without the subjective opinion of the
pilot. This is not the case for handling qualities, where the pilot himself is used to subjectively judge the
behavior of the helicopter in a predetermined situation.

These flying and handling qualities have been documented and expanded over the years. The first
specification of handling qualities, discussing specifically helicopters, was released in 1952, known
as MIL-H-8501, which was followed in 1961 by the first major revision, MIL-H-8501A (Anon., 1961).
These document describe, for instance, the time response requirements for stability and damping of
the response of the helicopter. The MIL documents have been used extensively for the design of
helicopters and their controllers, and have been updated over the years. In the late 80s, the U.S. army
was working on a revision of the handling qualities used for the design and assessment of helicopters.
This resulted in the creation of the Aeronautical Design Standard, better known as ADS-33(Anon.,
2000). This document not only included frequency domain requirements and specifications of visual
cueing, but also a very important factor for the assessment of handling qualities, mission task elements.

Mission Task Elements

Arguably the most important factor in the assessment of the handling qualities of a helicopter or the
controller of a helicopter, is consistency. The addition of specified tasks in ADS-33, and having specific
mission task elements are vital for the consistency of the pilot feedback (Anon., 2000). These prede-
termined tasks present a consistent performance demand for each pilot to partake in testing, allowing
for result comparability, as well as imposing performance requirements on controllers. This aims to put
a goal on the task, so that every pilot flying them will be expected to perform with the same amount of
workload.

An example of one of these tasks, the hover task from ADS-33, can be seen in Figure 3.1. The provided
set-up is described clearly and thus provides accurate test repeatability. The associated performance
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goals can be seen in Table 3.1. This table shows a clear distinction between desired and adequate
performance expectations. Setting well-defined and measurable performances goals is of the utmost
importance to provide scientific accuracy of the test results. Nonetheless, there are requirements that
cannot be assessed objectively and call for the feedback perception of pilots, such as the last require-
ment in the desired performance category. This shows the handling quality ratings are still inherently
subjective, since it is on the pilot to deem oscillations objectionable. Furthermore, a distinction is made
between different types of helicopters to account for different variations of aggressiveness required,
as well as an indication of the environment, indicated by GVE(Good Visual Environment) and DVE
(Degraded Visual Environment). ADS-33 introduced a system to consistently conduct flight tests, sup-
porting subsequent researchers to develop and fly their personalized tasks with scientific consistency.
An example of a task not developed by the ADS-33 documentation, is the hurdles task, flown on the
flight simulator in Bedford, presented in a paper on the evaluation of handling qualities on that specific
flight simulator, compared to the ADS-33 handling quality requirements(Padfield et al., 1992).

Hover board

Reference symbol

(approx 6 inches diameter) Lt i-‘

8t

Ground marker
(Denotes Hover point)

Figure 3.1: Schematic overview of the setup of the hover task, presented in ADS-33 (Anon., 2000).

Externally
Shung Load
GVE DVE | GVE DVE | GVE DVE

Scout/Attack Cargo/Utility

DESIRED PERFORMANCE
+ Attain a stabilized hover within X seconds of | 3sec  10sec | 5sec 10sec | 10sec 13 sec
nitiation of deceleration:

+ Maintain a stabilized hover for at least: 30sec 30sec | 30sec  30sec | 30sec 30 sec
* Maintain the longitudinal and lateral position

within =X ft of a point on the ground: ift 3ft 3ft 3ft 3ft ift
+ Maintain altitude within +X fi: 2t 2ft 21t 2ft 41t 4ft
* Maintain heading within +X deg: Sdeg  Sdeg | S5deg Sdeg | Sdez Sdeg
* There shall be no objectionable oscillations in

any axis either during the transition to hover or e v v v v NA*
the stabilized hover

ADEQUATE PERFORMANCE

+ Aftain a stabilized hover within X seconds of | 8sec  20sec | &sec 15sec | 15sec 18 sec

initiation of deceleration:

* Maintain a stabilized hover for at least: 30sec 30sec | 30sec 30 sec | 30sec 30 sec
* Maintain the longitudinal and lateral position

within 3% ft of a point on the ground: 6 ft 2 ft 6 ft 6 ft 6 ft 6 ft
+ Maintain altitnde within X fi: 4f 41t 4 ft 1t 6 ft 6 ft

+ Maintan heading within ¥ deg: 10deg 10deg | 10deg 10deg | 10 deg 10 deg

*Note: For all tables, v = performance standard applies; NA = performance standard not applicable

Table 3.1: Desired and adequate performance criteria, that accompany the hover task (Anon., 2000).

Usable cue environment

Just as the helicopter gets its input from the pilot, the pilot in turn gets many of his inputs from the visual
environment around him. If this is compromised, it generally means that the pilot will have spent more
effort to still get sufficient input, which in turn means that he has less capacity for the control of the
rotorcraft. This is accurately described by Roger (1998) saying that the pilot’s workload is distributed
between attentional demand for control and situational awareness. Additionally, when the pilot has
insufficient situational awareness the potential for an incident increases. This insufficient situational
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awareness can be caused either by an increase in attentional demand for control or by factors that
increase the demand for obtaining cues from situational awareness. In the aeronautical design standard
(ADS-33)(Anon., 2000) a definition for the rating of visual cues (VCR) is given, and shown in Figure 3.2.
It is a rating that is assessed by the pilot, who is asked to give a rating to both attitude as well as
translational rate, based on the precision and aggressiveness of the corrections that can be made.
The usable cue environment level is then determined from the VCR, as a combination of the attitude
VCR and the translational rate VCR. This rating is shown in Figure 3.6. Research is being done on
the design of augmentation systems for UCE levels below 1, either with the use of added sensors and
displays (Waanders et al., 2019) or with the use of different response types for the controller (Baillie
et al., 1997). Moreover, research is conducted on the implementation of machine learning algorithms
to design and implement auto-navigation and obstacle avoidance into rotorcrafts (Gaston et al., 2019).

1 1 Good 1 17 Good 1 1 Good
2 2 2 s
AUV
3 -+ Fair 3 4 Fair 3 - Fair Y‘Q UCE=3$
4
4 4 1 4 1 [
”
-
5 - Poar 5 -~ Poor 5 -~ Poor Translational Q: uce=2 C
rate 3 -
Attitude Horizontal Vertical VCR X ”
Translational Translational I~
Rate Rate UCE =1 -
-
Pitch, roll and yaw attitude, and lateral-longitudinal, and 2 # =
vertical translational rates shall be evaluated for stabilization [ -
effectiveness according to the following definitions: " ”
N - . " -
Good : Can make aggressive and precise comections ” -
with confidence and precision is good. 1 =
B - . . 1 2 3 4 S5
Fair: Can make limited corrections with confidence Attitude VCR

and precision is only fair.

Poar: Only small and gentle tnr_racliuns are possible,
and consistent precision is not attainable. Figure 3.3: Usable cue environment determination for
VCR(Anon., 2000).

Figure 3.2: Rating of visual cues(Anon., 2000).

Metrics of handling qualities

When looking at the handling qualities desired for a controller, certain metrics will have to be imple-
mented in the design process. Since the handling qualities cannot be designed for directly, these are
given to specific tasks and their mission task elements, metrics need to be used to capture parts of
expected needed qualities. This is done in an attempt to achieve desired levels of handling qualities of
a helicopter when flown by a pilot using a controller.

These metrics can form a basis on which to design a controller. These are not only metrics that can
be put on the design of the helicopter’s response, but this can also be extended to limit the motion
that pilot experiences, thus keeping the workload low (Albion and Larson, 1974). An example of how
different levels of motion, in the form of a specific frequency of vibrations and pitch rate, affects pilot
rating is shown in Figure 3.4. This is a collection of results from different tests.
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Figure 3.4: Motion comfort levels (Albion and Larson, 1974)

Another important metric that is often used to formulate handling quality criteria are bandwidth and
phase delay. Bandwidth, in the definition that is used for the handling quality criteria, is defined in
Figure 3.5. Notice the classical gain and phase margins of 6dB and 45°show up in this definition.
The bandwidth is the lesser of the frequencies at which the gain or phase margin occurs, for a rate
response-type, meaning the input of the pilot produces a rate of change. If the response type is attitude
command/attitude hold, the bandwidth is always the phase bandwidth. This bandwidth can be used to
design criteria, for instance having a minimum bandwidth requirement.

Lastly, in Figure 3.6, a handling quality criteria is shown that is put on the pitch oscillations in hover and
low speed flight of a helicopter. Compared to the bandwidth, this is a criteria that is put on the response
shape of the helicopter. The limit is specifically for a certain damping that is required, for different levels
of handling quality rating. This can for instance be used to restrict the placement of the poles of the
designed for system.
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Figure 3.5: Definition of bandwidth and phase delay (Anon., 2000).
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Figure 3.6: Limit on pitch oscillation in hover and in low speed flight (Anon., 2000).

3.2. Robust Control

The control structure of a system is usually designed using a model of the system to be designed, a
way to describe the system in a mathematical sense. But this does remain a description, with many
assumptions and limitations. A real system, let’s say a helicopter, flying in the real world will be far
too complex to model without any uncertainties. Furthermore, the real world also has many complex
phenomena happening that are too hard to accurately model, introducing further uncertainties in the
mathematical description of the system. So, when applying optimal control techniques, such as LQG,
in a system with uncertainties, the expected stability can suddenly disappear. A very famous quote
in the field of control describes the problem perfectly. "There are none”, which is the abstract to the
paper titled: Guaranteed margins for LQG regulators, by John C. Doyle (Doyle, 1978). In this paper,
Doyle showed in less than a page that there are no guaranteed stability margins for the optimal LQG
controller. This called for a new way of looking at control. The measure of how well a system behaves
in the presence of uncertainty, is a measure of robustness against this uncertainty. That is what the
field of robust control is concerned with.

In this chapter, the concept of H.-control is discussed, as well as specific methods to obtain controllers
for specific design objectives. The theory presented in this section mostly comes from the books by
Bates and Postlethwaite (2002) and Skogestad and Postlethwaite (2005). A set of interesting examples
of research where robust control was used to design a robust controller, including (simulated) flight
testing of the controller and assessment of handling qualities of these controller are by Postlethwaite
et al. (1999), Walker et al. (1999), Postlethwaite et al. (2005) and Horn et al. (2012). This provides a
practical side to the theory discussed in this chapter.

H_.-control

The basis of H,-control lies with the H.,-norm. Which in essence is a measure of the energy a certain
signal carries. It is the maximum singular value over all frequencies of the frequency response of a
system. This is essential when looking at multivariable systems, since this norm value encapsulates
the system in its entirety. The element of a multivariable system that is of importance in this case is the
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direction of the input and output signals. When minimizing the H.,-norm, the cross-coupling between
multiple signals is taken into account, and the maximum energy of the worst performing signal is actually
minimized.

To talk about ways of designing a robust controller, the typical feedback control system should be
looked at. In Figure 3.7 a depiction of the standard feedback control system is shown, including uncer-
tainties(Bates and Postlethwaite, 2002). From this figure, the following equations for y and u can be
deduced:

y=Tor + SoGd; + Sodo — Tom (31)

u = KSor — KSodo + S;d; — KSom (3.2)

These equations give a clear indication of what functions, the (co-)sensitivity functions for the in- and
output signals, Sy, So, Tt or T, should be tweaked to obtain a certain design goal. Here the singular
values come in. For instance, the maximum singular value for the output sensitivity function 5(So),
should be minimized to attenuate the output disturbance signals, at the plant output. Many more of
these objectives can be formulated, but it is also clear that objectives arise that cannot be satisfied at
the same time. The way to solve this will be discussed in the next sections, about the specific controller
design methods.

In robust control, usually a different form of this system is used. Two versions are shown in Figure 3.8
and Figure 3.9, introduced by Doyle (1983). The first is a general configuration, where the input signal
w represents all the external signals coming into the generalized plant, P, and z is the regulated output
of the system, which consists of all the signals used to formulate the design requirements. The other
signals depicted are the in- and outputs for the uncertainty block, A, and the controller, K. In the
second figure, the controller is incorporated into the single block M.

d] dO

m

Figure 3.7: Feedback control system with plant input and output uncertainty, as well as measurement uncertainty (Bates and
Postlethwaite, 2002).
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K Figure 3.9: A general set-up of a robust control system, used

for analysis (Bates and Postlethwaite, 2002).

Figure 3.8: A general set-up of a robust control system (Bates
and Postlethwaite, 2002).

Mixed Sensitivity

Mixed sensitivity H.,-control is a method of using the closed loop transfer function, to shape the re-
sponse of certain signals to match a desired design objective. Since, as said before, these design
objectives are usually not simultaneously obtainable, a problem arises. However, these objectives are
usually frequency dependent, for instance measurement noise is prevalent in the higher frequencies,
or a reference should be followed in the lower frequencies. Weighting filters are used on the signals
of interest to translate this frequency dependency to the system. After which the H,-controller is syn-
thesized. The H..-norm of the transfer function from w to z is minimized over all stabilizing controllers.
This process will return a v value, the maximum value of this norm, and is then used to evaluate whether
the selected weighting filters make the controller violate the design objectives.

