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PREFACE

This document contains papers from a specialists’ meeting entitled "Piloting Vertical Flight
Aircraft: A Conference on Flying Qualities and Human Factors". The conference was co-
sponsored by the American Helicopter Society — San Francisco Bay Chapter, and the NASA
Ames Research Center. It was held January 20-22, 1993 at the Sheraton Hotel Fisherman's
Wharf, San Francisco, California.

Vertical flight aircraft, including helicopters and a variety of Vertical Takeoff and Landing (VTOL)
concepls, place unique requirements on human perception, control, and performance for the
conduct of their design missions. The intent of this conference was to examine, for these
vehicles, advances in: (1) design of flight control systems for ADS-33C standards; @)
assessment of human factors influences of cockpit displays and operational procedures; (3)
development of VTOL design and operational criteria; and (4) development of theoretical
methods or models for predicting pilot-vehicle performance and mission suitability. Recognizing
that human capabilities and limitations form an integral aspect of the operations for these
classes of vehicles, a secondary goal of the conference was to provide an initial venue for
enhanced interaction between human factors and handling qualities specialists.

The conference was divided into five sessions:

Applying and Enhancing Criterfa — papers focusing specifically on developing design or
assessment criteria for these aircraft

Assessing New Technologies — papers that examine the impact of advanced technologies on
the operation of these aircraft

Modeling and Analysis Techniques — papers that present models or designs based on
models of human-vehicle performance

Understanding Visual Cues — papers, primarily from a human performance standpoint,
defining display requirements for these aircraft

Aircraft Applications and Development — papers that discuss piloting aspects of specific
vehicles

Special appreciation is due to the Session Chairpersons, who also doubled as session
organizers: Mr. John Clark, Major Johnnie Ham, Dr. Gareth Padfield, Ms. Sandy Hart, and Mr.
Jim Howlett; their efforts in organizing the program and directing discussion of the papers were
excellent. Likewise, particular appreciation is extended to Mr. Chris Blanken, the conference
General Chairman, for his tireless efforts and superb organization on behalf of the conferencs,
as well as to Administrative Chairman Mr. Robert Stroub and Financial Chairman Mr. Matthew
Whalley, and to the Technical Information Division for preparing and publishing the proceedings
of the meeting.

Dr. J. Victor Lebacqz
Conference Technical Chairperson
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ADS-33C Related Handling Qualities Research
Performed Using the NRC Bell 205 Airborne
Simulator

J.Murray Morgan
Stewart W Baillie

Flight Research Laboratory
Institute for Aerospace Research
National Research Council
Canada

ABSTRACT

Over 10 years ago a project was initiated by the US
Army AVSCOM to update the military helicopter
flying qualities specification” MIL-8501-A. While
not yet complete, the project reached a major mile-
stone in 1989 with the publication of an Airworthi-
ness Design Standard, ADS-33C. The 8501 update
project initially set out to identify critical gaps in the
requisite data base and then proceeded to fill them
using a variety of directed research studies. The
magnitude of the task required that it become an
international effort: appropriate research studies
were conducted in Germany, the UK and Canada as
well as in the USA. Canadian participation was
supported by the Department of National Defence
(DND) through the Chief of Research and Develop-
ment.

Both ground based and in-flight simulation were
used to study the defined areas and the Canadian
Bell 205-A1 variable stability helicopter was used
extensively as one of the primary research tools
available for this effort. This paper reviews the
involvement of the Flight Research Laboratory of
the National Research Council of Canada in the
update project, it describes the various experiments
conducted on the Airborne Simulator, it notes sig-
nificant results obtained and describes ongoing re-
search associated with the project.

Presented at Piloting Vertical Flight Aircraft: A Confercnce on
Flying Qualities and Human Factors,San Francisco, Califomia,
January 1993

INTRODUCTION

For over 20 years, the Flight Research Laboratory
(FRL) of the NRC has operated a Bell 205-Al
helicopter as a full authority fly-by-wire research
aircraft. This aircraft has been used as a fundamental
research tool for flight mechanics research at the
laboratory, simulating a wide range of vehicle types
(including fixed wing and lighter than air aircraft)
but specialising in advanced rotorcraft topics. This
long interest and the resulting expertise in the area
of helicopter flight mechanics led to a natural sym-
biosis between the FRL and the US Army
AVSCOM when it was required to update the US
Military helicopter handling qualities specification,
MIL-8501-A. The 8501 update program was an-
nounced by Key [1] in 1982 and while it has
followed the general outline presented at that time,
it has been affected by various changes in military
emphasis and funding in the intervening years. A
milestone in the process, but by no means the final
one, was the publication of ADS-33C in 1989.

In cooperation with the US Army AVSCOM and
NASA(Ames) the FRL, under the auspices of TTCP
and with support and funding from DND, has been
involved in the 8501 update process from the first.
Not only have piloted experiments using the Bell
205 developed a considerable rotorcraft handling
qualities data base, they have also served a signifi-
cant role in *ground truthing’ the results obtained
from experiments performed in the NASA(Ames)
Vertical Motion Simulator (VMS). In addition to the
independent experiments flown at the FRL, pilots
from the laboratory participated as subjects in vari-

d



ous VMS experiments, thus ensuring a measure of
continuity and direct comparison between the two
facilities. This was felt to be such an important
factor that, to the extent possible, US military and
NASA pilots who had participated in the VMS
experiments were also invited to fly in the FRL
studies.

While the activity spawned by the 8501 update
project provided new direction, purpose and thrust
to the FRL research program on rotorcraft handling
qualities, it was not the beginning of such studies at

this laboratory. Prior to the start of the 8501 update -

project, the most recent area of research had con-
centrated on the use of integrated side-stick control-
lers of various types and in various configurations
(References [2] to [4]). Reference [4] also reports
some initial work on yaw axis response types.

It is important to note the contribution made to this
work by Systems Technology Inc (STI). This com-

pany, as the prime contractor to AVSCOM for 8501

update activities was responsible for the initial VMS
experiments, the philosophical approach to the
structure of the ADS-33C objective criteria and the
introduction of the concept of a Useable Cue Envi-
ronment (UCE), a metric used to describe, numeri-
cally and objectively, flight in Degraded Visual
Environments. The STI principal investigator,
Mr.R.H.Hoh took a full and active part in the design
and execution of the initial bandwidth experiments
at the FRL and cooperated frequently in most of the
remaining studies.

This paper will provide a thorough review of those
portions of the ADS-33C

data base generated using the FRL Airborne Simu-
lator. It will highlight the relationships between
in-flight research and research conducted using
ground based facilities. The specific studies to be
discussed include:

a Control system bandwidth and sensitivity

o Vertical axis dynamics and installed thrust re-
quirements

o Control system disturbance rejection require-
ments

aThe effects of stick dynamics

B Useable Cue Environment (UCE) studies and
flight in a Degraded Visual Environment

& The development of Part 4 flight test manoeu-
vres for use in a normal visual environment

Ongoing experiments concerning Part 4 manoeu-
vres in DVE and the potential of limited authority
attitude SCAS in DVE will also be discussed.

The prime purpose of this paper is to provide a single
reference point for the considerable Canadian con-
tribution to the ADS-33C data base.

THE NRC AIRBORNE SIMULATOR

The Airborne Simulator operated by the FRL (Fig-
ure 1) is an extensively modified Bell 205-A1 single
engine teetering rotor helicopter. It was acquired by
the laboratory in 1969 and had been converted to
the research configuration by early 1972. The modi-
fications to enable this machine to operate in a
fly-by-wire mode were extensive, the most signifi-

cant being:

Figure 1: The IAR Airborne Simulator

oThe normal 205 actuators were replaced by full
authority dual mode (electrical or mechanically
signalled) HR Textron HYDOMAT units.
These actuators have approximately a 10 Hz
bandwidth to small signals and a maximum rate
of 100% per second under ground static condi-
tions.

aThe main rotor stabiliser bar was removed to
improve dynamic response.

o'The swash-plate to horizontal stabiliser linkage
was removed and the stabiliser provided with

oo



its own electrically signalled actuator. The sta-
biliser effectiveness was increased by sealing
the fuselage/stabiliser gap with a faired-in plane
surface.

o The pilot in command station was moved to the
left side of the cockpit and the right station
provided with a force feed-back control loading
system with which to signal the flight comput-
ers. This system was provided with its own
hydraulic system independent of the primary
aircraft controls.

o A nose boom was added to carry airflow direc-
tion vanes and a swivelling static pressure sen-
SOT.

Fly-by-Wire System. The fly-by-wire (FBW) sys-
tem in this aircraft is controlled by a hybrid digi-
tal/analogue general purpose computing system.
This has been updated over the years to reflect
changing computing technologies: it has changed in
nature from a primarily analogue system to one in
which all control functions are performed digitally,
the analogue section being relegated to one or two
display filtering or general purpose signal scaling
functions.

The computer system reads a comprehensive suite
of aircraft state sensors, the evaluation pilots control
inputs (both primary inceptors and ancillary controls
as required) and directly controls actuator com-
mands and cockpit displays. Since very few con-
straints are placed on the control system logic and
architecture, the project engineer has complete free-
dom in the design of feed-forward and feedback
loops to attain the vehicle dynamics desired for a
particular program

Safety of Flight Issues. The Bell 205 FBW system
is both single string and experimental and therefore
does not have adequate reliability to be permitted
full time control of the aircraft. For safety of flight
reasons, the aircraft operation revolves around a
safety pilot. The safety pilot always remains in
contact with all flight controls, even when an evalu-
ator is in control of the vehicle. In the event of a
system malfunction, the safety pilot has several
methods available to him of disengaging the FBW
system and reasserting full control of the aircraft.
To assist the safety pilot there is a hardware moni-
toring system which will trip the FBW system in the

event of power supply or hydraulic pressure failures
and software monitoring of sensor consistency is
also employed. The inherent 150 to 180 ms lags in
the Bell 205 teetering rotor response coupled with
over twenty years of experience in the aircraft make
this approach to safety satisfactory for operations
throughout the flight envelope and into the NOE
environment. The experience of the laboratory in
this aircraft indicates that there is greater danger
from an evaluation pilot attempting to fly a poor
model close to the ground than from any hardware
or software errors that have ever been seen.

Performance and Limitations. The simulation
flight performance envelope of an in-flight simula-
tor is obviously subject to the performance limita-
tions of the host aircraft, but the quality of the FBW
system will determine the proportion of the overall
flight envelope which is available to the experi-
menter. The FRL Bell 205 is routinely flown in the
FBW mode throughout the entire envelope. Within
the normal regime, the performance of the flight
control systems depends primarily on available con-
trol power and inherent lags. By using fairly simple
techniques to produce a compound feed-back signal
comprising the aircraft’s response at low frequency
and that of a lag free model at high frequency, the
effects of the natural aircraft lags can be nullified
(See Figure 2), leaving the ultimate limitations on
the dynamics available for a given experiment to
those of control power versus the excitation of
undesirable structural modes. The limited control
power of a teetering rotor system plus the potential
excitation of a fuselage/transmission oscillation (the
Bell 205 mast rocking mode) limit the achievable
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control bandwidths of the Airborne simulator to
about 3.5 rad/sec laterally and 2.4 rad/sec in pitch.
Yaw bandwidths of just over 2.5 rad/sec are also
achievable.

A more complete, though somewhat dated in detail,
description of the Airborne Simulator may be found
at Reference [5].

RELATIONSHIPS BETWEEN
IN-FLIGHT AND GROUND BASED
SIMULATION

By its very nature, in-flight simulation is a difficult,
costly and (compared to ground based simulation)
of limited scope. The principle limitations to in-
flight simulation arise from the nature of the task
itself.

Without installing additional force and moment gen-
erators, the implementation of simulator models is
restricted to those degrees of freedom over which
the host aircraft offers direct control. The experi-
menter has to accept the aircraft’s natural responses
in the remaining freedoms. In the case of the FRL
Airborne Simulator, it is impossible to modify the
linear X and Y characteristics of the raw 205.

