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Abstract

The use of Unmanned Aerial Vehicles (UAVs) is continuously in-
creasing both for military and civilian operations. The degree of
automation inside an UAV has reached the capability of high lev-
els of autonomy, increasing but human participation/action is still
a requirement to ensure an ultimate level of safety for the mission.
Direct remote piloting is often required for a board range of situ-
ations; this is true especially for larger UAVs, where a fault might
be dangerous for the platform but even for the other entities of its
environment (people, building etc.). Unfortunately the physical sep-
aration between pilot/operator and the UAV reduces greatly the
situational awareness; this has a negative impact on system per-
formance in the presence of remote and unforeseen environmental
constraints and disturbances. This is why this thesis is dedicated to
the study of means to increase the level of situational awareness of
the UAV operator.

The sense of telepresence is very important in teleoperation, and
it appears reasonable, and it has already been shown in the litera-
ture, that extending the visual feedback with force feedback is able
to complement the visual information (when missing or limited). An
artificially recreated sense of touch (haptic) may allow the operator
to better perceive information from the remote aircraft state, the
environment and its constraints, hopefully preventing dangerous sit-
uations. This thesis introdues first a novel classification for haptic
aid systems in two large classes: Direct Haptic Aid (DHA) and Indi-
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rect Haptic Aid (IHA), then, after showing that almost all existing
aid concepts belong to the first class, focuses on IHA and tries to
show that classical applications (that used a DHA approach) can be
revised in a THA fashion. The novel ITHA systems produce differ-
ent sensations, which in most cases may appear as exactly ”opposite
in sign” from the corresponding DHA; these sensations can provide
valuable cues for the pilot, both in terms of improvement of perfor-
mance and ”level of appreciation”. Furthermore, it will be shown
that the novel cueing algorithms, which were designed just to appear
"natural” to the operator, and not to directly help the pilot in his
task (as in the DHA cases), can outperform the corresponding DHA
systems.

Three case studies were selected: obstacle avoidance, wind gust
rejection, and a combination of the two. For all the cases, DHA and
[HA systems were designed and compared against baseline perfor-
mance with no haptic aid. Test results show that a net improvement
in terms of performance is provided by employing the IHA cuse in-
stead of both the DHA cues or the visual cues only. Both professional
pilots and nave subjects were used in some of the experiments. The
perceived feelings transmitted by the haptic cues, strongly depend
by the type of the experiment and the quality of the participants: the
professional pilots, for instance, retained the DHA the most helpful
force while they preferred IHA because they found it more natu-
ral and because they felt a better control authority on the aircraft;
different results were obtained with naive participants.

In the end, this thesis aim is to show that the IHA philosophy is
a valid and promising alternative to the other commonly used, and
published in the scientific literature, approaches which fall in the
DHA category.

Finally the haptic cueing for the obstacle avoidance task was
tested in the presence of time delay in the communication link, as in
a classical bilateral teleoperation scheme. The Master was provide
with an admittance controller and an observer for force exerted by



the human on the stick was developed. Experiments have shown
that the proposed system is capable of standing substantial commu-
nication delays.
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Chapter 1

Introduction

1.1 Unmanned Aerial Vehicles

Unmanned Aerial Vehicle (UAV) is the name commonly used to de-
scribe an airborne vehicle without any pilot on-board, which operates
under either remote or autonomous control. UAVs are also referred
as Remotely Piloted Vehicles (RPVs), Remotely Operated Aircrafts
(ROAs), Unmanned Vehicles Systems (UVSs) or simply Drones. In
most instances, the term RPV might be more appropriate as the
name suggests that the vehicle is remotely controlled and still rely,
to a great degree, on human involvement.

UAVs are mainly employed in military field. Lessons from recent
combat experiences in Kosovo, Afghanistan and Iraq have shown
that UAVs can provide vastly improved acquisition and more rapid
dissemination of Intelligence, Surveillance and Reconnaissance (ISR)
data [9]. Over the past several years, a confluence of events and
developments has brought the Military Services to change the way
of perceiving the UAVs. These include:

« Dramatic increases in computer processing power;

« Advances in sensor technologies that reduce sensor size and



2 CHAPTER 1. INTRODUCTION

weight, provide high resolution, and permit detection of fixed
and moving targets under a variety of environmental condi-
tions;

o Improved communications, image processing, and image ex-
ploitation capabilities.

UAVs have the potential to reduce operational and support cost
as compared to the use of manned aircraft [§].

Currently UAVs have a permanent position in the military ar-
senal in the US, Europe, Middle East and Asia. Today UAV de-
velopment strives toward more peaceful and civil usage [10] such as
rescue, border surveillance, disaster monitoring, telecommunications
relay, fire fighting, traffic monitoring, pipeline surveillance, agricul-
ture, construction, and public utility operations [61]. Thus, police,
forest rangers, fire brigades are very interested on them for pub-
lic security. UAVs civil employment also includes video-taping for
photogrammetric or scientific applications [7].

Communications represent the most important subsystem for
UAVs. Bandwidth is needed to support systems that control the
UAVs flight, launch and recovery, to transmit the output of on board
sensors to both line of sight and beyond line of sight processing cen-
ters, and to communicate with air traffic control centers. Equally
important is the recognition of a mission area for UAVs acting as
communication relays linking tactical forces, including other UAVs,
and providing connection to support centers.

The potential benefits of UAVs, such as low operational cost and
no risk of losing human lives, make sense when the teleoperation is
safe and no mishaps and accidents occur. A crash of a UAV during
teleoperation will not only lead to possible damage to the local en-
vironment, but could also lead to the loss of the vehicle. Humans
in the vicinity of the incident may get injured as well. Therefore,
safety in UAV teleoperation is of great importance not only for mis-
sion success but also to preserve the sustainability of UAV operations
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12].

1.2 Manual vs autonomous control

Various ways to control UAVs exist. They can be categorized in
autonomous control and manual control.
Some of the problems associated with the automatic control are

[10]:

Reduced situation awareness;
Increased monitoring demands;
Cognitive overload;

Mis-calibration of trust in automation (either excessive trust,
termed ”complacency”, or, at the other extreme, mistrust of
automation);

Inability to reassume manual control;

Degraded manual skills through lack of practice;
The need for new selection and training procedures;
Increased inter-operator coordination requirements;
Increased workload management requirements;
Loss of motivation and job satisfaction;

Increase in the risk of human error because of the human weak-
ness to maintain vigilance during extended periods of relatively
low task demand.
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Furthermore, fully-autonomous systems are more suitable for
simple missions with, for example, pre-defined targets and far away
from inhabited environments. Manual teleoperation could enable
more flexibility in controlling a UAV close to inhabited environments
and without predefined targets [12]. This is suitable for civil appli-
cations such as reconnaissance, surveillance tasks and it is subjected
to failures. Focusing on manual control would give to the pilot the
freedom to choose the targets step by step (for example because of
last minute communication from control towers). Furthermore, the
complex scenarios in which UAVs would operate requires the pres-
ence of the human operator in the decision making system.

For all these reasons, keeping a human operator in-the-loop is
required.

1.3 UAYV Mishaps

There are several factors at work contributing to UAV mishaps.

Besides electro-mechanical failures (62%), mishaps and incidents
in UAV teleoperation are, for a great part, due to human errors
during operation (25%) [8]. This is essentially due to the lack of the
natural, multiple-sensory information of the environment. In fact,
the remote pilot is inside the Control Ground Station (CGS)(see
Figure 1.1) which is characterized by the following troubles:

o Limited Field Of View cameras (i.e. no "look around” possi-
bility, etc.);

« No inertial cues (motion, vibrations, gravity/attitude etc.);
« No auditory cues;
« Video/data communication delays;

« No feedback on control stick of the environment around the
remote vehicle (obstacles, disturbances etc.).
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Figure 1.1: UAV remote piloting from a Control Ground Station
(picture from http://www.flickr.com).

Usually, in order to solve the first mentioned trouble, the UAV
operator is supplied with a richer visual information like showing dif-
ferent cameras on various displays. Another alternative is to supply
the operator with a continuously updated ”augmented reality” or
"synthetic vision” produced by a computer resembling reality [21].
As concerning the inertial cues, some steps on the employment of
motion cueing to augment UAV operator performance and improve
UAV flight training was made [22, 23]. About the auditory cues,
augmented reality through multi modal tactile and auditory infor-
mation displays has been used in other fields to resemble reality
[10, 24]. The communication delays, depending on the situation,
turn out in the range of 100 to 1600 ms (and even more). This
is a considerable amount given that 100 ms delay usually leads to
measurable degradation of human performance [29, 27]. Delays of
about 250-300 ms quite often lead to unacceptable airplane handling
qualities [33]. Other techniques were used in the past to improve the
performance of a teleoperator in presence of time delay; for instance,
automatic switching for stopping override [26] or the use of the pre-
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dicted display [25]. As concerning the haptic feedback, tactile cues
have shown to complement the visual information (through the vi-
sual displays of a remote CGS) and improve the efficiency of the
UAV teleoperation [21, 1, 10].

In conclusion, augmented feedback to the operator such as haptic
feedback and multi modal displays can compensate, to some extent,
for the lack of sensory cues that would be presented to UAV operators
[10]. Introducing the mentioned augmented feedbacks in the CGS
would hopefully imply a reduction of the UAV mishaps.

Thus, investing in a human machine interface design tailored on
the human needs would improve the operator situational awareness
and maybe the performances.

1.4 Situational Awareness

By the late 1980s, there was a growing interest in understanding
how pilots maintain awareness about the many complex and dy-
namic events that can occur simultaneously in flight, and how this
information was employed to guide future actions. The vast quanti-
ties of sensor information available in the modern cockpit, coupled
with the flight crew’s "new” role as a monitor of aircraft automa-
tion, increased interest on Situational Awareness (SA) issue [13].
Through the word ”situation(al) awareness”, the processes of atten-
tion, perception, and decision making that together form a pilot’s
mental model of the current situation of the aircraft is described [15].
According to [18], the crews knowledge of both the internal and ex-
ternal states of the aircraft, as well as the environment in which it
is operating is defined as SA.

In fact, the internal state of the aircraft that is the "health’ of its
utility systems and terrain, threats, and weather that corresponds
to the external environment must be monitored.

To expand upon this definition, Endsley [16], described the three
hierarchical phases of SA: perception, comprehension, and projec-
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tion. The First SA Level, named Perception of the elements in the
environment, include perceiving the status, attributes, and dynamics
of relevant elements in the environment (airspeed, position, altitude,
route, direction of flight etc) and also weather, air traffic control
clearances, emergency information etc. [16]. The Second SA Level,
named Comprehension, is based on an understanding of the signifi-
cance of the First SA Level elements. The Third SA Level, named
Projection, is based on the knowledge of the status and dynamics of
the elements and a comprehension of the situation (both First and
Seconds SA Levels).

SA is not synonymous with good performance. In fact, having
good SA might bring good performance: a pilot could have a good
SA without being a good pilot for the lack of motor skills, because
of co-ordination or attitude problems etc. Conversely, under auto-
matic flight conditions it is possible to have good performance with
minimal SA [17].

As concerning SA in automation, SA is something that a person
creates himself through perception (First SA Level) and it could
not be provided by automation which usually exclude the human
operator from the control loop. Though automation can be thought
in a different way say supporting SA through decision aids and system
interfaces. And SA can be hindered if designers fail in adequately
addressing the SA needs of the operator [17].

Since SA is created through the perception of the situation (Level
1), the quality of SA is very dependent on how the person directs
attention and how attention to information is prioritized based on its
perceived importance. Jones and Endsley (1996) found that opera-
tors were prone to overlooking crucial information in sustaining SA,
though all relevant and needed information was present. Actually,
this was found to be the most frequent causal factor associated with
SA errors [10].

The above definitions are written in case of aviation in general
but can be extended to the case of UAV teleoperation as long as the
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CGS is, in this case, fixed to the ground. Thus, as seen in subsection
1.3, being aware of the aircraft internal and external state is much
more difficult for the pilot. According to [10] haptic feedback can
compensate to some extent for the lack of sensory cues that will be
presented to UAV operators (see subsection 1.3), this means that
a way to improve the situational awareness of a remote UAV pilot
and the efficiency of the teleoperation is the addiction of a haptic
interface to the visual interface.

1.5 Bilateral Teleoperation

One of the advantages of a teleoperation system is to combine the
human capabilities with the robot ones. UAVs have also been re-
ferred to as non-anthropomorphic robots [41]. Through the teleop-
erated systems barriers like distance, hazardness or scaling can be
overcome.

Remote teleoperation can be classified into unilateral and bilat-
eral. In unilateral teleoperation no haptic feedback is available to
the operator. In bilateral teleoperation, haptic feedback allows the
operator to have a better feeling about the remote environment, pro-
viding a more extensive sense of telepresence [39)].

The word telepresence refers to an experience that appears to
involve displacement of the user’s self-perception into a computer-
mediated environment [40]. In particular the word telepresence is
employed when the remote environment is real and not synthetic.
In this case it is referred as virtual presence [40].

In teleoperation, a human operator conducts a task in a remote
environment via master and slave manipulators [29]. In particular, in
a haptic teleoperation system, a human operator controls a remotely
located teleoperator or slave device via a human system interface
or master device while receiving haptic feedback of the interaction
between the teleoperator and the (virtual or real) environment.
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Stimulating a human’s sense of touch by managing with sensation
of movement or force in muscles, tendons, and joints is referred to
as having a kinesthetic or haptic sensory experience [34].

As haptic data from the master site enters the control on slave site
and vice versa, a control loop between the subsystems human-master
and slave-environment is closed over the communication channel.
This poses several challenges for control design, above all in the
presence of time delay in the communication links (see section 2.4).

