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Integrating Fly-by-Wire Controls with Perspective
Flight-Path Displays

M. Mulder,* A. R. Veldhuijzen, M. M. van Paassen,* and J. A. Mulder®
Delft University of Technology, 2629 HS Delft, The Netherlands

To further improve the pilot manual tracking performance and to reduce workload while operating with a
perspective flight-path display, the approach has generally been to augment the display with guidance symbology
such as a flight-path predictor. An alternative approach would be to augment the controls. That is, through the
use of fly-by-wire control technology, the aircraft flight controls can be tailored in such a way that they become
compatible with the display. The design and experimental evaluation of two flight control systems to be used in
conjunction with a perspective flight-path display are discussed. The first system aims at automating the innermost
loop of the aircraft attitude, attitude-oriented fly by wire. The second system aims at automating the aircraft
middle loop of flight path as well, namely, flight-path-oriented fly by wire. Both of the designs are evaluated in two
pilot-in-the-loop experiments, one conducted in a fixed-base simulator and one in a moving-base flight simulator.
These experiments confirm that control augmentation can reduce pilot workload considerably, while at the same
time improving path-following performance. The flight-path oriented control augmentation outperforms the other
design, with superior path-following performance achieved with the lowest pilot control activity and workload.
The benefits of the flight-path-oriented flight control systems become more apparent when the difficulty of the pilot

task increases.

Nomenclature
n, = normal acceleration
Xe, Ve t, = lateral, vertical, and total position error, m
Ve = climb angle error, deg
84.,8.. = aileron and elevator control surface deflections, deg
8ag O, = aileron and elevator stick displacements, deg
Sy, = rudder control surface deflection, deg
Sy, = rudder pedal displacement, deg
0,¢ = pitch and roll attitude angle, deg
0,¢ = pitch and roll attitude angle rates, deg/s
Xe = track angle error, deg

Introduction

ERSPECTIVE flight-path displays such as the “tunnel-in-the-

sky” or the “highway-in-the-sky” are widely recognized for
their potential to help pilots manually control their aircraft along
complex curved trajectories.!= By the presentation of the pilot
with the trajectory to follow in an intuitive three-dimensional fash-
ion, while at the same time including the guidance constraints, the
display directly portrays the pilot’s primary aircraft guidance and
control task. Through increasing pilot situation awareness the flight
safety improves, in particular for more complex and, therefore, more
critical operations. As a result, these displays may allow such com-
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plex routings to be issued to pilots, with important potential benefits
for air traffic management and for noise abatement during departure
and approach.'~1°

Although the tunnel display is generally considered to be a great
step forward in terms of presenting the aircraft guidance informa-
tion, the hypothesis that it will truly simplify the pilot’s manual
aircraft control task has yet to be proven. In the 1980s, one of the
main tunnel display pioneers, Arthur J. Grunwald, reported consid-
erable difficulty for pilots in accurately following complex curved
tunnel trajectories* (see also Ref. 2). Based on his experience, such
as with the teleoperation of unmanned aerial vehicles (see Refs. 11
and 12), he decided to augment the display by presenting additional
symbology. Guidance symbols like the flight-path vector (FPV),
showing the instantaneous direction of the aircraft motion with re-
spect to Earth and, in particular, the flight-path predictor (FPP),
showing the aircraft future position a couple of seconds ahead, have
been shown to facilitate the pilot’s task greatly.*>%!3~!8 For the same
reason, integrating flight director-like guidance with the display was
considered.'® In either case, display augmentation effectively closes
the outer loops of the pilot’s guidance task, leaving the pilots with
equivalent dynamics that are relatively simple to control. However,
this approach puts the pilot into a role of a compensatory inner-loop
controller, which can result in considerable levels of pilot workload
and a suboptimal path-following performance.®20:2!

Another, less actively pursued way to improve the performance
of pilots and to decrease workload with the tunnel display is funda-
mentally different. Here, the approach is to use control augmentation
techniques that have become available with the introduction of fly-
by-wire technology.?>~¢ With fly by wire (FBW), the opposite of
display augmentation can be achieved, that is, the inner loops of
the pilot’s guidance task become automatically controlled, leaving
the pilot with the opportunity to manipulate directly aircraft states
higher in the control hierarchy, for instance, the direction of the
aircraft motion.

The goal of this paper is to investigate the advantages of two can-
didate FBW flight control systems (FCS) when used in conjunction
with the tunnel display: attitude-oriented control and flight-path-
oriented control. In the attitude-oriented solution, the pilot control
inputs act as attitude-rate, that is, pitch-rate and roll-rate, commands:
When the pilot control input is zero, the system maintains the instan-
taneous attitude. With the flight-path-oriented system, pilot control
inputs act as flight-path vector rates, that is, climb angle rate and
track angle rate, commands. In other words, the pilot commands the
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aircraft direction of motion relative to the ground. When the control
input is zero, the FCS maintains the selected inertial flight path.
Earlier studies, conducted in the context of simplifying the aircraft
manual control task for general aviation pilots, have shown the po-
tential benefits of the flight-path-oriented FCS, also in conjunction
with a perspective flight-path display.?’~%

In this paper, the discussion focuses on the design and experimen-
tal evaluation of the two control augmentation systems just intro-
duced. It is structured as follows: First, the fundamental differences
between display and control augmentation are discussed, followed
by a description of the main principles in control augmentation.
Second, the control law design and a handling qualities analysis
of the two FCSs evaluated here are described. Third, the results of
two experiments, one conducted in a fixed-base flight simulator and
one in a high-fidelity motion-base simulator will be described. The
first experiment is designed to evaluate the FCS designs experimen-
tally under various levels of task complexity as defined by trajectory
difficulty and atmospheric turbulence intensity.?®3" The second ex-
periment aims at investigating the effects of flight simulator motion
on the performance of the two designs.’!

Display Augmentation and Control Augmentation

In this section, the fundamental differences between display and
control augmentation will be elaborated on. To make these differ-
ences clearer, the discussion is rather broad. A more detailed dis-
cussion of the control augmentation concepts used in the present
study is presented in the next section. Figure 1 shows the two aug-
mentation concepts in relation to the baseline control situation and
forms the starting point of the discussion.