Secondly, since the evaluation is conducted in the
real atmosphere, it is necessary to accept whatever
disturbances exist at the time of flight. To an extent
this problem can be overcome by choosing to fly
only in very calm conditions and applying a known
disturbing signal. While this is done for specific
experiments which demand either no disturbances
or a well understood disturbance pattern, it is far too
restrictive a procedure for common use. The avail-
able research time would be very seriously depleted.

The final major limitation to in-flight simulation is
the uncertainty which always exists regarding the
nature of the plant under control and the current state
of the host vehicle. What this means in practice is
that, although quite precise design methods may be
used to develop gain matrices for candidate control
systems, the final outcome has to be identified by
analysis of the vehicles’s responses to a known
exciting function. This is often an iterative process
during the development stage of any study, consist-

ing of control system design, measurement, adjust-
ment and re-measurement.

The experimenter using ground based machines, on
the other hand, has complete control over his model
systems and the computed environment. However,
he faces severe limitations on pilot cuing due to
imperfect visual and motion systems, computer
throughput times and other artifacts of the full
simulation process. These deficiencies are very pro-
nounced in the case of the helicopter simulations. It
is generally accepted that helicopter pilots use very
fine visual cues when operating at low speed near
the surface, but whether these cues are primarily
textural or kinematic is not well understood, nor are
the mechanisms the brain uses to interpret them. To
date it has not been possible to produce adequate
visual cues for high precision tasks on any computer
generated imaging system that this author has seen.

It is worth also considering another factor, the
psychology of the pilot. In ground based simulation
the pilot knows, albeit subconsciously, that he is
ultimately not at risk whereas in the air that is not
true: this may well have an effect on both the level
of aggressiveness he is prepared to use in flying the
tasks and the quality of control system he is prepared
to accept.

By and large, experience has shown that handling
qualities trends taken from ground based simulation
are valid, but that the absolute values of the ratings
achieved are sometimes not. Results from ground
based simulation often tend to be conservative and
this point will be emphasised later.

The remarks above suggest a natural complemen-
tary relationship between data from ground based
and in-flight research. Although large matrix ex-
periments can be conducted with relative ease in a
ground based simulator, the results need to be
examined closely for their validity due to lack of
fidelity in the pilot’s environment. In contrast, the
smaller matrix experiments which lend themselves
tg in-flight testing have the advantage that the visual
and motion cues are full scale and coherent, yet
suffer from a range of uncertainties in implementa-
tion which are not a factor in ground based studies.
It also follows that the in-flight simulator has a

significant role in fundamental handling qualities



research both in its own right and in the important
task of anchoring data from ground based experi-
ments into the actual flight regime. It is in this role
that the FRL Airborne Simulator was first employed
in support of the ADS-33C data base generation.

BANDWIDTH AND RESPONSE TYPE
EXPERIMENT

This was the first formal experiment designed to
generate a data base for ADS-33C performed on the
Airborne Simulator; it was also the largest single
study carried out in this program.

A 1984 experiment conducted in VMS (Reference
[6]) used bandwidth and response type as major
variables, and it was desired to validate these studies
in actual flight. A total of 14 control systems were
programmed into the Airborne Simulator, repre-
senting Rate, Rate Command/Attitude Hold and
Attitude Command response types. The responses
with respect to attitude were tailored to provide
bandwidths over the ranges 0.85 to 2.7 rad/sec in
pitch and 1.0 to 3.1 rad/sec in roll. It has been
argued that these bandwidths are inadequate to
represent modern rotor systems, however during the
development of ADS-33C criteria the critical mini-
mum bandwidths for the vast majority of tasks were
determined to be within these ranges. The control
system architecture was identical to that used in
VMS and a similar set of tasks was used.

Since this study followed recent FRL work in the
area of integrated side-stick control, the opportunity
was taken to fly the experiment using both conven-
tional controllers (cyclic and collective levers with
yaw pedals) and a four function integrated side-
stick. The experiment was initially reported in Ref-
erence {7], while the same data with a rather deeper
analysis is to be found at Reference [8].

This experiment served as the foundation for the
small amplitude manoeuvre bandwidth criteria to be
found in ADS-33C and served in measure to define
the response type requirements in the same docu-
ment, at least for operations in normal visual con-
ditions. It also emphasised the relationship between
ground based and in-flight simulation regarding the
need to relate data from ground based experiments
to those conducted in actual flight. Figures (3 and

4), which have appeared in several publications,
show that in flight, not only were the spreads of pilot
ratings less than in VMS, indicating greater pilot
confidence in their ability to evaluate the systems,
but that the bandwidth requirements to obtain Level
1 handling qualities were lower by up to 3 rad/sec.
This is most noticeable in the plot relating to the
evaluation of attitude response types. The implica-
tions of the significantly lower bandwidth require-
ments are very far reaching. Bandwidth costs
money, weight, structural stiffness and control sys-
tem complexity.
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VERTICAL AXIS REQUIREMENTS

Two experiments in the 8501 update project concen-
trated on vertical axis requirements. The initial
study concentrated on variations in heave damping
and collective sensitivity (Reference [9]) while the
second also considered the effects of thrust to weight
ratio and the effects of engine/governor dynamics
(Reference [10]). A more detailed analysis of data
from these experiments can be found in Reference

[11].

Again, following work already performed in VMS,
these experiments were concerned with a topic
already examined on the ground. The aircraft was
configured with nominal pitch, roll and yaw control
and airframe dynamics while the effective heave
damping (Zw), maximum thrust to weight ratio
(T/W) and engine/governor/rotor dynamics pa-
rameters were varied.

Handling qualities ratings (HQR) of models which
varied in Zw and T/W showed that, in the airborne

experiment, pilots were once again more tolerant of _
values which tended to degrade handling qualities

than they were in VMS, however, the trends were
the same. Figure (5), taken from Reference (10)
demonstrates this point.
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Figure 5: Suggested T/W v Zw Boundaries Ground
and Flight

Led by the work of Corliss{12] and Hindson[13],
typical engine/governor/rotor dynamic models were

also evaluated on the Airborne Simulator. The sen-
sitivity of HQR to torque monitoring workload
became quite clear in this experiment. Analysis of
the engine/governor/rotor models using the same
criteria as those used by previous experimenters
showed a significant discrepancy in predicted versus
actual HQRs. Our own attempts to quantify a han-
dling qualities boundary based on parameters re-
lated to the engine governor/rotor system dynamics
was able to describe our observed trends in handling
qualities ratings but overall the criterion was less
than satisfactory. The authors of ADS-33C were
able to coalesce handling qualities data from a
variety of sources to develop an equivalent systems
approach to defining the a more "satisfying" torque
dynamics boundary. Each set of data, from VMS,
the NASA CH-47 and the FRL 205 highlighted
different areas of concern regarding the dynamics
of torque in rotorcraft operations and all were
reflected in the final specification.

FLIGHT IN DEGRADED VISUAL
ENVIRONMENTS

It has long been recognised, if informally, that the
helicopter pilot, unlike his fixed wing couriterpart,
has to operate for prolonged periods in visual con-
ditions that are neither of the two traditional desig-
nations VMC or IMC. Whether it be night, fog,
precipitation, dust, sand or snow, his problems are
compounded in several ways, particularly in NOE
flight. The task of stabilising today’s helicopters
when visual references are poor is known to be both
difficult and dangerous. Every year the flight safety
publications contain several reports of loss of con-
trol or inadvertent ground strike accidents caused by
prolonged or inadvertent operations in such condi-
tions. It has become important to the military phi-
losophy that NOE operations should be possible
under almost all conditions and within an acceptable
risk envelope.

To facilitate the design of helicopters for which
protracted operations in a degraded visual environ-
ment is a practical reality, it was necessary to
examine the requirements for such flight. Following
early work by Hoh [14], which resulted in the
postulation of a system to quantify the level of visual
cuing that the pilot had at his disposal from all
sources, termed a useable cue environment rating
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(UCE), experiments were performed in the Air-
borne Simulator to continue the research and further
refine the concept. Since the primary concept of the
UCE work was that the pilot stabilises the rotorcraft
based on the full set of cues available to him, it was
predicated that a degradation in the UCE was similar
to a reduction in gains in or the order of a closed
loop stabilisation system. To maintain overall sys-
tem stability as the cue environment degrades, the
obvious step is to augment the stability of the plant
which the pilot is required to stabilise, in this case
the uncommanded rotorcraft.

With this concept in mind a variety of configurations
were developed for the Bell 205 ranging from the
raw vehicle to a highly augmented vehicle possess-
ing Translational Rate Command/Position Hold
with Yaw Rate Command and Height Hold control
systems (TRC/PH/HH). Night Vision Goggles,
used in conjunction with day training filters and
focus adjustments, were used to degrade the visual
environment in which the pilot had to operate as
were goggles with liquid crystal foggable lenses.

The handling qualities evaluations of a variety of
low level tasks (Summarised in Figures 6 and 7)
confirmed the tradeoff between uncommanded ve-
hicle stabilisation and UCE. While rate response
models were able to provide Level 1 handling
qualities in good visual conditions (UCE=1), only
highly augmented configurations such as ACAH or
TRC/PH/HH were able to produce the same results
in degraded visual environments (UCE 2 or 3). A
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description of this study may be found at Reference

[15].

Unlike previous examples mentioned in this paper,
ground based simulation followed rather than led
in-flight experimentation in this area. The associated
VMS experiment (Reference [16]) corroborated the
basic findings of the FRL study and was able to
confirm some conclusions drawn from, but not fully
justified by, the in-flight work. ADS-33C incorpo-
rates the UCE - augmentation tradeoff as the cor-
nerstone for the entire handling qualities
specification.
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CONTROL SYSTEM DISTURBANCE
REJECTION QUALITIES

In 1989 it became apparent that further in-flight data
were required to confirm the bandwidth and, more
importantly, the phase delay (rp) boundaries postu-
lated after our previous experiments. There was a.
particular concern that the values of rp permitted for

both Level 1 and level 2 boundaries were too high.

Therefore, a second control bandwidth experiment
was performed using the Airborne Simulator (Ref-

erences [17] and [18]). This differed from the first
studies in that the elements of pilot selectable "op-

timum" sensitivity and the disturbance rejection

characteristics of the control systems were consid-

ered in the evaluation matrix.

The previously determined bandwidth and phase
delay handling qualities boundaries were confirmed



by the evaluation data gathered during this study and
so this area will not be discussed further. On the
other hand, the novel feature of considering distur-
bance rejection capability as a rotorcraft handling
qualities determinant should receive further atten-
tion.

It is clear that a closed loop control system with
specific bandwidth and phase delay characteristics
can be produced by numerous combinations of
forward path shaping and state error feedback, but
that only the state error feedback loops will augment
the vehicles disturbance rejection capability. The
tradeoff between forward path manipulation and
feedback can make a considerable difference to the
control system design, especially when failure tol-
erance is considered, therefore the definition of a
minimum level of disturbance rejection (conversely,
a maximum response to defined disturbances) is
desirable.

The handling qualities evaluations of disturbance
rejection capability were conducted using a matrix
of 24 control systems using different levels of feed
forward and feedback to accomplish specific band-
width and phase delay design constraints. To ensure
that all systems were subjected to the same distur-
bance environment, the evaluations were performed
in calm ambient conditions, the disturbances being
provided by the superimposition of a time series of
actuator commands on the control system control
path.
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Figure 8: Model Responses to Disturbing Signal
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The disturbance signal used had been developed by
recording the motions of the unaugmented Bell 205
in a steady hover in very heavy turbulence - the lee
side of a large obstruction in a strong wind. The
aircraft response traces were processed through an
inverse mathematical model of the Bell 205 to yield
actuator commands which would produce similar
motions. When empirically scaled and filtered, the
data trace produced a "turbulence model’ considered
to be the most realistic ever flown at the NRC.The
responses of the subject models as well as the raw
205 to this disturbing signal is shown at Figure 8.