1.6 Goal of the Thesis

The aim of this work is the investigation of possible haptic aids
for teleoperated systems. In particular this thesis focuses on the
teleoperation of UAVs. The principal issue of remote piloting an
UAV is represented by the physical separation between pilot and
vehicle which causes an almost complete absence of the sensorial
information usually available when on board.

The purpose of this report is threefold. First, it presents a novel
classification of the haptic aids present in literature in two classes In-
direct Haptic Aids (IHA) and Direct Haptic Aids (DHA) (see Chap-
ter 2). This is a contribution on the research on the enhancing of
the UAV pilot Situational Awareness. In fact, by assuming that
haptic aids provide an improvement of the SA, this thesis launches a
highly important challenge that is to explore which haptic feedback
philosophy should be followed in order to better improve the SA. In
particular, the main goal of this thesis is to show that the Indirect
Haptic Aid philosophy is a valid alternative to the other commonly
used, and published in the scientific literature, approaches which
mainly fall in the Direct Haptic Aid category. Second, it investi-
gates the potential of using a novel concept of tactile interaction
as an information source of the external conditions of the air bone
aircraft. Third, it explores the benefits of multi-modal information
sources on the flight deck, in terms of improving attention and en-
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hancing flight performance. This work focuses on the investigation
of possible haptic cues meant to improve the virtual immersion of
the remote pilot. Three novel haptic feedbacks were designed. The
first one is a reality-inspired haptic aid since it was built to trans-
mit to the UAV teleoperator a realistic situation which is happening
outside the aircraft: the external disturbances such as wind gusts.
The second one is an artificial component since it depends on envi-
ronmental constraints. The third one is both a reality and a virtual
reality-inspired haptic aid and it merges the first two haptic feed-
backs.

The haptic feedbacks will be provided to the human operator
via a haptic control device. As concerning the reality-based haptic
feedback, the research resulted in the Conventional Aircraft Artificial
Feel. As concerning the artificial-based haptic feedback, the research
resulted in a novel philosophy of an obstacle avoidance haptic feed-
back, the Obstacle Avoidance Feel, which was built to help the UAV
teleoperator in detecting and hopefully avoiding the obstacles. As
concerning the mixed reality/virtual reality-based haptic feedback,
the research resulted in the Mized Conventional Aircraft Artificial
Feel/Obstacle Avoidance Feel which extends the previously described
haptic aid systems by merging them into a system capable of aiding
a pilot involved in a flight within a constrain environment in the
presence of wind gusts.

The above just introduced haptic feedbacks both fall in the class
of Indirect Haptic Aids. The mentioned Conventional Aircraft Ar-
tificial Feel will be shown to increase the performance in terms of
instinctive response to a stimulus in pilots without any previous
training on the experiment. It also improves the situational aware-
ness intended as making the pilot to feel as piloting the aircraft on
board. The Obstacle Avoidance Feel will be shown to provide a
net improvement in the operator sensation with respect to the ex-
isting obstacle avoidance haptic aids from the Direct Haptic Aids
class. This would improve the safety of the teleoperation by keep-
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ing higher the attention of the pilot in the task and improve the
situational awareness.

1.7 Thesis outline

The structure of this report is the following: Chapter 2 presents a
review about the haptic aids published in literature and classifies
them in two classes: Direct Haptic Aid (DHA) and Indirect Haptic
Aid (IHA). Tt also shows the problem of the presence of delay in
the communication link of a bilateral teleoperation and it mentions
the remedies proposed in literature. Chapter 3 describes in details
the Conventional Aircraft Artificial Feel (CAAF) which, as will be
shown, belongs to the IHA class. The newly introduced CAAF hap-
tic force was evaluated and Section 3.6 shows the evaluation results.
Chapter 4 describes in details the Obstacle Avoidance Feel (OAF)
which, as will be shown, also belongs to the ITHA class. The newly
introduced OAF haptic force was evaluated and Section 4.5 shows
the evaluation results. Chapter 5 presents and evaluates (see Sec-
tion 5.6) the Mixed Conventional Aircraft Artificial Feel/Obstacle
Avoidance Feel (Mixed-CAAF/OAF), belonging to the IHA-class as
well. It was evaluated as well and Section 5.6 shows the experimen-
tal results. Finally, the Chapter 6 considers the introduction of the
time delay in the communication link and proposes the application
of an admittance-control scheme for the master side with the new
introduction of an observer to estimate the human operator force in
case of lack of force sensors in the employed haptic device.
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Chapter 2

Haptic Systems

As mentioned in Chapter 1, in a general teleoperation setting, the
human exerts a force on the master manipulator which in turn results
in a displacement that is transmitted to the slave that mimics that
movement. If the slave possesses force sensors, then it can transmit,
or reflect back to the master, the reaction forces from the task being
performed in the remote environment; these enter into the input
torque of the master, and the teleoperator is said to be controlled
bilaterally (see Figure 2.1) [54].

Although reflecting the encountered forces back to the human
operator enables the human to rely on his/her tactile senses along
with visual senses, it may cause instability in the system if delays are
present in the communication media. This delay-induced instability
of force reflecting teleoperators has been one of the main challenges
faced by researchers [27, 29, 30, 31, 32, 33].

The teleoperation through haptics has already a 50 years of his-
tory. Indeed, in 1950 the first masterslave teleoperator was built by
Goertz [38] to remotely handle radioactive substances. Since that
work, the number and diversity of teleoperation applications have
considerably increased. Today, such systems are used in underwater
exploration, manufacturing, chemical and biological industry, and,

13
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Master Slave

Figure 2.1: Bilateral teleoperation.

more recently, in the medical field. This Chapter focuses in the most
recent application: the mobile robot teleoperation.

According to [10] haptic feedback can compensate to some extent
for the lack of sensory cues that are presented to UAV operators (see
subsection 1.3), this means that a way to improve the situational
awareness of a remote UAV pilot and the efficiency of the teleoper-
ation is the addiction of a haptic interface to the visual interface. It
is particularly necessary in case of limited visual informations. In
the presence of foggy weather conditions, for example, or because of
the employment of a limited FOV camera, the haptic feedback pro-
vides information through the sense of touch, which can be applied
directly on the control device. It is well known that the reaction
to the perceived haptic information is faster (3 Hz) with respect to
visual information (0.5 Hz). This is due to the spinal cord that acts
as a subconscious fast controller [20].

In the next subsection a review of the mobile robot teleoperated
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systems is presented.

2.1 Robot Bilateral (Tele)operation Re-
view

Some of the numerous applications of teleoperation are operating
space robots from ground, commanding unmanned underwater vehi-
cles, handling hazardous materials, maneuvering mobile robots with
obstacle avoidance. The present section focuses on the teleoperation
of mobile robots.

The following subsections review the Ground Mobile Robots and
Manned and Unmanned Aerial Vehicles bilateral teleoperations.

2.1.1 Ground Mobile Robots

This subsection presents a review about the teleoperation of ground
mobile robots. Reference [4] makes use of a haptic interface in or-
der to increase the users perception of the workspace of the mobile
robot. In particular, a virtual interaction force is computed on the
basis of obstacles surrounding the mobile vehicle in order to prevent
dangerous contacts, so that navigation tasks can be carried out with
generally better performances. When an obstacle is close enough
to the mobile robot it exerts a spring damper virtual force on the
teleoperator through the haptic device in order to help him/her in
avoiding the collision with the obstacle.

Also in [55] the force feedback is based on measured distances
from the mobile robot to the obstacles. The force feedback gain is
variable based on measured distances to the obstacle and derivatives
of the distances. Clearly, the gain is higher when the obstacle and
the mobile robot approach each other than when obstacle and robot
are moving away from each other.
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In [56] the goal location exerts an attractive force on the teleoper-
ator which is proportional to the distance between the goal location
and the mobile robot.

References [4, 55, 46] make use of the Car-Driving Metaphor
which utilizes position-velocity kinematic mapping: the displace-
ment of the end-effector of the haptic device is mapped to the linear
and angular velocities of the mobile robot. A 3D approach of the
car-driving metaphor is presented in [57]: the Intuitive Haptic Con-
ical Control Surface. Here, the third vertical coordinate provides
the current velocity of the robot and so the conical surface allows
intuitive haptic detection of the zero speed. For example, a force di-
rected to the zero speed point (the cone’s vertex) is a suggestion to
the teleoperator to decrease the commanded velocity of the mobile
robot.

Also in [46] the obstacle force feedback exerted on the teleopera-
tor is a repulsive one and it is proportional to the distance between
the robot and the obstacles.

2.1.2 Manned and Unmanned Aerial Vehicles

The present section presents a literature review concerning operation
(remote or not) of aerial vehicles, both manned and unmanned. In
[59], 68 actuators form a vibrotactile image that can be updated in
real-time navigation, hovering, threat warning, spatial disorientation
countermeasures, communication, etc. The actuators are attached
to the body and communicate information by vibrating at a spe-
cific location. The most simple set-up is when only one actuator
vibrates: it is attached to that side of the body that corresponds
to the desired direction of movement. Possible applications in land
(navigation support and threat warnings for drivers, infantrymen,
blind people, etc.), underwater (divers), and in space (astronauts in
the International Space Station).

Reference [1] investigated the application of haptic feedback in
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UAV teleoperation for collision avoidance in low airspace by map-
ping of the environmental constraints that can even be outside the
visual FOV. In the context of teleoperated systems where visual cues
only have usually been used, the adoption of an artificial feel system
for the stick appears to increase the situational awareness; this is
extremely relevant for UAVs.

Tactile cues have shown to complement the visual information
(through the visual displays of a remote CGS) and improve the ef-
ficiency of the teleoperation [1]. The task of the experiment was
to fly from waypoint to waypoint as accurately as possible in an
obstacle-laden environment. Stick deflection tilt the Swashplate (as
in a real helicopter). The force on stick was proportional to the
distance between the UAV and the obstacles.

They showed with a rather complex remote piloting and obsta-
cle avoidance simulations that an appropriate haptic augmentation
may provide the pilot a beneficial effect in terms of performance in
its task. The authors extensively studied the problem of force feed-
back (injecting an artificial force on the stick) and stiffness feedback
(changing stick stiffness to oppose less or more strongly to motion).
The active deflection of the stick given from the force feedback can
be considered an ” autonomous collision avoidance” function. In fact,
the force feedback can be regarded to yield a ”commanded” stick de-
flection that the operator should follow as much as possible. That
is, when yielding to the forces applied on the hand, the operator
deflects the stick in a way that satisfies the collision avoidance func-
tion. With stiffness feedback instead, the stick becomes stiffer when
in the presence of an obstacle, that is, the extra stiffness provides
an impedance, resulting in an extra force that depends on the de-
flection of the stick by the operator. The authors then concluded
that a mixed force-stiffness feedback is the best solution. This type
of haptic augmentation systems for RPVs was designed in order to
help directly the pilot in his/her task by pulling the stick in the cor-
rect direction for the achievement of the task, or by changing stick



18 CHAPTER 2. HAPTIC SYSTEMS

stiffness in order to facilitate or oppose to certain pilot’s actions
78, 1].

Another work not about teleoperation but still about haptic aug-
mentation is the one by De Stigter [58]: he suggests to use the haptic
device similarly to the artificial horizon with flight director (as in the
Instrumental Landing System, ILS, for instance): as bringing the ar-
tificial horizon bar in the center would let the aircraft to fly in the
desired direction, by bringing the haptic device to the central posi-
tion the target path will be followed in a close future. In fact, the
haptic device moves in the opposite direction with respect to the
one required by the target path and about a quantity proportional
to the future error with respect the path to follow.

Reference [60] proposes the introduction of an active stick in a
manned military aircraft (Alenia Aermacchi M-346). In training
aircrafts, the introduction of an active stick in each cockpit would
be very useful as long as the two sticks can be electrically connected;
thus they could work in a synchronous way as they were mechanically
connected. In this way, the trainer gets the chance to supervise the
control input of the apprentice pilot. The trainer could also make
little corrections to teach the best way to impart some maneuver to
the aircraft. The active stick would move also coherently with the
autopilot commands to inform the pilot about the approaching of the
envelope limits (already present in fly-by-wire aircrafts through the
stick shaker). This is in line with what is stated in [19]: the active
stick in this case makes the system structure and the automation
processes visible to the operator. This aid in identifying options for
action can help the operator in maintaining SA.
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2.2 Haptic aids analysis and classifica-
tion

Most of the described papers focus on a collision avoidance support
to help the pilot in avoiding obstacles. Usually this kind of haptic
aids, for example, have always been represented by repulsive forces
created by objects in the environment in order to help the operator
to avoid them.

When the task is instead a path to follow, a target location to
reach or a desired stick position to get, the haptic feedback is instead
attractive with respect to the task.

Thus, in all the described papers except for the [58], the haptic
force that is artificially injected in the stick has the same sign (i.e.
direction) as the one needed in order to achieve the requested task;
thus the operator has to be compliant with it in order to avoid the
obstacles or to reach the desired position.

As concerning the work [58] instead, the haptic force has the
opposite sign with respect to the one desired in order to achieve
the requested task and the human operator has to appose the force
exerted from the stick by keeping the stick in the center while the
haptic force tries to move it away on the sides.

Due to the last considerations, the haptic force used in the bi-
lateral teleoperation of RPV can be divided in two philosophies:
Indirect Haptic Aiding (IHA) versus Direct Haptic Aiding (DHA).

Direct Haptic Aid: the class of all Haptic aids which produce
forces and/or sensations (due to stick stiffness changes for instance)
aimed at "forcing” or ”"facilitating” the pilot to take some actions
instead of others. The operator has to be compliant with the force
felt on the stick to achieve the task.