Now what needs to be talked about is the closed-loop transfer functions to be shaped. One method
where the Sp and K .Sy, transfer functions are shaped (mixed sensitivity S/SK) can be used to attenuate
the output disturbance, by minimizing ||So||.,, and to minimize the control signal and measurement
noise, by minimizing ||K'S,|| . (Bates and Postlethwaite, 2002). This method is, for example, used in
the controller design for the Bell 205 helicopter(Walker et al., 1999), which was flight tested on the
NRC Bell 205 airborne simulator(Sattler, 1984). Furthermore, this provides robust stability to additive
uncertainty. The weighting functions applied to both these transfer functions provide the designer of
the controller with the ability to balance between the robustness and performance of the controller, or
any other objectives set-up within the design objectives. So the controller obtained is the one that

minimizes the following:
WiSo
WaKSo

Another transfer function that could be shaped is the Ty, which has an effect on the reference tracking
and the measurement noise, as can be seen in Equation 3.2. It furthermore has an important impact
on the robust stability with respect to multiplicative perturbations at the plant output. This is the S/T
or S/SK/T mixed sensitivity method, the second also still including the So K transfer function in the
shaping process. An example of where this S/SK /T method is used in the paper by Luo et al. (2003),
where a robust controller was designed for a model of the UH-60 Black-Hawk. The flying qualities, the
quickness and phase delay margin, were used to test the robustness of the controller.

(3.3)

oo

Loop Shaping

Another method of designing a robust H, controller is a method called H,, loop-shaping, first pro-
posed by McFarlane and Glover (1992). In this method, the H, optimization is still used, with the main
difference to mixed sensitivity being that the open-loop transfer functions are shaped, compared to the
closed-loop. This is again done with the use of shaping filters. This method focuses on maximizing
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the robustness to coprime factor uncertainty, rather than the additive or multiplicative uncertainty, in
the case of mixed sensitivity. This design method provides a way to design the shape of the singular
values in the open-loop frequency response, and provide preferable behavior, after which the controller
is designed to robustly stabilize the system. The shaping of the singular values leads to an upper and
lower bound on them, for the transfer function GK. In Figure 3.10 (Bates and Postlethwaite, 2002), a
graphical representation is shown that also includes certain boundaries, based on certain design ob-
jectives, that drive the shape of the open loop. These are the lower frequency performance objectives,
and the higher frequency boundary, related to robust stability, noise attenuation, and control input.

A
IMagnitude (dBd}

5 {GK)

Robust
stability, nosse
attenuation and
control energy
reduction

boundary

v

Frequency
{rads/sec)

Performance
boundary //

g (GK)

Figure 3.10: Upper and lower bounds on the singular values for the open-loop system (Bates and Postlethwaite, 2002).

In Figure 3.11 the generalized structure of the control loop used in H,, is shown (Bates and Postleth-
waite, 2002). The loop shaping method is essentially a two-step procedure, with the first being the
shaping of the response, which is done with the weighting filter 1, which is generally diagonal. &
is a constant weighting matrix, used to adjust the control actuation. The second weighting filter, 15,
used to prioritize controlled variables over others, where needed. The second step in the method is
then to robust stabilize the plant, in the presence of uncertainty. This uncertainty is introduced to the
plant using coprime factorization, a block diagram representation is shown in Figure 3.12(Bates and
Postlethwaite, 2002). The design of the controller is done by solving two Riccati equations, for a given
minimal realization of the plant. This will result in a controller that has a certain guaranteed stability
margin, resulting from the equation:

H m (I-GE)"'MY| <~ (3.4)
Ze Z
— K (0)W; k o Wi(s) > G(s) >
K (s) [+ Wy

Figure 3.11: Generalized structure of the H., Loop-Shaping system (Bates and Postlethwaite, 2002).
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Figure 3.12: Block diagram of coprime factor uncertainty acting on a plant (Bates and Postlethwaite, 2002).

The last step in the process is to add a constant pre-filter K, (0)WW>, which is present in this case
because W, was shaped to provide an integral behavior.

The main advantages of H, loop-shaping that Bates and Postlethwaite (2002) lists, are that the method
needs no iteration for v, the optimal + can be found without this need, that the mixed sensitivity method
does require. The minimum achievable robustness margin can be calculated before the synthesis of
the controller. Furthermore, it provides robustness against uncertainty in the case of lightly damped
resonant poles, such as the phugoid mode. Also, the pole-zero cancellation, which can be a common
occurrence in certain mixed sensitivity designs, can be avoided with the loop-shaping technique. Lastly,
this technique provides balanced robustness and performance properties at the plant input and output.

Integration of flying qualities

When designing a controller, stability is a major factor that is designed for, however, usually it is desired
for the controller, and in extension the whole aircraft, to exhibit certain behavior in the time domain,
for instance a certain response time or damping behavior. Mixed sensitivity, in the form that has been
described in the section above, has one degree of freedom, one block is designed, and it is hard to
shape the exact behavior that is wanted. H, loop shaping technically has two degrees of freedom, it
consists of a controller block and a pre-filter block, however this pre-filter block is used to offset a steady
state error, and is in fact completely constrained by this. Usually, there is a certain reference response
that represents the desired behavior. In Figure 3.13 a revised version of the general structure used in
loop shaping is shown. In this setup, K is a pre-filter, K> is the feedback controller and 7., is the
desired reference response that the system should try to mimic. The parameter p is used to balance
between robust stability and robust performance, in the sense that it tells the system how much relative
importance should be placed on the outside or inside loop. In this method, first the singular values of G
are shaped, in the same way as the standard loop shaping method, however the general shape should
be similar to T,.. ;. Then [K; K] are found by solving the standard H, for the generalized plant P, using
the shaped plant W, G, T...r and the scaling parameter p.

';I T, I
ref |

Figure 3.13: Revised version of the general structure of loop shaping (Bates and Postlethwaite, 2002).
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3.3. Research Proposal

In the research on robust controllers for helicopters, the area of pilot handling qualities is an important
factor that needs to be investigated. The addition of certain flying quality criteria in the design is the
first step. However, these criteria only capture a fraction of the overall handling qualities, since they are
a measurable value. Therefore, the need arises for a pilot in the loop experiment. The feedback and
assessment of the pilots are of vital importance of capturing the overall handling qualities, and serve
as a way to validate the flying qualities used in the design of the controller. Therefore, the proposed
research is to conduct a flight test on the Simona Research Simulator, with the following research
objectives:

Research Objective

The primary research objective is to quantify the handling qualities of a robust controller de-
signed using H., methods, in which desired flying qualities were used in the design. These
handling qualities will be assessed on a set of tasks, to be performed by experienced pilots.

Research Objective |

The secondary research objective is a comparison between the handling qualities of a heli-
copter while using a robust controller and the handling qualities without the use of a robust
controller. This allows the change in pilot effort, when using the designed controller, to be
quantified as well as to provide an insight in the strength of the robust control techniques.

Research Question 1 |

What are the handling qualities for a robust controller designed using H., methods
of specific tasks, when assessing them with pilots flying a simulated flight test of the
helicopter and controller?

RQ 1.1 How are these handling qualities quantified in a consistent manner?

RQ 1.2 What tasks are most suitable for the assessment of handling qualities of the de-
signed controller?

RQ 1.3 Do the flying qualities that were used in the design produce the expected level of
handling qualities?

RQ 1.4 What is the impact of the flight test set-up on perceived handling qualities?

Research Question 2 |

What is the increase in handling qualities of the H_, controller compared to a he-
licopter with minimal control augmentation, and what are benefits of using an H_,
controller?

RQ 2.1 What control method is suitable to make a comparison with?
RQ 2.2 What are the handling qualities for the helicopter with minimal control augmentation?
RQ 2.3 How can robustness be tested in the flight test?




Background: Helicopter Model &
Robust Controller

The work in this research has as one of the main focus goals to validate the handling qualities criteria
that were used in the design of a robust controller, in a piloted flight test setting. This means that
the focus does not lie in the (re-)design of an existing controller, but to utilize the research of fellow
students and continue to add more knowledge and insight to have as a goal to advance the controller,
and the methods to design these. This chapter will provide some background and insight into the design
process of the controller used. This is based on the work by Capra (2024). Firstly, it starts with the
introduction of the model used for the design of the controller and the flight test that was performed for
this research. Following, it includes a section about the discretization of the model. The chapter will
continue by showing the general shape of the controller, followed by the set of constraints that were
used to design the controller. Lastly the values that were found for the elements of the controller.

4.1. Model

In this section, the model used in the research, for calculations and simulation, is presented. This
model is a 3-DOF, longitudinal adaptation (Maurer, 2023) of the 6-DOF model by Pavel (1996). Before
the model can be discussed, the controls of a general helicopter should be briefly discussed. This
description will focus on the longitudinal case, with purely the cyclic and collective stick as input. A
helicopter uses a swashplate, shown in Figure 4.1, to control the pitch of the blades of the rotor. This
is done through moving the lower stationary plate shown, which in turn moves the rotating plate. This
plate is connected to the blades. This set-up allows for varying pitch within one rotation of the rotor
blades. The pilot can influence this plate by either moving the whole assembly up, with the collective
stick. This creates the first input angle that is used in the model, 6. By giving a longitudinal cyclic input,
the plate tilts forward, creating a varying pitch within one rotation, and with that tilting the lift vector that
the rotor creates. This is represented in the model with the second input, 6.

33
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Figure 4.1: Swashplate assembly showing the pilot input controls (Rotaru and Todorov, 2018).
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Figure 4.2: Schematic overview of helicopter for longitudinal model (Maurer, 2023).

A schematic overview of the helicopter model can be seen in Figure 4.2. This figure shows a number
of important angles for the calculation of the helicopter states. Firstly, the angle between the fuselage
of the helicopter and the weight vector pointing down, essentially the tilt angle of the fuselage, is shown
as 6. Furthermore, the angle of incidence of the velocity, is defined as e. Another important angle is
the angle of the disk plane with the body frame of the helicopter, and with that the angle of the thrust
vector acting on the system. For this, the horizontal disk tilt, a; is used for the modeling of the rotor
dynamics. The last angle that should be discussed is the angle of attack of the control plane of the
rotor, which is simply the input angle, 6. minus the incidence angle of the velocity. These angles, and
the way to calculate them, are shown in Equation 4.1 to Equation 4.6. Note that the non-dimensional
induced velocity of the control plane, A., and the rotor advance ratio, /i are also shown, and used in
further calculations as well. Lastly, in Equation 4.6, ~ is the Lock nhumber.

€ = arctan (%) 4.1)
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V =+vVu2+w? (4.2)

a.=0,—¢ (4.3)
_ Vsin(ae)

Ao = —om (4.4)
. Vcos(ac)

h=—qp (4.5)

$000 — 20(Ae + Ni) — =4 L _ PCLcR?

4.6
e , - (4.6)

a; =

Next, the forces and moments caused by the thrust and drag on the helicopter are calculated in the
body frame, these are derived and shown in Equation 4.7 to Equation 4.9.

F, = —Dcos(e) + Tsin(0. — aq) 4.7)
F, = —Dsin(e) — T cos(8. — a1) (4.8)
M = —Thsin(0. — a1) + X¢g cos(f. — a1) (4.9)

Equation 4.10 and Equation 4.11 show two ways of calculating the thrust coefficient. The first is based
on the blade element method, and the second on the Glauert method. These use the non-dimensional
induced velocity, A;, and the pilot inputs, together with the lift coefficient of the blade, C;_, and the rotor
solidity parameter, 0. Either one is then used to calculate the thrust, T. The drag is calculated using
Equation 4.13.

C 2 3
CTBEM = o |:60(1 + *ﬂQ) - (>\c + )\z):| (410)
4 3 2
V cos(a. — a1) 2 Vsin(a. — aq) 2
Clgian = 2X |: QR :| + [ OR + >\i:| (4.11)
T = Crp(QR)*n R? (4.12)
L 1o
D = CD§PV S (4.13)

With all the forces and moments calculated, the equations of motion can be set up for the longitudinal
model, resulting in the state-derivatives for the translational movement in x and y direction and the pitch
rate and angle. The induced velocity state is added to govern the change of the thrust coefficient over
time.
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U= L _ gsin(f) — quw (4.14)
m
w= §+gcos(0)+qu (4.15)
m
M
= (4.16)
Ly
6=q (4.17)

(4.18)

Trimming

The trim is performed so that the helicopter is in steady flight, meaning all state-derivatives should be
0. Recognizing that this means that the moment, M, should be zero, given that the rotor has no offset
in the x-direction. The following relationship can be found with that knowledge:

M=0—sinl.—a1)=0—60.=a; (4.19)

This results in F}, reducing to Equation 4.22. Putting this into Equation 4.14 and setting to zero, together
with the knowledge that ¢ = 0, gives an explicit expression for ¢ and 6, since it the flight path angle, the
angle between 6 and ¢, is zero. This is shown in Equation 4.21

F, = —D cos(e) (4.20)

— gsin(e) — D tan(e) — € = 6 = arctan <—D> (4.21)
mg mg

In the same manner, F, is found and plugged into Equation 4.15, and an expression for the required
Cr is found, in Equation 4.24

F,=—Dsin(e) - T (4.22)

W — _DL(E)_T + gcos(e) = T = gmcos(e) — Dsin(e) (4.23)
T

Cr = ORI (4.24)

By equating this required thrust coefficient to the thrust coefficient calculated with the Glauert method
an expression is found for the induced velocity, );, shown in Equation 4.26. This does result into more
than one root, but the one required for the trim will be the real and positive root.