The result of this preliminary study was an envelope
of attitude perturbations against frequency (Figure
9) which, for an otherwise Level 1 aircraft, seemed
to cause degradation of its handling qualities to the
Level 2 area. It is felt that further work in this area
could be fruitful. A detailed documentation of this
study can be found at Reference [19].
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Figure 9: Suggested Disturbance Rejection Boundary

STICK DYNAMICS STUDIES

The ADS-33C bandwidth criteria section states that

‘bandwidth should be measured from the transfer

function relating the force applied to a given control
to the aircraft attitude, but there have been sugges-
tions that this is not necessarily correct for large
displacement controls. In particular, research in the
fixed wing world (Reference [20]) has suggested
that a pilot can compensate more readily for control
response lags due to the dynamics of a particular
controller than he can for those due to forward path



signal manipulation. This particular result might be
expected since the pilot can form a neuro-muscular
closed loop control system around the parameters of
stick force and position, thus reducing their overall
effect while the pilot has no feedback parameter
available regarding forward path computational lags
except for the final aircraft response.

The experiment performed at FRL on this subject
revolved around the evaluation of helicopter han-
dling qualities when the aircraft was controlled
through a cyclic controller which had a variety of
dynamic characteristics. The cyclic dynamics evalu-
ated could be grouped into two types, one in which
frequency domain characteristics were varied by the
choice of physical model parameters, and one hav-
ing different physical characteristics while main-
taining constant natural frequencies and
damping. Unfortunately, the evaluations of the latter
group were less than satisfactory due to deficiencies
in the Airborne Simulator control loading system.

Results from this study confirmed that pilots are
very tolerant of low bandwidth displacement con-
trollers; the results also permitted boundaries for
controller design to be postulated based on natural
frequency and damping (Figure 9). The evaluation
data gathered during this experiment also suggests
that the control bandwidth criteria in ADS-33C
should be measured from stick displacement rather
than applied force, especially if the cyclic stick is of
rather low natural frequency. A full description of
the experiment can be found at Reference [21].
Numerous other studies on rotorcraft handling

2 Damping Ratlo

178 7 ’.‘ ..........
1.6 IACCEPTABLE ? - - 10 PUotA.. .| ]
1.:: w & ¥ AcCEPTABLE .
a4 23 .
i Z 28 2.0 °
0.78 1.' Y / :ﬂ z?a : s
0.28 a iz 3 i3 a3
% s v w2 2

Natural Frequency

Figure 10: Suggest Cyclic Stick Dynamics Boundary

qualities variations due to control feel system dy-
namics have taken place in the last few years and a
good survey of recent work can be found in Refer-
ence [22].

It is clear that the subject of how a pilot interacts
with his vehicles control feel system dynamics has
yet to be fully understood. With this in mind, work
is currently in progress at FRL to replace the
analogue control loading system in the Bell 205 with
a more consistently repeatable digitally based sys-
tem. When this system becomes operational, further
studies in this area will be undertaken.

ADS-33C MANOEUVRES FOR PART 4

Although it was intended that the use of ADS-33C
should rely heavily on the objective open loop
criteria to be found in Part 3 of the document,
specific flight test manoeuvres were written into
Part 4 to supplement the objective criteria. These
manoeuvres were designed to reveal handling quali-
ties deficiencies that might be otherwise missed but
were intended to be used for piloted checks of a
candidate aircraft in a *quick look’ form of evalu-
ation. When exercises were undertaken to evaluate
the use of ADS-33C by flying existing aircraft
against the criteria, the manoeuvres assumed a
greater importance than was the original intention
with evaluators wishing to apply them as aircraft
acceptance criteria in their own right. This use of
the manoeuvres required a further project at the
FRL, to define the manoeuvres in a sufficiently
rigorous way so that they could be used to evaluate
handling qualities almost in lieu of the Part 3 crite-
ria.

There were several significant constraints imposed
on the manoeuvre designs by the US Army authori-
ties, particularly:

o flight test costs should be kept as low as possible
which implies very little special equipment
could be required;

aperformance limits should be such that achieve-
ment of them, or otherwise, should be readily
obvious to the pilot or an external observer and;

athe manoeuvres should be applicable to any
type of helicopter without significant changes.
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While these constraints may seem trivial, in many
ways they are not: the last constraint in particular
legislates against using, for example, marked
ground courses with target speed gates for the
acceleration/stop manoeuvre as has been the stand-
ard practice at FRL for many years.

To insure that the intent of the Part 3 criteria would
be met by the piloted evaluation of Part 4 manoeu-
vres only (that is, the manoeuvres should enable a
pilot to distinguish between Levels 1,2 and 3 sys-
tems as defined in Part 3), the process of designing
the manoeuvres had to include the evaluation of
control systems which would pass and fail the
criteria of Part 3. For this purpose, three control
system models were incorporated in the Airborne
Simulator. One of these was on the putative Level
1/Level 2 boundary, one well into the Level 2 region
and the third just inside the Level 3 boundary. The
evaluation pilots were asked to produce handling
qualities ratings for each vehicle/manoeuvre combi-
nation and manoeuvres were varied to obtain a good
correlation between pilot ratings and the system
design handling qualities predictions. The necessity
of producing models which would offer a range of
handling qualities and the ability to record pilot
performance numerically were the factors that leg-
islated the use of the Airborne Simulator for this
exercise, rather than an aircraft with greater per-
formance capabilities.

The most difficult types of manoeuvre to design
were those for which the aim was to determine
handling qualities, but in which aircraft perform-
ance was a significant factor. An excellent example
of this is the accelerate/stop manoeuvre. Tradition-
ally the task has been defined at FRL by setting out
a ground course marked by a start point, a 'gate’
and an end zone and defining the task thus:

Establish a 10 foot hover at the start point, acceler-
ate to achieve 40 ket groundspeed at the gate and
return to the hover inside the end zone markers.
Desired performance shall be + 10 feet laterally, +10
Seet vertically, +10 degrees in heading and 2 knots
at the gate. Adequate.....

For the evaluation of the Bell 205 models this
defined manoeuvre was quite acceptable and the
combination of speed and distance targets ensured

that the pilot had to fly in a very aggressive manner.
If, however, the test vehicle were not a Bell 205 but,
say an Apache, these limits would not represent the
same proportion of the aircraft’s capability as they
do with the Bell 205. The task would become too
easy because of the performance margins the pilot
had available to him. To make the task aircraft
independent clearly requires a different approach to
the manoeuvre. The final definition of this example
task became, somewhat abbreviated.

Starting from a stabilised hover, rapidly increase
power to approximately maximum and maintain
altitude constant with pitch attitude. Hold collective
constant during acceleration to an airspeed of 50
knots. Upon reaching the target airspeed, initiate a
deceleration by aggressively reducing power and
holding altitude constant with pitch attitude. The
peak pitch attitude should occur just before reaching
the final stabilised hover.

Desired Performance

Complete the manoeuvre over the reference point at
the end of the course. The longitudinal tolerance is
plus zero, minus a distance equal to one half the
overall length of the helicopter (positive forward)

Maintain altitude below 50 feet.
Maintain lateral track within +10 feet.
Maintain heading within +10 degrees.

Achieve at least 95% of either maximum continuous
power or the maximum transient limit, whichever is
greater, within 1.5 seconds from initiation of the
manoeuvre. If 95% power results in pitch attitudes
that are deemed to be objectionable, use the maxi-
mum nose down pitch attitude that is felt to be
acceptable. This pitch attitude will be considered as
a limit of the operational flight envelope.

The power should be decreased to full down collec-
tive within 3 seconds to initiate the deceleration.
Significant increases in power are not allowed until
Jjust before the stabilised hover.

12



The pitch attitude during the deceleration should be
at least 30 degrees nose-up above the hover attitude,
and should occur shortly before hover.

The rotor RPM shall remain within the limits of the
Operational Flight Envelope without undue pilot
compensation.

The greatly increased complexity in the second
definition serves to produce a script which is easily
interpreted by the pilot and gives him, or his ob-
server, clear guidance as to whether the desired
performance limits have been met. It meets the
constraints on the manoeuvres mentioned initially,
requiring no specific flight test instrumentation and
being aircraft type independent. However, such a
complex description of what is essentially a very
simple piloting task raises questions as to the under-
standability of the definition and whether it would
be interpreted by the pilot in such a way as to meet
the intentions of the guide. This was checked by
asking pilots who had not been party to the devel-
opment process to fly the tasks, using only the draft
definitions as a brief. This final stage in task devel-
opment resulted in only minor changes in wording
or emphasis.

This kind of re-working of task descriptions was
necessary for most of the manoeuvres in ADS-33C
Part 4 requiring large changes in attitude and power
since these are the areas where individual aircraft
capabilities are the most predominant.

The manoeuvre re-definition exercise was com-
pleted at FRL in two sessions in 1991, with the
participation of US Army pilots from AQTD and
was reported in Reference [23].

ONGOING RELATED STUDIES

The cooperative studies in support of ADS-33C at
the FRL are continuing. Currently the laboratory is
in the preparatory stage of a study on the potential
benefits of modifying the typical rate feedback SAS
found in current helicopters (eg, Bell 412,Black-
hawk) to provide a limited authority attitude com-
mand mode to assist the pilot during operations in
degraded visual environments. Again, this is a study
which will complement a VMS experiment by re-
peating the evaluations of selected configurations in

the cue rich environment of actual flight. The soft-
ware development stage of this project is currently
nearing completion and it is anticipated that piloted
evaluations will commence early in February 1993.

In the longer term, the NRC is in the process of
purchasing a replacement airframe to carry on the
process of in-flight simulation. The decision to make
this major capital investment was driven primarily
by our acknowledgement that the agility of a teeter-
ing rotor helicopter will always be limited to levels
far below those obtainable in most current helicop-
ters and that it will be necessary to address that
factor if the laboratory is to maintain the ability to
conduct world class research in the area of helicop-
ter flight dynamics.

The new aircraft, a Bell 412, is expected to be
received at the laboratory in the late spring of 1993
and will be designated the Advanced Systems Re-
search Aircraft (ASRA). It is anticipated that some
18 months will be required to convert the aircraft to
a fly-by-wire capability, a process that will be
primarily conducted in-house with the use of outside
contractor assistance where necessary. The ASRA
will be the fourth generation FBW helicopter at the
FRL and will continue a nearly thirty year tradition
of in-flight simulation activity with a machine capa-
ble of carrying out manoeuvres more appropriate to
helicopters of the next decade.

CONCLUSIONS

The National Research Council’s Airborne Simula-
tor has played a large role in developing the data
base against which the frequency domain criteria
and the flight test manoeuvres incorporated in ADS-
33C have been written. It has, as a part of this
project, again highlighted the complementary nature
of ground based and in-flight simulation, indicating
that there would be quite severe cost and technologi-
cal risk in specifying or designing radically new
helicopters using data acquired purely from either
source, ground-based simulation or in-flight simu-
lation. As shown in this report, there have been
occasions during the production of ADS-33C when
data from several sources was necessary to formu-
late a given criterion.
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The FRL, through its connection with TTCP, has
renewed its intentions to continue its participation
in the international effort in support of handling
qualities criteria development and update.
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ABSTRACT

The philosophy and structure of the proposed U.S.
Military Specification for Handling Qualities
Requirements for Military Rotorcraft, MIL-H-8501B,
are presented with emphasis on shipboard terminal
operations. The impact of current and future naval
operational requirements on the selection of
appropriate combinations of basic vehicle dynamics
and usable cue enviromment are identified. An
example ‘"walk through" of MIL-H-8501B is
conducted from task identification to determination
of stability and control requirements. For selected
basic vehicle dynamics, criteria as a function of

input/response ~ magnitude are  presented.
Additionally, rotorcraft design  development
implications are discussed.

NOMENCLATURE

OFE - Operational Flight Envelope. The boundaries
within which the rotorcraft must be capable of
operating in order to accomplish the mission.

SFE - Service Flight Envelope. Boundaries defined
by aircraft limits as distinguished from mission
requirements.

MTE - Mission-Task-Element. An element of a
mission that can be treated as a handling qualities
task.