Fundamentals of Display Augmentation

Irrespective of the type of cockpit displays presenting the aircraft
state to the pilot, the main issues that are of concern to the pilot in
the aircraft guidance task are probably those of where am I? and
where am I going? The advantage of electronic displays over their
(electro-)mechanical predecessors is that they can be augmented
with synthetic symbology designed to help pilots in conducting
their tasks in a satisfactory manner.

The synthetic enhancements are generally a form of augmenting
cues, which can be defined as “a perceptual event auxiliary to the
basic display that is used to enhance an important characteristic
of the display.”3? In the past, numerous investigations have been
conducted addressing the usefulness of synthetic symbology in two-
dimensional'!"'*33 and three-dimensional®*%'>!7 aircraft guidance
displays.

disturbances d
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a) Baseline control situation
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b) Display augmentation with FPP
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¢) Control augmentation with FBW

Fig. 1 Three augmentation forms, in simplified form, for control of an
aircraft with a tunnel-in-the-sky display; u, y, and d are pilot control
input, aircraft output, and disturbances (e.g., turbulence) acting on the
aircraft, respectively.

That visually presented augmenting cues have often been shown
to considerably improve human performance is generally explained
using two principles.*? First, a well-designed display augmentation
transforms the task at hand from a computational to a perceptual
task; second, it provides a means of establishing or improving the
compatibility between the display and the operator’s mental model
of the system and the corresponding task.

Another property of display augmentation, unfortunately one that
is less commonly known beyond the control engineering domain,
is that display augmentation effectively changes the equivalent dy-
namics of the control task itself.

This is shown, albeit in a very simplified way, in Fig. 1. In the
baseline situation, Fig. 1a, the aircraft dynamics H,. govern the rela-
tion between the output y and the joint effects of the pilot input « and
the disturbances d acting on the aircraft, thatis, y = H,.(u + d). The
pilot control of the aircraft is based on the aircraft output shown on
the display. When including an FPP symbol on the display (Fig. 1b),
the pilot will alter his control strategy toward controlling this sym-
bol on the display, with the relationship between the pilot control
and the FPP output y used for control given by H,. Hrpp, With Hppp
being the dynamics of the FPP. Hence, with a smart choice of the
predictor dynamics, the equivalent dynamics that are controlled by
the pilot can be modified. That is, the display augmentation dy-
namics can effectively cancel out part of the aircraft dynamics,
reducing the order of control considerably, preferably to a single
integrator over a wide frequency range.>* The important advan-
tages of this principle have been shown in earlier surveys on this
topic.»%1213.17.34 In fact, this augmentation principle also under-
lies the working principle of conventional flight-director guidance
systems.’

In terms of disturbance rejection (i.e., mitigating the effects of the
disturbance d acting on the aircraft), display augmentation is less
suitable. The output y of the FPP will be a joint function of the pilot
input u and the disturbance d, y = H,.(u +d), and the pilot will
have to compensate for all disturbances. Also, in the driving of the
FPP motion on the display, the predictor law depends particularly
heavily on the higher-order states of the aircraft (accelerations and
attitude rates).” !> Hence, when flying through heavy turbulence, this
can result in unacceptably high-frequent motions of the FPP, which
reduces the usefulness of display augmentation considerably.'! 1?16
Filtering the signals suppresses the high-frequency content, but also
adds a lag to the closed-loop system, reducing the phase margin of
the system.

Fundamentals of Control Augmentation

The control augmentation solution to simplify the pilot’s manual
control task is fundamentally different. Here, an FBW control sys-
tem effectively closes one or more of the aircraft feedback loops,
automating parts of the aircraft control considerably (Fig. 1c). The
pilot’s stick input is interpreted by the computer as a command or
reference, and the FBW control law will generate the appropriate
control inputs.

Now, recall the disturbance rejection problem. With FBW, the
output of the aircraft y remains a function of the pilot input u and
the disturbance d acting on the system. However, because the FBW
effectively closes (some of) the aircraft feedback loops, it also auto-
matically reduces the effects of disturbances considerably. Assume
that the FBW dynamics are given by Hggw, then the effective dynam-
ics that the pilotis controlling equal Hggw H,. /(1 + Hppw Hye). Now,
the disturbances still act on the vehicle, but their effect on the aircraft
output y are now governed by the dynamics H,./(1 + Hpgw Hyc)-
Hence, a high bandwidth of the FBW control system yields not only
adesired command/response relationship (y =~ u), but also mitigates
the effects of disturbances acting on the vehicle.

When this seemingly complex problem is reduced to its roots, the
primary advantages of control augmentation vs display augmenta-
tion become clear, and that is the automatic disturbance rejection
conducted by the FBW system. This is the main cause of the sub-
stantial reduction of workload that can be achieved by the control
augmentation, as has been reported in several previous studies.??~>
A detailed analytical, as well as experimental, comparison between
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some of the main display and control augmentation concepts is de-
scribed by Lam et al.**

Control Augmentation Concepts

Two candidate FBW control systems, the attitude-oriented control
and the flight-path-oriented control, are the subject of this study.
These will be compared to the baseline situation of the direct-link,
unaugmented manual flight control. Before the origins of these two
FBW concepts are discussed, the direct-link manual flight control
will be discussed.

Figure 2a shows the baseline manual control of an aircraft in
the task of following a trajectory in space, with the pilot closing
sequentially the loops of attitude (inner loop), flight path (middle
loop), and position (outer loop). The control surface deflections are
directly linked to the pilot stick and rudder pedal displacements. In
a perspective flight-path display, as in any artificial horizon display,
the attitude can be perceived from the translation and rotation of the
horizon line. The position and direction of motion relative to the tun-
nel trajectory is conveyed by the changing tunnel geometry.”-2!33-36
The inner loops serve the outer loops, that is, when the aircraft has to
change its lateral position relative to the tunnel, for example, it must
change its lateral direction of motion, and to achieve this, the aircraft
must bank. Note that, in general, the crucial part of the aircraft flight
dynamics, in terms of the aircraft handling characteristics, appear
in the inner loop, whereas the middle and outer loops are simply the
kinematics.?!

In the unaugmented control situation, this serial, multiloop hi-
erarchical feedback model can effectively describe the pilot con-
trol behavior.”?! Although the aircraft direction of motion can be
inferred from the tunnel motion perspective, the explicit presenta-
tion of the direction of flight through the FPV symbol is known to
improve pilots’ performance considerably.*7-'>16 Unlike the FPP,
however, the FPV does not have any effect on the basic flight con-
trol strategy, which remains essentially the one shown in Fig. 2a
(Ref. 7).