Indirect Haptic Aid: the class of haptic aids where the sense of
touch is used to provide the pilot with an additional source of infor-
mation that would help him /her, indirectly, by letting him /her know
what is happening in the remote environment and leaving him/her
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the full authority to take control decisions. In general, in this case
the operator has to oppose to the force felt on the haptic device.

It is clear from the above definitions that these two classes of
haptic aids are complementary.

In practice under DHA, the haptic feedback suggests the correct
direction the pilot should move the stick in order to achieve the
task and the operator has to be compliant with it, while under IHA
the haptic feedback is, in general, in the opposite direction and the
operator has, in general, to oppose to it.

The stretch reflex, which is a reflex contraction of a muscle in
response to passive longitudinal stretching, is an highly automatic
motor response that is believed to be the spinal reflex with the short-
est latency [77]. The author believe that the stretch reflex is involved
when using IHA-based haptic feedback. Thus, a strength point of
IHA is that, as a matter of fact, when a haptic input requires a reac-
tion to a stimuli rather than compliance, it might be more "natural”
for the human being [77, 3.

Another difference between the two classes is the behavior of the
system with the pilot out of the loop: the DHA approach closes the
loop itself as long as it is an ”almost-automatic-system-concept”.
The THA approach instead, as will be clarified later, is more likely
to produce a system that requires the presence of an operator in the
loop in order to achieve the task. As a matter of fact, with DHA in an
obstacle avoidance task the obstacle itself exerts a force on the stick
which in turn makes the robot to change the movement direction
even if the pilot is out of the loop. While, in the path following task
of [58] (which according to the previous definitions would fall in the
THA class) when the stick moves on one side because of a future error
in the path following, the error is doomed to rise if an external force
(say the pilot) does not bring the stick in the center.
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2.3 Reality-Based Haptic Aids

All the papers described so far are based on a haptic aid which does
not exist in reality. In fact, they all artificially produce a haptic
force linked to environmental constraints or to environmental goals
(a specific target location, a path to follow or a desired maneuver).

One study [34] explored, instead, how to provide the UAV pilot
with an enhanced indication about a real condition existing outside
the aircraft. In fact, the authors examined the value of haptic dis-
plays for alerting UAV operators to the onset of turbulence which
was identified as being potentially detrimental to safe and effective
UAV control by the UAV operators themselves. This is especially
true for UAVs that require direct manual control in order to land.

The data in [34] revealed that haptic alerts, conveyed via the
UAV operators joystick, could indeed improve self-rated situation
awareness during turbulent conditions in a simulated UAV approach
and landing task. These improvements might result either from an
increase in the operator’s "presence” in the remote environment [62],
from increased information by effective use of multi-sensory stimu-
lation [63], or a combination of the two.

Before [34], turbulence was indicated solely by an unexpected
perturbation of video images being transmitted from a UAV-mounted
camera to the operator control station, appearing in the Head-Up
Display (HUD).

Due to limitations inherent with reducing all environmental in-
formation to the visual channel, UAV operators may fail to perceive,
or fail to correctly diagnose this video perturbation as sudden turbu-
lences. In [34] visual feedback was supplemented by haptic feedback
applied directly to the pilots control stick, providing a redundant,
kinesthetic alert: a force reflection in the axis-direction and scaled-
ratio magnitude of the turbulence event.

In the same paper, four different alerts were evaluated and com-
pared: Visual (perturbation of nose-camera imagery in the HUD
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Baseline), Visual/Haptic (Visual and additional 1 second, low gain,
high frequency vibration of the control stick), Visual/Aural (Visual
and 1 second pure tone), Visual/Aural/Haptic (all three cues si-
multaneously). Data were collected from pilots as they performed
simulated landing tasks. Conditions containing the haptic cue (Vi-
sual/Haptic and Visual/ Haptic/Aural) resulted in less error than
non-haptic cue conditions (Visual and Visual/Aural). Although the
aural alert also improved landing accuracy and detection of turbu-
lence direction, performance was best with the redundant kinesthetic
feedback. When randomly interrogated regarding the primary direc-
tion of the UAV immediately following a turbulence event, partici-
pants were more accurate when haptic feedback was present [34].

Interestingly, these results were true despite the fact that the
haptic signals were not designed to closely simulate or mimic the
veridical haptic information experienced by the pilot of a manned
vehicle [10]. In fact, as said, the turbulence was transmitted through
a low gain, high frequency vibration of the control stick.

2.4 Time Delays

As mentioned, a teleoperation system in presence of force feedback
is referred as bilateral system. In such systems, the human opera-
tor controls a remotely located teleoperator. The UAV operator is
responsible for the UAV at all times, it is crucial that he/she at all
times can understand the UAV. Informational transfers through the
datalink have to be without delays that can have an effect on system
performance and overall safety. It is vital that control inputs and
orders can be executed immediately in emergency situations that
require such actions. Datalink delays could be of various magni-
tude (from 100 to 1600 ms or more) and not always predictable to
human operators, and can thus cause a lack of understanding with
increased cognitive workload, decreased situational awareness and
possible incorrect inputs as result with final failure of the mission
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[10].

Different ways to improve the performance of a teleoperated sys-
tem in presence of time delay exist in literature, starting from the
move and wail strategy [28], that is initiating a control move and
then waiting to see the response of the remote robot until the task
is accomplished, to the more advanced control theory. The first
methods regard automatic switching for stopping override [26], su-
pervisory control [64] or the use of the predictive display [25, 65]. Be-
ginning in the mid 1980s, more advanced control theoretic methods
started to appear, such as Lyapunov-based analysis [66] and internal
virtual model [67]. In the late 1980s and 1990s, network theory starts
to grow up through impedance representation [68] and passivity the-
ory with [29, 30, 31] and without [32] the scattering variables (wave
variables transformation). Reference [37, 36] through the two/four
channel architectures and the impedance/hybrid matrix approach
started mentioning the trade off between stability and transparency.
In the 1990s the teleoperation through Internet started and the prob-
lem of packets loss grew up [69]. Other methods overcome the in-
stability problems bilateral teleoperation in presence of time delay
are the admittance control [43, 14], the adaptive control [35] and
the time domain passivity [36, 71]. Another way to handle the time
delay communication and the loss of packets is the sampled Port-
Hemiltonian approach [72]. In particular, while the passivity method
presents a trade off between the stability and the transparency, the
Port-Hemiltonian approach allows both stable and transparent be-
havior [72].
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Chapter 3

Conventional Aircraft
Artificial Feel

A typical trouble of remote piloting an RPV is the lack of situa-
tion awareness because of the physical separation between the pilot
(inside the Control Ground Station, CGS) and the airborne RPV.
Visual feedback only is usually provided by UAVs Ground Control
Stations; when an external disturbance or a fault, which on a con-
ventional aircraft would produce a perceptible effect on the stick,
affects the RPV, the pilot has to understand this situation by look-
ing at the output of the instruments only. When a vertical wind
gust disturbance affects a manned aircraft, the change in angle of
attack and wing load are practically instantaneous. This has also
an immediate effect on a mechanical-linkage based control column.
The altimeter on the GCS cockpit will show the resulting change in
altitude with a certain delay with respect to the actual disturbance
time; as a matter of fact the aircraft dynamics has a low pass behav-
ior and phase lag from angle of attack to altitude (in the simplest
linear approximation it behaves as an integrator).

As said in Section 1.4, automation usually does not provide or
could hinder SA if the designers fail in adequately addressing the
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SA needs of the operator. But automation can also, in many dif-
ferent ways, be created to support good SA through decision aids
and system interfaces. IHA-CAAF was introduced to satisfy such a
different way to create SA.

Operators where prone in overlooking crucial information to sus-
tain SA, though all relevant and needed informations were present.
This was found to be the most frequent causal factor associated with
SA errors [10]. Through the IHA-CAAF they do not have to think
about their response at the haptic aid because IHA-CAAF is built
in a way that their response will be natural and instinctive.

Furthermore, by considering that UAVs pilots are also manned
aircrafts pilots, they expect, in presence of external disturbances
such as wind gusts or turbulences, a stick cueing which is similar to
the one they would feel by piloting the aircraft on board. Thus, a
good way to inform the remote pilot about the external disturbances
could be perhaps to reproduce, through the haptic feedback, a feeling
which mimics the real one.

The THA-CAAF haptic feedback will be shown to increase the
performance in terms of instinctive response to a stimulus in pilots
without any previous training on the experiment. It also improves
the situational awareness intended as making the pilot to feel as
piloting the aircraft on board. This would improve the safety of the
teleoperation by keeping higher the attention of the pilot in the task.

3.1 FBW Aircrafts/UAVs Analogy

As said this work is based on UAV feedback augmentation but
nonetheless similar techniques could be employed in similar fields
like Fly-By-Wire (FBW) piloted commercial aircrafts or helicopters.

A FBW system is an electrically-signaled aircraft control system,
a computer-configured controller, that modifies the manual inputs of
the pilot in accordance with control parameters. The movements of
the flight control, the sidestick, are converted to electronic signals,
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and flight control computers determine how to move the actuators
at each control surface to provide the expected response.

FBW aircrafts (Airbus, Boeing 777 and later designs) present,
at least as concerning the haptic feedback, similar loss of situational
awareness compared to the previous technology, i.e. the mechani-
cally driven aircrafts (see later the Section 3.2).

In fact, FBW system employed both in large airliners and in
military jet aircraft, dispenses all the complexity of the mechanical
circuit of the mechanical flight control system and replaces it with
an electrical circuit. The FBW (also referred as irreversible control
system [47]) makes use of an electronic passive sidestick, in place
of the conventional control stick which was connected to the actual
aerodynamic surfaces via mechanical linkages (reversible control sys-
tem [47]). The sidestick is in general implemented as a spring system
with constant stiffness that makes the force felt by the pilot stronger
as the displacement of the stick increases independently from the
particular aerodynamic situation (velocity, load factor). Sometimes
the sidestick may provide an artificial vibration of the stick (stick
shaker) and some acoustical/visual warning that makes the pilot to
know that the limits of the flight envelope (see Section A.2 for de-
tails) are going to be reached [74].

The employment of fully powered controls made essential the
introduction of completely artificial feel [75]. In that time, a con-
siderable speculation about what elements of natural feel should be
emulated, started. It was also coupled with the natural desire to
minimize the cost and complexity of the feel devices.

The possibilities included control force variation with dynamic
pressure (q feel), speed (V feel) or control deflection only (spring
feel). Devices such as bobweights and downsprings which were al-
ready familiar on conventional aircraft, were sometime included as
well. Mechanical controls also carry out the role of a tactile display:
the human hand can interpret loading forces appearing on the hand-
grip in terms of demands imposed on the system and its expectable
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response, enabling the pilot to develop a beneficial phase lead [76].
Artificial feel had become more and more fundamental in addic-
tion to the visual cueing in the context of RPVs.

3.2 Mechanically Driven Aircrafts

As said, a meaningful way to inform the remote pilot about the ex-
ternal disturbances is the reproduction, through the haptic feedback,
of a feeling which mimics the one transmitted to the pilot on board
of a manned mechanically driven aircraft. In this case, the pilot feels
all the aerodynamic forces (external disturbances as wind gusts and
turbulences) directly on the bar, the control device. The force felt by
a pilot on the aircraft control device of a mechanical Flight Control
System (FCS) during a maneuver depends in a very complex manner
from all the aerodynamics characteristics of the aircraft, the current
state of the aircraft (speed, angle of attack etc.) and of course from
control device deflection. By taking into consideration the only lon-
gitudinal dynamics (pitch and altitude motion), the force felt by the
pilot of a mechanically driven aircraft is [47]:

FS - nhCtheCeGe = (ChO + Ch,ocah + Ch,556) : ntheCeGe (31)

where 7, is the dynamic pressure ratio at horizontal tail, C}, is
the elevator hinge moment, ¢ is the dynamic pressure of the aircraft
which is defined as

1
= —pV?
q 2P

(where p is the air density and V is the airspeed), S, and ¢, are
the surface and the chord of the elevator and G, is a gearing factor
(with units) to convert moments to force and includes the geometry
of the control mechanisms, pulleys, push-rods and cables (see Figure
3.1). Cho, Ch and C, 5 are respectively the elevator hinge moment
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coefficient at zero lift, the elevator hinge moment coefficient deriva-
tive with respect to the tail angle of attack (aj) changes and with
respect to the elevator deflection (J.) changes.

J‘ 1h N\elevator

elevator
(-) Trailing
edge up

Figure 3.1: Mechanically driven aircraft [47]. i is the horizontal tail
angle and ¢, is the elevator deflection.

A simplified expression for the force felt by the pilot of a me-
chanically driven aircraft can be re-written (see Section 3.2.1).

3.2.1 A simplified stick force

A simplified expression for the force felt by the pilot of a mechan-
ically driven aircraft can be re-written as made up, in general, by
two different components: a spring-damper component, Fgp, and an
external force component, Fiy g (see Equation 3.2).

Fs =Fsp+ Fwa (3.2)
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where:

Fsp = K - Ad,
K = ,SeceGe|Chs| - q (3.3)
FWG = nhSeceGe|Ch,Oé| ' q(O[ - atTim)(l - lcil_;)

AJ, is the change in the commanded elevator deflection with re-
spect to the trim condition deflection. « is the aircraft angle of
attack, which is the angle between the direction of motion (relative
velocity) and the x-axes of the Body Reference Frame (left-handed
frame with origin in the center of gravity of the aircraft, xg is in the
vertical plane of symmetry of the aircraft and points the nose of it,
yg axes is in the plane perpendicular to the plane of vertical symme-
try and points to the right side), a.i, is the angle of attack in trim
condition (see later), € is the downwash angle produced on the hori-
zontal tail by the wings airflow. A justification for the approximate
expression of Equation (3.3) is given in the Section 3.2.2.