H/LS - Hover/Low Speed. Ground speeds from 0 to
45 knots.

F/F - Forward Flight. Ground speeds 45 knots and
above.

Presented at Piloting Vertical Flighf Aircraft: A
Conference on Flying Qualitics and Human Factors,
San Francisco, California, 1993.

PRECEDING PAGE BLANK NOT FILMED

UCE - Usable Cue Environment. The cue
environment defined by the mission visual
environment including both Outside world Visual
Conditions (OVC) and the available displays and
vision aids.

VMC - Visual Meteorological Conditions.

IMC - Instrument Meteorological Conditions.
Meteorological conditions which require operation of
the rotorcraft solely with reference to flight
instruments. Occurs when rotorcraft is clear of all
obstacles.

IFR - Instrument Flight Rules. Standard procedures
which generally apply in IMC.

Near Earth Operations - Operations sufficiently close
to the ground or fixed objects on the ground, or near
water and in the vicinity of ships, etc., that near-field
navigation is primarily accomplished with reference
to outside objects.

Response-Type - The basic shape of the response in
terms of dynamic parameters.

1.0 INTRODUCTION

The proposed U.S. Military Specification for
Handling Qualities Requirements for Military
Rotorcraft, MIL-H-8501B (reference 1), represents a
radical new approach to the specification of air
vehicle flying qualities. For the first time, flying
qualities criteria are explicitly specified as a function
of both flight task and usable cue environments. As a
direct consequence, MIL-H-8501B has strong mission
oriented design implications. Further, this flying
qualities specification will have particular impact in
the design of not only the airframe, rotor system and
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flight control system, but also the displays and vision
aids.

Shipboard recovery is one of the more difficult flight
tasks required of a pilot and his aircraft. This flight
task even in the best emvironmental conditions is
demanding. Mission requirements, however, force
poor weather operations where launch and recovery
in poor visual conditions and high sea states are
routine. Under these conditions, the aircraft’s flying
qualities are a function of not only the vehicle’s
stability and control characteristics, but also the
visual cues available to the pilot.

This paper presents the philosophy, structure and
criteria of MIL-H-8501B with emphasis on shipboard
terminal operations. The impact of current and
future naval operational requirements on the
selection of appropriate combinations of basic vehicle
dynamics and usable cue environment are identified.
An example "walk through" of MIL-H-8501B is
conducted from task identification to determination
of stability and control requirements. For selected
basic vehicle dynamics, criteria as a function of
input/response magnitude are presented.
Additionally, rotorcraft design implications are
discussed.

2.0 MT1.-H-8501B BACKGROUND

It has long been recognized that the current U.S
military specification of General Requirements for
Helicopter Flying and Ground Handling Qualities,
MIL-H-8501A (reference 2), is inadequate for
application to modern rotorcraft. Several handling
qualities specialists (references 3 through 6) have
identified the inadequacies. Specific areas of concern
lie with MIL-H-8501A’s inability to specify
technically sufficient requirements for performance
of demanding tasks in severe environments,
employment of high control augmentation systems,
and the use of advanced displays and vision aids.
Due to the combination of current day mission
requirements and current rotorcraft  design
methodologies, MIL-H-8501A simply can no longer
ensure satisfactory flying qualities.

The development of several recent rotorcraft weapon
systems, including the U.S. Navy Light Airborne
Multipurpose System (LAMPS) Mk III SH-60B, have
required the use of flying qualities type specifications
(reference 7). These type specifications, while
incorporating several MIL-H-8501A requirements,

have utilized many new requirements which are
primarily mission performance oriented.

Beginning in 1982 the U.S. Army initiated a three
phased effort to develop mission oriented handling
qualities requirements for military rotorcraft. The
objectives of the phase I effort were: the development
of a new specification structure, the incorporation of
existing criteria and data, the definition of critical
gaps in the data base, and the formulation of a draft
specification and background information and users
guide (BIUG). Two major and distinctly different
approaches evolved and were documented in
references 8, 9 and 10.

The objectives of phase IT were to fill in the critical
data and criteria gaps and generally refine the
specification. Continuing in 1984 with phase II,
utilizing the approach of references 9 and 10, the US.
Army shifted the development of the specification
from general requirements to LHX oriented
requirements. Once this effort was complete, they
again sought, with the aid of the Navy and industry, to
develop a generic specification. This was
accomplished by generalizing the LH specification
and BIUG for application to all types of modern
rotorcraft.  In this phase investigations were
performed to generate data to fill the numerous data
gaps. Through the last part of phase II, several
government and industry reviews of the specification
and BIUG (reference 11) were conducted in order to
refine the criteria.

While currently in phase III, tri-service (Army, Navy,
Air Force) review, adoption of the new specification
is expected soon.

Through demonstration of MIL-H-8501B
applicability to aircraft/ship operations, this paper
represents part of the continuing effort by the U.S.
Navy to assist in maturing the proposed specification.

3.0 MIL-H-8501B PHILOSOPHY

MIL-H-8501B incorporates several fundamental
concepts in it’s philosophy. The first of these
concepts is the use of the Cooper-Harper Handling
Qualities Rating (HQR) Scale (reference 12) and the
associated handling qualities levels, defined in Figure
1, as a metric to quantify the acceptability of a
vehicles flying qualities.

Many MIL-H-8501B criterion boundaries are based -

on both simulation and flight test HQR data. The
primary use of the scale is to correlate pilot ratings
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Figure 1 Handling Qualities Rating Scale.
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from handling qualities experiments and compliance
tests conducted in simulation or flight with
parameters used in the specification. The
requirements specify that the minimum handling
qualities must be Level 1 within the OFE and Level 2
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within the SFE. Further, the specification allows for
degradation of flying qualities due to failures. One of
the two methods describing the allowable
degradations is given in Table 1.



Table 1 Levels For Rotorcraft Failure States

Probability of |Within Operational |Within service
Encountering Flight Envelope |Flight Envelope

Level 2 after | < 2.5 x 10-3

failure per flight hr
Level 3 after | < 2.5 x 10-5 < 2.5 x 10-3
failure per flight hr per flight hr

The U.S. Navy uses two other scales to determine the
general acceptability of a helicopter - the Dynamic
Interface Pilot Rating Scale (Table 2) (references 13
and 14), which is specifically used in the shipboard
launch and recovery environment, and the
Deficiencies Scale (Table 3) (reference 15). Neither
scale, however, specifically addresses the acceptability
of the vehicle’s handling qualities. The former
quantifies relative degrees of pilot effort required for
conducting helicopter launches and recoveries during
shipboard operations. The latter, quantifies the
severity of aircraft deficiencies with regard to their
impact on the vehicles ability to perform it’s intended
mission.

The second fundamental concept of MIL-H-8501B is
the specification of a minimum required response
type as a function of the Mission Task Element
(MTE) and Usable Cue Environment (UCE). The
intent of this concept is to establish a methodology
which allows the specification to relate required
vehicle dynamics to mission requirements and the
operational visual environment. Implicit in this
concept is a "trade-off" relationship between response
type, displays and vision aids, and task difficulty.
Essentially, as task difficulty increases, stability and
control augmentation should be increased. As visual
conditions  degrade, stability and control
augmentation or visual augmentation should be
increased.

The complete procedure for determining the UCE is
given in Section 3.2.2.1 of reference 1. In summary,
the UCE is determined by taking an existing
rotorcraft with a rate command response type and
exhibiting Level 1 flying qualities in clear day
negligible turbulence conditions, installing all the
displays and vision aids proposed for use in the
production rotorcraft, and flying test maneuvers in
the actual operational environment. Three pilots
perform this evaluation, quantifying the useable cues
using the rating scale shown in Figures 2a and 2b.
The test maneuvers consist of a basic set of MTE’s
including: hover, vertical landing, pirouette,

acceleration and deceleration, sidestep, bob up and
down.

Table 2 Dynamic Interface Pilot Rating Scale

Defining relative degrees of pilot effort required
for conducting helicopter launches and recoveries
during shipboard operations.

PRS| Pilot
Effort

Description

1 [slight |[No problems; minimal pilot effort
required.

2 [Moderate|Consistently safe launch and
recovery operations under these
conditions. These points define
the fleet limits recommended by
NAVAIRTESTCEN.

3 |Maximum [Landings and takeoffs successfully
conducted through maximum effort of
experienced test pilots under
controlled conditions. These
evolutions could not be consistently
repeated b{ fleet pilots under
operational conditions. Loss of
aircraft or ship system is likely to
raise pilot effort beyond
capabilities of average fleet pilot.

4 | Unsat |Pilot effort and/or controtlability
reach critical levels, and repeated
safe landings and takeoffs by
experienced test pilots are not
probable, even under controlled test
conditions.

Both the minimum required control system types and
the specific trade-off relationships with displays and
vision aids for hover and low speed near earth
operations are defined in Table 1(3.2) of reference 1.
Similarly, Table 2(3.2) of reference 1 define these
requirements/relationships for forward flight.

The third concept is the use of a combination of
specific quantitative requirements, the "Section 3"
criteria, and separate but equally important flight test
requirements, the "Section 4" criteria, to completely
determine the vehicle’s handling qualities. The
Section 3 criteria are a combination of frequency and
time domain requirements to quantitatively define
the required vehicle dynamics. The flight test
requirements are included as an independent
assessment of the overall vehicle handling qualities.
The flight test requirements compliment the
quantitative requirements and are intended to "smoke
out” handling qualities deficiencies which may be
undetermined by the Section 3 criteria. Section 4 is
less comprehensive then Section 3 and is not
intended as a substitute for Section 3.
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Table 3 Definition of Deficiencies

Part 1 indicates a deficiency, the
correction of which is necessary because

it adversely affects:
a. Airworthiness of the aircraft.
b. The ability of the aircraft to

accomplish its primary or secondary
mission.

The effectiveness of the crew as an
subsystem.

c.
essential

d The safety of the crew or the
integrity of an essential subsystem. In
this regard, a real likelihood of injury or
damage must exist. Remote possibilities
or unlikely sequences of events shall not
be used as a basis for safety items.

Part I indicates a deficiency of lesser
severity than a Part I which does not
substantially reduce the ability of the
aircraft to accomplish its primary or
secondary mission, but the correction of
which will result in significant
improvement in the effectiveness,
maintainability, or safety of the aircraft.

Part III indicates a deficiency that
appears too impractical or costly to
correct in this model but which should be
avoided in future designs. Included are
violations of specifications for use by the
contract negotiator in final settlement of
the contract.

The U.S. Navy currently uses developmental and
operational testing (DT and OT respectively) for
evaluation of a new or modified weapon system
(reference 15). Bearing no relationship to the flight
test requirements of MIL-H-8501B Section 4, these
tests arc performed to evaluate the airworthiness of
the aircraft and the ability of the aircraft to
accomplish it’s primary or secondary mission. DT
and OT, by design, evaluate the aircraft as a weapon
system, and as such, involve a myriad of
considerations. Handling qualities evaluations are
typically conducted during and after full scale
engineering development. Often faulty or non-
optimum design characteristics are already part of
the completed system and are difficult and/or
expensive to fix.
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Figure 2 UCE Determination

Section 4.0 criteria of the proposed specification and
the DT and OT evaluations seek to achieve related
but distinctly different results. Therefore, there
remains a necessity for both.

4.0 MIL-H-8501B STRUCTURE

The general structure of the proposed specification is
illustrated in Figure 3. The Scope, Compliance, and
Definitions blocks correspond to Sections 1 and 2,
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Figure 3 Specification Structure.

and the quantitative and flight test blocks to Sections
3 and 4, respectively.