Attitude-Oriented FCSs
With an attitude-oriented FBW system (Fig. 2b), the pilot stick
deflections are interpreted as attitude-rate commands. In the case
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Fig. 2 Three main forms of aircraft control investigated shown here
for the vertical flight dimension.

of no pilot inputs, the FCS maintains the current aircraft attitude,
compensating for disturbances acting on the aircraft. Thus, in com-
parison to the baseline control, the FCS closes the inner loop, and
the pilot closes the middle and outer loops. Hence, with a proper
design of the flight control laws, one can effectively reengineer the
natural aircraft attitude response on stick input, crucial in aircraft
handling characteristics.

A similar rate-command and attitude-hold control law has gained
general acceptance and approval in the A320/330 and 340 fam-
ily of transport aircraft of Airbus Industries in the low-speed
regime.?*~26:37 The advantages are primarily that it results in a reduc-
tion of pilot workload, allows the implementation of flight envelope
protection, and, above all, allows for the development of a family
concept, that is, a range of aircraft that have quite similar handling
characteristics.*%%

Flight-Path-Oriented FCSs

Flight-path oriented FBW systems (Fig. 2c), extend the automa-
tion of the aircraft control task one level higher. Here, pilot stick
deflections are interpreted as flight-path-rate commands. In the case
of no pilot input, the FCS maintains the current aircraft direction of
motion, compensating for disturbances. In comparison to the base-
line controller, the FCS now closes both the inner loop as well as
the middle loop, and the pilot controls only the outer loop, resulting
in a where-to-go command.

Flight-path-oriented control systems are not new. Since the late
1970s, NASA has done pioneering work in the design of decoupled
FCSs and flight-path-rate control systems,?*40=4

In a decoupled FCS, the pilot is provided with independent input
channels for the speed and attitude or flight-path angle. In the base-
line, the pitch attitude and speed are both simultaneously effected
by either pilot thrust or elevator commands. This is probably one of
the more difficult aspects in learning to fly an aircraft. A decoupled
FCS eliminates these cross-links between the pilot’s controls and
the aircraft states, in such a way that the throttle only affects the
speed and the stick only affects the pitch (or the vertical speed, that
is, the climb angle).?*0~%? This simplifies the aircraft control, with
obvious effects for pilot workload and performance.

In the flight-path angle rate command system, the pilot controls
the aircraft velocity vector with respect to Earth.?>*~% This re-
search was used in the design of the longitudinal FCS of the Boeing
7]7 (Ref. 46), as well as other aircraft.”»>> An important outcome
was that to improve pilot performance and reduce the likelihood of
pilot-induced oscillations, not only the true flight-path angle should
be shown on the display but also the commanded FPV. In addi-
tion, the flight-path FCS (and also the attitude-oriented FCS) require
speed and attitude protection because the natural speed stability of
the aircraft is missing.2®

Task-Oriented Control/Display Systems

In the design of a task-oriented control/display concept, the main
task of the pilot, that is, the control of the aircraft motion along a
reference trajectory, is taken as the basis for the design of the display
as well as the controls.?® As stated earlier, the tunnel display can
indeed be characterized as a task-oriented display because it allows
the pilot to control the aircraft through the tunnel directly using
the transformation of the tunnel image. Augmenting the aircraft
with a flight-path oriented FCS would allow pilots to control the
aircraft direction of motion relative to the trajectory directly. This is
characterized as a task-oriented control. It takes little imagination to
hypothesize that the combination of the task-oriented tunnel display,
which intuitively shows the pilots where they are and where they
are going, and a task-oriented automatic FCS, which allows pilots
to control the direction of their locomotion directly, is an extremely
powerful concept.”?® This has indeed been shown in several other
studies that investigated the combination of a perspective flight-
path display with either a flight-path-rate control system’*-3+4748 or
a decoupled control system.?’-28
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FCS Implementation

In this section the implementation of the three control system
concepts of Fig. 2 is discussed, including an assessment of their
handling qualities. The FCS designs were conducted for a Cessna
Citation 500 (Ref. 26). All commonalities in the designs will be
elaborated on first.

Aircraft Model and Common Secondary Control Systems

A detailed nonlinear flight simulation model (level-D) was avail-
able that allowed the FCS designs to be evaluated in a realistic
environment.*

The lateral aircraft flight dynamics were augmented with a yaw
damper to improve the damping of the Dutch roll mode and to
stabilize the unstable spiral mode. The yaw damper provided no turn
coordination; rudder inputs for a coordinated turn were negligibly
small, however.

The vertical aircraft dynamics were augmented with an autothrot-
tle system that kept the aircraft velocity at 150 kn (£5 kn) true air-
speed. All evaluations and experiments described in this paper were
conducted at this speed. Hence, in the control law designs, no gain
scheduling arrangements were applied.

Description of the Control Laws
Conventional, Direct-Link FCS

The conventional control configuration resembled the basic,
unaugmented manual control of the Cessna Citation, Fig. 2a. For
lateral control, the aileron and rudder control surface deflections
8,4, and &, were proportional to the lateral stick deflection §,, and
rudder pedal deflection §,,, respectively. For longitudinal control,
the elevator control surface deflection 8, was proportional to the
vertical stick deflection §,, .

Attitude-Oriented FCS

The attitude-oriented FCS consisted of a pitch-rate command,
pitch-attitude hold controller for longitudinal control (Fig. 3a), and
a roll-rate command, bank-angle hold controller for lateral control
(Fig. 3b). The control system was decoupled: A change in bank
angle required no pilot input to maintain pitch attitude.

Flight-Path-Oriented FCS

The vertical control law was a flight-path-angle rate command,
flight-path-angle hold controller that was based on NASA investiga-
tions similar to those mentioned earlier (Fig. 4a). The control system

[ ; } Tw$
6 Twsw-i-l

a) Pitch-rate command, pitch-attitude hold control law

Y/

(o) —527
TwS +

7

b) Roll-rate command, bank-angle hold control law
Fig. 3 Control laws for attitude-oriented FCS.