Lastly, the pilot inputs are the two remaining unknowns. These can be obtained by solving Equation 4.27
and Equation 4.28.

a.—a,=0,—€—a; = —¢€ (4.25)

V sin(—e)
QR

Cr = Crgy,. — N +2 PLEE

QR QR 2

V cos(—¢) N <Vsin(6)>2] A2 (CT>2 -0 (4.26)
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a1 (62, 60) = 0 (4.27)
CTBEM (963 00) =Cr (428)

The required trim setting for the collective and cyclic input is plotted over a range of airspeeds at sea-
level in Figure 4.3. The shape is as expected for a standard helicopter, having the cyclic input rise
from a zero input at hover, as the airspeed increases, and the collective showing a rise as the speed
decreases in the low speed regime. This indicates that the trimming is done correctly.
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Figure 4.3: Collective and Cyclic inputs required for trim at sea-level.

To give insight into the modes of the helicopter, a pole-zero map is shown in Figure 4.4. This shows the
pitch and heave subsidence, and the phugoid mode. The zeros and poles are plotted for the airspeeds
at which the test will be performed. What is initially observed, is that the helicopter has an unstable
phugoid mode. This mode decreases in oscillation frequency but increases in amplitude growth, with
increasing airspeed. Both the heave and pitch subsidence are in the stable left hand plane of the pole-
zero map. With increasing speed the heave subsidence shows a decrease in damping. In contrast,
the pitch subsidence shows an increase in damping with increasing speed.
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Figure 4.4: Pole-zero map of the helicopter model, at varying airspeeds at which the model was linearized.

Actuators
A model for the actuators was obtained from Bouwer and Hilbert (1986) in the form of a second order
transfer function, with a natural frequency of 50.265 and a damping ratio of 0.95:

2526.6
52 +95.55 + 2526.6

(4.29)

Apart from a model for the response of the actuators, the physical limits are also of importance. These
are in the form of a rate limit, and a positional limit, and can be seen in Table 4.1 (Voskuijl et al.,
2010)(Capra, 2024).

Max. + Max. -
Actuator Deflection | Deflection Max. Rate
Collective | 15.0 -0.2 16.0
Cyclic 11.0 -6.0 28.8

Table 4.1: Actuator position and rate limits in degrees.

Implementation for simulation

Since the research performed in this thesis has been based around a piloted flight test, the theoretical
model, and other calculations needed, had to be implemented in a way that was usable for the simula-
tor. The simulator and the set-up will be discussed in a later chapter, but it is important to note that the
simulator software is based on C++, and that it is a discrete step simulation. This means that the model
had to be implemented in a numerical, discrete way to be used. To accomplish this, a commonly imple-
mented method called the Runge-Kutta fourth order method (RK4) is used. In the following equation
the state in the current time step x,,, and the pilot input in the current time step u,,, is used to calculate
the state in the next time step =11, with a given time-step h:

Tpt1 = Tp + éh(kl + 2ko + 2k3 + ky) (4.30)
where
= f(x,u) (4.31)
k1 = f(xn,un) (4.32)
ko = f(xn + %,un) (4.33)
ks = f(z, + %,un) (4.34)

ko = f(zn + hks, un) (435)
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This is a slight adaptation from the standard form of the RK4 method, namely that since the system is
time-invariant, the time dependency of the derivative has been removed, and the pilot input is treated
as a constant over the time step.

The derivative in this case is simply given by Equation 4.14 until Equation 4.18. The Runge-Kutta
method essentially takes the weighted average of the derivatives at the initial state, at the mid-point of
the timestep by using both k; and k- as a linear slope coefficient, and at the next time-step with k3 as
a linear slope.

4.2. Controller design
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Figure 4.5: Schematic overview of the loop with the robust controller being implemented.

In Figure 4.5 the basic loop for the simulation using the robust controller is shown, including the in- and
output signals of each block. Notice that it is somewhat simplified, for instance V, is not a state of the
helicopter model, but can be calculated with the states, shown in Equation 4.36. This is not explicitly
shown in the schematic.

V., = —wcos (0) 4+ usin (9) (4.36)

The controller itself, consists of three parts; the feed-forward element, the Pl-like element and the pitch
rate element, all shown in Figure 4.6. Starting with the feed-forward element, K, its purpose is to
shape the response of the signal it is acting on, and has the shape of second order transfer function.
The Pl-like element, K, is the part of the controller that is used for tracking the pilot inputs. This has a
classic Pl shape, a proportional element and an integral element, with a low pass filter added to both
of these elements. The transfer function of the Pl-like element will then be: (Capra et al., 2025)

K c
Ko(s) = (Kp + ;) > :’w (4.37)

The last element is the pitch rate element, K, which is a stabilizing factor for the pitch rate of the
helicopter. Since the phugoid mode of the helicopter is unstable, this element is added to improve the
stability of this mode by damping the pitch rate.

The method that was used to develop the controller relied on a set of constraints that were put on
the specific transfer functions of the controller. The constraints were divided into two groups: hard
constraints and soft constraints. The method used to find the controller attempts to find the minimum
of the soft constraints, while always satisfying that the hard constraints are not violated. A summary of
the constraints used, and especially those that were based on certain handling quality criteria, is given
now, for a more extensive explanation on the constraints, and the design as a whole, refer to the work
done by Capra (2024).

Hard Constraints

The hard constraints that were used relate to the stability requirements. The first of these was the imple-
mentation of disk-based stability margins at the input of the actuators, and the output of the helicopter
model, for the commanded actuator angles and vertical velocity, pitch rate, and pitch, respectively.
Compared to classic gain and phase margins, the disk based margins can guarantee robustness to
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Figure 4.6: Schematic overview of the shape of the controller, with its different elements highlighted.

both gain and phase changes at the same time (Seiler et al., 2020). To find the margins used for the
constraint, the required classical gain and phase margin of £6dB and +45° from (Anon.) were used.
Since the limiting factor was the phase margin, the margins used for the constraints on the signals by
Capra (2024) were +7.6dB and 45°.

The other stability requirement that was used for the design of the constraints came from ADS-33
(Anon., 2000). In Figure 4.7 the limits of pitch oscillations at hover and low speed are shown, presented
in the form of a certain damping ratio and natural frequency, resulting in three different regions for level
1 to 3 handling quality. This led to a damping ratio chosen of 0.35 and, to ensure that the dynamics
were not too fast to detect for the controller, the maximum natural frequency was set to 100rad/s.

Soft Constraints

The soft constraints aim to improve a certain aspect of the controller, which include input and output
disturbance rejection, model following, and control attenuation. For this research, the constraints relat-
ing to the implementation of handling qualities are of importance, while one of the research goals is to
validate the designed for handling qualities in a simulation setting.

The first of these handling quality criteria is a constraint on the disturbance rejection of the pitch and
heave. More specifically, this is in the form of disturbance rejection bandwidth and peak on the sensi-
tivity function of the signals. These are defined by Berger et al. (2016) to be:

w (Sy = —3dB) = DRBradls, ||S,||c = DRPAB (4.38)

The values that were used by Capra (2024) for this constraint can be seen in Table 4.2.

Pitch (9) | Vertical Velocity (V)
DRB (rad/s) > | 0.5 1.0
DRP (dB) < 5.0 5.0

Table 4.2: Disturbance rejection bandwidth and disturbance rejection peak for both the pitch and vertical velocity (Berger et al.,
2016).

The other constraint that aims to achieve a certain handling quality is the one that is included to improve
the model following of the controller. This is a certain response shape in the time domain that is desired
for the controller to follow. The model used for the response shape of the controller is defined in ADS-33
(Anon., 2000) as a first order transfer function of the response from the collective input to the vertical
velocity:

(4.39)
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Figure 4.7: Limit on pitch oscillation in hover and in low speed flight (Anon., 2000).

With the parameters that correspond to a handling quality level 1 found by Capra (2024) to be:

Parameter | Value
V.., 5ms
TVZeq 10s

Table 4.3: Parameters used for the response shaping model for vertical velocity.

The model for the pitch signal is based on the work by Tischler et al. (2017) and is set up as a second
order transfer function with the following shape:

2 77"/9 S
w'lle 4

52 + 2Cwp s + w2 (4.40)
The handling quality level of this model is based on the criteria found in ASD-33(Anon., 2000). A
requirement is put on the quickness, defined as the peak angular rate over the peak attitude change for
a specific axis, in this case the pitch. The different levels of handling quality, for a target acquisition and
tracking task, that correspond to a certain quickness, are shown in Figure 4.8. The other requirement
that helps shape Equation 4.40, is another requirement from ADS-33, this time being on the bandwidth
and phase delay. The different levels for the phase delay with a certain bandwidth can be seen in
Figure 4.8.

The parameters for the model to follow for the pitch are presented in Table 4.4. These correspond to a
a quickness of 1.6 % which was the limiting factor, and a phase delay of 0.05s with a bandwidth of 6.3
rad/s, found by Capra (2024).
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Figure 4.8: Bandwidth and phase delay requirements for small-amplitude pitch changes in hover and in low speed flight (left),
quickness requirements for moderate-amplitude pitch changes in hover and in low speed flight (right) (Anon., 2000).

Parameter | Value
0. 7.5 ms

¢ 1

Wy, 4.5 rad/s

Table 4.4: Parameters used for the response shaping model for pitch.

Controller values

After the brief summary on the design of the controller, the values for all the different elements of the
controller are now presented below. This controller is designed for the linearized model at the flight
condition of 20m/s at sea-level.

0.0565 — 0.30 —46.875 + 26.46
K - . K - 4.41
v-08) = i ooas v ea0a’ ) = 31365 1 46.16 (4.41)
0.064 0.06592 ~11.09 —5.6559
K, -, K. = K. - " K. — OO 442
var(s) = e vaals) = e 0.P(8) = rsr 01(8) = 1y (442)
K, =—1.97 (4.43)

4.3. Discretization

Similarly to the model, the controller also needs to have a discrete time representation to function in
the simulator environment. The bilinear transform, also known as Tustin’s method, is used to find a
discrete expression for the transfer functions of the controller. This is a variable transform, also called
a z-transform. As an example, the feed forward part of the controller for the pitch is transformed by the
MATLAB function ¢2d(), using the Tustin method as input, to obtain the new expression:

YErrve(z)  —0.2209 +0.001251z7" 4 0.2221 22
= — = (4.44)
UKir.v:(2) 1 —1.888271 +0.89262—2

Kpypv.(2)

The ease of this method is that the signal, Y or U, multiplied by 1 results in simply the value of that
signal in the last time step, shown in Equation 4.45. Applying this to Equation 4.44, an expression
for the current time-step output of the transfer function of the pitch feed-forward controller is found in
Equation 4.46. This is based on the current input, but also on the input and output at the last two time-
steps. For the first two time-steps, the input and output of time-steps before the start of the simulation,
are simply set to the values of the trim. Note that the Tustin method uses the time-step as an input, which
means that care should be taken when selecting the required time-step, and that the found expression
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Figure 4.9: Step response of the feed-forward transfer function for the commanded pitch channel, displayed for the s-domain
transfer function, and the discretized function using the z-domain.

only works with the right calculation frequency. If another frequency is required, the transfer function
should be re-discretized.

Y(z) - %

=Yi-1 (4.45)

Kirv.

! = —0.2209u,"V= 0.001251ut V> 4 0.2221u 5V

— (—1.888y,"1"V= 40.8926y, V=) (4.46)
As a validation of correct discretization, the response to a step input is shown, for both the s-domain

transfer function, and the discretized function, is shown in Figure 4.9. It can be seen that the discretized
function very closely follows the original transfer function.

2.5646-107% — 1.4117-1075271 — 2.7058-10" 422
Kypv.(2) = 1— 1.8797z1 + 0.88482 2 » Kypols) =

—0.2209 4 1.2505-107 3271 4 0.22212 2

(4.47)

3.115:107% + 3.115:10 421
Keyv..p(z) = 1 —0.9469z1

Kov 1(s) = 1.604-1075 4+ 3.209-10 %2~ 4 1.604-10 622
eV 1— 1.94692~1 + 0.94692 2

(4.48)

—0.05413 — 0.054132~1
Keo,p(2)

—1.3804-10~* — 2.7607-107%271 — 1.3804-10~ 422
1—1.9525271 4 0.95252—2

B 1— 09052521 » Keor(s) =

(4.49)

1—1.888271 4 0.892622



Flight Test: Design and Results

This chapter will be on the design and results of the flight test that was flown for this research. To
complete the research goal of quantifying the increase in handling qualities compared to a baseline
control configuration, this baseline configuration is presented. Furthermore, to test for robustness of
the controller, the flight test was performed in multiple flight conditions during the tracking tasks. The
full set of tasks is also presented in this chapter, which consists of their description and implementation
into the flight test. This is followed by an overview of the simulator hardware and instruments is shown
and discussed. Afterwards, the results of the flight test, presented per task, is presented and discussed.
The chapter ends with a wider discussion on the results of the flight test, which aims to link the different
findings of the flight test, to answer the research questions.