5.0 MI1-H-8501B METHODOLOGY

The process by which the user and designer apply the
specification is illustrated by Figure 4. Essentially,
the user must first define the mission and mission
eavironments. This includes definition of the mission
task elements, degraded visual environments,
requirements for divided attention, maximum winds
in which the aircraft is expected to operate, and any

22

other mission oriented requirements. From this the

designer can determine the flight envelopes, usable
cue environments, and required response types.
Using the Section 3 criteria the designer can then
determine the required dynamic characteristics for a
given level of handling qualities. Trade-offs between
visual and control augmentation can be made using
the guidance provided in Section 3. These design
trade-offs would be motivated by both the user’s and
manufacturer’s design philosophies. ~ With the
application of MIL-H-8501B, handling qualities

requirements will directly effect many areas of the
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Figure 4 Schematic for Handling Qualities Specification and Assessment.

design, including the airframe, rotor system, control
system, cockpit layout, and avionics, and, therefore
must be considered early in the design process. Due
to the timing of this process, handling qualitics take
on a renewed importance.

6.0 NAVAL OPERATIONS
6.1 Mission and Vehicles

The U.S. Navy’s overall mission is to control the seas
in wartime and project military power ashore. The
tasks required to accomplish this mission include,
among others, the acquisition and distribution of
intelligence, surface ship and submarine attack,
amphibious assault and deployment, and defense of
related assets ashore in friendly or enemy territory.
In support of these tasks, rotary wing aircraft operate
from a wide variety of U.S. Navy ships ranging from
the large deck carriers (CV) to smaller deck carriers
for amphibious assault operations (LHA, LHD,
LPH), to much smaller aviation capable ships such as

destroyers (DD) and frigates (FFG). The associated
missions include airborne mine countermeasures
(AMCM), antisubmarine warfare (ASW), antiship
surveillance and targeting (ASST), vertical on board
delivery (VOD), naval gunfire support (NVG),
amphibious assault, amphibious reconnaissance, and
search and rescue (SAR).

The U.S. Navy currently operates several different
multi-role rotorcraft. Among these are the SH-
3D/H Sea King for shore and ship based ASW,
logistical support and SAR, the SH-2F Sea Sprite
LAMPS Mark I for ASW and ASST, the SH-60B
Seahawk LAMPS Mark III for ASW and ASST, and
the RH-53D Sea Stallion for ship or shore based
AMCM.  Vertical replenishment (VERTREP),
medical evacuation (MEDEVAC) and passenger
transfer operations are common alternate roles.

- Other rotorcraft include the AH-1W Cobra, UH-1N

Iroquois, CH-46 Sea Night and CH-53E Sea Stallion.
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Currently all naval rotorcraft are equipped with
standard electro-mechanical instruments, e.g. clocks,
radar and barometric altimeters, airspeed, vertical
velocity, attitude, hover and torque indicators. There
is  extremely limited precision  guidance
instrumentation and no operational head-up or
helmet-mounted displays.

6.2 Impact of Environmental Conditions

Even though it is desirable to have an all-weather
capability, flight operations are often limited by
environmental conditions. Reference 16, the Naval
Air  Training and Operating Procedures
Standardization = (NATOPS)  General  Flight
Operating Instructions and the vehicle specific
NATOPS manuals provide guidelines on, among
other issues, the operational limitations related to
environmental conditions. Further, these guidelines
are often tailored by the organizational commanders
of shore based operational commands, e.g. reference
17 and 18. For many shipboard operations, the
vehicle NATOPS and the specific ship’s standard
operating procedures (SOP) provide the operational
pilots with the necessary information on the
environmental conditions within which they can
operate.

The factors influencing helicopter flight operations
include weather (sea state, winds, visibility and
ceiling) at takeoff and forecasted for time of arrival,
the pilot’s rating, and the vehicle’s rating (with regard
to ability and qualification to operate in degraded
visibility). Helicopter operations are not normally
conducted with a ceiling below 500 feet and visibility
less than 1 mile (reference 19). Moreover,
recommended weather minimums for launching
helicopters on SAR operations are 300 foot ceiling
with 1 mile visibility.

Shipboard launch and recovery envelopes are limited
by visibility, ship pitch and roll, physical obstructions,
and ship airwake. All combine to make shipboard
terminal operations hazardous. The compatibility of
specific rotorcraft and ship combinations are
determined by static interface tests to examine space
and servicing issues and dynamic interface tests to
determine operational flight envelope parameters.
During the dynamic interface tests, aircraft
performance and flying qualities are evaluated in the
actual ship environment to establish the actual
takeoff and landing limitations. Test results are
published for operational use as launch/recovery
envelopes expressed in terms of relative wind

direction and magnitude for specified levels of ship
motion (references 20, 21, 22). An example is
illustrated in Figure 5.
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Caution: Rotor downwash during landing flare may
cause flight deck safety nets to bounce upright
momentarily, reducing tail clearance, and possibly
causing damage to aircraft or nets.

Sample DI Launch and Recovery
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During night operations, the U.S Marine Corps
makes it common practice to launch and recover
from ships using night vision goggles (NVGs). The
Marines base their use of NVGs on ambient light
conditions as measured by the Light Level Calender
(reference 23). The minimum light level at which the
Marines no longer use NVGs is approximately 0.0022
LUX. Although the use of NVGs by the Marines
indicates the acceptability of NVGs as a vision aid for
shipboard operations, the US Navy does not
normally conduct night VFR shipboard terminal
operations with NVGs.

A recent investigation of shipboard operations in
degraded visual environments was conducted during
the dynamic interface testing of the SH-60B LAMPS
Mk III aboard the USS Cushing (DD 985) (reference
24). This investigation examined the feasibility of
conducting reduced illumination helicopter night
launch and recovery operations in conditions
simulating wartime or emergency lighting situations.
These tests were conducted under night VFR
conditions, with a variety of degraded shipboard
visual landing aids (VLA), and without the use of
night vision devices. The evaluation further included
emergency condition (EMCON) procedures, in
which  shipboard emissions, such as radio
transmissions and guidance signals are secured.

The test results indicated that pilot workload and task
difficulty are a clear inverse function of outside world
visual cues and degree of aid provided by the ship.
The results have strong implications with regard to
on-board helicopter capabilities required for safe
operation in emergency conditions. Specifically,
there is an apparent need for improved displays and
vision aids, as well as self contained terminal
guidance systems.

Improved rotorcraft capabilities are necessary to

satisfy future naval operational requirements. As an-

example, a recent U.S. Navy rotorcraft acquisition,
the HH-60H, is representative of the future naval
operation philosophy of establishing and exploiting a
night/all-weather capability. The HH-60H, which
can draw it’s lineage from the SH-60F, was designed
to perform the mission of combat search and rescue
(CSAR) and special warfare support. The Navy
plans to bave the HH-60H’s carry out CSAR in
littoral missions operating off of small deck ships.
Inherent in this mission is mnight/poor weather
operational capability (reference 25). To insure
adequate CSAR capability, the HH-60H is fitted with
a host of mission enhancing avionics. The cockpit

instrument panel includes a 10-inch multifunctional
display for display of flight and navigation
information. In addition, the HH-60H is fully night
vision goggle compatible. The incorporation of
NVGs demonstrates the recognition of the impact
that visual augmentation has on operational
capabilities. Using NVGs, HH-60H units are cleared
to fly below the minimum light levels set for most
other military units. This allows the unit to
accomplish strike-rescue missions in two ways:
immediate rescue in prevailing conditions or rescue
within twenty-four hours under the cover of darkness.
The later relies on a "stealthy” approach rather than
the use of brute firepower to suppress enemy fire,

Another example of a recent acquisition which
demonstrates the impact of future naval operational
requirements on the design development of
rotorcraft, is that of the upgrade from the Royal
Navy’s primary ASW helicopter, the Lynx Mk 3, to
what is to be called the Lynx Mk 8. Operated from
the flight decks of most Royal Navy frigates and
destroyers, the Lynx Mk 3 HAS (helicopter
antisubmarine), equipped with Sea Skua ASM and
antisubmarine torpedoes, extends the effective range
of its parent ship’s sensors and weapons while
operating as an integral part of the parent ship’s
tactical system. The Lynx Mk 8 is simply an
enhanced version of the Lynx Mk 3 (reference 26).

The Lynx Mk 8 employs an upgraded Central
Tactical System (CTS) which aids navigation and the
Sea Owl Passive Identification Device (PID) for day,
night, poor weather surveillance and automatic target
cueing and tracking. These systems reduce pilot
workload and enhance mission performance.

It is important, however, to recognize here that
unlike the outfitting of the HH-60H with a NVG
capability, the CTS and Sea Owl, although reducing
pilot workload and improving mission performance,
are not UCE related. The visual cue rating (VCR)
scale (Figure 2a) used in determining the UCE
measures the cues for stabilization and control, not
navigation or mission related divided attention tasks.

6.4 Shipboard Terminal Operations {STOPS)
Procedures

Although U.S. Navy rotorcraft may have different
primary and secondary missions, there remains one
element of these missions, two flight phases, that are
rudimentary to all US Navy aircraft operations -
shipboard launch and recovery.
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Shipboard procedures for launch are described as
follows (references 19, 27, 28 and 29). The pilot Lifts
the aircraft to a stable hover, performs checks on all
performance indicators, and depending on ship size
maneuvers the aircraft to the aft portion of the flight
deck while maintaining gear mounts over the deck
and again stabilizes a trimmed hover. If necessary, a
pedal turn is executed to place the aircraft
approximately 45 degrees off of the ships heading in
the direction of the relative wind. The pilot then
transitions the aircraft to forward flight by increasing
collective to selected takeoff power establishing a
positive vertical climb. The departure is complete
when the prebriefed altitude and airspeed are
attained. For IMC or night operations the helicopter
typically does not deviate from the departure course
until minimum altitude of approximately 300 feet is
reached.

Approach conditions generally fall into three
categories, day VMC, night VMC, and IMC.
Further, there are three types of shipboard
approaches. First, a visual glide path approach which
utilizes the stabilized glide slope indicator (SGSI) on
board the ship, second the standard instrument
approach to minimums, and, finally, an emergency
approach when the helicopter does not have
adequate fuel to safely divert to an alternate airfield
or aviation ship and the weather is below standard
minimums. The visual and standard instrument
approach are discussed below.

The visual approach glide path is used for both day
and night VMC approaches as well as the visual final
approach phase of the standard instrument approach
in IMC. Beginning in cruise flight with an airspeed of
approximately 80 knots, the pilot typically flies to
intercept a 3 degree glide path from 1 to 1.2 nautical
miles out at altitudes of 350 to 400 feet. Note this
pattern (Figure 6) may, and is often, shortened
during day/night VMC commensurate with pilot
proficiency. In a general a descending, decelerating,
constant glide slope angle approach is employed.
The pilot routinely cross checks the visual cues from
SGSI with the radar altimeter to ensure glide path
control (altitude vs. range) is accurate. Rates of
descent typically do not exceed approximately 500
ft/min throughout the approach. -

During the day visual approach phase, the lineup is
maintained using the lineup lines on the ships deck as
well as visual cues from the ships structure. At night
the approach line is maintained using a lighted
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lineup, vertical dropline lights and any other visual
cues from the ships lighting (references 22). The
final approach to amphibious class ships (Figure 7) is
made at a 45 degree angle to the ship centerline
toward designated the landing spot on the deck.
Approaches to small deck ships are flown from either
directly astern (Figure 8), or at an angle, typically 30
degrees, to the landing deck on the aft end of the ship
(Figure 9).

Figure 6 Typical VMC Approach path.

During the last portion of the flight phase, the pilot
brings the aircraft to a stationkeeping position,
depending on aircraft flying qualities and size, either
just off the deck edge or over the deck for larger
aircraft, waits for a lull in ship motion, transitions
over the deck if necessary, and lands the aircraft.
Throughout the process, the pilots are assisted by a
landing signalman (LSO/LSE) who plays and
advisory role, except in a wave off condition where
the pilot must follow his direction.