Tis+1 JK\

b) Ground-track-rate command, ground-track hold control law
Fig. 4 Control laws for the flight-path-oriented FCS.

was structured as follows: An integrator transforms the flight-path
rate command into a flight-path command signal. Next, a classi-
cal proportional—integral controller provides command following
and error minimization. A feedforward loop would quicken the ini-
tial response of the controller. The pitch and flight-path responses
were damped through a pitch-rate and flight-path-rate feedback, re-
spectively. The control law had two outputs: the elevator deflection
command §,, and the commanded flight-path angle y, to drive the
vertical motion of the FPV command symbol on the display.

The lateral control law was a ground-track angle-rate command,
ground-track angle-hold controller (Fig. 4b). The command loop
was implemented as a pure integrator that provided ease of control
of the ground track angle.?>*° The control law had two outputs: the
bank angle command ¢, that is connected to the roll-rate command,
roll-attitude hold control law (replacing the dashed block marked
with the asterisk in Fig. 3b with ¢., marked similarly in Fig. 4b),
which, in turn, generates the aileron command §,,, as well as the
commanded ground-track angle x. to drive the lateral motion of the
commanded FPV symbol on the display.

Note that as a result of the selection of a ground track rate control
law the pilot must give a constant deflection of the side stick to the
left (right) during left (right) turns, a characteristic that may be quite
unnatural for pilots, unlike the accepted practice in car driving.

Note here that because there is no direct pilot control of the aircraft
attitude, itis the control system that makes the necessary adjustments
to attitude to maintain the commanded flight path. This may result
in significant variations in the aircraft’s attitude without any pilot
input, for example, in turbulence. The lateral controller was limited
to command a bank angle of a maximum of 45 deg.

Some final remarks on the three FCSs are needed for the sake
of completeness. First, side slip is automatically minimized for the
attitude-oriented and flight-path-oriented FCSs. Second, for all three
FCS solutions, the stick gains in the experimental evaluations that
follow were selected on the basis of achieving a compromise be-
tween a high similarity in the initial attitude responses for a stick
displacement and a constant stick force per g (Ref. 26).

Handling Qualities Assessment
Only the handling characteristics of the longitudinal control laws
were taken into account in the control law design cycle because these
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Fig. 5 Results of a handling qualities assessment: ¢, direct link; v, attitude; and m, flight-path FCSs, respectively.

are generally considered to be the most critical.*® Three criteria were
used: the pitch attitude bandwidth’' and flight-path bandwidth>? in
the frequency domain, and Gibson’s dropback criterion® in the time
domain. The results of the assessment for the three FCSs are shown
in Fig. 5.

The bandwidth criteria classify all FCSs as level 1. The drop-
back criterion, which examines the aircraft pitch attitude response
to a vertical stick deflection, is less supportive because none of the
designs is classified as satisfactory. The conventional and the flight-
path oriented FCSs have a dropback that is too large, whereas the
attitude-oriented FCS has a negative dropback that results in a slug-
gish response. The dropback criterion, however, was designed for
military pitch angle tracking tasks that are quite different from the
path-following tasks investigated here and was, therefore, consid-
ered less important.

In summary, the handling-quality assessment did not result in
unambiguous prediction of the performance of the three FCSs.

Experiment 1

The objective of experiment 1 was to compare the two FBW con-
trol augmentation concepts to the unaugmented direct-link FCS in
the task of following a complex curved approach trajectory with a
tunnel-in-the-sky display. The comparison is made on the basis of pi-
lot control activity, tracking performance, and subjective workload.

Method
Apparatus

The experiment was conducted in a fixed-base, part-task flight
simulator. The tunnel display was shown on a 15-in. liquid crystal
display (LCD) approximately 0.80 m in front of the subject. No
other information, such as a navigation display, was provided. The
aircraft was flown by means of an electrohydraulic side stick (two
degrees of freedom, aileron §,, and elevator 6, ) and rudder pedals,
all with normal, passive force characteristics.

Subjects and Instructions to Subjects

Five professional pilots participated in the experiment, with, on
average, 5800 flying hours (Table 1). They were instructed to follow
the trajectory as accurately as possible.

Independent Variables

Three independent variables were varied. First, the three FCSs
as defined earlier were implemented: 1) the direct-link FCS, 2) the
attitude-oriented FCS, and 3) the flight-path-oriented FCS.

The second experimental variable was the complexity of the tra-
jectory toward the runway (Diff). The complexity was defined as
the number of maneuvers per time interval that needed to be con-
ducted, that is, the number of changes in flight-path angle plus the
number of turns times two. Two levels of complexity were used: a
baseline trajectory (8 maneuvers per run) and a complex trajectory
(14 maneuvers per run). Both trajectories are shown in Fig. 6.

The third experimental variable was the atmospheric condition
(Turb). For the stable atmospheric condition, a representative wind
velocity of 8 kn (at 1000 ft) in combination with no turbulence was
chosen. For the turbulent condition, a wind velocity of 15 kn (at
1000 ft) was taken combined with a moderate level of turbulence
(0w, =0.88 m/s) (Ref. 26).

Table 1 Characteristics of pilot subjects

Pilot Age Hours Types of aircraft
Experiments 1 and 2
A 35 1,300 Cessna Citation IT (CC-II)
B 36 4,500 CC-II, Fokker 100, B767
C 36 4,000 CC-II, Fokker 100, B737
D 39 6,375 B767, MD-11
E 63 13,000 CC-II, DC3, DC8, B747-2/3/400
Experiment 2
F 44 7,000 Fokker 100, B767
G 34 5,500 B737
H 29 1,300 CC-I1, B737
I 38 5,800 B737,B777
J 49 9,450 B737, B747-300/400
K 33 3,500 CC-I1, B737
L 39 6,400 B737, MD-11
Experiment Design

A factorial within subjects design was employed, consisting of
12 conditions (3 FCSs x 2 trajectory complexities x 2 atmospheric
conditions). Each pilot flew a total of 96 runs, of which the first 24
were training runs that were not used in the analysis. The runs were
grouped in four blocks of 24 runs, with every block containing all
experiment conditions and randomized differently for every block.

Tunnel-In-The-Sky Display

A generic tunnel-in-the-sky display was used, including in all
cases a green FPV symbol. For the flight-path-oriented FCS, a sec-
ond FPV symbol was presented in yellow, representing the com-
manded flight-path (). and y. in Fig. 4). The tunnel width was fixed
to 50 m.