5.1. Controller Configuration

The robust controller was designed to be able to increase the performance of the helicopter, both in
stability and performance. To be able to analyze this increase, a configuration of the helicopter was
needed to have a comparison baseline case. It was decided to have this baseline configuration only be
augmented with a pitch rate controller for some stability, but no performance enhancing elements were
added, further called the Stability Augmentation System (SAS) configuration. The commanded angles
for the collective and cyclic signal were directly controlled by the pilot in the pitch rate controller config-
uration. The pitch rate controller was only able to influence the cyclic command angle. A schematic
overview of this configuration is shown in Figure 5.1. The value for K, was found with the help of the
pilot during initial test runs of the simulation and controller. The value was further discussed with the
supervisors and set to —0.4, agreeing to values used before in cases with this set-up. This value, how-
ever, is significantly lower than the pitch rate controller element in the robust controller. The reason
for this is that in the robust case, the pitch rate controller is not the only element that has impact on
the commanded angle, and will never be able to single-handedly influence the controller output. This
makes it so that in the whole system of the controller, it balances out.

Direct control

Figure 5.1: Schematic overview of the SAS configuration.

44
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The inputs for both configurations of the controller, the SAS and the robust controller, are different from
each other, which means the input range to the physical sticks of the in the cockpit corresponds to
different ranges of input to the model. The different types of control input, to which the physical input of
the stick relates to, and their respective ranges, are shown in Table 5.1. These are all reference inputs
from the pilots, that relate to the commanded inputs to the actuators in their respective control scheme.

s Input range . . Input range
Controller |Input cyclic stick cyclic stick Input collective stick collective stick
SAS Actuator angle -6.0°t0 11.0° Actuator angle -0.2° t0 15.0°
Robust Pitch angle -30.0° to 30.0° Vertical velocity -10m/s to 10m/s

Table 5.1: The varying ranges of the controller inputs that the pilot input through the cyclic and collective stick relate to.

Other than having an extra setup of the helicopter to test against, it was also decided to test in different
flight conditions. Since the controller is a robust controller, meaning that it can handle uncertainties,
this was also something that should be reflected in the flight test in some way. By altering the flight
condition, in terms of altitude and speed, but still using the controller designed for a specific altitude and
speed, this controller would be tested for robustness. This stems from the fact that the linearization of
the model, on which that specific controller is based, would differ in different conditions, thus introducing
a model uncertainty. The initial flight conditions for every task are shown in the table below. Depending
on the task, the helicopter will reach different flight conditions as well, which further tests the controller
in a wide flight envelope.

Task Initial Speed (m/s) Altitude (m)
20 0
P acking 20-40-60 0-4000
Altitude g 20-40-60 0-4000
Bob-Up 0 0
y > 0 0

Table 5.2: Overview of the flight conditions that will be tested for each task.

5.2. Tasks

Before the tasks are discussed in detail, the output of the tasks and the reasoning behind the choices
made should be addressed. The research goal of this thesis project is to assess the handling qualities
of the robust controller, and compare it with a base line setup. Since handling qualities are assessed
by pilots, and will inherently be somewhat subjective, a method should be used that is measurable
and consistent. Not only for the results to be consistent but also for the pilots to have a system on
which they can rely to relay their experiences. Cooper and Harper (1969) developed a rating to assess
handling qualities, for a specific task. This means that an aircraft does not have a handling quality
rating overall, but in a specific situation. The rating system is shown in Figure 5.2. This rating is in the
form of a flow chart, where the pilot is asked to assess the adequacy in which the selected task can
be performed, regarding performance of the task, which requires the task to have a measurable level
of performance, and the workload it required for the pilot to achieve that level of performance. The
pilot is given a selection of ten rating levels that he can select, with the lower ratings indicating better
performance and less pilot workload. On the side of the chart, the different levels of handling qualities
are then listed, showing a pilot rating of 3 or higher, on the Cooper-Harper scale, relating to a handling
quality level of 1.

For the selection of the tasks to be flown during the flight test, the tasks needed to be fitted to the
setup of the helicopter. This meant that only longitudinal tasks could be considered. Furthermore, the
selection of tasks were aimed to test for the pitch and heave response individually at first, and test
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Demands on the pilot \
Adequacy for selected task or Aircraft in selected task or Pilot
required operation* characteristics required operation rating
Excellent Pilot compensation not a factor for
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Good Pilot compensation not a factor for Level 1
Negligible deficiencies desired performance
Fair - Some mildly Minimal pilot compensation required for
unpleasant deficiencies desired performance
+ 3.5 —
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deficiencies pilot compensation
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Pilot decisions Cooper-Harper Ref NASA TN D-5153 * Definition of required operation involves designation of flight phases

and/or subphase with accompanying conditions.

Figure 5.2: Cooper-Harper handling qualities rating scale (figure by Saetti (2019).

for their combined response after. Since the controller was not designed for hover, it was decided
that the bob-up task was a suitable task for implementing hover aspects into the research, while also
including heave response in the test. Lastly, a control configuration task was chosen to be performed,
to investigate and reduce the impact of the stick sensitivity on the handling quality ratings. The tasks
that were chosen to investigate the different aspects of the design for controller were:

1. Control configuration task: to investigate, and try to lower, the impact the cyclic stick sensitivity
has on the ability to control the helicopter, and with that the workload of the pilot.

2. Pitch tracking task: to investigate the pitch response characteristics of the controller in a purely
pitch focused task

3. Altitude tracking task: to investigate the heave response characteristics of the controller in a
purely altitude focused task

4. Bob-Up task: to investigate the ability to precisely control the heave in a hover situation, while
simultaneously checking for any coupling between pitch and heave.

5. Acceleration-deceleration task: to investigate pitch and heave characteristic of the controller in
an aggressive setting, where the helicopter is near its performance limits.

Sensitivity configuration task

The first task that was performed is a configuration task for the sensitivity of the cyclic stick. This was
done to investigate the effects of the input device on the ability to control the helicopter, and furthermore
to lower this impact on the tasks to come. Inspiration for this task came from the effects on the pilot
ratings that were observed by Miller and Clark (1964), with varying sensitivity. In this task, a pitch
tracking task (see below) was used to compare different sensitivities, which was done to give the pilot
areference. It was decided that, since this task does not have a level of performance that encompasses
the performance of the different sensitivities properly, to not ask the pilot for a Cooper-Harper rating
for this task. The different sensitivities are implemented as a different maximum deflection of the stick,
which still correspond to the same maximum input of 30° commanded pitch attitude. In Table 5.3, the
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maximum stick deflections are shown for the different stick sensitivity settings. The choice was made
to have pre-set sensitivities, to make for more straight forward testing. Sensitivity 1 corresponds to
the full physical deflection of the stick, and with increasing sensitivity the maximum stick deflection
gets reduced. The assessment of the performance of the sensitivities was done based on the pilot’s
experience, and by performing test runs where the pilot was asked to give an overall preference of the
sensitivity. When the preferred sensitivity was found, this sensitivity was locked in and used for the
remainder of the flight test.

Sensitivity 1 2 3 4
Max. Stick Deflection (deg) | 14.8 | 12.0 | 9.0 | 6.0

Table 5.3: Maximum deflection of the cyclic stick, with corresponding sensitivity level.

Pitch tracking task

With the sensitivity selected, the next series of tasks are designed to test the controller in different
situations. From this task on, the pilot was asked to provide a Cooper-Harper rating to the performed
task, to be able to determine a handling quality level for that tasks.

The first task of this series, that the pilots will be asked to perform, is the pitch tracking task. This task
is designed to test the pitch response of the controller. For this task, the pilot was presented with a
reference pitch signal to follow, that is shown on the Head-Up display. The view for both the pitch and
altitude tracking task is shown in Figure 5.3. This reference signal consists of a set of series of ramp
and step inputs. More on the design of this signal can be found later in this chapter. The objective of
this task is for the pilot to follow the reference signal. To put a measurable performance on this task,
the pilot will receive the classification of desired performance if he stays within +0.5° of the reference
signal, and subsequently, adequate performance if he stays within £1.0° of the reference signal. The
total score will be the time, in percentages of the total run, spend within a certain limit. The goal, as well
as the limits to this goal, and the total scores will all be displayed on the HUD. The limits will be in the
form of two squares around the target, one red, for the desired limit, and one yellow, for the adequate
limit. These squares will turn green when the actual pitch is within the limit. To have a consistent input
of the pilot, the total score will be used as a performance goal to the task. A certain total score over the
whole run will correspond to either the task being completed in a desired fashion, an adequate fashion,
or when neither of these scores are reached, the task is failed. This goal was set to 50%, meaning if
the pilot manages to complete the task with at least 50% of the time spend within desired limits, the task
is deemed to be completed with desired performance. If the pilot does not manage but does manage
to keep within adequate limits for at least 50% of the run, the task is instead completed with adequate
performance, and logically, if he does not manage to do either, the task fails. This percentage goal was
obtained with test runs before the official flight tests with the help of an experienced pilot, who did not
participate in the official tests.
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Figure 5.3: Tracking task display for the pilot, with the square on the pitch tape being used for the pitch tracking task, and the
lines on the altitude tape being used for the altitude tracking task. Additionally, the desired and adequate limits for each task
are included.

Altitude tracking task

The altitude tracking task is a very similar task as the pitch tracking task. Instead of the reference signal
being for the pitch of the helicopter, it will be for the altitude of the helicopter. The pilot is again asked
to follow the reference signal, which will start to move up and down the altitude tape of the HUD. A
desired and adequate limit is placed on the reference signal, for this task, corresponding to 10ft and
20ft respectively. Similarly as the pitch tracking task, this task is deemed to be successful with desired
performance when 55% of the total time spent on the run is within the desired limit. This will again
be the same for adequate performance, or a failed task if neither performance level is attained. The
altitude tracking task is designed to check for the response of the vertical velocity controller.

Both the pitch and altitude tracking tasks were to be flown at different initial speeds, and initial altitudes.
During the tasks, these speeds and altitudes will vary because of the input of the pilot. It was up to
the pilot to find the best strategy to perform these tasks. To try to keep the focus on the pitch and
vertical velocity response, it was not required to stay within a hard limit in regard to the speeds and
altitudes, other than at low altitudes not reaching the ground. It was however asked of the pilots to fly the
helicopter within a reasonable level of aggressiveness, as would be used in a regular, non-emergency,
flight condition. The important aspect of how the helicopter was flown is consistency, since the goal of
the experiment is to compare the difference with and without the designed controller.

Bob-up task

The bob-up task is a task inspired by a task described in ADS-33 (Anon., 2000), called the vertical
maneuver in ADS-33. This task is designed to check the heave response of the controller, especially
the precision with which the helicopter can be controller in the vertical axis. In this task, the helicopter
starts in a stabilized hover at an altitude of 15ft. The pilot then ascends to 55ft and stabilizes there for
2 seconds and comes back down to 15ft. For this task, there were outside visuals to assist the pilot.
The outside visuals used during the task are shown in Figure 5.5. To assist the pilot with the altitude
requirement and with maintaining a hover, a board with a ball in front, at a certain distance is shown
to the pilot. This board is located at both 15ft and 55ft. A schematic representation is shown in figure
Figure 5.4.

The performance level achieved by the pilot during this task is based on the time spend to complete
this maneuver. A secondary requirement was put on the longitudinal position away from the starting
position, however, since there are no screens in the simulator to look downwards, this was indicated
to the pilot on the HUD. The limit on this position was taken from the ADS-33 task: +6 ft for desired
performance and +10 ft for adequate performance.(Anon., 2000) The time to complete the maneuver
was set to 15s for adequate performance, and to 10s for desired performance. These values were
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obtained from the vertical maneuver. The position requirement was checked in the simulator before
the actual flight test. The pilot was able to hold position somewhat, but was experiencing difficulties
due to the visual cues missing from below the helicopter. The positional requirement was thus deemed
to not be leading in the performance criteria. Meaning that if the only reason the pilot did not achieve
a certain level of performance purely because of the position, and this still met the consistency of the
aggressiveness the pilot has been using during the flight test, the task was still considered successful
with that certain level of performance. This was aimed to still protect the main goal of this task, to
ascertain a handling rating for the helicopter while performing this task, by not overstraining the pilots
with an increased workload causes by missing cues. Furthermore, since the situation is the same
for both configurations of the helicopter, this should also not impact the comparison between the two
cases.

55ft + == === 3 | Stabilized hover (2s)

Descent Climb

Finish (Hover)

) O

Start (Hover)

Figure 5.4: Schematic representation of the boards used to assist the hover; on the left a front view and on the right a side view.

Figure 5.5: Outside visuals used during the bob-up task.