The basic instrument approach is only utilized in a
night/IFR  environment. This approach s
commenced from a position 2 miles astern on a
heading within 30 degrees of the ships basic recovery
course (BRC) at 200 feet above ground level (AGL)
and 80 Knots airspeed. Upon crossing the 2 mile
mark, a decent is made to 100 ft AGL, and altitude
hold is then engaged. The approach is continued
until visual contact is made or until a range of 1/2
mile from the ship is reached, whichever occurs first.
Once visual contact is established, course and altitude
are adjusted to arrive 15 ft above the flight deck.
Airspeed is adjusted as required to establish a
comfortable closure rate not to exceed 15 knots. The
last segment of the basic instrument approach is
accomplished as that of the VMC day/night
approach.
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In high sea states, the U.S. Navy SH-60B can be
assisted in shipboard landing by a haul down system
referred to as RAST (Recovery, Assist, Secure and
Traverse). This recovery assist system is installed in
the landing decks of certain guided missile frigates,
guided missile cruisers, and destroyer class ships
(reference 30).

During launch, approach and landing the pilot is not
performing any additional tasks. There are no
divided attention operations.

7.0 MIL-H-8501B AND STOPS

1.1 MTE E / Response Type Relationshi
Examining only the portion of STOPS in hover/low
speed conditions, the number of specification
requirements can be further reduced, as illustrated by
Figures 10 and 11.

For shipboard terminal operations, several mission
task clements (MTEs) can be identified. They
include hovering, shipboard stationkeeping, takeoff
and transition, and landing. Defining the applicable
MTE/UCE/response type relationship, Tables 1(3.2)
and 2(3.2) of reference 1 can be reduced to Tables 4
and 5.

To achieve Level 1 handling qualities during these
MTEs, MIL-H-8501B requires at least a rate
response type in pitch, roll and yaw for UCE=1. For
UCE =2, required control augmentation increases to
attitude command/attitude hold in pitch and roll,
ratc command/direction hold in yaw, and rate
command/altitude hold in the vertical axis. For
UCE=3, translational rate command and position
hold are also required. In forward flight with
degraded visual conditions, MIL-H-8501B requires
rate command/attitude hold in pitch and roll and
turn coordination in heading. Furthermore, in
forward flight no specific response type for the
vertical axis is specified. The requirements for
required response types are minimums and can be
upgraded if desired. If the mission and mission
environment dictates the use of more than one
response type, then the requirement on switching
between response types, Section 3.8, also applies.

As can be seen from Table 6, many of the U.S Navy
helicopters discussed earlier in Section 6.1, satisfy the
requirements of MIL-H-8501B for STOPS MTEs
conducted in UCEs 1 through 3. Moreover, it is

interesting to note that the aircraft which does not
possess the minimum required response type for
shipboard operations, in visual cue conditions
resulting in UCEs> 1, is the AH-1W - a U.S Marine
Corps aircraft. As discussed earlier, the Marines
routinely operate in the shipboard environment with
NVG’s, effectively improving the UCE at night.

Criteria
Based on current and future operational
environments, procedures and rotorcraft

characteristics, a majority of the MIL-H-8501B
section 3 hover/low speed criteria will apply to
shipboard terminal operations. To convey the nature
of these criteria, samples are presented below.

Section 3.3.2.1. Hover and Low Speed, Small
Amplitude Pitch and Attitude Changes, Short Term
Response to Control Inputs (Bandwidth).

The pitch response to longitudinal cockpit
control force or position inputs shall meet
the limits specified in Figure 12.

The small amplitude, short term response to
control inputs, criteria is defined in terms of
bandwidth and phase delay. These
frequency domain parameters describe . the
system’s short term transient response
characteristics.

Section 33.3. Hover and Low Speed Moderate
Amplitude Pitch Attitude Changes (Attitude
Quickness).

The ratio of peak pitch rate to change in
pitch attitude shall exceed the limits
specified in Figure 13. The required attitude
changes shall be made as rapidly as possible
from one steady attitude to another without
significant reversals in the sign of the cockpit
control input relative to the trim position.
The initial attitudes, and attitude changes
required for compliance with this
requirement, shall be representative of those
encountered while performing the required
MTEs.

The parameters that make up the moderate
amplitude criteria are the ratio of the peak
ratc to peak attitude and the minimum
change in attitude during the change from
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Table 4 Required Response-Type for Hover and Low Speed - Near Earth

UCE=1 UCE=2 UCE=3

tv 1 Lv 2 Lv 1 Lv 2 Lv 1 v 2
Vertical takeoff and Rate | Rate Rate | Rate Rate | Rate
transition to F/F -
clear of earth.
Precision hover ACAH | Rate | TRC | ACAH
+ + + +
shi ard landing RCDH RCDH RCDH RCDH
including RAST + + +
RCHH RCHH RCHH
Vertical takeoff and +

Transition to near PH
earth flight

Hover Taxi/NOE
Traveling

Precision Vertical ) ACAH ACAH
Landing + +
RCDH RCDH

Notes:

1. A requirement for RCHH may be deleted if the Vertical Translational Rate Visual Cue Rating is 2 or
better, and divided attention operation is not required. 1f RCHH is not specified, an Altitude-Rate
Response Type is required (See Paragraph 3.2.9, reference 1).

2. Turn Coordination (TC) is always required as an available Response-Type for the slalom MTE in the Low
Epeed flight range as defined by Paragraph 2.6.2. However, TC is not required at airspeeds (ess than 15
nots.

3. For UCE =1, a specified Res?onse-Type may be replaced with a higher rank of stabilization, providing
that the moderate and Large Amplitude Attitude Change requirements are satisfied.

4. For UCE=2 or 3, a specified Response-Type may be replaced with a higher rank of stabilization.

5. The rank-orde;ing of combinations of Response-Type from least to most Stabilization is defined as:
« ate
2. ACAH+RCDH
3. ACAH+RCDH+RCHH
4. Rate+RCDH+RCHH+PH
. ACAH+RCDH+RCHH+PH
. TRC+RCDH+RCHH+PH

o

Rate => Rate or Rate Command Attitude Hold (RCAH) Response-Type (Paragraph 3.2.5 and 3.2.6, reference 1).
TC => Turn Coordination (Paragraph 3.2.10.1, reference 1)

ACAH => Attitude Command Attitude Hold Response-Type (Paragraph 3.2.6 and 3.2.7, reference 1),

RCHH => Vertical-Rate Command uith Altitude (Height) Hold Response-Type (Paragraph 3.2.9.1, reference 1).

RCDH => Rate-Command with Heading (Direction) Hold Response-Type (Paragraph 3.2.5 and 3.2.6, reference 1).

PH => Position Hold Response-Type (Paragraph 3.3.11, reference 1)
TRC => Translational-Rate-Command Response-Type (Paragraph 3.2.8, reference 1)

Table 5 Required Response-Types in Forward Flight

Pitch and Roll Attitude

Rate Pitch - Rate or Attitude, Attitude Hold
Required (RCAH or ACAH)

Roll - Rate with Attitude Hold (RCAH)

VMC cruise/climb/decent IMC cruise/climb/decent

IMC departure

IMC approach (constant speed)

IMC decelerating approach (3-cue
director required)

Heading -- All require Turn Coordination (see Paragraph 3.4.6.2)

Height -- No specific Response-Type (see Paragraph 3.4.3)
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Table 6 Response Type of Current Fleet Helicopters

A/C Pitch Roll Yaw Heave Other Modes
MH-53E ACAH ACAH RCDH RCHH BARALT/RADALY Hold
Cable Tension/Skew Hold
Crew Hover (TRC)
Hover Coupler (PH)
Airspeed Hold ( >60 Kts)
AH-1W RC " RC RC RC
SH-3G/H] ACAH ACAH RCDH RCHH* TRC W/Doppler
Cable Angle Hold
Crew Hover (TRC)
Auto Depart/Approach
CH-46E | ACAH ACAH | RCDH RCHH"
(SR+M)
SK-2G/F ACAH ACAH RCDH RCHH‘ TRC W/Doppler
SH-608 ACAH ACAH RCOH RCHH" Hover Coupler
Ground Speed Command/Hol

* Altitude Hold Pilot Selectable
Note: In all cases, Attitude Command authority is limited to 10-15% of
control movement due to series actuation limits.

Table 7 MIL-H-85018 Reauirements for Large Amplitude Attitude Changes

with regard to

aneuvering Associated with Shipboard Operations

MISSION-
TASK-
ELEMENT

RATE RESPONSE-TYPES

MINIMUM ACHIEVABLE
ANGULAR RATE (DEG/SEC)

ATTITUDE
RESPONSE-TYPES

MINIMUM ACHIEVABLE
ANGLE (DEG)

LEVEL I

LEVEL II+III

LEVEL I |LVLII+II]

P R Q p

R Q ¢ 8¢

LIMITED
MANEUVERING

otherwise
specified

ALl MNTEs not|~

+ 21| +9.5 | #3 [+ 15

+5 +15] +15[+7 |+10

MODERATE
MANEUVERING

Rapid
Transition
to Hover

Slope
Landing

shipboard
Lang?gg

+ 50 § 222

+9.5]|+ 20| +60; +£13{ +30
- 30
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one steady attitude to another.  This
requirement is a measure of the agility, or
attitude quickness, of the system. Use of the
peak rate/peak attitude ratio is based, in
part, on the concept that for an ideal system,
this ratio can be analytically related to the
system bandwidth. Using this relationship,
the lower end of the moderate amplitude
requirement is anchored at the equivalent
small amplitude requirements. Similarly, the
upper boundary is anchored at the
equivalent value of the large amplitude
requirements.

Section 3.34. Hover and Low Speed, Large
Amplitude Pitch Attitude Changes (Control Power).

The minimum achievable angular rate shall
be no less than the values specified in Table
7. The specified rate must be achieved in
each axis while limiting excursions in the
other axis with the appropriate control
inputs.

The large amplitude criteria is defined in
terms of the maximum achievable rates or
attitudes. As such, this criteria is a measure
of the vehicle’s control power.

Section 3.3.10.1 Height Response Characteristics.

The vertical rate response shall have a
qualitative first-order appearance for at least
5 seconds following a step collective input.
The limits on the parameters defined by the
following equivalent first-order vertical rate
to collective transfer function are given in
Table 8.

Table 8 Maximum Values for Height
Response to Collective Controller

Th TH
LEVEL €q €q
(sec) (sec)
I 5.0 0.20
11 0.30
. -theq S
h = ke i
LI Iﬁeqs*l

The equivalent system parameters are to be
obtained using the time domain fitting
method defined in Figure 8(3.3) of reference

1. The coefficients of determination, r2 shall
be greater than 0.97 and less than 1.03 for
compliance with this requirement.

The height response criteria is defined in
terms of rise time and delay. Not unlike the
bandwidth parameter in the frequency
domain, rise time is a measure, in the time
domain, of how rapidly the systems
responds. Time delay simply measures how
long the heave response lags the collective -

Section 3.3.10.3 Vertical Axis Control Power.

While maintaining a spot hover with the
wind from the most critical direction at a
velocity of up to 35 knots, and with the most
critical loading and altitude, it shall be
possible to produce the wvertical rates
specified in Table 9, 1.5 seconds after
initiation of a rapid displacement of the
vertical axis controller from trim. Applicable
engine and transmission limits shall not be
exceeded.

Table 9 Vertical Axis Control Power

Achievable Vertical
LEVEL Rate in 1.5 Seconds
m/s (ft/min)
1 0.81 (160)
11 0.28 (55
171 0.20 (40)

An example evaluation of selected specification
requirements utilizing the predicted and actual
handling qualities of a naval rotorcraft may be found
in reference 31.

80 GENERAL DESIGN IMPLICATIONS AND
QPERATIONAL CAPABILITY

Application of MIL-H-8501B has vast design
implications. These implications are driven by the
MIL-H-8501B philosophy that the rotorcraft should
be viewed as a whole system and not a collection of
individual isolated systems. As such, MIL-H-8501B
is designed to ensure the pilot is provided with a total
system yielding superior flying qualities and allowing
him to effectively and safely perform his mission. In
this regard, MIL-H-8501B criteria will influence the
design of every major aircraft component from the
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airframe and rotor to flight controls, displays, and
vision aids.