Aircraft Model

The level-D Cessna Citation 500 aircraft model*® was extended
with a yaw damper and with an autothrottle that kept the aircraft
velocity constant at 150 kn true airspeed. This allowed subjects to
fly the aircraft using only the side stick and rudder pedals. The
aircraft was in an intermediate approach configuration, with 15 deg
of flaps and the landing gear extended.

Atmosphere Model

Significant effects of turbulence models on perceived handling
qualities in simulated flight have been reported in the past.>* Hence,
a fairly sophisticated atmosphere model was used, consisting of an
elementary wind model and a patchy turbulence model using mod-
ified Dryden filters (see Ref. 54). The wind velocity was modeled
using a logarithmic dependency of the wind velocity on the altitude.
The direction of the headwind was constant with an angle of 45 deg
with respect to the localizer. The gust velocities for the turbulent
condition corresponded to the ICAQ definition for moderate.?

Procedure

The pilots had to fly curved approaches to a fictitious airport. Two
tunnel trajectories (Fig. 6) were mirrored relative to the runway
centerline, resulting in two simple and two complex trajectories.
(Note that the wind vector was mirrored as well.) A single run ended
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Fig. 6 Two trajectories flown in experiment 1; flight-path changes, A-D; ———, turns and arrow, wind.

after touching down on the runway, and lasted approximately 5 min.
After each run, the pilot workload was assessed using the NASA task
load index (TLX).> When the entire experiment was finished, the
pilots were asked to complete an extensive questionnaire, in which
pilots were invited to comment on the experimental conditions in a
structured fashion.

Dependent Measures

The dependent measures in the experiment were 1) the path-
following performance, expressed in the root mean square (rms)
of aircraft position errors [lateral x,, vertical v,, and total 7, (=
/(x2 +v?)] and standard deviations (STD) of the flight-path angle
errors x, and y, (all measured relative to the tunnel trajectory);
2) pilot control activity, that is, the STDs of the derivatives of the
pilot side stick deflections (6, and §,, ); 3) the ride comfort expressed
by means of the STD in the normal acceleration n, (the load factor);
and 4) the pilot subjective workload (the TLX ratings).

Hypotheses

The experiment hypotheses follow logically from the experiment
design and from the goals that were set out for this experiment.
First, it is hypothesized that pilot workload and control activity will
be lowest for the flight-path-oriented FCS, irrespective of the other
independent variables and highest for the direct-link control con-
cept. The attitude-oriented FCS is hypothesized to rate in between
the other two systems. Second, it is hypothesized that the addition
of atmospheric turbulence will lead to an increase in control ac-
tivity for the conventional control law, whereas the control activity
for the two FBW control laws is predicted to increase less. Third,
the pilot performance, expressed in trajectory tracking accuracy, is
hypothesized to be best for the flight-path FCS. It is expected that
this will especially be the case for the short-term measure of flight-
path accuracy (climb angle and ground track angle errors) and to
a lesser extend for the longer-term measure (the position errors).
Performance is hypothesized to be least for the direct link, and the
attitude-oriented flight control is expected to rate in between. The
addition of turbulence is expected to deteriorate path-following per-
formance, especially for the flight-path-angle error measures. Again,
these effects are expected to be largest for the direct-link FCS and
smallest for the flight-path oriented FCS.

Results and Discussion
Time Histories

Figure 7 shows some typical time histories of the longitudinal
stick input &, and the flight-path angle y (one pilot, turbulent at-
mosphere, complex trajectory). The difference between the high-
frequency input signals in the unaugmented control case as com-
pared to the sparse and low-frequency input signals for the flight-
path oriented FCS is remarkable, whereas the aircraft flight-path ac-
curately follows the reference flight-path angle in a much smoother
fashion. This is typical for the observed data in the vertical as well
as in the lateral dimension and supports the hypotheses.

Representative data for the path-following performance of pilots,
expressed in the total position error 7,, are shown in Fig. 8 for the
three FCSs. Figure 8 indicates that the position error is generally
smallest for the flight-path FCS, whereas variations are highest in
the unaugmented situation.

Statistical Analysis

The data were analyzed using an analysis of variance (ANOVA),
with pilot (five levels) as a random effect and FCS (three levels),
Turb (two levels) and Diff (two levels) as fixed effects. The results
of this analysis are listed in Table 2, showing the main effects and
the two-way interactions. None of the three-way interactions were
significant. As can be deduced from Table 2, the trajectory difficulty
Diff results in hardly any statistically significant effects. Therefore,
the means and the 95% confidence limits of the dependent measures
are only shown as a function of the FCS and Turb independent
variables (Fig. 9).

Pilot control activity. The control activity was measured in two
ways that were both considered equally suitable for comparing the
different FCSs. First, the STDs of the side stick deflection rates
were taken (8., and §,, for the longitudinal and lateral control activ-
ity, respectively). Second, the number of absolute changes in stick
velocity per second were counted (decnt and dacnt). Note that the
more commonly used variations in the stick deflections themselves
are not very suitable for comparing the different control laws. In
particular, a comparison of the lateral stick deflection §,, is diffi-
cult because with the flight-path-oriented FCS, pilots maintained a
constant lateral stick deflection when making a turn. Therefore, the
stick deflection rates were considered to be more relevant.
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Table 2 Results of full-factorial ANOVA on dependent measures of experiment 1
Control activity Path-following performance
_ _ Inner-loop
Factor Bay Beg dacnt decnt measure 7, Xe Ve t, Xe Ve
Main effects
FCS *ox *ok *ok ok *ok * * *ok *ok *ok
Turb *ok *2 ok *ok *ok *k . * * *ok
Diff o? . . * o o
Two-way interactions
FCS x turb *ok ok o *ok *ok o * ok >k
FCS x diff
Turb x diff *
2%, *, and o, chance levels of p <0.01, 0.01 < p <0.05, and 0.05 < p <0.10, respectively.
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Fig. 8 Time histories of total aircraft position error #, for the three
FCSs.