Acceleration-deceleration task

The last task to be completed was the acceleration—deceleration task, which is also a task described in
ADS-33 (Anon., 2000). The task is used to assess both the pitch and heave response of the helicopter.
Especially the coupling between pitch and heave is tested, in the case of large pilot inputs. In this task,
the pilot starts in a stabilized hover, and rapidly accelerates to 50 knots, while holding the altitude below
50 ft. When the target speed of 50 knots is reached, the pilot rapidly decelerates to a hover again. A
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performance requirement is that a certain nose-up pitch angle is reached during the deceleration of
the helicopter. ADS-33 considers a desired performance if this angle is at least 30° , and adequate
performance if the angle is at least 10°. Since the maximum input to the controller was set to 30°, it was
investigated to see if this was a feasible requirement to be used. The helicopter showed responses that
could go over 30 °, because of some overshoot during more aggressive maneuvers. It was however
decided, similarly as the with the bob-up task, to be slightly lenient with this requirement. This was
done to not punish the pilot for going too smoothly if that meant he would fall just short of 30 °, so the
requirement was set to 28 °. The total task was to be completed within a distance shown both in the
visuals, by the use of pylons on the ground, and indicated on the HUD. The outside view for the pilot
during this task is shown in Figure 5.7, and is schematically presented in Figure 5.6. For this task the
aggressiveness of the pilot should be addressed briefly, since by design this task requires the pilot to
go towards the extremes of the helicopters performance. The pilot was not required to keep the same
level of aggressiveness as with the other tasks, but again consistency between the two configurations
was of importance, to make for a fair comparison.

750 ft

o O 0 O 0 O @ o

0000000000000000

o © o0 o o © o0 o

Start (hover) 50 knots Finish (hover

Figure 5.6: Top view of the course used in the acceleration-deceleration task.

000000

Figure 5.7: Outside visuals used during the acceleration-deceleration task.

Forcing functions

The pitch tracking and altitude tracking both use a reference signal, or forcing function, that is to be
tracked by the pilots. To limit the impact of a learning effect occurring during the progression of the tasks,
a different signal is used for different runs. It was decided to have a unique signal for each different test
flight condition. The same forcing function is used between the SAS and the robust controller, to be
able to have a clear comparison between the two controllers. The signal consists of a series of ramps
and step inputs. All signals are the same length, of 93s, and start and end with a 3s time period at trim,
to give the pilot time to prepare. An example signal for the pitch tracking task is shown in Figure 5.8.
The signal consists of 9 ramp inputs and 9 step inputs, not including the reset to trim, each receiving
an equally spaced time slot of the total time of the task. These inputs have a randomized amplitudes
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and occurrences within the time slot, and durations for the ramp input. To have a consistent signal
over all configurations ran during the flight test, the change from one time step to the next was used
as an indication of how much input is needed. The variance of this change was used as an indicating
factor, and kept within a certain limit between different signals, to have some sense of measurable
equivalence. The signals used were tuned for the specific task where applicable, for instance, to not
force too close to the ground, the altitude tracking task at sea-level was built with a limit. An example of
a reference signal used during the altitude tracking task is shown in Figure 5.9. This signal is created
and checked with the same method as for the pitch tracking task, except that it has less inputs, namely
7 ramp inputs and 6 step inputs, again not counting the reset to trim.
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Figure 5.8: Example of a reference signal used in the pitch tracking task.
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Figure 5.9: Example of a reference signal used in the altitude tracking task.

5.3. Simona research simulator

For the flight test the Simona research simulator located at the faculty of Aerospace Engineering at the
TU Delft was used. The simulator is a customizable cockpit, sitting on a hexapod motion system, shown
in Figure 5.10. The inside provides a wide angle field of view, provided by three projectors attached to
the cabin. The inside of the simulator and an overview of the cockpit and its controls and instruments
is shown in Figure 5.11. Since the experiment was conducted for a longitudinal model, the cyclic stick
was locked in its lateral direction so the pilot would not get a false sense of input in this direction. With
the same reasoning the pedals were not used during the experiment. The pilot was assisted with a
head-up display, further explained in the next section, and a indicator for trim position of the controls.
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What should be noted is that the simulation was run without motion active, due to issues with the motion
system.

a A ODN =

Figure 5.10: The Simona research simulator at the faculty of aerospace engineering at the TU Delft.

. The cyclic stick (longitudinal inputs only, lateral movement is locked)
. The collective stick

. The Head-Up Display (HUD) used during the experiment

. Stick trim display

. Pedals (will not be used during the experiment)



5.3. Simona research simulator 53

Figure 5.11: Controls and instruments of the Simona simulator.

HUD setup

The Head-Up Display (HUD) is an instrument in the simulator that shows the pilot important information
about the state of the helicopter. Not only is it used to show common information, such as pitch, velocity
and altitude, it is also used in the tasks to show specific information needed. The standard configuration
of the HUD, with its elements indicated, can be seenin Figure 5.12. When the pilot is in the pitch tracking
task, a double rectangle appears on the HUD, as is shown in Figure 5.13. This is an indicator of the
reference signal, and its performance limit angles. This rectangle will move up and down the pitch tape,
at the angle of the reference signal. The yellow rectangle is the indicator for the desired limit, with an
angle of 0.5° , and the red rectangle represents the adequate limit, at a 1.0° angle. These rectangles
will change their color to green when the pilot is within a certain limit, as an extra indication for the pilot.

A similar indication system is used for the altitude tracking task, shown in Figure 5.14. The altitude
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tape now has lines, yellow for the desired limit of 10ft, and red for the adequate limit of 20ft. Both of
the tracking tasks also show a score, in percentage of time spent within a a certain limit, which as
discussed in the task description, is used to assign a performance level to the whole task.

1.

B

The speed tape, with the current speed shown, in knots
The current pitch angle of the helicopter

The horizon indicator

The pitch tape, in deg

The altitude tape, with the current altitude show, in ft

Distance indication from the starting point during the bob-up or the distance to the end line during
the acceleration-deceleration task

The reference indicator for the pitch tracking task, showing the desired(red) and adequate(yellow)
limit as squares around the reference signal

The total scores of time (in percentage) spent within the corresponding limit to either the pitch or
altitude reference

The reference indicator for the altitude tracking task, showing the desired(red) and adequate(yellow)
limit as lines around the reference signal

Figure 5.12: Standard HUD configuration.
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Figure 5.13: HUD configuration during the pitch tracking task.

Figure 5.14: HUD configuration during the altitude tracking task.

5.4. Flight Test Results

One of the main results from the flight test is the determined Harper-Cooper ratings, for the specific
tasks. The flight test was performed by two pilots, to add an extra layer of filter for the inherent subjectiv-
ity in handling quality ratings, that will always be somewhat presented, as discussed before. The scores
that the pilots managed to achieve accompany the rating that was given at each task. However, they
serve to show if a certain level of performance was achieved. It does not serve as a continuously mea-
sured level of performance, since the objective to the pilots was to achieve a certain score, to indicate
a success(either with desired performance or adequate)/fail performance. Lastly, the pilot was asked



5.4. Flight Test Results 56

to comment on the performance on each task, and to elaborate on his thought process with regard to
the selected Cooper-Harper rating. This last step is crucial, since the secondary goal of the assigning
of any rating, is to open up a dialog between engineer and pilot. If the rating of the handling qualities
is a measurable method of assessing the current state of the controller, the comments from the pilot
are a way of localizing the problem of the current state, and providing direction of how to improve the
performance.

Sensitivity configuration task

The sensitivity configuration task was performed first, to select the preferred sensitivity setting for the
cyclic stick. During the design of the controller, an input filter was added to the controller to smoothen
out the pilot inputs provided to the controller. Both pilots immediately notices a delay in input, which
caused some pilot induced oscillations. This was experienced for all sensitivities. It was decided to
do a test run with this filter removed. The pilots experienced less PIO and felt the controller got more
direct. They both preferred to have the filter taken out. The first pilot decided that sensitivity 3 was the
preferred sensitivity, and the remainder of the tasks were completed with this sensitivity.

Pilot two had a comment on the control force of the sticks. This pilot preferred a lower force on the
cyclic stick, and that it was slightly distracting at times. The force on the collective stick, added only
for the robust controller to help find the neutral point, he said he could do without, since he felt like
he needed to apply small input corrections on the collective and this hindered him slightly. As for the
preferred sensitivity, the second pilot was split between sensitivity 2 and 3. It was discussed to use
the same sensitivity as the first pilot, to improve the comparison between the pilots, so pilot two also
performed all the remaining tasks with sensitivity 3.

Pitch tracking task

Figure 5.15 shows the handling quality ratings of the pitch tracking task. This is split up between the
two pilots and was performed for different flight conditions. The associated scores can be seen in
Figure 5.16, which consist of the desired and adequate scores, the total time spent within a certain
limit, that the pilots achieved for each flight condition. It also shows a dashed line for the performance
goal for the associated task.

As a side-note to both the pitch tracking and the altitude tracking tasks is that to reduce the impact of
learning the tasks the order in which the combinations were flown were mirrored. The combinations
were split up in altitude and configuration, so SAS or robust controller. The first pilot started at sea level
with the robust controller and then swapping the configuration to SAS, after which this was repeated
for 4000m altitude. The second pilots started with the SAS configuration at sea level.

When examining the handling qualities for the SAS configuration, both the pilots rate it similarly, where
the biggest difference is the 40m/s run at sea level, where pilot 1 gave a handling quality of 5, indicating
less workload. The pilots did not manage to achieve desired performance, however adequate perfor-
mance was reached for all airspeeds. Most of the values for the rating come out to 6 — 7, which is on
the border of level 2 and 3, meaning that adequate performance was reached with extensive pilot com-
pensation, to the pilot compensation needed to achieve the adequate performance not being tolerable.
The pilots comment on the overshoot that the pitch response has with the SAS configuration, and that
they need to apply inputs slowly, or risk losing precision.

The handling quality scores show a clear improvement when the robust controller is in use. Desired
performance is reached for nearly all runs. Both pilots said that the controller was easier to use since
no input to the collective was needed. The handling quality ratings according to pilot 1 are around
the border of level 1 and level 2, which is the border between the controller being satisfactory without
improvement or not. Where the workload was reduced with increasing speed and altitude. The first pilot
also commented on the predictability of the response, saying that it increased with increasing speed.
He furthermore noted that he was doubting between a rating of 3 and 4 for both the cases where he
awarded a 4(40m/s at sea level, 20m/s at 4000m). The second pilot rated the controller between 4 and
5. He commented on the force of the cyclic being too high, and possibly awarding a better rating if this
force was less. He too mentioned that he was doubtful to perhaps award a rating of 3 in some cases.

The altitude and speed differences are included in the task to test for the robustness of the controller,
where the performance is checked when moving away from the design point (sea level, 20m/s). To
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account for changes in the helicopter dynamics at different speeds and altitudes, the SAS configuration
is also tested as a base line here. It can be seen that the robust controller stays relatively consistent
across the different speeds and altitudes. This shows how the controller can deal with uncertainties in
the model, because the linearized model, on which the controller is based, is not correct for that trim
condition.

Overall, the robust controller shows a significant increase in handling quality rating over the SAS con-
figuration of the helicopter, increasing from being around the border between level 2 and 3 to being on
the border of level 1 and 2. This means that the pilots deem that the robust controller for a the pitch
tracking task would warrant some improvement. It should be noted that this improvement could also
be achieved by altering not the controller, but the physical control set-up. For instance by tuning the
stick force. However, the conclusion with this set-up does remain that the controller, used in a pitch
task, across multiple flight conditions, does not meet the expected, designed for, handling qualities, but
is close to meeting those requirements. This could then be an indication that the flying qualities used
as a basis for predicting handling qualities in the design phase, don’t completely cover the handling
characteristics for the pitch tracking task. Again it should be re-iterated that this might not be the main
improvement that should be made.

Pitch Track - Pilot 1 Pitch Track - Pilot 2

Flight Condition
Flight Condition

HQ rating HQ rating

® Robust mSAS = Robust mSAS

Figure 5.15: Handling quality rating by both pilots, at different flight conditions, expressed in altitude and airspeed, and
configurations, during the pitch tracking task.
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Figure 5.16: Scores of both pilots, at different flight conditions and configurations, during the pitch tracking task. Red indicating
desired performance and yellow indicating adequate performance, with a gray dashed line indicating the minimum score
required for each performance level.

Altitude tracking task
The output of the altitude tracking task is very similar to the pitch tracking task, where the handling
qualities are accompanied by score plots for each condition that was flown in. The handling quality and

scores can be seen in Figure 5.19 and Figure 5.20.

Concerning the handling quality ratings of this task, the pilots did not align as much, especially when
it comes to the increase in rating between the SAS and the robust controller. What should be noted
is that the first pilot did not manage to achieve desired performance for any of the sea level runs, and
neither did he at the highest speed at 4000m, when in the SAS configuration. Pilot 2 did manage to
achieve desired performance for almost all runs, SAS and robust control, except for the higher speeds
at high altitude, showing the same decrease in performance as the first pilot. Both pilots commented on
these SAS, high speed, high altitude, runs and said that the response was very slow and full deflection
was not enough to compensate.