The explicit relationship between the vehicle’s
dynamics, UCE and resultant flying qualities as
defined in MIL-H-8501B, will force the designer to
consider the displays and vision aids on an equal
footing with the flight control system. For example,
the reliability or redundancy of all flight control and
avionics system components, that impact the vehicles
dynamics as well as the UCE, must be considered.
These components include, but are not limited to:
gyros, flight control computers, mission computers,
display processors, sensors, actuators, and display
units. Furthermore, the dynamic response criteria
will directly impact actuator, hub, blade, airframe,
and flight control law design.

Both the philosophy of and the criteria specified in
MIL-H-8501B are mission oriented. The philosophy
is founded on a systems approach and involves a
partitioning of criteria according to the fundamental
characteristics necessary to satisfactorily perform the
defined mission task elements. The dynamic
response criteria have been derived from
experimentation utilizing mission related evaluation
tasks. As a result, compliance with MIL-H-8501B
should insure flying qualities will not detract from an
adequate operational capability. Likewise, non-
compliance will most likely result in increased pilot
workload and/or a reduction in operational
capability.

9.0 CONCLUDING REMARKS

A complete understanding of the philosophy,
structure, methodology, and application of the
proposed U.S. military specification for Handling
Qualities Requirements for Military Rotorcraft,
MIL-H-8501B (reference 1), is a requisite for the
proper specification of flying qualities design
requirements. Proper selection of the flying qualities
design requirements is critical to proper helicopter
design and, in turn satisfactory operation.

" Satisfactory operation of all new helicopters,

titrotors and V/STOLS, in the shipboard
environment as well as all other mission
environments, is critical to the U.S Navy.
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DESIGN CRITERIA FOR INTEGRATED FLIGHT/PROPULSION CONTROL
SYSTEMS FOR STOVL FIGHTER AIRCRAFT
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ABSTRACT

As part of NASA’s program to develop technology
for short takeoff and vertical landing (STOVL) fighter
aircraft, control system designs have been developed
for a conceptual STOVL aircraft. This aircraft is
representative of the class of mixed-flow remote-lift
concepts that was identified as the preferred design
approach by the US/UK STOVL Joint Asscssment and
Ranking Team. The control system designs have bcen
evaluated throughout the powered-lift flight envelope on
Ames Research Center’s Vertical Motion Simulator.
Items assessed in the control system cvaluation werc:
maximum control power uscd in transition and vertical
flight, control system dynamic response associated with
thrust transfer for attitude control, thrust margin in the
presence of ground effect and hot gas ingestion, and
dynamic thrust response for the engine core. Effects of
wind, turbulence, and ship airwake disturbances are
incorporated in the evaluation. Results provide the basis
for a reassessment of existing flying qualitics design
criteria applied to STOVL aircraft.

NOMENCLATURE
AC attitude command
Fg gross thrust, Ib
g acceleration due to gravity, ft/scc?
h landing gear wheel height above ground, ft

Presented at Piloting Vertical Flight Aircraft: A
Conference on Flying Qualities and Human Factors,
San Francisco, California, 20-23 January, 1993.

HGI
HUD
IGE
IMC
LIDS
OGE
PIO

SCAS

vC

wOD

AL
AL/T

ALty

g
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hot gas ingestion

head-up display

in-ground effect

instrument meteorological conditions
lift improvement devices
out-of-ground cffcct

pilot-induced oscillation

stabilization and command augmentation
system

propulsion system vertical thrust, Ib
velocity command

gross weight, 1b

wind over deck

lift increment referenced to out-of-ground
effect conditions, b

normalized jet-induced acrodynamic ground
effect

normalized lift increment due to ground effect
and hot gas ingestion

temperature ratio as a function of wheel
height

standard deviation



INTRODUCTION

NASA has been involved in a collaborative program
with other government agencies in the United States and
with the Ministry of Defence of the United Kingdom to
develop technology for supersonic short takeoff and
vertical landing (STOVL) aircraft. As a result of this
effort, a wide variety of airframe and propulsion system
concepts have been assessed through analytical studies,
and critical technical issues have been identified for
investigation (Ref. 1). The preferred design approach
identified by the US/UK STOVL Joint Assessment and
Ranking Team for the airframe and propulsion system is
known as mixed-flow remote-lift, an example of which is
illustrated in Figure 1. This configuration features mixed
fan and core flows that can be directed forward or aft to
generate the lift and thrust forces and to provide (partially
or exclusively) control moments. The propulsion system
will have forward thrust-producing device(s) that may
deflect as well as modulate that thrust component, a
variable area cruise nozzle that may provide thrust
deflection for pitch and yaw control, and rear lift
nozzle(s) that provide a thrust component for pitch
control and which may also deflect about the vertical.
Combined with these propulsion components are the
aerodynamic surfaces that function during both wing-
borne and jet-borne flight. These may include leading
and trailing edge flaps on the wings, canards, ailerons,
stabilators and rudders for lift and moment control.

Integration of these flight and propulsion coatrols
has been identified as one of the critical technologies to
be developed for these aircraft. A program has been con-
ducted to define control concepts that combine the
various aerodynamic and propulsion control effectors
with control laws designed to achieve fully satisfactory
(Level 1) flying qualities throughout the powered-lift
flight envelope. Furthermore, criteria for the control
authority and dynamic response of the individual
effectors have been explored. The control system designs
have been evaluated throughout the powered-lift flight
envelope on Ames Research Center’s Vertical Motion
Simulator. Included in the control system evaluation
were assessments of maximum control power used in
transition and vertical flight, control system dynamic
response associated with thrust transfer rates for attitude
control, thrust margin in the presence of ground effect
and hot gas ingestion, and dynamic thrust response for
the engine core. Effects of wind and turbulence and
airwake disturbances from a ship are incorporated in the
assessment. The purpose of this paper is to review these
assessments as a basis for possible revisions or exten-
sions of flying qualities design criteria for this class of
aircraft.

This paper includes a description of the aircraft, the
simulation facility and the experiments which were
conducted. A summary of the results of these experi-
ments follows, including suggestions for revision or
modification of existing criteria.

MIXED-FLOW REMOTE-LIFT AIRCRAFT

The design criteria presented in this paper are based
on simulation experiments involving a mixed-flow
remote-lift STOVL aircraft concept (Fig. 1). This concept
is specifically referred to as mixed flow vectored thrust
(MFVT) and is described in further detail in Reference 2.
The aircraft is a single-place, single-engine fighter/attack
aircraft with supersonic dash capability. It features a
blended wing-body configuration with a canted
empennage that provides longitudinal and directional
control. The wing is characterized by a leading edge
sweep of 50° and aspect ratio of 2.12. The propulsion
system concept uses a turbofan engine where the mixed
fan and core streams are either ducted forward to the lift
nozzles or aft to a thrust deflecting cruise nozzle. A
ventral nozzle diverts some of the mixed flow to provide
pitching moment to counter that of the lift nozzles. Lift
nozzle thrust can be deflected up to £20° about a nominal
rearward cant angle of 8°. The cruise nozzle can be
deflected laterally or vertically £20°. In conventional
flight, the mixed flow is directed aft through the cruise
nozzle, whereas in hover it is diverted from the cruise
nozzle to the forward lift nozzles, with a small portion
reserved for the ventral nozzle. During transition from
hover to conventional flight, the flow is smoothly
transferred from the lift to the cruise nozzle to provide
acceleration.

The basic flight control system uses a variety of
control effectors: ailerons, a fully deflecting empennage,
reaction control system nozzles located in the tail,
differential thrust transfer between the lift nozzles and
ventral nozzle, longitudinal deflection of lift nozzle
thrust, and vertical and lateral deflection of cruise nozzle
thrust. Pitch control is achieved by a combination of
symmetric empennage deflection, reaction controls,
thrust transfer between the lift and ventral nozzles, and
vertical deflection of the cruise nozzle. Roll control is
produced by the ailerons and by lateral thrust transfer
(differential lift nozzle thrust). Yaw control is derived
from the combination of differential empennage
deflection, reaction control, and lateral cruise nozzle
deflection. Longitudinal acceleration is achieved through
thrust transfer between the lift and cruise nozzles and by
deflection of lift nozzle thrust.
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To achieve the desired level of flying qualities
during low-speed flight, stabilization and command
augmentation modes were provided in the flight control
system as noted in Table 1. During tramsition, either
attitude or flightpath SCAS mode was available. Both
modes offer rate-commandy/attitude hold for pitch and roll
control and dutch roll damping and turn coordination for
the yaw axis. When only the attitude SCAS is selected,
the pilot must control thrust magnitude and deflection.
When flightpath SCAS is engaged, the pilot commands
flightpath angle and flightpath acceleration directly; the
control system coordinates thrust magnitude and
deflection to achieve the desired response. Either the
attitude or velocity SCAS may be selected in hover. Both
modes provide pitch and roll attitude command/attitude
hold and yaw rate command. With attitude SCAS, the
pilot controls longitudinal and lateral translation through
changes in pitch attitude and bank angle. Thrust is used
for height control. For the velocity SCAS, longitudinal,
lateral, and vertical velocities are commanded directly. A
thorough description of the control system is included
in Reference 2.

A head-up display presented the primary flight
information for these experiments. The display format
was a flightpath centered, pursuit presentation in tran-
sition. In hover, the display switched to a format that
superimposed vertical and horizontal command and
situation information in a pursuit tracking presentation.
A complete description of the display is included in
Reference 3.

SIMULATION EXPERIMENT
Simulation Facility

The experiments on which these criteria are based
were conducted on the Vertical Motion Simulator (Fig. 2)
at NASA Ames Research Center. This simulator provides
six degree-of-freedom motion, with large excursions in
the vertical and longitudinal axes, and acceleration
bandwidths in all axes that encompass the bandwidths of
motion that are expected to be of primary importance to
the pilot in vertical flight tasks. A three-window, com-
puter generated image system presented the external view
to the pilot, which consisted of either an airfield scene
or a shipboard scene consisting of a Spruance-class
destroyer. An overhead optical combining glass projected
the HUD for the pilot. Control inceptors consisted of a
center stick, rudder pedals, and a left-hand quadrant that
contained throttle and thrust vector deflection handles.

Evaluation Tasks and Procedure

The pilot’s tasks for evaluation during the simulation
were those considered the most demanding for precision
control of the aircraft—curved decelerating approaches
to hover followed by a vertical landing. For evaluation
purposes, the decelerating approach was initiated under
instrument meteorological conditions (IMC) in level
flight at 1100 ft and 200 knots in the landing configura-
tion. Capture of a 3° glide slope ensued, followed by
initiation of a 0.1 g deceleration, a turn to align with the
final approach course, and acquisition of a stable hover
over the hover point. Vertical landings were accom-
plished either on a 100 by 200 ft landing zone marked on
the airfieid’s main runway or on a 40 by 70 ft pad on the
ship’s aft deck. Six pilots with V/STOL and powered-lift
aircraft experience participated in the program.

Experiment Configurations

Experiment variables for the decelerating approach
and vertical landing included the control system config-
uration, control system dynamics, thrust/weight ratio,
jet-induced ground effect and hot-gas ingestion, and
environmental conditions (wind, turbulence, and sea
condition). Both the attitude SCAS and attitude-plus-
flightpath SCAS were investigated for the decelerating
approach; attitude SCAS and attitude-plus-velocity
SCAS were evaluated for the vertical landing. System
dynamics variations included control system authority,
thrust transfer rates, engine core thrust response band-
width and acceleration rate. Nine ground effect and
ingestion profiles representative of a broad range of
STOVL aircraft characteristics of lift and temperature
profile as a function of height (four of which were
representative of the YAV-8B Harrier with LIDS on
and off) were included for both airfield and shipboard
landings. Wind conditions for the approach and airfield
landing were calm, 15 knots, and 34 knots, with
crosswind components of 30° and 20°, respectively, for
the latter two wind conditions. Turbulence of 0, 3, and
6 ft/sec rms accompanied the respective wind cases.
Conditions for shipboard recovery included sea states of
0, 3, and 4 with wind over deck of 15, 27, and 46 knots
from 30° to port.