Highly significant effects were found for the FCS on both the
longitudinal as well as the lateral control activity measures (Sex,
F,3=15.551 and p <0.01; decnt, F, g =40.577 and p <0.01; éas,
F,3=43.449 and p < 0.01; and dacnt, F, g = 88.499 and p < 0.01).
Post hoc analyses [Student Newman—Keuls (SNK), o =0.05] re-
vealed that the differences between the three FCSs were indeed
all significant for all control activity measures. The lowest control
activity was found for the flight-path FCS, followed by the attitude-
oriented FCS, and the highest activity for the direct-link (Fig. 9).
For the highest control activity the results for §,, and dacnt diverged:
The attitude-oriented control law showed the highest control activ-
ity according to dacnt and the conventional control law according to
84, . Apparently, when flying with the attitude-oriented FCS, subjects
made a larger number of control inputs with smaller amplitudes as
compared to the direct-link FCS.

The atmospheric condition Turb significantly affected the pi-
lot longitudinal and lateral control activity (3,,, Fi4+=16.018 and
p=0.016;decnt, F, 4 =70.679and p < 0.01; Sas, F, 4=234.169 and
p <0.01; and dacnt, F; 4 =49.785 and p <0.01). In line with the
hypotheses, the addition of the moderate turbulence led to a strong
increase in control activity, although this was only the case for the
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Fig. 9 Means and 95% confidence limits of main dependent measures of experiment 1 (data for all five subjects); for the three FCSs and the two
turbulence conditions: white, stable atmosphere and gray, turbulent atmosphere; k) normalized TLX workload ratings.

direct-link and attitude-oriented FCS. For the flight-path FCS, a
small decrease in control activity was found (Fig. 9). As hypoth-
esized, the advantages of using more advanced FBW control laws
become more apparent in turbulent atmospheric conditions.

The trajectory difficulty Diff resulted in only marginal effects.
A higher number of longitudinal stick velocity changes are found
(decnt, F;4=9.214 and p =0.039), but this is not accompanied
by a significant increase in Seg. Hence, the more difficult trajectory
resulted in an increasing number of small stick changes. For the
lateral stick deflections, no significant effects were found, except
for a marginal increase in 8,, (Fy 4 =4.611 and p =0.098).

Path-following performance: position. Figure 9 shows that the
flight-path FCS has the best performance in terms of the rms to-
tal, vertical, and horizontal position error, a result that was indeed
significant (¢,, Fp3=17.423, and p <0.01; v,, F,3=4.901 and
p=0.041; and x,, F,3=06.033 and p =0.025). Post hoc analy-
sis (SNK, o =0.05) showed that this effect is only because the
flight-path FCS yielded significantly better performance, whereas
the direct-link FCS and the attitude FCS did not result in a differ-
ence in performance at all. The addition of moderate turbulence
generally led to an increasing position error (., F; 4 =10.812 and
p =0.030; v,, not significant; and x,, F; 4 =33.165 and p <0.01),
but this effect was much smaller for the flight-path FCS, result-
ing in significant FCS x Turb interactions for 7, (£, 3 =4.774 and
p =0.043) and x, (F> 3 =3.868 and p = 0.067). Note, however, that
the absolute size of the differences in position tracking performance
was relatively small (approximately 1.5 m).

Surprisingly, the rms lateral (and total) position errors were
smaller for the complex trajectory as compared to the baseline track
(xes F1.4="7.398 and p =0.053 and ¢,, not significant). This effect
did not depend on the other independent variables. Tentatively, this
can be explained as follows: Whereas in the complex trajectory more
turns had to be made, the turns themselves were smaller (30 deg as
compared to 60 deg). Earlier research showed that flying curved sec-
tions of the trajectory result in a considerably worse performance as

compared to flying straight sections, but only in terms of the lateral
position error x, (Ref. 36).

Path-following performance: flight path. The effect of the in-
dependent variables were stronger for the short-term measures
for path-following performance, x, and y, (Table 2 and Fig. 9).
The tracking performance is superior for the flight-path FCS (y.,
F,5=9.831 and p <0.01 and y,, F,53=120.742 and p <0.01).
For the other two FCSs, adding turbulence deteriorates the flight-
path tracking performance (x., Fi4=15.373 and p=0.017 and
Ve, F14=112.032 and p <0.01), whereas performance with the
flight-path FCS remains largely unaffected by the turbulence con-
dition. This causes the significant FCS x Turb interaction (.,
F,3=13.127 and p <0.01 and y,, F>3=285.879 and p <0.01).
The trajectory difficulty Diff resulted in slightly higher flight-path
angle errors for the complex trajectory for all FCSs, but with only a
marginal significance for y, (F> 3 =7.283 and p =0.054).

Aircraft normal accelerations. The aircraft normal accelera-
tions provide an indication of the ride comfort. The FCS had a highly
significant effect (£, g =322.934 and p < 0.01) and the addition of
moderate turbulence obviously resulted in a strong and highly sig-
nificant increase in the load (F; 4 =6864.310 and p < 0.01). Post
hoc analyses (SNK, o = 0.05) revealed that the differences between
the three FCSs were all significant for the stable atmospheric condi-
tion, with the lowest load factors for the flight-path FCS, followed
by the attitude FCS, and the highest loads for the direct link. For
the turbulent atmospheric condition, however, only the direct-link
FCS showed a significantly higher variance of the load factor, the
differences between the other two FCSs were not significant.

Subjective Workload

In Fig. 9, the normalized TLX ratings (Z scores) are shown.
Workload was rated lowest for the flight-path FCS and highest
for the direct-law FCS. The attitude FCS was in between, repre-
senting a highly significant effect (F, s =109.638 and p <0.01).
When the turbulence is added, the workload increases for all FCSs
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except for the flight-path FCS, resulting in significant effects for
Turb (F;4=325.218 and p <0.01) and the highly significant
FCS x Turb interaction (F,g=25.361 and p <0.01). Post hoc
analyses (SNK, a =0.05) revealed that the workload ratings for
the flight-path FCS are indeed lower than for the other FCSs in all
conditions. These results correlate well with the objective measures
for workload, such as the pilot control activity, as discussed earlier.
No significant differences were found for the trajectory difficulty.