Since both controllers have the same actuator input range, and after examining the inputs to the actu-
ator in both configurations, it was seen that they were similar. Since the robust controller did not seem
to exhibit this behavior, a look is taken at the altitude graph of the fastest run at 4000m. In Figure 5.17
and Figure 5.18, the altitude trace, including the performance limits, is shown for both pilots and both
configurations. What can be seen is that the SAS has much higher amplitudes, and looks a lot less
damped, whereas the response from the robust controller is much lower amplitude, and seems much
more direct. The response shaping of the controller is very apparent in this case, it has a smooth,
damped response when reaching the reference velocity, which, especially in this case, gives the pilot
the time to respond to the next reference input. Lastly, considering this is the flight condition most
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removed from the design point, and the controller showing very consistent behavior over all flight con-
ditions, the altitude task is a very clear example of the controller showing good robust behavior. This
builds nicely on the robustness that was shown in the pitch tracking task as well.

Altitude tracking task (60m/s,4000 m,Pilot 1)
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Figure 5.17: Altitude trace of the first pilot’s altitude tracking run at 60m/s, 4000m. The blue line indicating the SAS
configuration and the orange line indicating the robust controller configuration. Tracking reference signal, and accompanying
limits are also shown in dashed lines.

Altitude tracking task (60m/s,4000 m,Pilot 2)
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Figure 5.18: Altitude trace of the second pilot’s altitude tracking run at 60m/s, 4000m. The blue line indicating the SAS
configuration and the orange line indicating the robust controller configuration. Tracking reference signal, and accompanying
limits are also shown in dashed lines.

Outside of these flight conditions, the robust controller also shows a significant increase in rating for the
runs performed by pilot 1. His ratings are even all at level 1 handling qualities, which it was designed
for. However, pilot 2 does not show this increase in rating. His ratings for the SAS were significantly
lower than the rating given by pilot 1, even showing a decrease in rating for the flight condition of 20m/s
at sea level. Interestingly this is the design point, and the only run in the whole flight test that showed
not at least the same rating. What could be a factor in this is that pilot 2 started the altitude tracking
task with this run. His comments on this run specifically were that the inputs he needed to make were
quite large, and that the force in the collective stick distracted him. Furthermore, he noticed, as did
pilot 1, that he needed to change his control strategy. They both developed a high deflection strategy,
where they tried to find the perfect time to just release and obtain the desired altitude. Lastly, pilot 2
did mention multiple times that he was close to giving a rating of 3 for the robust controller, and was
doubting to give a rating of 5 to some of the SAS runs. Had he decided to do this, the rating would
already start to look more similar.

Overall, pilot 1 awarded the robust controller level 1 handling qualities for the altitude tracking task over
all flight conditions, indicating that he believes the robust controller in this task is satisfactory without
improvement. It should be noted that the SAS configuration according to this pilot was at a level 2 HQ
rating, never level 3. Pilot 2 gave the robust controller a very consistent rating of 4, being just level 2. He
believes that the deficiencies still warrant improvement. The comments he made were however mostly
about the force in the stick, and he was missing some cueing. He for instance suggested that he would
like to have an indication of the current vertical speed. If these improvements would be implemented it
could already be enough to achieve a level 1 HQ rating.

Another change that could be made without altering the controller is the input values, both pilots in-



5.4. Flight Test Results 60

dicated that they needed a lot of stick deflection to achieve the desired result. Perhaps a different
mapping of the stick deflection to input, or even a non-constant mapping, where there is a more sensi-
tive part close to the neutral position to account for small changes, and a larger input per stick deflection

after a certain point to account for larger inputs.
Since the flying quality used to design for the handling qualities of the vertical velocity signal part of the
robust controller is mainly the model following criteria, and the pilots were happy with the shape of the

response, it could be said that this criteria did function as intended. It for sure did for pilot 1, level 1
was achieved. Pilot 2 could be level 1 if his comments were implemented, but another flight test would

be needed to confirm this.

Altitude Track - Pilot 1 Altitude Track - Pilot 2

Flight Condition
Flight Condition

3 4 5 6 7 8 9
HQ rating

0 1 2 3 4 5 6 7 8 9 0 1 2
HQ rating
®m Robust mSAS ® Robust mSAS

Figure 5.19: Handling quality rating by both pilots, at different flight conditions, expressed in altitude and airspeed, and
configurations, during the altitude tracking task.
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Figure 5.20: Scores of both pilots, at different flight conditions and configurations, during the altitude tracking task. Red
indicating desired performance and yellow indicating adequate performance, with a gray dashed line indicating the minimum
score required for each performance level.

Bob-up

In the bob-up task the helicopter is tested in a flight condition it is not designed for, hover. Results of
Capra (2024) already show that the robust controller would have significantly different values for its
elements, had it been designed for the hover condition. Since the pure hover task was decided to not
be very relevant in a 3-DOF model, it was decided to still test some of the helicopters characteristics
in a hover setting in the bob-up task. Especially since this is a task that checks for heave traits and
coupling between pitch and heave.

The results, in the form of the best time to complete and the corresponding handling qualities, are
presented in Table 5.4. As a reminder, to reach adequate performance the pilot needed to complete
the maneuver in 15s or less and in 10s or less for desired performance. Furthermore, there was a
requirement set on the distance the pilots were allowed to be from the starting point. As discussed
before, since there was cueing missing to the pilots in the form of visual cues below them, the distance
requirement was hard for the pilots to obtain. However, both pilots did manage to stay within adequate
limits during their best run of the task, and it was deemed that this should not be the limiting factor in
the performance criteria. The times to complete the task were still taken as leading, but did show that
adequate performance was not obtained in the SAS configuration case, and only adequate performance
was reached for the robust controller case.

In the SAS configuration the pilots reported a lot of PIO and coupling between pitch and heave. Their
handling quality ratings, shown in Figure 5.21, also reflect the poor performance in this case, where
pilot 2 even awarded it a 9, meaning that intense pilot compensation was needed to keep in control.
The robust controller took away the cross coupling between pitch and heave, the pilots commented.
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Their scores are also improved, now both achieving a 5, which is still level 2.

One other issue both pilots addressed, was the lack of motion cueing. Both pilots felt like having motion,
in combination with visual cueing below them, would have helped them complete the task. Pilot 2 was
the closest to desired performance but did say that even if he would achieve this, he would not award
higher than a 4, still indicating that improvement would be needed.

This brings up a point that also pilot one brought up, the desired performance goal seem unattainable.
The bob-up task is an adaptation of an ADS-33 task (Anon., 2000), but does use existing visuals, to
aid with the hovering. These visuals used slightly more distance, 40ft, between the boards than the
task describes, namely 25ft. Unfortunately, the task was not tested for this specific set-up and specific
helicopter. That could have provided a more realistic goal for this specific task.

Bob-Up
. : Pilot 1 - Pilot 2 -
Pilot 1- SAS|Pilot2- SAS Robust Robust
e 18.5 18 14 10.5
o: 7 9 5 5

Table 5.4: Scores, in time to complete the task, and handling quality rating of both pilots, of the bob-up task.

Acceleration-deceleration

The acceleration-deceleration is the last task to be discussed. The performance criteria of this task
related to keeping the helicopter below a specific altitude and achieve a specific nose up attitude. Both
of the pilots managed to reach desired performance for both configurations. The handling quality rating
that they gave this task are shown in Figure 5.21.

Pilot 1 rated both configurations with a 1, but he did have some comments about the task itself. He felt
like he was missing some elements that were not tested in this task. One of the main ones is that the
model used does not use a model for the governor, it just uses a constant RPM for the rotor. However,
since the acceleration-deceleration task is an aggressive maneuver, the dynamics of the blade and the
engine play a role in this task. Furthermore, since the pitch attitudes in this task are quite large as well,
the limited field of view of the simulator made it so that the visual cues to the pilot were quite limited.
When comparing the robust controller to the SAS, the pilot noted that the way of flying was different,
but that overall, after getting used to this way of flying, it required less workload than the SAS. He did
mention that the deceleration part was the hardest part of the task, mostly because this required a
different control strategy.

The second pilot did rate both cases lower, with a 4, but did show the same consistency as pilot 1. He
commented on the different strategy as well, especially during deceleration, where he was on the limits
of the input in the SAS configuration. Another aspect of the runs for this pilot while using the robust
controller, is that the pilot experienced PIO. In one of the runs even so much that he lost control of the
helicopter. This is something that will be discussed in chapter 6.

After having completed the bob-up task and the acceleration-deceleration task, it became apparent
that the design of these tasks, and with what set-up of the model and simulator they were performed,
is a large impact on the handling qualities the pilots awarded them. It is important to tune everything
around the flight test so that the result closely matches the handling qualities of the actual controller.
Especially since one of the research questions was to try to validate the flying qualities that the design
was made with. In these last two tasks, it is difficult to give a answer to this question, since there were
quite some aspects that could give a different handling quality rating, while using the same controller.
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Bob-Up Acceleration-Deceleration

PILOT 2 PILOT 2

PILOT 1 PILOT 1

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
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® Robust mSAS ® Robust mSAS

Figure 5.21: Handling quality ratings of the bob-up and the acceleration-deceleration task.

5.5. Discussion

One of the research objectives is to gain insight in the handling qualities of the controller, and the flying
qualities that were used to design the controller. These flying qualities aim to provide a quantified criteria
that correlates to certain in flight handling qualities. However, as was demonstrated by conducting the
flight test, handling qualities are defined to be applied in a certain task. It is difficult to isolate just one
characteristic of the controller, and link that to an even harder to isolate, single aspect of what a pilot
experiences, but the design of these tasks aim to focus on a particular response. This means that to
properly test the validity of a certain flying quality, the task needs to be tuned right.

This becomes clear in the bob-up task, where there is a case where the desired performance seemed
out of reach. To a certain point it was possible to determine that this was not due to the robust controller,
since the increase in performance compared to the SAS is still clearly present. It seemed that the
performance limits were simply set too high. To either conclusively say that the limit was too high, or
to account the issue to the model or the controller, more data would be needed.

Furthermore, the test setup also has quite an impact on the workload and subsequently the handling
quality rating a pilot provides. This is well demonstrated by pilot 2 commenting on the distracting nature
of a non-ideal control force. This is something that can be accounted for, but does require attention and
time to be accounted for. Further on this point, the control force was even tuned with a pilot before the
flight testing, but different pilots have different preferences and are accustomed to different set-ups.

Another impact that showed up during the flight test, was that of the cueing. This flight test was not
run with motion cueing. This had a different impact on different tasks, during the tracking tasks, the
pilots did not comment on the missing motion cues. However, in the bob-up task, because they were
asked to hover, both pilots were missing this motion, and reported that they felt like they could have
had less workload if this had been the case. Visual cueing was also not necessarily tuned completely
to a helicopter. The simulator has a cockpit design of a general aviation passenger aircraft, therefor
missing some of the field of view that is usually present with a helicopter. This does cause the tasks to
be somewhat harder to complete, for instance in the acceleration-deceleration task, the

A factor that was tried to be accounted for, was the stick sensitivity. After the selection of the preferred
sensitivity for the cyclic stick, the pilots did not comment on issues with this in the later tasks. The
collective stick, which was not tuned in a task, however did get a comment by the pilot. This comment
was regarding the expected range of movement in the robust controller case. This makes sense, since
the controller uses a different input mapping, the setting for no altitude change, will always be the
neutral point of the stick for the configuration used. Furthermore, this mapping means that a similar
vertical velocity in the SAS case and the robust case, will require different styles of input.

With all this taken into account, the simple answer to the question of how well the flying qualities predict,
and relate to handling qualities in a piloted flight test is: it's complicated. However, this would be too
shallow of an answer, while its true, there are still very measurable results that came from performing
the flight test. Most tasks show a clear increase in performance, by a significant amount. With a level
corresponding to 3 ratings in the Cooper-Harper scale, both pilots show around a full level of increased
handling qualities in the pitch tracking task. Level 1 handling qualities are achieved in the pitch tracking
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task for higher speeds by pilot 1, and on the lower side of level 2 for higher speeds, as well as level
two for pilot 2. This is an indication that the criteria set on the pitch response are definitely trending
towards level 1. As for the criteria on the heave, pilot 1 rates all his runs at level 1. With just pilot 1
it could be concluded that the criteria are well designed to achieve level 1 handling qualities. As for
the other pilot, the handling qualities are just level 2, but not showing an increase. Based on this pilot,
the criteria fall short of producing a level 1 result for altitude tracking. However with the second pilots
comments taken into account, and that they were more concerning the input method. An argument
for the robust controller showing increased performance in this task is that where the SAS started to
deteriorate at higher speeds and altitude, and not providing the pilot with enough control authority, the
robust controller fixed this issue and let the pilots control the helicopter in the same capacity as the
other flight conditions.

With the more complex tasks, the controller did perform decently. The bob-up task also shows the same
increase, for the second pilot even making the almost uncontrollable SAS, to a point where adequate
performance could be reached. The last task, acceleration-deceleration, did not show any increase
in performance, where the first pilot was already maxed out with his ratings for both cases, and the
second pilot being just on the border towards level 1 handling qualities. However, with the comments
the pilots gave on this task, it turned out that this task might not have been most suitable for the set-up
of the model and controller. For this reason it is hard to take away any significant findings towards the
validation of the flying qualities from this task.