3.2.2 Simplified Stick Force Proof

The longitudinal steady state equations in horizontal flight in Wind
Axes (left-handed coordinate system with xy, same direction as the
relative velocity and zy downward, origin in the aircraft center of
gravity) are written as [47]:
{W_L_q,ﬁ 5.4)
0=m=0C,, cqS

where W, L and m are respectively the aircraft total weight,
lift and pitching moment; C;, and C,, are respectively the aircraft
lift and pitching moment coefficients. ¢ is the mean wing chord.
The Equation (3.4) can be re-written by expressing the lift and the
moment coefficients as in the Equation (3.5):
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(3.5)

mg = (Cpro~+ Cra-a+Cprip-in+Crs - o) - qS
0:(C’m0+C’ma-a+Cm7ih-ih+Cm5-5e)-qS

In Equation (3.5), Cpro and C,,o are respectively lift and pitch
moment coefficients for zero angle of attack a. Crn, Cpin, CLs rep-
resent the change in lift coefficient with respectively the angle of
attack (the aircraft lift curve slope), «, the horizontal tail incidence
angle, ij,, and the elevator deflection, d. (see Figure 3.1). Chua, Ciin
and C,,s are equivalent variations of the pitching moment coefficient.
As usual, ¢ and S are dynamic pressure and the wings area. The

solutions of Equation (3.5) are referred as trim condition quantities
[47]:

(CL,trim—=CrLo—CL,ih'ih)Cms+(Cmo+Cm,inin)CLs

“= (CLaCms—CmaCrLs) = Qrim
(3.6)
0, = —CrLa(Cmo+Cm,in th) —Cma(CL,trim—CrLo—Cr,intn) __ O i
¢ (CLaCms—CmaClLs) — Oe¢,trim
In general the following is held:
de )
ah:a.(l—%)—{—zh—eo (3.7)

In Equation (3.7), the average downwash angle caused by the
wings on the horizontal tail is often expressed [47] by

de
E=¢+—- -«

do

where € is the down wash angle at zero airplane angle of attack and

j—; is the change of the downwash angle, €, with respect to the angle

of attack, a.
The force Fg that the pilot applies on the bar should be equal to

the hinge moment [47] written in Equation 3.1.
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By supposing to have a trimmable stabilizer that is possible to
position to make the force of Equation (3.1) null, i.e. iy, = ip4pim (by
considering the Equation (3.7) into the Equation (3.1) and solving
for Fs = 0):

- d
Uhtrim = — &, (Cho + Cha - Qpim (1 — ﬁ) — Ch,a€o + Ch,55e,m'm)

1
Fs=0

(3.8)

If the aircraft is trimmed (stabilizer deflected by i 4rim) and by

considering that the pilot could move the bar through the application

of the force AFs and thus the elevator by Ad,, it is possible to write:

(@ = i + A

U = Uhrim + Atp
€9 = const

56 = 6e,trz’m + A56
ap = Qpgrim + Ay,

de :
O trim = Otrim * (1 - %) + Lhtrim — €0

By considering the Equation (3.7) and that the horizontal stabi-
lizer is deflected by i 4im and fixed to that value (then Aij, = 0), it
is possible to calculate Aay,:

de
Aap = Aa- (1 — %) (3.10)

The corresponding stick force changing is obtained by substitut-
ing the previous ones in the Equation (3.1):

AFs = npqSec.G. (C’h@Aa(l - 5—;) + C’MA(L) (3.11)



3.3. CAAF 33

The change in «, Aa, produced by the change in §., Ad,, with
respect to the trim conditions, i, and de 4rim, can be written as:

(3.12)

Ao = @ — Qi
A(se = 66 - 5e,trim

The second of the Equations (3.12) is obtained by supposing that
the THS is fixed in the horizontal trim conditions (i, = ip trim). As
a consequence, the Equation (3.11) can be simply written as:

Fs=K-Ab.+ Fwa (313)
Where:

(3.14)

K = npSeceGe|Chsl - q
FWG - 77hSeCeGe|C’h,a| ' Q(a - atTim)(l - C(li_;)

In Equation (3.14), the dynamic pressure and the angle of attack
are the only non-constant values. Thus, the simplified stick force
equation, was re-written through two components: an elastic term
with stiffness (K) which varies with the dynamic pressure and an
external component (Fy¢) which varies with the dynamic pressure
and the angle of attack.

3.3 CAAF

A pilot flying a mechanically steered aircraft feels aerodynamic forces
on the stick, which are generated on the actual control surfaces.
The simple fact that the pilot feels the load factor (ratio between
lift and aircraft weight) helps him to avoid flight conditions which
might be dangerous for the aircraft structure. As another simple
example, stall may happen during a steep climb maneuver; while
approaching the stall condition the stick becomes looser informing
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the pilot of the risk to lose aircraft control. Furthermore, external
disturbances like wind gusts which may be very dangerous if not
appropriately and suddenly compensated in a constrained mission
environment (e.g., a urban canyon), would produce an immediate
effect on the stick. Useful information like load factor, ”distance”
from stall and external disturbances cannot be read by the pilot
on the GCS cockpit instruments; thus the Conventional Aircraft
Artificial Feel (CAAF) haptic aiding scheme was designed in order to
provide the pilot with a richer information with respect to the visual
display only. The experiments were performed in order to show and
assess analytically that these additional haptic information help the
pilot from a performance point of view.

Level 1 SA (see Section 1.4) says that the pilot needs to ac-
curately perceive information about the weather among other ele-
ments. Reference [34] followed this principle by creating a haptic
sensation linked to the turbulence but in that case the haptic sig-
nal was not related to the real sensation experienced by a pilot of a
manned aircraft. The present work instead introduces a haptic feed-
back which mimics aerodynamic forces usually experienced by the
pilots of manned aircrafts and it belongs by definition to the class
of IHA because it is born, above all, to improve the SA and it is not
designed taking into account the right maneuver to perform in order
to reject the wind gust.

As mentioned before, the newly introduced haptic feedback has
been given the name of Conventional Aircraft Artificial Feel (CAAF).

Two different version of the CAAF are presented: the former,
named Variable Stiffness CAAF, estimates the effect of wind gust
as changes in stick stiffness (see Section 3.3.1) while the external
force, Fyyq, is set to zero; the latter, named Force Injection CAAF,
estimates the effect of wind gust as changes in the angle of attack,
a, and dynamic pressure, ¢, and it produces also an external force,
Fywe (see Section 3.3.2).
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3.3.1 Variable Stiffness CAAF

The Variable Stiffness CAAF estimates the effect of wind gust as
changes in stick stiffness according to a weighted sum of the load
factor, n, and the dynamic pressure, ¢. Thus, the force was assumed
to be dependent on the two most important variables for defining
the flight envelope (see Section A.2 for details). The load factor

L

"W
is defined as the ratio of the lift L to the weight W of the aircraft,
thus it is a measure of the severity of a commanded maneuver. It was
introduced in the stick force equation to make the pilot more con-
scious about the commanded maneuver and to make more difficult
the maneuvers which could be dangerous for the aircraft structure
and cause accidents as the loss of wings in the RPV. The external

force is set to zero:

FCAAF,US = FSD,US + FWG’,US
FSD,vs = KS,vs : 55 + KD,vs : 55 (315>
FWG,US =0

Fsp s is the Spring-Damper component of the force and Fiy g ys is
the external force component. The Variable Stiffness CAAF, Equa-
tion (3.15), is similar to the Equation (3.13) accept for the null ex-
ternal force component, for the introduction of the load factor in the
variable stiffness and for the introduction of a damper component as
well in order to provide some damping for the future implementa-
tion of the CAAF in an haptic device. As long as in Equation (3.13)
Ad, is the elevator deflection around the trim value, which is 0 deg
with the THS deflected by 444, and fixed on this value and since
the deflection of the elevator is proportional to the bar deflection for
mechanically driven aircrafts, in Equation (3.15) dg, the stick deflec-
tion, was employed instead of Ad.. Equation (3.16) shows the value
of the stiffness expression of the Variable Stiffness CAAF:



36 CHAPTER 3. CONVENTIONAL AIRCRAFT ARTIFICIAL FEEL

KS,'US = Kf,vs : [Kq,'us cq+ Kn : (TL - 1)] (316>

Foaarys represents the change in the stick force during a ma-
neuver with respect to the stick force in trim conditions (Fj.;, = 0).
0g and 55 are stick deflection and stick deflection rate respectively.
Kp s is the damping constant.

The Equation (3.16), shows the changes of the stiffness as pro-
portional to the squared velocity, through ¢, and to the load factor.

K, s and K, are the weights of the dynamic pressure and of the
difference between the load factor during the maneuver and the one
of horizontal flight respectively (n—1); K7, is a constant gain which
determines the ”"amount” of force feedback.

The sign conventions are the same as in [47] (see Figure 3.1). As
concerning the sign, the force that the pilot feels on the stick has the
same sign as the deflection requested to the elevator (see Figure 3.1).
Thus, a positive value is needed as K, ,s. As concerning the dynamic
pressure component, the goal is to make the pilot conscious about
the velocity of the UAV: the higher is the velocity, the bigger is the
dynamic pressure component, the bigger is the spring component
and more difficult will be to perform a maneuver.

As concerning the load factor component: the load factor is pos-
itive for climbing maneuver and negative for diving maneuver but a
positive sign of the product K, - (n — 1) is needed, thus K, should
have a negative value for diving maneuvers and a positive value for
climbing maneuvers. The goal of the introduction of the load factor
in the spring component of the Variable Stiffness CAAF is to avoid
the pilot doing a sudden maneuver: the higher is the load factor,
the bigger is the stiffness of the stick and more difficult will be to
perform a maneuver.

In order to assign meaningful values to the constants K ,s, K,
and Ky ,s, the dynamic pressure and the load factor were normalized
with respect to the max values they can assume. The choice made
in Equation (3.17) would satisfy the previous hypothesis:
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K!
Kq,vs - %péj;}s > 07 Vmax = de
max

" _{LZO, for n>1=K,(n—1)>0 (3.17)

(n1—-1)

i <0, for n<1=K,(n—-1)>0

Furthermore, K, ,s and K, can be interpreted as the strain the
pilot must exert on the bar to produce a change in velocity or a
change in the load factor during a maneuver. In literature [47],
something similar to K, is referred as stick-force-per-g.

Vina 18 the velocity maximum of design that was hypothesized to
be the velocity to never exceed, V., plus the 10% of the same. n,
and ngy are respectively the positive and negative maximum values
of load factor of the aircraft.

As concerning K, and K ., it could be interesting to find out
the optimal values capable of minimizing a performance index. The
first heuristic choice in this work was the value 0.5 for both. As long
as the the constants are normalized with respect to the maximum
values of the variable they weight (¢ and n), then the value 0.5 means
that the feel in Equation (3.15) is made up by the changes in ¢ for
the 50%, by the changes in n for the remaining 50%. The quantity
in squared parenthesis in Equation (3.16) will assume the value 1 at
maximum. As said, the amount of the feedback force depends by K
which scales the stiffness to the desired value. The Federal Aviation
Regulation (FAR) of the Federal Aviation Administration (FAA)
and in particulare the FAR 23 Sect.23.155 impose the strength limits
necessary to control the elevator for certain values of the load factor,
but the real amount of force to employ will depend at the end on
the haptic device maximum output force.

The final expression of the haptic feedback force becomes then:

FCAAF,'US - FSD,'us : +FWG,'U$ (318>
with Fsp,s and Fyyg,s from Equations (3.16) and (3.15). Note
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that deltag and dg of Equations (3.16) and (3.15) were replaced with
the linear xg and g in Equation 3.18 since the actual control de-
vice can only provide end-effector translations. The haptic feedback
expression of Equation (3.18) was named Variable Stiffness Conven-
tional (for mechanically-driven) Aircraft Artificial Feel (CAAF) by
its aerodynamically inspired nature. This type of force feedback, in
analogy to what found in the artificial feel literature [75], could be
addressed as a gn-feel system since the force it generates is propor-
tional to both dynamic pressure (¢) and load factor (n). This force
was tested through the CAAF Experiment (see Section 3.6.1).

3.3.2 Force Injection CAAF

The Force Injection CAAF of Equation (3.19) estimates the effect of
wind gust as changes in the angle of attack a and of dynamic pressure
q and produces an external force. The Force Injection CAAF focuses
on the external force component as opposed to the former version
(Section 3.3.1) that uses stick stiffness variations. Thus, as long as
in the altitude regulation task (object of the experiments in Section
3.6) the velocity is close to the one of trim conditions (Vi) and the
load factor is close to the one of horizontal flight (n = 1), a constant
value (Kg ;) was chosen as stiffness and the external component,
Fwe, as in Equation (3.14) was considered:

Foaari = Fsp,pi + Fwa,fi

Fspji=Ksfi- 05+ Kp ji - 0g

Kspi = Ky pi - Kq pi v Gurim

Fwa,pi = nhSeceGe‘Ch,a’ g0 — oupim ) (1 — j—;)

(3.19)

As previously, a damper component with damping constant Kp_;
was added as well in order to provide some damping for the future
implementation of the CAAF in an haptic device. ¢ is the dy-
namic pressure related to the trim velocity, Vi im.
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Feoaar, i represents the change in the stick force during a sudden
vertical wind gust. The wind gust affects the angle of attack and
move it away from the angle of attack in trim conditions, ayyim,. 0s
and g are again the stick deflection and the stick deflection rate
respectively.