Pilot Questionnaire

After the experimental trials, subjects were asked to complete an
extensive questionnaire. The flight-path FCS was clearly favored by
all pilots and was considered the best match for use in combination
with the tunnel-in-the-sky display. The attitude FCS was considered
the second best. Pilots suggested, however, that with the flight-path
FCS, some visual reference should be presented in the perspective
display showing them where to put the commanded FPV symbol, in
particular during the (interception of) curved parts of the trajectory.
This recommendation has been followed upon in later studies.?**

Conclusions of Experiment 1

It can be concluded that the main advantages of using control
augmentation with the tunnel display can be found in the reduction
of pilot workload. The improvements in path-following performance
are not spectacular, mainly because of the very good performance
thatis already realized with the combination of conventional manual
control with the tunnel-in-the-sky display. Nonetheless, the flight-
path FCS outperforms the other two control systems in all respects.
Path-following performance is superior, with minimal pilot control
activity and pilot workload.

An important result of this study is that it clearly shows the in-
creasing benefits of a flight-path-oriented FCS when metrics for
task difficulty, such as the presence of turbulence and the complex-
ity of the curved approach, increase. In some cases, performance
even improved with the flight-path FCS when task difficulty in-
creased. These results correspond well with the hypotheses and also
with previous research on flight-path FCSs.!423-25:27.28 They clearly
demonstrate the strong potential for the combination of the flight-
path-oriented tunnel-in-the-sky display with a flight-path-oriented
FBW control system, yielding a truly task-oriented pilot interface.

Experiment 2

During the execution of experiment 1, results of a flight test with
a Cessna Citation 2 aircraft showed substantial differences in pilot
path-following performance and workload in tracking straight tun-
nel trajectories as compared to earlier experiments conducted in the
same fixed-base flight simulator.?'-3° Tracking performance during a
straight-in approach was reported a factor of two—three times worse
when conducted in real flight as compared to performance in the
fixed-base simulator, and workload was reported to be much higher
in the flight tests.

These discrepancies raised the question whether results obtained
in fixed-base simulators are indeed representative of (or can be ex-
trapolated to) pilot behavior in real flight. They suggest that the task
of flying a tunnel may be sensitive to simulator fidelity, including
pilot-perceived motion. Extensive tests in the past have outlined
the type of testing facility suitable for many piloting tasks. Tunnel
displays, however, are relatively novel and appropriate methods of
testing them still need to be explored.*! Hence, the goal of experi-
ment 2 was to investigate the impact of simulator motion on pilot
performance and workload with the same three FCSs investigated
in experiment 1.

Method

In the following text, the experimental design will be described.
Because of the great resemblence with experiment 1, mainly the
differences with experiment 1 will be emphasized.

Subjects and Instructions to Subjects

There were 12 professional pilots participating in the experiment,
with on average 5660 flying hours (Table 1). They were instructed
to fly the aircraft through the tunnel as accurately as possible.

Subjects were briefed in detail about all objectives of the experi-
ment, except for one, namely, that our intention was to examine the
effects of flight simulator motion. Rather, pilots were briefed with
the statement that “In this experiment we will be testing different
motion models.” In the experimental trials, care was taken that all
ancillary cues of simulator motion were consistent between runs,
such as performing the motion setup procedure before each run,
even when motion was then turned off at the start of the run from
the control room.*!

Apparatus and Setup

Subjects were seated in the cabin of the SIMONA flight simula-
tor, Delft University’s high-fidelity six-degree-of-freedom motion
simulator. The tunnel display was shown on a 15-in. LCD display
placed 0.80 m in front of the subject. To the side of the tunnel dis-
play, a standard navigation display and engine indication display
were shown. The aircraft was flown through the control column; the
pilots had as yet no rudder pedal at their disposal.

Independent Variables

The experiment had two independent variables. The same three
FCSs were employed as in experiment 1. The second experimental
variable was the flight simulator motion: Motion was either on or
off.

Experiment Design

A factorial within subjects design was employed, consisting of
six conditions (three FCSs x two motion states). All conditions were
run three times, yielding 18 measurement runs.

Tunnel-in-the-Sky Display

The tunnel-in-the-sky display of experiment 1 was used again,
except that now the tunnel width was slightly smaller at 45 m. The
trajectory flown was the baseline trajectory.

Aircraft and Atmosphere Models

The aircraft model as well as the patchy turbulence model were
the same as in experiment 1. However, the intensity of the turbu-
lence was reduced to a lower level, but still represented a moderate
turbulence level.

Procedure

Each pilot flew a total of 24 runs, of which 6 were training runs.
The runs were blocked by FCS, that is, they were run as 3 sets of
(2 + 6). During the training runs the motion was always on. Each run
lasted approximately 5 min. After each run the pilot workload was
assessed using the NASA TLX. After the experiment was finished,
all subjects were asked to complete a pilot questionnaire.

Dependent Measures

The dependent measures in experiment 2 were the same as those
in experiment 1, extended with maneuvering-related variables such
as the aircraft attitude rates 6 and ¢.

Hypotheses

The main experimental hypothesis was that, independent of the
FCS, the presence of motion stimuli helped pilots to better con-
trol their aircraft and, therefore, improve their performance. It was
expected that this positive effect of motion increased when the
level of flight control automation decreased. That is, the advan-
tage of having motion stimuli was hypothesized to be larger for
the direct-link FCS than for the advanced flight-path-oriented FCS.
The reason for this hypothesis is that the motion stimuli are gen-
erally believed to be useful in particular for controlling the aircraft
inner loops, such as attitude and flight path.’®>” With the attitude-
oriented and flight-path-oriented FCSs, the attitude control loop is
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automated, and the relation between the pilot control and the aircraft
attitude response is less direct than in the situation of the direct-link
control.

Results and Discussion
Statistical Analysis

The experimental data were analyzed using ANOVA, with pilot
(12 levels) as a random effect and FCS (3 levels) and motion (2 lev-
els) as fixed effects. The main results, shown in Fig. 10, are listed
in Table 3.