Overall, when taking into account all the non controller related factors that impact the handling qualities,
there is a decently strong argument that the controller is well designed and that the criteria decently
predict requirements that lead to level 1 handling qualities. To definitely say that that is the case, the
flight test could be repeated with actions taken to reduce these non controller related factors. This flight
test should spend more time on tuning the set-up with the pilots flying, and could even be extended to
develop for instance a different mapping of the stick to controller input, that better suits the inputs to
the controller. This does bring in the question of personal human experience. Clearly the set-up of the
simulation in the flight test was not equally preferred by the two pilots. However, a real-life helicopter
should not be redesigned for every single pilot. If the flight test would be tuned, multiple pilots should
be used to find a average that works for most pilots, and if the range is too wide, perhaps this could be
solved with a preset of different tunings, where the pilot can easily swap to his preferred setting, in the
same way that a pilot would adjust his seat to the correct setting.

Something that has not been discussed, but should be, is to change the model to increase handling
qualities. For instance a horizontal stabilizer could reduces pitch oscillations. Not only would this have
the potential to increase the handling qualities, but this would also be done passively. Meaning that
the controller could, and since the the model would be different would have to, be re-tuned, but if less
effort is needed in the stability part, this could leave resources in the design method for an increase
in performance. Another elements that could be added, which would make the model more realistic,
is a model for the governor, and with that rotor dynamics. As the model currently is, the RPM of the
rotor is constant. In a real life situation, when the rotor feels changing forces, the engine will have to
compensate to keep a steady RPM. The governor takes care of this part automatically, but this will
in aggressive maneuvers produce a noticeable effect on the engine and rotor. This could is another
topic that should be investigated in further research, since this could potentially have an effect of the
handling qualities of the helicopter.

Lastly, the heavy PIO that occurred in one of the runs of the acceleration-deceleration task is an in-
teresting result. The question is, how did this occur, and did it fully destabilize the helicopter and the
controller or would the run have been savable. And most importantly, can this behavior be improved
or prevented. The answers to these questions require a bit more research, and a closer look at this
specific run, and therefor deserves its own chapter.



Ant1-Windup

Based on the flight test runs that the pilots performed, and specifically one seemingly unstable run,
this chapter discusses a potential issue of integral windup that occurs when the actuators of the rotor
are saturated. This starts with investigating the pitch and controller elements of this specific run. After
which, two anti-windup methods to combat this problem, clamping and back-calculation, are presented
and implemented to see their effect on the response of the helicopter.

6.1. Actuator Saturation and Integral Windup

In Figure 6.1 the pitch angle, commanded pitch angle and the cyclic actuator angle can be seen for
one of the runs pilot 2 flew. In this run, he was asked to perform the acceleration-deceleration task.
However, the helicopter got into an uncontrolled state. The pilot was trying to regain control, but as
can be seen, the inputs he gave only made the oscillation grow bigger. What should be noted is that
the pilot inputs were quite extreme, as is warranted for the acceleration-deceleration task, but also that
the inputs are almost opposite to the actual pitch. The pilot tried to stop the growing pitch angle but
got into a state of pilot induced oscillation. The simulation performed during the flight test stopped at
28.5 seconds, but to show that the helicopter was not in an unstable state, and was recoverable, the
simulation was extended after the flight test, as a Matlab simulation without the pilot. The input was
set to 0 degrees after the initial simulation time was completed. It can be seen that the pitch oscillation
does settle down and goes to the commanded pitch angle. Lastly, the actuator angle is shown in this
figure too, to provide a better understanding of what is going on. The actuator is reaching its physical
limits and saturating when the worst of the oscillation occurs.

The issue that could be the cause of this, and that is investigated in this chapter, is integral windup,
occurring when the actuator is saturated. The concept behind an integral term in a controller is to
integrate the error term coming into it, which means the error over time will be the output of this element.
But when the actuator is saturated, the controller would usually like the actuator to provide more input,
but it reached its limit. This means that the output of any integral term of a controller is still growing,
without getting more actual physical result. For an integral term to go down again, and eventually reach
a steady state, the error term will have to become the opposite sign of what it currently is, and then it will
take some time to bring the term down. This time will depend on how long the actuator was saturated
for. So before the integral term can add any meaningful input to the whole of the controller, it needs to
have "recovered” from the saturation. To illustrate this effect, Figure 6.2 shows the output of the Pl-like
controller, broken down into the proportional and integral part. It can be seen that the integral output
is lagging behind the proportional signal significantly, and that the proportional part starts to become
unstable, since it is just a directly scaled term with the current error in pitch.
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Figure 6.1: Pitch angle, commanded pitch angle and actuator angle of an acceleration-declaration run performed by pilot two,
extended with 0 degree input command.
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Figure 6.2: Commanded angle produced by each part of the Pl-like element of the controller.
6.2. Method
Clamping

The first method, tried to improve the issue of integral wind-up, is the clamping method (Douglas, 2018).
This method is, simply put, to set the error signal input to the integral part of the controller to zero when
the actuator is in a saturated state. This stops the addition of extra cumulative error when the actuator
is saturated, and will resume immediately when the actuator is not saturating anymore, meaning that
the error term is decreasing again. This makes it so that the integral term does not need the time to
reduce the accumulated output that would have been added during saturation. A schematic overview
is shown in Figure 6.3 to visualize the set-up of this method in the controller. The blue blocks are a
representation of a method to determine if the controller is saturated. This can be done in different
ways, depending on how the simulation is run. Examples are to use a series of logic blocks in Simulink
to determine if the saturation is occurring, or, in the case of the discretized model used in this research,
as a boolean in the code. The model for the actuator accounts for both a rate and a position limit, which
means that when either occurs, the actuator is considered saturated for the clamping method. When
this happens, the blue block activates a switch, to follow the new path (dashed), to set the input of the
K. .1 block to zero, meaning that the output of the integral part of the controller will remain constant
from that point on.
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Figure 6.3: Schematic overview of the clamping method. The blue block indicating the method used to determine saturation,
whichever is applicable in the simulation, leading to a switch, which lets through a constant 0 whenever saturation occurs, and
otherwise the error term of the respective signal.

Back-calculation

The second anti-windup method implemented is back-calculation (Astrém and Hagglund, 1995). In this
method, instead of setting the input to the integral term of the controller directly to zero when saturation
of the actuator occurs, the input signal is reduced proportionate to the difference between the input
and output of the actuators. This is visualized in Figure 6.5. It shows that the signal going into the
integrator of the controller is first reduced by the difference in the actuator in- and output, which can
be seen in Figure 6.4, scaled with a factor K,. This means that the error term that goes into the
integrator, and gets added to the cumulative error, is reduced based on not only if, but also on "how
much” the actuator is saturating. What this also means is that the error signal is not immediately zero
when saturation occurs, but that it decreases gradually, but also that it can even become the opposite
sign and reduce the cumulative error before saturation stops. Choosing an adequate value for K, is
still required. Astrém and Hagglund (1995) suggests using a value between the scaling factor of the
derivative and integral part of a classic PID-controller. Since there is only a integral part to the Pl-like
part of the controller, it was chosen to make K, equal to K. ;, for the corresponding signals.
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Figure 6.4: Overview of actuator system, with the difference in input and output being calculated.
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Figure 6.5: Schematic overview of the back-calculation method. The blue block taking the difference between the input and
output of the actuators, and feeding this into the integral loop.

6.3. Results

Acceleration-deceleration run of pilot 2

In Figure 6.6 the (commanded) pitch angle for the acceleration-deceleration run of pilot 2 is plotted
for three different controllers. The first, the dashed line, is the case where no anti-windup method is
used to counteract the oscillations, which is the simulated response that occurred during the flight test.
The recorded pilot input is used for the other two cases as well. The second case is the simulation
run with the clamping method implemented as an anti-windup technique. And the third case is where
back-calculation is used. The commanded pitch angle is also plotted, to show how well the response
is following the input. What can be seen is that for both methods of anti-windup the pilot induced
oscillation is very significantly improved. As for the difference between the methods, the clamping
method seems to in general require a bit more time to respond, whereas the back-calculation method
seems to respond much more immediate.

The performance of each method is visualized in Figure 6.7, in which the total error up to the current
time-step is plotted, with the total error being the difference between the commanded pitch and the
actual pitch of the helicopter.

€n = (ecmd,n - en) +€n—1 (61)

This is done for the three cases that were plotted before: no anti-windup, clamping anti-windup and
back-calculation anti-windup, with the additional graph for the "no actuator limits” case. For this last
case, a simulation was run where the limits on the actuators, both rate and absolute limit, were removed.
This was done to have a bottom line to the performance of the controller without actuators. What can
be seen is a significant increase for both cases of anti-windup, but with a better performance increase
in the back-calculation case.
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Figure 6.7: Total error at each time step for the case with no anti-windup applied, the case for both the anti-windup methods
applied and when no saturation limits were imposed on the actuators.

Simulated high amplitude runs

To analyze the performance of the anti-windup methods further, more simulations were performed with
different commanded pitch inputs. The inputs are a series of high amplitude (full deflection) step func-
tions. The inputs were tuned to find a response of the system that showed problematic behavior. What
should be noted that the inputs are quite extreme, this analysis is theoretical in nature, during normal
operations, a pilot would never input these inputs.

Once again, the simulation was run for the three different configurations of the controller with and with-
out anti-windup. The results are shown in Figure 6.8 and Figure 6.9. The dashed line is the case for
no anti-windup, it clearly has trouble following the commanded pitch, with high overshoot and incon-
sistent responses to inputs. Both anti-windup methods perform significantly better, as can be seen in
Figure 6.9. Interestingly, in the total error graph, the clamping method outperforms the back-calculation
method. However, when looking at the actual response of the pitch angle, it can be seen that the back-
calculation method shows a more damped and consistent response, compared to the clamping method
that still experiences overshoot. Furthermore, it seems to struggle to reach the actual commanded for
pitch angle, likely caused by the integrator function being completely canceled when saturation occurs.
For a smooth, damped and predictable response for the pilot, the back-calculation method seems to
be the preferred option.
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Figure 6.8: Pitch and commanded pitch angle for a Matlab simulated, high amplitude run, for the controller without any

anti-windup and with the two anti-windup methods implemented.
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Conclusion & Recommendations

The aim of this research was to assess the handling qualities of the robust controller designed by Capra
et al. (2025). The flying quality metrics that were used for this design were an important factor in this
research, to validate if these metrics served their intended goal to achieve level 1 handling qualities.
Handling qualities are used to quantify the amount of workload that is required to perform a certain task.
Since the flying qualities are not necessarily tailored to a specific task, rather a specific characteristic
of the helicopter during a specific task, the question is raised how well these flying qualities predict the
handling qualities. To achieve this, a flight test was performed where two pilots were asked to perform
a set of tasks:

1. Control configuration task: to investigate, and try to lower, the impact the cyclic stick sensitivity
has on the ability to control the helicopter, and with that the workload of the pilot.

2. Pitch tracking task: to investigate the pitch response characteristics of the controller in a purely
pitch focused task

3. Altitude tracking task: to investigate the heave response characteristics of the controller in a
purely altitude focused task

4. Bob-Up task: to investigate the ability to precisely control the heave in a hover situation, while
simultaneously checking for any coupling between pitch and heave.

5. Acceleration-deceleration task: to investigate pitch and heave characteristic of the controller in
an aggressive setting, where the helicopter is near its performance limits.

The results of this flight test were handling quality ratings for each of these tasks, with the configuration
task resulting in a preferred sensitivity setting to complete the remaining task with. To complete the
second research aim, to show the increase in performance that was reached with the robust controller,
a second configuration of the helicopter was also tested. The pilot inputs were directly linked to the
model input angles, with a pitch rate controller influencing the cyclic actuator angle for added stability.

The pilot ratings show that the robust controller has a significant increase in handling qualities for the
pitch and altitude tracking tasks and for the bob-up. Pilot 1 rated slightly higher in general, with reaching
level 1 handling qualities for a few of the pitch tracking task runs, and just level 2, nearly level 1, for
the other runs. The second pilot rated all pitch tracking runs at level 2. Importantly, the second pilot
did comment that his rating could have been higher, potentially level 1, if it was not for the slightly large
stick force causing him more workload. The same pattern between the two pilots shows for the altitude
tracking task. The first pilot rates all flight conditions level 1, while the second pilot rates it just level 2,
all a Cooper-Harper rating of 4. Important for this task is that the SAS configuration showed a decrease
in performance and control authority at higher speeds and altitude, which the robust controller did not
show.