K, ¢ and Ky y; are respectively the weight of the dynamic pres-
sure and a constant gain which determines the ”amount” of force

feedback.

As concerning the sign, the force the pilot feels on the stick during
a vertical wind gust has the same sign as the deflection caused to
the elevator by the wind gust. For example a downward wind gust
will create a positive elevator deflection (trailing edge down), a fall
in angle of attack (o — ayim < 0) and so a positive stick deflection
(i.e. towards). Thus, the force felt by the pilot is negative (the bar
tends to move away from the pilot) for downward wing gusts, while
it is positive (the bar tends to move closer to the pilot) for upward
wind gusts. Thus, a positive value is needed as K y;.

As concerning the dynamic pressure component, the goal is to
make the pilot conscious about the change in the velocity of the
UAV produced by the wind gust: a downward wind gust produces,
as said, a diving maneuver and so a growing velocity and the haptic
feel in Equation (3.19) would suggest that the aircraft is diving and
a pilot input in the opposite direction (i.e. moving the bar toward
the pilot) is needed in order to restore the previous trim condition
value. The stronger is the gust, the bigger is the change in angle
of attack and in the velocity produced, the bigger is the external
force component and a stronger and clearer information about the
presence of a wind gust will be given to the pilot. An improvement
of the situational awareness about the external conditions of the
aircraft will be produced. As said, the action requested to the pilot
in order to restore the previous trim conditions is to counteract the
haptic feel. This would be a natural reaction to the force for what
Schmidt and Lee proved [77] (see Section 2.2).
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The Equation (3.19) can be written as:
Feaar,fi = Fsp,fi - +Fwaraa (3.20)
Fweina = Krwea fi - [Kgo - ¢(00 — Qpim)]

In order to assign meaningful values to the constants K ¢;, K.,
Ky ;i and K ¢we, fi, the dynamic pressure and the product of dynamic
pressure and the change in angle of attack (a—ay;.;, ) were normalized
with respect to the max values they can assume. The choice made
in Equation (3.21) would satisfy the previous hypothesis:

Kl

K R a,fi
Q7f7’ 1 VQ
2Vias (3.21)
— 9,
a %pvrguzz‘(ast_atrim)7

Furthermore, K, ; and K, , can be interpreted as the strain the
pilot must exert on the bar to produce a change in velocity and a
change in the angle of attack a maneuver.

Vinaz = Ving which is defined in Section 3.3.1. «g is the stall
incidence of the aircraft.

As concerning K| (; and K|, it could be interesting to find out
the optimal values capable to minimize a performance indexes. The
first heuristic choice in this work was the value 0.5 for both of them.

As long as the the constants are normalized with respect to the
maximum values of the variable they weight (¢ and ¢ - (st — Qrim)),
then the value 0.5 means that the feel in Equation (3.19) is made
up by the changes in ¢ and ¢ - (gt — Qi) and it is the 50% of the
maximum available values. The quantity in squared parenthesis in
Equation (3.20) will assume both the value 0.5 at maximum. The
amount of stiffeness and the amount of the external force depend
by Kys ri and Ky, pi respectively. They scale the stiffness and the
external force Fyyg,fi to the desired value. Their choice was made
heuristically by taking into account the haptic device maximum out-
put force.
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The final expression of the haptic feedback force is represented
by the Equation (3.20) and was named Force Injection Conventional
(for mechanically-driven) Aircraft Artificial Feel (CAAF) by its aero-
dynamically inspired nature. This type of force feedback, in analogy
to what found in the artificial feel literature [75], could be addressed
as a qa-feel system since the force it generates is proportional to
both dynamic pressure (q) and angle of attack («). This force was
tested through the CAAF VS DHA Experiment (see Section 3.6.3).

Dickinson noted that ”in particular we can take the opportunity
of making control forces do what we desire them to do rather than
having to accept the consequences of fundamental laws as hitherto”
[75]. Thus from now on, the mentioned opportunity was taken by
using heuristical stiffness, damping constants and external forces in-
stead of using constants (as in Equations (3.17) and (3.21)) which
depend from the particular aircraft under consideration. This would
make the haptic force to be transportable because created on the
human being feeling instead of the particular aircraft (remotely or
not) piloted.

3.4 The Experimental Setup

In order to test the CAAF concepts exposed in Sections 3.3 and 3.5,
a simulated flight experiment was set-up. A fully non linear air-
craft simulator was used to provide a realistic aircraft response. An
aircraft simulator was implemented using a Matlab/Simulink sim-
ulation. The selected aircraft model was a De Havilland Canada
DHC-2 Beaver implemented using the Flight Dynamics and Control
Toolbox [45].

The selected haptic device is the widely used Omega Device in
Figure 3.2 (omega.3, Force Dimension, Switzerland) which was cho-
sen in order to simulate a control column of a mechanically driven
aircraft. It is a 3DOF high precision force feedback device which
provides control stick simulated force up to 12 N (See Section A for
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details).

Figure 3.2: The Omega Device reference frame.

A simulated Electronic Flight Instrument Display (Figure 3.3)
was used during the experiments to produce the visual cues. It is
a reproduction of a real one as it was designed to be as similar as
possible to conventional aircraft head-down display (see Section A
for details on the EFIS Display implementation). The display shows
the relevant variables in the task (pitch, altitude, speed) and the
variable to be regulated (altitude) with a magenta reference mark
for the set point 300 ft for altitude.

Figure 3.4 shows the experimental test bed comprising of a video
display and the haptic device.

The only dynamics considered in this Chapter is the longitudinal
one. In order to control the longitudinal dynamics, the pilot usually
acts on the thrust and on the elevator. In the present work, the
elevator deflection is, by hypothesis, the only input provided to the
simulated aircraft. This is a reasonable choice as long as the present
work is an artificial feel study. In fact, acting on thrust and on the
elevator at the same time would be reasonable for an autopilot or a
Stability Augmentation System (SAS) study. Acting on thrust and
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Figure 3.3: The Electronic Flight Instrument System Display.

on the elevator at the same time is also usually useless or undesirable,
even on a real aircrafts (i.e. during the takeoff in which it occurs to
pull-up the aircraft through the elevator with the maximum thrust).
Furthermore, acting only on the elevator to pull-up the aircraft is a
traditional piloting maneuver.

In this work, the elevator deflection is proportional to the dis-
placement dg of Equations (3.15) and (3.15). Jg is the input to
the aircraft generated by the operator by moving the Haptic Device
end-effector in the z-direction (see Figure 3.2).

An input on the elevator, starts the natural longitudinal air-
craft modes: the Phugoid and the Short Period modes (see Section
A.1.2). Tt causes a dynamic transient phase because of the exchanges
between kinetic and potential energy and oscillations in the aircraft
longitudinal variables (velocity, pitch angle, altitude, etc) around the
center of gravity start. In Figure 3.5 the mentioned natural modes
are shown (blue line).

In Figure 3.5 the Phugoid is the most visible oscillation, while the
short period oscillation has, as the name suggests, a shorter period
and, since it has usually a big damping constant, it disappears very
soon. The Phugoid mode is characterized by complex and conjugate
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Figure 3.4: The wind gust rejection experimental setup.

poles that produce a lightly damped oscillation during which the
dynamic pressure, the wing load factor and the aircraft angle of at-
tack change because of the changes in the aerodynamic forces acting
on the aircraft. The pilot (or the autopilot) is needed to extinguish
them through the stick by holding the pitch angle through the use
of the artificial horizon. Figure 3.5 shows as well (red line) a sample
time history when a pilot acts on the stick to regulate it.

Since the subjects only controlled the longitudinal dynamics, the
haptic aiding for the wind gust rejection task was only in the longi-
tudinal axes of the control device that is the x axes of Figure 3.2.

The general force expression employed in both the just mentioned
disturbance rejection experiments in give in Equation 3.22:

Fsy = Fspy + Fwae
Fsps=Fsp=Fs,+ Fp, (3.22)

Fwez = Fwa

In Equation (3.22), Fsp and Fy¢ indicate the Spring-Damper
force and the external force of either the Equation (3.15) (Fsp,us
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Figure 3.5: Response to elevator impulse input: Phugoid and Short

Period natural aircraft modes (blue line) versus the typical aircraft
response damped by a good pilot (red line).

and FWG,vs) or the Equation (319) (FSD,fi and FWG’,fi)-

F‘z :KS@‘xS‘l’KD,:c'l"S‘}'FWG’ (323)

Then, the force F, felt by the operator during the wind rejection
task (see Equation (3.22) and (3.23)) along the control device x axes
(see Figure 3.2) is a combination of an elastic term, Fs, (Kg, - s),
with constant stiffness Kg,, a damping term, Fp, (Kp, - &g), with
a damping constant Kp , (refer to the Table A.2 for the values used)
and an external force component Fyg. g and g are the longitu-
dinal displacement and displacement rate of the end-effector respec-
tively.

3.5 Disturbance Rejection Experiments

Two experiments within the specific field of Remotely Piloted Ve-
hicles control in a disturbance rejection task were run: the CAAF
Experiment and the CAAF VS DHA Experiment.
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The aim of the CAAF Experiment is to prove the effectiveness of
the newly developed IHA-Variable Stiffness CAAF with respect to
the absence of force feedback at all (only visual feedback and gravity
compensation on the control device). See Section 3.6.1 for details.

The aim of the CAAF VS DHA Experiment is to compare three
approaches: the newly developed and just described IHA-based Force
Injection CAAF, the DHA force and a force which is only linked to
the actual displacement of the control device, the NoEF. See Section
3.6.3 for details. Sections 3.5.2, 3.5.2 and 3.5.2 describe the simula-
tors built in order to test the performance in the CAAF VS DHA
Experiment.

3.5.1 The CAAF Experiment Simulators
NoF Simulator

Figure 3.6 shows the block diagram of the simulation system used to
test the NoEF feedback. The altitude error (between desired altitude
H; and aircraft altitude H), ey, is fed to the pilot P via the visual
display showing the altitude error (see Figure 3.3). The pilot force
input (F},), is fed to the haptic device (OD block in Figure 3.8) to
produce the stick deflection dg (which is used directly as aircraft
elevator control by hypothesis). dw¢, which represents the wind
gust disturbance, is summed up to the stick deflection to produce
the elevator input to the aircraft o,.

Under the NoF condition no haptic feedback is transmitted to
the pilot (see Equation 3.24).

Fyop =0 (3.24)

In fact, the NoF condition represents a condition in which neither
the elastic or damping forces are fed-back to the pilot. Not even
the gravity force is transmitted to the pilot as long as the gravity
compensation is activated in the haptic device.
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Figure 3.6: NoF simulator scheme.

Suppose a wind gust affects the aircraft: as long as Fsp ., Fivg =
0 in the Equation (3.22), no force is directly linked either to the wind
gust or to the actual end-effector displacement. Thus, the pilot will
not feel through the sense of touch any haptic information about
both the position of the control device end-effector and the presence
of wind gust but he will just see the altitude changing through the
visual display, an Integrated Flight Display (see Figure 3.3). The
visual feedback is the same in all the conditions of the experiment.

THA-Variable Stiffness CAAF Simulator

Figure 3.7 shows the block diagram of the simulation system used to
test the IHA-Variable Stiffness CAAF feedback. The altitude error
(between desired altitude H; and aircraft altitude H), eg, is fed to
the pilot P via the visual display showing the altitude error (see
Figure 3.3). The pilot force input (F},), is fed to the haptic device
(OD block in Figure 3.8) to produce the stick deflection dg (which
is used directly as aircraft elevator control by hypothesis). dwg,
which represents the wind gust disturbance, is summed up to the
stick deflection to produce the elevator input to the aircraft o,.

Under the this condition the haptic feedback of Equation (3.18)
is transmitted to the pilot.

Suppose a wind gust affects the aircraft: the pilot, while damping
the phugoid mode, will feel a force feedback proportional to the
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Figure 3.7: IHA-Variable Stiffness CAAF simulator scheme.

changes in the dynamic pressure and in the load factor according to
the Equation (3.18) and will the same visual feedback as in the NoF
condition.

3.5.2 The CAAF VS DHA Experiment Simula-
tors

IHA-Force Injection CAAF Simulator

Figure 3.8 shows the block diagram of the simulation system used to
test the IHA concept. The altitude error (between desired altitude
H, and aircraft altitude H), ey, is fed to the pilot P via the visual
display showing the aircraft speed and altitude (see Figure 3.3). The
aircraft speed (V'), used to compute the dynamic pressure, and the
angle of attack (a) are fed to the Haptic device that implements
the CAAF-THA law and feeds-back the force (Fiy¢) as in Equations
(3.19) and (3.20) which, together with the pilot force input (F},), is
fed to the haptic device (OD block in Figure 3.8) to produce the
stick deflection dg (which is used directly as aircraft elevator control
by hypothesis). g and ds indicate that pilots actually feels the
elastic and damping haptic device response. oy, which represents
the wind gust disturbance, is summed up to the stick deflection to
produce the elevator input to the aircraft o,.
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Figure 3.8: IHA-Force Injection CAAF simulator scheme.

Under this condition the haptic feedback of Equation (3.20) is
transmitted to the pilot.

Suppose a downward wind gust affects the aircraft: the angle of
attack of the aircraft decreases with respect to the trim condition,
the dynamic pressure changes (possibly very lightly depending on the
gust speed with respect to the aircraft speed) and the altitude tends
to decrease. Within this condition, the CAAF-IHA law produces a
negative force, Fyy ¢, that would produce a positive stick deflection,
0g, and thus induces the aircraft to dive even more. The force is
immediately felt by the pilot who knows that something has changed.
In this specific case the pilot feels a force that pulls the stick away
from him, that is to dive, and he should react immediately, according
to his experience, by opposing to the stick motion in order to keep
the altitude constant. This type of force feedback, roughly speaking
with opposite sign with respect to the actual maneuver to be taken,
is in complete accordance with the IHA concept.