Control activity. The main effects FCS and motion are both
significant for the pilot vertical stick deflections &, (FCS,
F,2»=71204 and p<0.01 and motion, F;;; =15.780 and
p <0.01). The highest variations are measured for the direct-link
FCS and the smallest variations with the flight-path FCS. A post
hoc analysis (SNK, o = 0.05) confirmed the significance. Simulator
motion resulted in higher stick deflection rates, independent of the
FCS (8., F1,11 =14.645 and p <0.01 and 6,,, Fy 11 =11.920 and
p <0.01) (Fig. 10). They were also significantly different for the
three FCSs (6,,, .2 =8.301 and p <0.01 and §,,, F> 2 =19.858
and p < 0.01, then SNK with o = 0.05), with a trend for decreasing
stick rates for the increasing level of automation FCSs.
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Path-following performance. The lateral, total, and vertical po-
sition errors were significantly smaller (SNK, o =0.05) for the
flight-path FCS as compared to the other FCSs, independent of the
simulator motion (x,, F> 2 =6.779 and p < 0.01; v, F5 2, =11.038
and p <0.01 and 7,, F52,=13.181 and p <0.01). The differ-
ences in performance between the other two FCSs were not sig-
nificant. The flight-path performance is best for the flight-path
FCS (x., F22=17.149 and p <0.01 and y,, F>, =11.060 and
p <0.01); performance of the other two FCSs was not different
(SNK, o =0.05). Rather surprisingly, path-following performance
was not affected at all by simulator motion.

Aircraft attitude rates and normal accelerations.  Simulator mo-
tion resulted in higher aircraft attitude rates, an effect with borderline
significance (0, Fy 3 =3.331 and p=0.095 and ¢, F;,; =3.956
and p=0.072) that was stronger for the flight-path FCS. Roll
rate decreased for the attitude-oriented FCS and in particular, for
the flight-path FCS in comparison to the direct-link solution, in-
dependent of the simulator motion (F3 2, =79.447 and p < 0.01).
Pitch rate was smallest for the attitude FCS and about the same
for the other two systems (F,,2 = 54.345 and p < 0.01). The nor-
mal acceleration n, showed effects similar to the pitch rate 6,
except for the significantly higher g levels for the direct-link
FCS.

Table 3 Results of full-factorial ANOVA on dependent measures of experiment 2

Control Inner-loop Path-following
activity measures performance Workload
Factor S,IA SQ 7 ] n; Xe Ve t, Xe Ve z TLX
Main effects
FCS *ok *k *x *x *k *ok *k *k *k ok *ok
Motion *ok ok o? o o
Two-way interaction
FCS x motion ok . o
2xx and o, chance levels of p <0.01 and 0.05 < p <0.10, respectively.
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Fig. 10 Means and 95% confidence limits of main dependent measures of experiment 2 (data for all 12 subjects); for the three FCSs and the flight
simulator motion conditions: white, motion off and gray, motion on; k) normalized workload ratings.



MULDER ET AL. 1273

Subjective Workload

The TLX subscale ratings were all significantly influenced by the
FCS (SNK, o =0.05), with minimal workload for the flight-path
FCS, maximal workload for the direct-link FCS, and the attitude
FCS rating in between. Simulator motion resulted in a significant
increase (p < 0.01) in the mental demand and physical demand sub-
scale ratings only, in particular for the direct-link FCS. The nor-
malized ratings, the Z scores, are shown in Fig. 10. Workload is
smallest for the flight-path FCS and largest for the direct-link FCS,
with the attitude-oriented FCS in between, a significant effect [SNK
(¢ =0.05) and FCS, F, =13.370 and p < 0.01]. The addition of
simulator motion resulted in an increase in pilot workload, an effect
that occurred for all three FCSs, but with only borderline statistical
significance (F 11 =4.684 and p =0.053).

Pilot Questionnaire

By the use of a nine-level progressive scale, the addition of sim-
ulator motion resulted in a statistically significant (F; ;; =6.413
and p =0.018) increase of the perceived realism of the simulation,
independent of the FCS.

Conclusions of Experiment 2

The main trends in the data are found to be very similar to those of
experiment 1. For several reasons, such as the different turbulence
intensity, the slightly smaller tunnel size, and the use of a heavy
control column rather than the light and small side stick, the data
obtained are somewhat different, but the overall main trends did not
change. Again, the superiority is shown of the flight-path oriented
FCS, resulting in the best path-following performance, minimal pilot
corrective action, and the lowest workload.

Independent of the FCS, simulator motion yields higher workload
ratings, higher pilot control deflection rates, higher aircraft attitude
rates, and a significantly higher pilot judgment of the flight simula-
tion realism. Path-following performance was not affected at all by
the simulator motion.

It can be concluded from this experiment that the flight simulator
motion results in a more realistic task environment, in which pi-
lots feel and act on the much more salient motion stimuli from the
aircraft attitude rates and specific forces. The pilot control of the air-
craft inner loops benefits from this information, resulting in a higher
pilot gain for controlling attitude. However, this does not result in
a higher path-following performance, a typical outer loop measure.
Rather, the main result is that it leads to higher levels of pilot work-
load. This supports the earlier findings in flight tests with the tunnel
display, where pilots commented that they had to work much harder
to maintain performance as compared to their experience with the
display in fixed-base simulator trials.?!-3

When flying tunnels in real flight, or, equivalently, in a high-
fidelity motion-based simulator, pilots can much better appreciate
the effects caused by maneuvering through the tunnel on the aircraft
attitude, attitude rates, and accelerations. That is, pilots can better
judge aspects like comfort, flyability, and safety. Hence, tunnels that
can be flown with some effort in a fixed-base, part-task flight simula-
tor might prove to be impossible to fly in a comfortable or even safe
manner when they are flown in real flight. In summary, when pilot
behavior with tunnel displays in fixed-based flight simulators is in-
vestigated, it is recommended that care be taken with any statements
about pilot workload and on the flyability of these trajectories.

Conclusions

The results show that the combination of a tunnel-in-the-sky dis-
play with a flight-path-oriented FCS outperforms other control aug-
mentation solutions. When the task of the pilot becomes more dif-
ficult, for example, due to atmospheric turbulence or an increased
complexity of the reference trajectory, the flight-path-oriented con-
trol/display system yields the best interface solution. That is, in the
unaugmented situation or with attitude-oriented FCSs that are used
in conjunction with the tunnel display, performance deteriorates
considerably and pilot control activity as well as pilot workload in-
crease when the task becomes more difficult. With the use of the

flight-path oriented FCS, these adverse effects are not found at all.
The path-following performance remains the same, as does pilot
workload and control activity. These results are well in line with
the fundamental philosophy behind this work and support the need
for continuing research into control augmentation techniques to be
used in conjunction with perspective flight-path displays.
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