The results of the bob-up task showed a clear increase in rating by both pilots when the robust con-
troller was being used compared as to the SAS. However, neither pilot managed to achieve desired
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performance, which resulted in a rating by both pilots of 5 on the Cooper-Harper scale. The SAS how-
ever, showed very poor performance, to a point where controllability was in question. This was due to
cross-coupling effects and PIO in hover. The robust controller managed to remove most of the cross-
coupling and reduce the PIO as well, according to the pilot comments. A potential reason for the level
2 HQ rating in this task is that the desired performance goal is too high. One of the pilots also noted
this during the task, as he was doubtful that he would be able to reach desired performance at all. This
could be because the task was slightly altered in the flight test, compared to the task it was based on,
and this could be improved by performing a tuning flight test.

The acceleration-deceleration task showed the same rating for both the configurations. Pilot 1 rated
it a level 1 and pilot two a level 2 HQ rating. Pilot one did comment on this task, saying it was not a
realistic enough representation of a real life scenario. He felt like there were elements missing, such as
the interaction of the engine to the rotor. Overall, the acceleration-deceleration task seemed not fully
suitable for the set-up of the model and controllers used in this flight test.

After the flight test was performed, and the rating and comments of the pilots were analyzed, it became
clear that handling qualities are a complex aspect of a helicopter configuration. The pilots commented
on external factors ranging from having an undesirable control force, to not having enough visual cueing,
in the form of field of view, and missing motion in some tasks. This makes it difficult to isolate the robust
controllers performance, and give a clear answer to whether the design method met level 1 handling
qualities. Something that can be said with certainty, is that there is a clear increase in performance
especially on the tasks that designed to focus on one criteria designed for. Taking into account the
comments by the pilots, indicating why some of the ratings were lower, there is a decently strong
impression that with the right tuning of external factors, the handling qualities could reach level 1 for all
tasks and flight conditions.

One improvement that was still implemented in this research was anti-windup on the saturating actua-
tors. In the acceleration-deceleration task, the actuators were saturating a substantial amount of time,
due to aggressive maneuvering. This caused the integral term in the controller to windup, meaning it
induced a delay in reaction time of the controller overall, leading to destabilizing PIO. To combat this
behavior, two anti-windup methods were implemented: clamping and back-calculation. Both methods
showed significantly improved responses, the response was more direct and destabilizing effects no
longer occurred. The response of the back-calculation method were however more desirable, and
would thus be the most suitable of the two tested methods.

With the research finished, a lot of insights into the impacts on the handling qualities of the robust
controller have been uncovered. The simulator setup and the task design had a significant impact on
the ratings of the pilots. To be able to isolate the performance and impact of the controller that is tested
during the flight test, it would be recommended to perform a tuning flight test with pilots. Even though
the factors that have an impact on the handling quality rating, such as the performance goals, or the
control forces, had been tuned theoretically, and to some extend with the help of a pilot, this impact was
not minimized. The mapping of the control input could also be investigated at the same time. Since the
control strategy was different for the pilots, and this required some getting used to, it is interesting to
spend some time working on the connection of the pilot to controller. This could increase the usability
of the controller, and reduce the workload for the pilot.

Another logical step for this research into robust control for helicopters, is to expand the model to also
include lateral motion. The addition of lateral motion will also make the behavior of the helicopter to
be designed for to be more complex, coupling effects between the longitudinal and lateral motions will
have to be investigated, to determine the shape of the controller. The controller could consist of an
additional part that governs of the lateral stability and control and, together with the existing controller
for the longitudinal motion, be the basis of the complete controller. It could however, also warrant a full
redesign of the controller where the coupling effects need to be taken into account also. Research into
the need for a coupled or decoupled controller would be the next step to take if lateral motion is to be
added. Especially if a coupled controller would be designed, the handling quality criteria that will be
used for that design should be expanded on, to capture the coupling effects that influence the handling
qualities, not just the lateral motion criteria by themselves.

However, other aspects of the helicopter should not be ignored. The addition of a horizontal stabilizer
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could provide more natural stability and open up design space for a new iteration of the controller. Other
effects such as the dynamics of the engine, in the form of a governor, could also enhance the fidelity of
the model and result in a more accurate representation of reality on which the controller can be based.
This could increase the performance of the current longitudinal controller even further.

With anti-windup methods being looked at in this research it did show that the robust controller got
significant increase in performance with this implemented. However, it also highlighted that each design
method comes with its own strengths and weaknesses. It is therefore recommended to perform more
research into anti-windup methods, and perhaps have them integrated into the design of the controller
beforehand, and investigate the effects this could have on the result of the design.



Bibliography

N. Albion and W. R. Larson. A frequency response approach to flying qualities criteria and flight control
system design. Journal of the American Helicopter Society, 19:2—-10, 1974. doi: doi:10.4050/JAHS.
19.1.2.

Anon. Detail specification: Flight control systems - design, installation and test of piloted aircraft, gen-
eral specification for mil-dtl-9490e.

Anon. Military Specification, General Requirements for Helicopter Flying and Ground Handling Quali-
ties, MIL-H-8501A. 1961. (Superseding MIL-H-8501, Nov, 1952).

Anon. ADS-33E-PRF, Aeronautical design standard performance specification handling qualities re-
quirements for military rotorcraft. United States Army, Redstone Arsenal, Alabama, 2000.

S. Baillie, J. M. Morgan, D. Mitchell, and R. Hoh. The use of limited authority response types to improve
helicopter handling qualities during flight in degraded visual environments. Journal of the American
Helicopter Society, 42(1):89-95, 1997. doi: 10.4050/jahs.42.89.

D. Bates and |. Postlethwaite. Robust Multivariable Control of Aerospace Systems. Delft University
Press, Delft, The Netherlands, 2002.

T. Berger, C. Ivler, M. Berrios, M. Tischler, and D. Miller. Disturbance rejection handling qualities criteria
for rotorcraft. 05 2016. doi: 10.4050/F-0072-2016-11452.

G. Bouwer and K. B. Hilbert. A piloted simulation of a model following control system. Journal of the
American Helicopter Society, 31(2):27-32, 1986. doi: 10.4050/jahs.31.2.27.

T. Capra. Robust Helicopter Control using Structured H~-based Multi-Objective Design. 2024.

T. Capra, S. Theodoulis, and M.D. Pavel. Multi-Objective Design of a Decentralized Structured He-
Based Controller for Longitudinal Helicopter Flight Dynamics. 2025. doi: 10.2514/6.2025-2244.

G.E Cooper and R.P. Harper. The use of pilot rating in the evaluation of aircraft handling qualities.
NASA TN D-5153, 1969.

B. Douglas. Anti-windup  for  pid control | understanding pid con-
trol, part 2, 2018. URL https://nl.mathworks.com/videos/
understanding-pid-control-part-2-expanding-beyond-a-simple-integral-1528310418260.
html.

J. Doyle. Guaranteed margins for lqg regulators. IEEE Transactions on Automatic Control, 23(4):
756-757, 1978.

J. Doyle. Synthesis of robust controllers and filters. In The 22nd IEEE Conference on Decision and
Control, pages 109-114, 1983.

J. Gaston, E. Grigorian, Z. Smithson, and W. L. Trautman. Rotorcraft obstacle avoidance simulation en-
vironment (rose). In 2019 IEEE National Aerospace and Electronics Conference (NAECON), pages
100-104, 2019.

J. F. Horn, W. Guo, and G. T. Ozdemir. Use of rotor state feedback to improve closed-loop stability and
handling qualities. Journal of the American Helicopter Society, 57(2):1-10, 2012. doi: 10.4050/jahs.
57.022001.

C-C. Luo, R-F. Liu, C-D. Yang, and Y-H. Chang. Helicopter h«~ control design with robust flying quality.
Aerospace Science and Technology, 7:159-169, 2003.

74


https://nl.mathworks.com/videos/understanding-pid-control-part-2-expanding-beyond-a-simple-integral-1528310418260.html
https://nl.mathworks.com/videos/understanding-pid-control-part-2-expanding-beyond-a-simple-integral-1528310418260.html
https://nl.mathworks.com/videos/understanding-pid-control-part-2-expanding-beyond-a-simple-integral-1528310418260.html

Bibliography 75

M. Maurer. Helicopter SONAR Control, Cable Control for Helicopter Dipping SONAR Operations in
Hover using Incremental Nonlinear Dynamic Inversion. 2023.

D. McFarlane and K. Glover. A loop-shaping design procedure using h«~ synthesis. IEEE Transactions
on Automatic Control, 37:759—-769, 1992.

D. P. Miller and J. W. Clark. Research on methods for presenting vtol aircraft handling qualities criteria.
1964.

G. Padfield. Rotorcraft handling qualities engineering: Managing the tension between safety and per-
formance 32nd alexander a. nikolsky honorary lecture. Journal of the American Helicopter Society,
58, 2013.

G. D. Padfield, M. T. Charlton, and A. M. Kimberley. Helicopter flying qualities in critical mission task
elements: Initial experience with the dra (bedford) large motion simulator. In Proceedings of the 18th
European Rotorcraft Forum, volume 3, pages 48-89, Avignon, France, 1992.

M. D. Pavel. Six degrees of freedom linear model for helicopter trim and stability calculation. 1996.

W. Phillips. Flying qualities from early airplanes to the space shuttle. Journal of Guidance, Control, and
Dynamics, 12:449-459, 19809.

|. Postlethwaite, A. Smerlas, D.J. Walker, AW. Gubbels, S.W. Baillie, M.E. Strange, and J. Howitt. He
control of the nrc bell 205 fly-by-wire helicopter. Journal of the American Helicopter Society, 44, 1999.

I. Postlethwaite, E. Prempain, E. Turkoglu, M. Turner, K. Ellis, and A. Gubbels. Design and flight testing
of various h« controllers for the bell 205 helicopter. Control Engineering Practice, 13:383—-398, 2005.

R. W. Prouty and H. C. Curtiss. Helicopter control systems: A history. Journal of Guidance, Control,
and Dynamics, 26(1):12-18, 2003. doi: 10.2514/2.5039.

J. P.Reeder, R. J. Tapscott, and J. F. Garren Jr. The case for inherent stability of helicopters. Technical
Report NASA-TN-D-3466, NASA Langley Research Center, 1966. URL https://ntrs.nasa.gov/
api/citations/19660023351/downloads/19660023351.pdf. NASA Technical Note D-3466.

H. Roger. Acah augmentation as a means to alleviate spatial disorientation for low speed and hover in
helicopters. 1998.

C. Rotaru and M. Todorov. Flight Physics, Models, Techniques and Technologies. 02 2018. ISBN
978-953-51-3807-5. doi: 10.5772/intechopen.71516.

U. Saetti. Rotorcraft Flight Control Design with Alleviation of Unsteady Rotor Loads. PhD thesis, 08
2019.

D.E. Sattler. The national aeronautical establishment airborne simulator facility. NAE Misc, 58, 1984.

P. Seiler, A. Packard, and P. Gahinet. An introduction to disk margins [lecture notes]. /EEE Control
Systems Magazine, 40(5):78-95, 2020. doi: 10.1109/MCS.2020.3005277.

S. Skogestad and |. Postlethwaite. Multivariable Feedback Control, Analysis and Design. John Wiley
Sons, Ltd, West Sussex, England, 2nd ed. edition, 2005.

L. R. Stiles, J. Mayo, A. L. Freisner, K. H. Landis, and Kothmann B. D. Impossible to resits, the
development of rotorcraft fly-by-wire technology. In Presented at the American Helicopter Society
60th annual forum, 2004.

M. B. Tischler, T. Berger, C. M. lvler, M. H. Mansur, K. K. Cheung, and J.Y. Soong. Practical Methods
for Aircraft and Rotorcraft Flight Control Design: An Optimization Based Approach. 2017.

M. Voskuijl, G. D. Padfield, D. J. Walker, B. J Manimala, and A. W. Gubbels. Simulation of automatic
helicopter deck landings using nature inspired flight control. The Aeronautical Journal, 114(1151):
25-34, 2010. doi: 10.1017/S000192400000350X.


https://ntrs.nasa.gov/api/citations/19660023351/downloads/19660023351.pdf
https://ntrs.nasa.gov/api/citations/19660023351/downloads/19660023351.pdf

Bibliography 76

J. B. Waanders, H. van der Wal, J. Bouterse, S. Braat, and C. van Dongen. Integration and test of a

degraded visual environment system on h145. In Presented at the 45th European Rotorcraft Forum,
2019.

D.J. Walker, M.C. Turner, A.J. Smerlas, M.E. Strange, and A.W. Gubbels. Robust control of the longi-
tudinal and lateral dynamics of the bell 205 helicopter. In Proceedings of the 1999 American Control
Conference, volume 4, pages 2742-2746 vol.4, 1999.

K. J. Astrém and T. Hagglund. PID Controllers: Theory, Design, and Tuning. ISA - The Instrumentation,
Systems and Automation Society, 1995. ISBN 1-55617-516-7.



	Preface
	Nomenclature
	Introduction
	Scientific Article
	Literature Review
	Handling Qualities
	Robust Control
	Research Proposal

	Background: Helicopter Model & Robust Controller
	Model
	Controller design
	Discretization

	Flight Test: Design and Results
	Controller Configuration
	Tasks
	Simona research simulator
	Flight Test Results
	Discussion

	Anti-Windup
	Actuator Saturation and Integral Windup
	Method
	Results

	Conclusion & Recommendations