Figure 3.9 depicts an example of the variables history during a
simulation trial.
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Figure 3.9: IHA-Force Injection CAAF simulation example.

NoEF Simulator

Figure 3.10 shows the block diagram of the simulation system used
to test the NoEF feedback. The altitude error (between desired
altitude H,; and aircraft altitude H), ey, is fed to the pilot P via the
visual display showing the aircraft speed and altitude (see Figure
3.3). The pilot force input (F}), is fed to the haptic device (OD
block in Figure 3.8) to produce the stick deflection dg (which is
used directly as aircraft elevator control by hypothesis). ds and ds
indicate that pilots actually feels the elastic and damping haptic
device response. dy g, which represents the wind gust disturbance,
is summed up to the stick deflection to produce the elevator input
to the aircraft é..

The NoEF condition presents a constant stiffness stick (Kg s in
Table A.2 and simulates a fly-by-wire like situation. In the NoEF
condition the force exerted by the haptic device is the same (i.e. the
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Figure 3.10: NoEF simulator scheme.

same Spring-Damper component) as in the Equation (3.19) except
for Fyq s which is set to zero in this condition. The pilot had an
Integrated Flight Display as the only instrument showing the aircraft
speed and altitude (see Figure 3.3). The visual feedback is the same
in all the conditions of the experiment.

Under the NoEF condition, the haptic feedback of Equation 3.25
is transmitted to the pilot.

Fnoer = Fsp (3.25)

Suppose a wind gust affects the aircraft: as long as Fyyg = 0
in the Equation (3.19), no force is directly linked to the wind gust.
Thus, the pilot will not feel any haptic information about the pres-
ence of wind gust but he will just see the altitude changing through
the visual display. The only haptic feedback felt by the pilot is pro-
portional to dg and dg produced only by the pilot input force Fj,.

Figure 3.11 depicts an example of the variables history during a
simulation trial.

Compensator-Based DHA Simulator

In order to compare the three approaches, a DHA-based simulator
was designed. According to the DHA definition, a Direct Haptic
Aiding system for wind gust rejection should produce a force or a
change in stiffness that helps the pilot directly in achieving the task
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Figure 3.11: NoEF simulation example. Fy¢ (not shown) is null in
this case.

that is in this case to reject the gust. Thus, a system that pro-
duces a force which pulls the stick in the same direction the pilot
should do to reject the disturbance, seems appropriate for a DHA
control. As a matter of fact, the obstacle avoidance system described
in [1, 78] works exactly according to this principle. Stiffness varia-
tion, together with force feedback were investigated and found to be
able to provide better results than single stiffness or force feedback
[78]. Nevertheless, for the purposes of this comparison, we decided
to investigate and compare force feedback only. A compensator was
added to compute the external force to be felt by the pilot. The
Haptic device was controlled as in Equation (3.19) to behave as a
spring-damper system with an additional force Fy ¢ which is gener-
ated by the DHA compensator (see later).

Figure 3.12 shows the block diagram of the simulation system
used to test the DHA concept. The altitude error (between desired
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altitude H; and aircraft altitude H), ey, is fed to the pilot P via the
visual display showing the aircraft speed and altitude (see Figure
3.3). The altitude error, ey, is also fed to the DHA block that
implements the DHA force and feeds-back the force (Fy ) which,
together with the pilot force input (F}), is fed to the haptic device
(OD block in Figure 3.12) to produce the stick deflection dg (which
is used directly as aircraft elevator control by hypothesis). dg¢ and
ds indicate that pilots actually feels the elastic and damping haptic
device response. dy g, which represents the wind gust disturbance,
is summed up to the stick deflection to produce the elevator input
to the aircraft é..
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Figure 3.12: Compensator-Based DHA simulator scheme.

The DHA block in Figure 3.12 is a compensator represented by
the transfer function of Equation (3.26) which calculates the DHA
external force starting from the altitude error. It was designed in
order to damp the Phugoid mode as a good pilot would do and cancel
the Omega Device dynamics (see Section C.1). In order to design
to DHA compensator, the Omega Device dynamics was identified
(see Section B for details). The net result is that such compensator
can damp effectively the Phugoid mode from altitude measurement
by itself, without any pilot in the loop: the stick moves and the
corresponding stick deflection is sufficient to control the aircraft. In
order to leave the pilot with sufficient control authority, the gain of
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the compensator was reduced by 60%:

FWG,DHA<S) . (368782 + 14778) -0.4
ep(s) s+ 14.7583 + 209.552 + 1089s + 13.04

(3.26)

Thus, the force felt in DHA case is given from Equation (3.19)
by considering Fyy¢ ri = Fwa,pua of the Equation (3.26):

Fpua = Fspgz+ Fwa.pua (3.27)

Thus, the Spring-Damper component, Fsp ;, is the same in each
of the three force conditions (NoEF, IHA and DHA). Suppose a
downward wind gust affects the aircraft: the altitude tends to de-
crease. Within this condition, the DHA compensator produces a
positive force, Fyy g, that would produce a negative stick deflection,
0s, and thus induces the aircraft to climb back to the target altitude
(the initial one). In this specific case the pilot feels a force that pulls
the stick toward him, that is to climb, and he should be compliant
with the force, by following and amplifying the stick motion, in or-
der to keep altitude constant. This type of force feedback, roughly
speaking with the same sign with respect to the actual maneuver to
be taken, is in complete accordance with the DHA concept.

Figure 3.13 depicts an example of the variables history during a
simulation trial.

The design of a DHA based augmentation scheme seems to be
very task dependent; the compensator-based design approach de-
scribed above was viable in our case since the task was specified
as holding a reference altitude. This approach could not be used
instead when the task cannot be specified as a reference signal to
be tracked, or the pilot intention is not known; thus the design of
a DHA augmentation scheme could be less straightforward than an
IHA scheme.

The Section 3.6 present the experimental evaluation of the CAAF
concepts.
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Figure 3.13: DHA simulation example.

3.6 CAAF Evaluation

This Section present the experimental evaluation of the concepts
described in Sections 3.3 and 3.5. In particular, the Section 3.6.1
describes the CAAF experiment and results and the Section 3.6.3
describes the CAAF VS DHA experiment and results.

3.6.1 CAAF Experiment

In the CAAF Experiment, object of this section, a simple regulation
task was prepared: the aircraft is initially flying leveled in trimmed
condition (300 ft altitude) and at constant altitude; at a certain
time, a disturbance (elevator impulse) is artificially injected, and
the aircraft initiates a motion according to its Phugoid mode.

The pilot’s task is to keep the aircraft leveled, non oscillating,
to restore the initial altitude and to keep it as constant as possible.
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During this task, the pitch and altitude oscillations of the Phugoid
mode have to be damped by the pilot using the stick (as the red line
in Figure 3.5).

The goal of these tests is to proof whether adding the Variable
Stiffness CAAF kinesthetic (force) cue to the visual cue (a simulated
cockpit) improves the control. In particular the goal is to assess as
analytically as possible the differences in pilot performance in the two
cases: with and without Variable Stiffness CAAF; the performance
of the subjects (dependent variable) was measured through the TAE
(Integral Absolute Error) between the current and desired altitude;
a smaller TAE would indicate a better pilot performance in damping
the Phugoid mode.

Eighteen naive subjects (aged 23 to 43, mean 30.7) participated
to the experiment. All had normal or corrected-to-normal vision.
They were paid, naive as to the purpose of the study, and gave their
informed consent. The experiments were approved by the Ethics
Committee of the University Clinic of Tiibingen, and conformed with
the 1964 Declaration of Helsinki. The experiment consisted of three
different force conditions: No Force condition, with only compensa-
tion of gravity activated on the end-effector, Simple Force condition,
the Variable Stiffness CAAF of Equation (3.15), and the Double
Force condition, twice as much force as in the Simple Force condi-
tion, achieved by doubling the Ky, gain. Each condition was run
as a separate block, i.e., the experiment consisted of three successive
blocks. The order of presentation of the blocks was counterbalanced
(see Section D.2 for details).

In total, the experiment lasted from 60 to 90 minutes (including
instructions and breaks between blocks).

3.6.2 CAAF Experimental Results

Mean IAE values were entered in a one-way repeated measures anal-

ysis of variance (ANOVA) [NoF, IHA-VS CAAF, IHA-Double VS
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CAAF] (VS is for Variable Stiffness), which revealed a significant
effect of the force factor

[F(2,34) = 7.932,p < 0.01]

As shown in Figure 3.14, the participants were the least variable
(performed best) when a simple force was applied, the most variable
(performed worst) when no force was applied, whereas providing a
double force gave rise to 'intermediate’ results.

600 I NoF
I HA-CAAF,

I 'HA-Double CAAF ||

500F

Figure 3.14: Performance (mean and standard error) for the three
Force conditions (NoF, IHA-VS CAAF, IHA-Double VS CAAF).

Post-hoc tests using Bonferroni correction for multiple compar-
isons (p < 0.05) indicated that the performance with force (both
Simple and Double) was significantly less variable than without force.
In other words, providing Variable Stiffness CAAF force significantly
improved piloting performance as it reduced the variability of the
control. We also assessed the effect of the order of presentation of
the blocks with a one-way repeated measures ANOVA [First Block,
Second Block, Third Block], which revealed no significant main ef-
fect of the order of presentation. In other words, the variability of
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the performance was comparable irrespective of the order of presen-
tation.

Our results clearly show that the Variable Stiffness CAAF facil-
itates control in this task. Indeed, participants’ performance signif-
icantly improved when haptic cueing was available. As none of the
participants had any experience with piloting, our results suggest
that this type of aiding is rather 'natural’; as beneficial effects can be
observed without any previous learning. In line with these convinc-
ing initial results, could be interesting as future work to investigate
the amount of additional information transferred to the operator via
the CAAF variable stiffness haptic feedback as compared with other
types of haptic aids (e.g., constant stiffness).

3.6.3 CAAF VS DHA Experiment

In the CAAF VS DHA Experiment, object of this section, a simple
control task was prepared: the aircraft was initially flying leveled in
trimmed condition at constant altitude (300 ft); three severe vertical
wind gusts, which induce the aircraft to initiate a motion according
to its Phugoid mode, are simulated by artificially injecting three
control disturbances (elevator impulses) of randomized duration (2,
3 or 3.5 seconds), starting time and sign (upward or downward).

During this task, the pitch and altitude oscillations of the Phugoid
mode have to be damped by the pilot through the use of the stick.

When a vertical wind gust disturbance affects a manned aircraft,
the change in angle of attack and wing load are practically instan-
taneous. This has also an immediate effect on a mechanical-linkage
based control stick. The altimeter on the GCS cockpit will though
show the resulting change in altitude with a certain delay with re-
spect to the actual disturbance time; as a matter of fact the aircraft
dynamics has a low pass behavior and phase lag from angle of at-
tack to altitude (in the simplest linear approximation it behaves as
an integrator).
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In order to focus on the haptic cueing we made the experiment
more difficult for the pilots by setting the Artificial Horizon inop-
erable (zero pitch and roll); only altitude and speed readings were
displayed.

The experiment consisted of three different external force con-
ditions: No External Force condition (referred as NoEF condition)
with only the spring-damper force on the end-effector, IHA condi-
tion (the Force Injection CAAF from Equation (3.19)) and DHA
condition (see the Section 3.5.2 for details).

All the trials have been mixed and counter-balanced (see Section
D.2 for details) and no instructions were given about the three dif-
ferent force conditions to test natural reaction of the pilots to the
three different conditions.

A test campaign with a professional pilots was performed for the
altitude regulation task. Seven professional pilots (from 50 to 700
hours of flight experience) participated to the experiment. The goal
of these tests is to proof whether adding the IHA-Force Injection
CAAF kinesthetic (force) cue or the DHA kinesthetic (force) to the
visual cue (the simulated cockpit), improves the control with respect
to a simple spring-damper behavior of the stick (NoEF). In particular
the goal is to assess as analytically as possible the differences in pilot
performance in three cases identified as NoEF, IHA-Force Injection
CAAF, DHA. The performance of the subjects (dependent variable)
was measured through the IAE (Integral Absolute Error) between
the current and desired altitude; a smaller IAE would indicate a
better pilot performance in damping the Phugoid mode.

All the trials (36 of 60 seconds each, 12 trials per condition) have
been mixed and counter-balanced to test natural reaction of the pi-
lots to the three different conditions. Before starting the experiment,
every pilot was asked to run a 5 minutes trial where he/she had to
perform a slightly different altitude regulation task; the goal of this
initial trial, was to let the pilot acquire enough knowledge of aircraft
dynamics to be able to pilot it confidently. During this trial a sim-
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ple spring-damper behavior of the stick was employed. In total the
experiment lasted 90 minutes. All pilots had normal or corrected-to-
normal vision; they were paid and gave their informed consent. The
experiments were approved by the Ethics Committee of the Univer-
sity Clinic of Tiibingen, and conformed with the 1964 Declaration of
Helsinki.

3.6.4 CAAF VS DHA Experimental Results

To summarize the forces felt by the pilots during the experiment an
example is given: when a vertical wind gust (upwards for example)
affects the aircraft, it will climb. The pilot should push over in order
to reject the gust. So, to reject the gust the pilot should be compliant
with the DHA Force and should oppose to the IHA Force.

As concerning the experimental results: mean TAE values for the
three force conditions [NoEF, THA, DHA| were entered in a one-way
repeated measures analysis of variance (ANOVA). When all trials
(12 trial for each condition) were considered, no main effect of the
type of force was observed, i.e., the three types of force did not differ
from one another. We then assessed whether all three types of force
feedback were equally 'natural’ for the subjects, i.e., whether the first
exposure to the different types of feedback gave rise to comparable
performance. Here, only the first two trials of each subject for each
condition were considered, and the data were entered in the same
one-way ANOVA (described above). This analysis revealed a main
effect of the type of force feedback

[F(2,12) = 12.943,p < 0.01]

As shown in Figure 3.15, the participants were the least variable
in the NoEF and IHA conditions, and the most variable when the
DHA force was applied, the variability being significantly worse in
this last condition (post-hoc tests using Bonferroni correction for
multiple comparisons, p < 0.05). In other words, when completely
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naive about the aiding schemes (in the first two trials), participants
performed significantly better when either no force or the IHA aiding
scheme was used than with the DHA aiding scheme.

1000
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|| EHA-cAAR
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Figure 3.15: Performance (mean and standard error) for the 3 Force
conditions of the first 2 trials.

Assuming that a certain degree of adaptation and learning of the
pilots could have happened during the 12 trials, we also evaluated
separately the last five trials of each condition. To test whether this
was the case, the mean values of the last five trials were entered in
the same one-way ANOVA. The analysis revealed a main effect of
the type of force feedback

[F(2,12) = 13.007, p < 0.001]

As shown in Figure 3.16, the participants were the least variable
when the DHA force was applied, and the most variable when both
NoEF and THA forces were applied. Post-hoc comparisons using
Bonferroni correction (p < 0.05) showed that this difference was sig-
nificant. In other words, after some training, the DHA approach
allowed the best results. It is worth noticing that, the pilot were not
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trained explicitly on the three force conditions, and that the trials
consisted of a sequence of mixed conditions and not of a uniform
batch of the same force condition; thus no explicit training was pro-
vided to the pilots on any of the three conditions, but the pilot were
quickly capable to understand the DHA functionality and exploit it
for improving their performance.
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Figure 3.16: Performance (mean and standard error) for the 3 Force
conditions of the last 5 trials.

After each experiment, pilots were interviewed separately; first of
all the pilots were asked to describe their experience and identify the
number of different types of sensations they felt during the exper-
iment. All of them identified mainly two classes of force feedback:
one which they called "natural”, another which they called ”autopi-
lot” as they realized, after few tests (from 2 to 4), that in certain
experiments the system was providing forces that where oriented in
the direction of helping to perform the maneuver (autopilot case)
and in other cases the forces were easier to associate with what they
were expecting as the aircraft behavior (natural case). Only one
pilot realized that some trials were run with the no force case in
which the external disturbances give no sensation trough the stick.
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Thus, in order to compare the results, each pilot was asked to fill
in a questionnaire with 6 questions (Table 3.1). In each question
he/she had to choose, accordingly to the classification of sensations
described above, between two different force feedback cases: ” Natu-
ral” and ” Autopilot”. According to the discussions with the pilots,
we are confident that the Natural case can be mapped to the union
of the NoEF and THA cases, while the Autopilot case maps to the
DHA condition. The 6 questions in the questionnaire are shown in
the Table 3.1:

A. | Which force condition was stronger?

B. | Which of the two conditions do you think was more helpful?
C. | Under which condition you think you had the best control on
D

the aircraft?

In which condition you think you had to produce the largest
effort?

In which of the condition you think you had the best perfor-
mance?

F. | Which of the conditions did you prefer?

=

Table 3.1: The wind gust rejection task questionnaire.

Figure 3.17 shows the corresponding pilot answers. Most pilots
agree that the Autopilot case presented stronger forces and was more
helpful (Questions A and B) with respect to the Natural case. An-
swers to question B and C show a controversial situation: although
most pilots voted for the Autopilot as the most helpful, most pilots
felt more like being actually piloting the aircraft (Question C) with
the Natural case. Pilots’ opinions about the workload (Question
D) and about the evaluation of their own performance in the task
(Question E) were divided. Finally, although it could appear that
pilots were going to prefer the Autopilot case, most of them voted for
the Natural case. With respect to the latter question, the pilot who
voted "not sure” said that he would have voted for the Autopilot
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case but after a longer training.

I Natural (NoEF and IHA)
I Do not know / Not sure
I Autopilot (DHA)

~
T

Number of positive answers
N w » & (=2l
‘ : : : ‘

[N
T

o

Figure 3.17: Pilot answers to questionnaire.

We can conclude that the NoEF and THA case are the most
natural forces to the pilots while after some training they can adapt
to the DHA force feedback producing the best results even if the
workload in this case results to be greater than in the previous cases.



Chapter 4

Obstacle Avoidance Feel

According to [10], the haptic feedback can compensate to some ex-
tent for the lack of sensory cues that will be presented to UAV opera-
tors (see Section 1.3), this means that a way improve the situational
awareness of a remote UAV pilot and the efficiency of the teleoper-
ation is the addiction of a haptic interface to the usually employed
visual interface. It seems to be particularly necessary in cases of lim-
ited visual information. In the presence of foggy weather conditions,
for example, or because of the employment of a limited FOV camera
[1], the haptic feedback could provide information through the sense
of touch, which can be applied directly on the control device.

In Section 2.2 a classification about the haptic aids of literature
was given. The haptic aids were classified in DHA and THA. Most of
haptic literature is based on DHA concept. In particular, as concern-
ing obstacle avoidance task every existing haptic aid seems to belong
to the DHA class. Usually in this class, repulsive force is associated
to the obstacles. Thus the pilot (or the teleoperator in general) has
to be compliant with the force felt on the remote controller. In this
Chapter, an attempt of designing a force feedback for the obstacle
avoidance task which belongs to the IHA class was made. This will
be shown to result more "natural” then the usually employed DHA-

65
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based approaches. This would confirm what Schmidt and Lee [77]
(see Section 2.2).

The research resulted in an obstacle avoidance/detection force
named [HA-Obstacle Avoidance Feel (IHA-OAF) and it is the object
of the present Chapter. It will be shown to definitely improve the
pilots’ sensations and performance!

4.1 Simulation Environment

The present Section describes in details the simulation environment
of the obstacle avoidance task.

Figure 4.1 shows the setup employed in the experiment. The vir-
tual environment display produces the visual cue; a subjective view
from the aircraft cockpit was simulated using a realistic virtual envi-
ronment created using the DynaWORLDS software package [42] (see
Section A.3 for details on the implementation). The environment
was constituted by a non-Manhattan scenario (see Figure D.3) with
a ground plane, the sky and buildings with regularly spaced win-
dows to reproduce an appropriate perception of depth. As a matter
of fact, the teleoperation of a vehicle in a opened area makes the sim-
ulation less problematic than the implementation of a constrained
environment as long as, in the latter case, an accidental reduction
of the visual feedback or small delays could bring to collisions. The
obstacle avoidance task is a challenging problem in robotics.

To make the implementation of the experiment easier, the full
non linear dynamics previously mentioned (DHC-2 Beaver [45]) was
linearized around the trim conditions (horizontal flight at 300 ft al-
titude). As concerning the obstacle avoidance task the aircraft dy-
namics was decoupled and only the lateral dynamic was considered.
The Equation (3.5) shows how the elevator deflection through the
changes of the lift coefficients modifies the aircraft lift and thus the
longitudinal aircraft trajectory. It concerned the longitudinal dy-
namics. As concerning the lateral dynamics, something similar to
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Figure 4.1: The obstacle avoidance teleoperation setup.

Equation (3.5) can be written.

In order to limit pilot workload and possible errors, only the
aircraft lateral dynamics (i.e. roll and heading angles and lateral
position) had to be controlled by the pilot. Equation (4.1) shows
the lateral steady state equations of horizontal flight in Wind Axes
(see Section 3.2.2 for the definition) [48]:

0=C=Cy-qS
0=n=0C,- bgS

where C, [ and n are respectively the aircraft cross-wind force, the
rolling and the yawing moments; C¢, C; and C),, are respectively the
aircraft cross-wind force, rolling and yawing moment coefficients. b
is the wing span. Similarly to Equation (3.5), the coefficients present
in Equation (4.1) can be re-written as proportional to the sideslip
angle (3, the angle between the aircraft direction of the motion (the
relative speed) and the x-axis in the Body Reference Frame (see
Section 3.2.1 for the definition), and to the aileron deflection ¢, (the



68 CHAPTER 4. OBSTACLE AVOIDANCE FEEL

rudder deflection 9, and « are supposed to be fixed in the respective
trim condition values). The only input to the lateral dynamics is
the aileron deflection ¢,. The employed haptic device is again the
Omega Device (see Section 3.4) and a lateral deflection, d4, of its
end-effector was hypothesized to produce the aircraft lateral motion.
See the following Section for details on the lateral linear dynamic
model of the aircraft employed.

4.2 Aircraft Lateral Dynamics

Figure 4.2 shows the baseline scheme (i.e. no haptic aids) employed
in the obstacle avoidance setup.

Fh 0A=Q .0,
P op  PER ave) Pyl £
5a
Visual
Display

Figure 4.2: The obstacle avoidance simulation baseline scheme.

The input of the aircraft lateral dynamics U AV (s) is the aileron
deflection, d,, (in this Chapter coincident with the deflection §4 of
the haptic device represented by the OD block) and the outputs
are the aircraft center of gravity position pcg or (x.,v.), heading
(1) and roll angle (¢) of the aircraft in the Earth Reference Frame
(Earth-Centered, Earth-Fixed reference frame with origin in the cen-
ter of the Earth, zpp axis points North, xpp and ypop axes are on
the equatorial plane). The block UAV (s) in Figure 4.2 is shown in
details in Figure 4.3.

In Figure 4.3 the transfer function Hyay(s) (4.2) (from aileron,
04, to roll rate, p or gb) was employed. It is obtained from linearization
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Figure 4.3: The aircraft lateral dynamics.

of the non linear Beaver DHC-2 of the Flight Dynamics and Control
Toolboz [45]. The roll angle, ¢, is obtained through integration and
saturated to 50 degrees to make the aircraft dynamics more realistic.

—9s% +9.8777s3 4+ 10.413s% — 6.1385s + 0.018381
st + 8.1578s% 4 10.2490s2 + 11.81865s + 0.6961

Hyav(s) =

Then, by making the assumption of aircraft performing a coordi-
nated turn [47] (T'C block in Figure 4.3) (zero velocity in the lateral
body axes) at constant speed V' (about 50 m/s), the heading rate r
or 1) is calculated through the Equation (4.3):

h=r= tan(¢)% (4.3)

where ¢ is the gravity acceleration. The heading angle, 1, is
obtained by integration. z. and g, are calculated by a coordinates
transformation (Fpg block) of Equation (4.4) from Body Reference
Frame to Earth Reference Frame (see the Section 3.2.1 and above
for the reference frames definitions).

Te cos(1) ]
. = . 1% 4.4
i =L (9
The coordinates of the aircraft center of gravity (z. and y.) are
calculated from Equation (4.4) by integration. As shown in Figure

4.2, informations about the environmental constrains (contained in
E block) are used to show through the Visual Display (see Figure
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4.1) the virtual environment from the camera point of view which is
represented by the aircraft center of gravity position and attitude.

4.3 The Stick Force

Since, as hypothesis, the only dynamics to control is the lateral one,
the haptic aid for the obstacle avoidance task was applied only to
the lateral axes of the control device that is the y axes in Figure 3.2.

Thus, the only force transmitted to the operator is along the y
axis.

Fy = FSD,y + FOA’y
Fspy=Fsp="Fsy-ys+ Fpy-Us (4.5)
Foay = Foa

In Equation (4.5), Fsp is the Spring-Damper force. The lateral
stiffness and damping components, Fg, and Fp,, were chosen as in
Table A.2. The lateral stiffness is a half of the longitudinal stiff-
ness. As a matter of fact, as concerning the force and displacement
characteristics, the sticks have usually stiffer gradients pitching com-
mands (forward/backward arm movement) than for roll commands
(left /right arm movements) [82] because of the differences in strength
among the various arm muscles used for pitch and roll control. Sim-
ilar difference exists between pulling movements (both longitudinal
and lateral) towards the pilot body and pushing movements away
from it [82] but in this work the stiffness is supposed to be constant
for both longitudinal and lateral movements although the different
values (smaller for lateral stick displacements).

The Spring-Damper term depends on the desired stick dynamics
and it is present (same value) in all the conditions of the experiment,
while the external force term for the obstacle avoidance, Fp4, de-
pends on the experimental conditions. Three types of external force
Fo 4 have been compared: DHA, IHA and a baseline force condition
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(No External Force, NoEF) in which Fps = 0 in order to test the
operators performance in the obstacle avoidance task. To create Di-

rect and Indirect external forces two simulators were prepared (see
Section 4.4).

4.3.1 The haptic feedback

It is well known that an aircraft stick (even for modern fly-by-wire
aircraft) should always offer a certain stiffness and damping to the
pilot to mimic a real (mechanically driven) aircraft stick [47, 52]. In
most teleoperation situations, it is common to try to make the hap-
tic interface invisible to the human operator to achieve what is often
defined as transparency of the teleoperation system. In this specific
case though, we believe that the user must always feel a certain stiff-
ness and damping of the interface even when not feeling the presence
of the environment. The author also proved the importance of the
spring-damper force (as shown in Chapter 3) in a previous paper [2].

Thus, for this particular application, we designed a system where
the haptic interface appears as a stick with constant damping and
stiffness with the addition of an external force which appears when
needed (namely when close to obstacles). Then, the force F), felt
by the operator during the obstacle avoidance task (see Equation
(4.5) and (4.6)) along the control device y axes (see Figure 3.2)
is a combination of an elastic term, Fg, (Kg, - ys), with constant
stiffness Kg,, a damping term, Fp, (Kp, - ys), with a damping
constant Kp, and an external force component Fp4. ys and yg are
the lateral displacement and displacement rate of the end-effector
respectively.

F,=Kgsy-ys+ Kpy-ys+ Foa (4.6)

As said, the external force Fp could belong either to the DHA
class or to the IHA class. In the baseline force condition (No External
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Force, NoEF) Fp4 = 0. Section 4.4 presents DHA and IHA obstacle
avoidance external forces.

4.3.2 The Obstacle Force Field

In order to produce some kind of haptic feedback on the stick with
the goal of helping to avoid collisions with obstacles, we defined
a force field around the obstacles (Equation 4.7). The force field
starts in the center of each single obstacle and points away from the
obstacles.

The intensity of the force field decreases with distance from the
obstacle and becomes zero beyond a certain threshold distance. A
haptic sensation will thus be produced proportional to this force
field.

The total force Fogs exerted by the environment at the position
of aircraft center of gravity, in the obstacle reference frame (Equation
(4.7)), the fixed Earth Reference Frame (see above for the definition)
is the superposition of the repulsive forces produced by each obstacle.

N
Fogs = Fopsa | _ Z Fog (4.7)
Fopsy — '

where NN is the total number of obstacles. For both DHA and
IHA approaches, the force field shows a maximum intensity on the
obstacle boundary decreasing with distance from it. The force field
is present inside the obstacle as well (see later).

By following this principle, a repulsive force field (Equation 4.8),
similar to the one chosen by Melchiorri [4] and which represents
the repulsive force field often used in literature, was associated to a
collection of rectangular obstacles.
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PoB,c—PccG

Fop = {_kf ‘(dpon; pec) —re): lpoB,c—pcell’ d(pos, Pca) < 7e
, otherwise
(4.8)
Let pca, PoB,c and pog to be respectively the position of the
aircraft center of gravity (z.,y.), the position of the center of a sin-
gle obstacle and the sides of the obstacle closer to the aircraft. In
particular, the distance d(pcg — pos) between the aircraft center
of gravity and the obstacle depends from the position of the aircraft
center of gravity with respect to the obstacle (see Figure 4.4). In par-
ticular, the aircraft can be positioned (see Figure 4.4) next to the
obstacle sides (either A or B zone) or next to the obstacle vertices
(C zone).

©
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Figure 4.4: Definition of the distance between the aircraft center of
gravity and the obstacle.

Depending on this, the distance between the aircraft center of
gravity and the obstacle is defined as:

CASE A: the vertical distance between pcg and the closer
horizontal obstacle side;

CASE B: the horizontal distance between pcg and the closer
vertical obstacle side;
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CASE C: the euclidean sum of the previous ones;

The term % indicate the force field versor given by the
congiunction between the aircraft center of gravity and the center of
the obstacle.

The force field at the position pcg is aligned with the versor

% and the intensity is selected to be linearly decreasing

with the distance d(pos,Ppcg) of the point pcg from the nearest
point of the obstacle boundary.

The constant k; is an appropriately selected constant and can
be thought as the stiffness of the virtual environment. When the
distance d(pos,Pcg) is less than 7. (which was set to 50 m, the
maximum distance of influence, a repulsive force is used to gener-
ate the Haptic Aid in order to help the aircraft pilot to avoid the
obstacle.

Yop [M]

XOB

Figure 4.5: Example of the obstacle repulsive force field.

Figure 4.5 shows an example of the force field with force vectors
and ISO-force contour lines that is produced by the obstacles. The
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value and direction of the force field at the current position of the
aircraft are used in the simulator to generate the haptic sensation.

An example of the mentioned non-Manhattan scenario generated
force field is depicted in Figure 4.6 in which also the contour lines
are shown.

Yo Ml
N
o

200 300
Xog [m]

Figure 4.6: Example of non-Manhattan scenario repulsive force field
with contour lines.

Figure 4.6 clearly shows a low amplitude force field in the virtual
corridor created in the middle of the street and the maximum force
(about 10N) at the obstacles sides.

As mentioned, the total force exerted by the obstacles (Equation
4.7) is expressed in the fixed Earth Reference Frame. A change in
the aircraft Body Reference Frame (see Section 4.2 for the definition)
is necessary to appropriately select the force component that lies on
the lateral axis of the current aircraft direction:

)=l w ][R ] e

In Equation (4.9), Fp, and Fp, are the force component in the
aircraft Body Reference Frame. v is the heading angle of the aircraft.
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The haptic force will be function of Fp, only. From now on, the
force produced by the environment, Fo of Equation 4.5, will be
considered to coincide with the y component of the one in Equation
(49), ie. FOA = FB,y‘

4.4 The OAF VS DHA Experiment Sim-
ulators

In order to test the IHA-Obstacle Avoidance concept, three simula-
tors were created. The first one is the NoEF Simulator (see Section
4.4.1); the second one, the DHA Simulator (see Section 4.4.2), be-
longs to the DHA class; the third one, the IHA-OAF Simulator (see
Section 4.4.3), belongs the IHA class.

As preliminary assessment of the techniques and for tuning of
the IHA and DHA simulators, a simple experiment with an isolated
obstacle was run (Section 4.4.4). A more complex scenario (the
mentioned non-Manhattan scenario) was used instead for a deep
test campaign (see Section 4.5).

4.4.1 NoEF Simulator

Figure 4.2 shows the block diagram of the simulation system used to
test the NoEF feedback force that is the baseline scheme (no haptic
cues related to the obstacles).

Let pogs to represent the position of the obstacles and pcg the
position of the aircraft center of gravity. The pilot may perceive the
distance from the obstacles using the visual display (see Figure 4.1).
The pilot force input (Fy), is fed to the haptic device (OD block in
Figure 4.2) to produce the stick deflection §4 (which in this Chapter
is used directly as aircraft elevator control d,). d4 and ) 4 Indicate
that the pilot actually feels the elastic and damping haptic device
response.
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This case represents just a visual aid as long as the haptic feed-
back is only related to the actual stick displacement and to its rate
and it is not related to the environmental constraints.

The NoEF condition presents a constant stiffness stick (to sim-
ulate a fly-by-wire like situation). In the NoEF condition the force
exerted by the haptic device is the same as in the Equation (4.6)
except for Fpa which is set to zero in this condition. The pilot had
the mentioned virtual scenario as the only instrument showing the
virtual buildings from the aircraft center of gravity point of view (see
Figure 4.1). The visual feedback is the same in all the conditions of
the experiment.

Thus, the force felt in NoEF case is given from Equation (4.10):

Fnoer = Fspy (4.10)

Suppose the aircraft is close to an obstacle: as long as Fpq = 0
in the Equation (4.5), no force is directly linked to the the obstacle.
Thus, the pilot will not feel any haptic information about the pres-
ence of the obstacle but he/she will just see it through the visual
display (only in good visibility conditions, i.e. no foggy weather)
while approaching. The only haptic feedback felt by the pilot is
proportional to d4 and 5a produced only from the pilot input force
Ey,.

Figure 4.7 depicts an example of the variables’ history during a
simulation trial.

4.4.2 DHA Simulator

According to the DHA concept, a Direct Haptic Aiding system for
obstacle avoidance should produce a force or a change in stiffness
that helps the pilot directly in achieving the task that, in this case,
is to avoid collisions with the obstacles. Thus, a system that pro-
duces a force which pulls the stick in the same direction the pilot
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Figure 4.7: NoEF simulation example.

should do to avoid the collision, seems appropriate for a DHA con-
trol. As a matter of fact, the obstacle avoidance system described in
[1, 78] works exactly according to this principle. Stiffness variation,
together with force feedback were investigated and found to be able
to provide better results than single stiffness or force feedback [78].
Nevertheless, for the purposes of this comparison, we decided to in-
vestigate and compare force feedback only. A compensator (DHA
block in Figure 4.8) was added to compute the external force to be
felt by the pilot. The Haptic device was controlled as in Equation
(4.6) to behave as a spring-damper system with an additional force
Foa from the y component of Equation 4.9 (remember in fact that
Foa = Fpy).

Figure 4.8 shows the block diagram of the simulation system used
to test the DHA concept.

The pilot may perceive the distance from the obstacles using the
visual display (see Figure 4.1). The same distance is also perceived
via a haptic display through the DHA block that implements the
DHA force and feeds-back the force (Fyy ) which, together with the
pilot force input (F},), is fed to the haptic device (OD block in Figure
4.8) to produce the stick deflection d4. §4 and 4 4 indicate that pilots
actually feels the elastic and damping haptic device response.
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Figure 4.8: DHA-based obstacle avoidance simulator scheme. The
haptic force Fpa deflects the stick inducing a helpful change of the
aircraft trajectory.

Thus, the force felt in DHA case is given from Equation (4.11)
by considering Fpa pua = Fp, of the Equation (4.9):

Fpra = Fspy+ Foapna (4.11)

Suppose the aircraft is close to an obstacle: as long as Foa = Fp,y
in the Equations (4.5) and (4.6), the repulsive force Fp4 generates a
stick motion that deviates, at least partially, the aircraft trajectory
away from the obstacle, thus the pilot has to follow it (being compli-
ant) in order to avoid the collisions. Thus, the pilot will feel a haptic
information about the presence of the obstacle and he/she will see it
through the visual display (when the visibility conditions are good
enough) while approaching. A haptic feedback proportional to 4
and 44 produced from both the pilot input force Fj, and from the
obstacle force Fp, is present as well.

Figure 4.9 depicts an example of the variables’ history during a
simulation trial.
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Figure 4.9: DHA simulation example.

4.4.3 IHA-OAF Simulator

The design of a IHA-inspired obstacle avoidance aid appears complex
since no force sensation is "naturally” generated by coming close to
an obstacle. But, in order to follow the concept that already was
proven to be successful in the gust rejection task, that opposition
to haptic stimuli is a "more natural” pilot reaction with respect to
compliance to stick motion (see Section 2.2), a haptic aid of opposite
sign with respect to the DHA one was designed. This type of aid
would result in a tendency of the aircraft to fly toward the obstacle
instead of flying away from it as in DHA. Thus, in order not to
penalize too much the IHA system and to make it safe, the indirect
force feedback (the same as the direct force feedback of Equations
(4.7)-(4.9) but opposite in sign) was transformed in a shift of the
neutral point of the stick.

This means that only the stick, de facto, would move towards
the obstacle without producing the aircraft to fly against it. For
example, if an obstacle is on the right side, the stick would move to
the right but, if the pilot is not in the loop, the UAV will continue to
fly straight. What happens if the pilot is in the loop? In the same
direction of what Schmidt and Lee think [77], the idea is that when
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the stick moves on one direction, it would be more natural for the
pilot to move it in the opposite side. Going back to the example:
with the obstacle on the right, the neutral point of the stick shifts
to the right, the pilot would feel this movement and perhaps he
naturally would oppose it by moving the stick toward the left (that
is simply moving the stick a little back to the center) performing a
turn on the left that is, in the example, the maneuver to perform to
fly away from the obstacle.

The vanishing of the haptic cue informs the pilot that the obstacle
is far away and not dangerous anymore.

Figure 4.10 shows the block diagram of the simulation system
used to test the IHA concept.

The distance between the obstacles and aircraft center of gravity
may be perceived by the pilot P via the visual display (see Figure
4.1). The same distance is also perceived via haptic display through
the THA block that implements the IHA force and feeds-back the
force Fpa which, together with the pilot force input (F},), is fed to
the haptic device (OD block in Figure 4.10) to produce the stick
deflection 4. The block OD; takes care of producing the effect of
shifting the neutral point of the stick and will be detailed later. d4
and 04 indicate that pilots actually feels the elastic and damping
haptic device response.

Thus, the force felt in IHA case is given from Equation (4.12) by
considering Fpa rma = —Fp, of the Equation (4.9):

Fraua = Fspy+ Foarna (4.12)

Suppose the aircraft is close to an obstacle: as long as in this
case Fpa = —Fp, of the Equations (4.5) and (4.6), a force which
attract the stick neutral point is directly linked to the the obstacles
and the pilot has to oppose it in order to avoid the collisions. In
fact, the shifting of the stick (neutral point) towards the obstacle
makes the pilot to think that he is flying against the obstacle. The
force is immediately felt by the pilot who knows that something has
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Figure 4.10: THA-OAF simulator scheme. The haptic force Fpa
deflects the stick without producing any change to the aircraft tra-
jectory thanks to the effect of the compensating signal dp4.

changed. The pilot should react immediately by opposing to the
stick motion in order to fly away from a possible collision.

Thus, the pilot will feel a haptic information about the presence
of the obstacle and he/she will see it through the visual display (when
the visibility conditions are good enough, i.e. no foggy weather)
while approaching. A haptic feedback proportional to d4 and 4,
produced from both the pilot input force F} and from the obstacle
force Fpa, is present as well.

Figure 4.11 depicts an example of the variables’ history during a
simulation trial.

In other words, the IHA-OAF follows the general IHA concept
described before: it provides to the pilot the information about the
presence of the obstacle on a side of the aircraft but it does not
effect in any way the commands actually sent to the aircraft; this
helps the pilot indirectly by improving his/her SA, that is to let
him/her know that in the remote environment a collision is going
to happen, and leaving him/her the full authority to take control
decisions by changing the direction of the motion of the vehicle.

A mathematical proof of the neutral point shift concept described
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