CONTROL POWER

Existing design specifications and guidance for
pitch, roll, and yaw control power for fixed-wing
V/STOL aircraft are contained in References 4 and 5.
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Additional information from STOL aircraft experience
that would apply to the V/STOL transition is provided in
Reference 6. Flight and simulation data on which these
publications are based date back to the late 1960s. Given
the present capability for achieving highly augmented
stability and control characteristics and the necessity for
operating in IMC, it is worthwhile to reassess the validity
of the control power requirements derived from the
earlier data. The results which follow relate to control
power for maneuvering and for suppressing disturbances
and have control required for trim removed. These results
are presented to reflect the influence of flight phase,
including effects of control augmentation and magnitude
of atmospheric disturbance. The breakdown related to
flight phase is important not only because of the differ-
ence in the pilot’s tasks, but because of the demands
placed on different control effectors (aerodynamic
surfaces and propulsion system components) that, in turn,
place different demands on the aircraft’s design. Control
power usage is presented in terms of individual maxi-
mum values (plus or minus about the mean value) for
each run and an aggregate value of two standard
deviations for the ensemble at that condition. For a
Gaussian distribution of frequency of occurrence of
control use, expected maximum values would be three to
four times the standard deviation. Two standard deviat-
ions represents a level of control use that is exceeded
4.6% of the time over the ensemble of data runs. Aircraft
response specifications of References 4 and 6 were
translated to measures of control power for direct
comparison with the current results. These criteria were
converted from attitude change in 1 sec using an attitude
control bandwidth of 2 rad/sec for an attitude command
response that is critically damped, or using a first-order
response with a time constant appropriate to the axis
being controlled.

Maximum demands for pitch control during hover
and vertical landing are pertinent to sizing requirements
for the aircraft’s reaction control system or for thrust
transfer between components of the propulsion system.
Demands for roll control generally size the amount of
thrust transfer required between the lift nozzles. Yaw
demands contribute to sizing of the rcaction control
system. During transition, the requirements on control
sizing would incorporate both the propulsion system and
the aerodynamic effectors.

Pitch Control '

Effect of Flight Phase. A collection of results of
pitch control usage for both attitude command and
attitude-plus-flightpath command SCAS over a range of

wind and turbulence for the tasks of transition, airfield
vertical landing, and shipboard landing is presented in
Figure 3. For the transition (Fig. 3a), results in calm air,
which are indicative of maneuvering demands, show
that, for attitude command SCAS, pitch control power
maximums fall within the range considered to be
satisfactory in Reference 5 for STOL operations (which
can be related to the transition phase of this simulation).
Two standard deviation levels are well below the
Reference 5 maximum. Peak values generally equate
to 3—40 levels. The influence of turbulence on the
additional control required for disturbance suppression is
apparent. For rms turbulence of 6 ft/sec (Turb6), a few
instances of control usage exceed the maximum
recommended level of Reference 5. Thus, to cater for
maneuvering and the effects of turbulence, a control
power of 0.2-0.25 rad/sec2 would provide for at least
99% of all demands encountered.

Results for the attitude-plus-flightpath SCAS are
comparable to those for the attitude SCAS, reflecting the
fact that the pilot’s pitch control task is similar for the
two systems during transition. The pilot uses pitch
attitude changes for flightpath control during the early
stages of the approach, where a frontside control
technique is appropriate, as well as to regulate against
disturbances arising from wind and turbulence.

Pitch control during the vertical landing with the
attitude SCAS (Fig. 3b) shows levels of peak control
usage that are less than the requirements of References 4
and S. The maximum control required was 0.27 rad/sec?
(3-40 values of 0.14-0.18 rad/sec?). Turbulence
disturbances did not impose additional demands on
control authority. Consequently, control authority of
0.14-0.27 rad/sec? would accommodate most of the
demands for the attitude SCAS. By comparison, the 3°
attitude change in 1 sec required by Reference 4 converts
to a peak pitch control power of 0.29 rad/sec? for a
2 rad/sec attitude command bandwidth.

With the velocity command SCAS, even less pitch
control is required, reflecting the difference in the pitch
control task between the two SCAS configurations. With
attitude SCAS alone, control of longitudinal position and
velocity in hover is accomplished through modulation of
pitch attitude. When the velocity command system is
engaged, control of the longitudinal axis is achieved
through deflection of the thrust vector with attitude fixed.
In this case, the vertical landing can require a control
authority of 0.17 rad/sec?, independent of winds and
turbulence.
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Results for hover and vertical landing aboard ship
with attitude command alone (Fig. 3c) are comparable to
the criteria of Reference 5 and Level 1 handling values
in Reference 4 (although neither criterion applies to
shipboard operation, but rather to hover out-of-ground
effect). Peak control usage is 0.38 rad/sec? or less, with
340 levels being 0.12-0.16 rad/sec2. For the attitude-
plus-velocity command system, peak control use is
approximately two-thirds of that for attitude command
alone, reflecting, as in the airfield vertical landing, the
different task required for the pitch axis. For neither
system does wind over deck seem to influence the
amount of control required for the landing. Thus, for
shipboard operations, the control power requirement of
References 4 and 5 appear appropriate with attitude
SCAS alone, and a requirement for 0.2 rad/sec? should
suffice for the attitude-plus-velocity command SCAS.

Summary of Pitch Control Requirements. A
summary of the required pitch control authority deter-
mined from these STOVL aircraft simulation results,
compared to (1) the Level 1 criteria of References 4, 5,
and 6, (2) available control power for some relevant
V/STOL fighter aircraft designs (Refs. 7-9), and
(3) earlier fixed-base simulation results for the E-7A
STOVL concept (Ref. 10), is presented in Table 2. For
the transition phase, the pertinent criteria are those of
References 5 and 6; no control power data are available
for the individual aircraft. For the vertical landing,
References 4 and 5 apply; the total available control
power has been tabulated for the Harrier and VAK-191.

In the transition phase, the highest value of the
criteria of Reference 5 does not quite accommodate the
peak control use in turbulence noted for this experiment
(MFVT STOVL). Maximum control experienced during
the E-7A STOVL simulation was considerably greater,
both for maneuvering and control in turbulence, and is
more in line with the requirement of Reference 6. For the
vertical landing, both References 4 and 5 appear to be too
demanding. The current results indicate that less control
power is used, especially with a velocity command
system that employs thrust deflection for longitudinal
control. No criteria are available for shipboard opera-
tions. Values shown for the Harrier and VAK-191
aircraft represent total control authority available for trim
and maneuvering; actual control used by these aircraft is
not available. By comparison, the total control available
for the MFVT STOVL aircraft is 0.42 rad/sec? in hover,
with 0.08 rad/sec? of that being used on the average for
trim in winds up to 34 knots. Thus, the pitch control for
this aircraft was adequate to handle the measured trim
and maneuver demands in hover and vertical landing for

the attitude SCAS and considerably more than adequate
for control with the velocity command SCAS.

Roll Control

Effect of Flight Phase. Roll control use for the
different flight phases, SCAS modes, and turbulence is
shown in Figure 4. Maximum roll control use for
maneuvering in calm air during transition (Fig. 4a)
substantially exceeds that called for in Reference 5, with
peaks of 0.4-0.9 rad/sec2. However, the 3—40 levels of
0.3-0.4 rad/sec? are more in line with the criteria. For
control in the heaviest turbulence, demands for as much
as 1.2 rad/sec? occur, although the range is more
typically 0.6-0.9 rad/sec2, which is consistent with
3-40 values. As a further comparison, the Level 1
requirement of Reference 6 for maneuver control during
STOL operations provides for 30° of bank angle change
in 2.4 sec, which is satisfied by a control authority of
0.55 rad/sec? for a roll damping time constant of 0.5 sec.
The latter requirement represents a more specific
criterion for operation during transition, particularly
where that phase consists of precision path tracking in
forward flight during instrument flight conditions in
adverse weather. Based on the results of this STOVL
aircraft simulation, a roll control authority of
0.9-1.2 rad/sec? would be necessary to satisfy
demands for maneuvering and control in turbulence.

Control use for the vertical landing, shown in
Figure 4b, is consistently less than the Reference 4
requirement, and falls within the range suggested in
Reference 5. Peak maneuvering demands for attitude
command SCAS range from 0.1 to 0.3 rad/sec2, and are
comparable to 3—4o values. The heaviest turbulence
increases these ievels modestly to 0.2-0.4 rad/sec2. For
the attitude-plus-velocity SCAS, which provides lateral
velocity command through bank angle control, calm air
mancuvering control use is somewhat less than for
attitude SCAS alone; however, in turbulence the
demands for the two systems are similar.

Results for shipboard recovery are generally in
agreement with the criteria of References 4 and 5, except
for high wind over deck conditions (Fig. 4c). In light
winds, the peaks vary from 0.2 to 0.4 rad/sec2. In the
heaviest winds, maximum control of 0.9-1.1 rad/sec?
was observed for the attitude command SCAS; for the
lateral velocity command SCAS, maximums ranged from
1.3 up to 2.0 rad/sec?. Based on pilot comments from the
subject simulation experiments, operation aboard ship
would be precluded at higher sea states because of the
limit on capability to recover to a more actively moving
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deck. If shipboard operations at these extreme conditions
are anticipated, roll control authority in excess of that
given in References 4 and 5 must be provided. Further,
lateral velocity command capability will demand more
control authority than that used for attitude command
alone. The latter two conclusions are contingent both
on the validity of the ship airwake model used in this
experiment (Ref. 11) and on the aircraft’s sensitivity to
airwake disturbances and should be qualified
accordingly.

Summary of Roll Control Requirements. Table 3
presents a summary of the required roll control authority
determined from these simulation results, compared to
the Level 1 criteria of References 4, 5, and 6, to available
control power for the V/STOL fighters, and to the E-7A
STOVL concept. For the transition phase, the pertinent
criteria again are those of References 5 and 6. In the
hover and vertical landing, References 4 and S are the
applicable documents.

During transition, References 5 and 6 accommodate
the level of roll control required for maneuvering in calm
air, but call for an insufficient level of control to handle
the current STOVL configuration in turbulence up to the
level shown. Counsidering experience of the Harrier
design evolution, the dominant requirement for roll
control during transition may well be associated with
countering sideslip excursions. The AV-8B has sufficient
lateral control to trim with sideslip angles of 15° or more
during transition. The current MFVT configuration can
achieve lateral trim with sideslip of 10° or greater oveér
the low speed flight envelope. Criteria of References 4
and 5 are about right for the vertical landing. No criteria
are available for shipboard operations. Total control
authority available for trim and maneuvering is shown
for the Harrier and VAK-191. Total control available for
the current STOVL aircraft in its basic configuration in
hover is 1.1 rad/sec2, which was adequate for disturbance
suppression and more than adequate for control of the
vertical landing. However, it was necessary to augment
the baseline roll control system with reaction control to
provide sufficient control power to handle the highest
wind over deck for recovery to the ship. In the latter case,
the total control power was 2.15 j;l_d;/_sggz. Control used
for maneuvering in calm air and control needed in
turbulence for the E-7A were less than those required for
the MFVT STOVL and more in line with the criteria of
References 5 and 6. It should be noted that for the MFVT
STOVL design every 0.1 rad/sec? of additional roll
control power would require an additional =170 b of
differential thrust at the lift nozzles in the hover
condition, or 2.4 Ib/sec of reaction control blced at the
tail mounted reaction control nozzles. If wing tip reaction
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controls were employed for roll control, this increment of
control power would demand 0.7 lb/sec of bleed flow.
The bleed flow values are based on an assumption of
90 1b of reaction control thrust per pounds per second of
bleed flow rate (Ref. 12), and on minimal nozzle flow
losses or adverse jet interference. If the latter two
influences are not optimized, bleed flow requirements
would increase.

Yaw Control

Effect of Flight Phase. Yaw control use shown in
Figure S is considerably less than the criteria of Refer-
ences 4 and 5 for any flight phase. For the transition
(Fig. 5a), peak demands in calm air range from 0.02 to
0.04 rad/sec?. In the heaviest turbulence, maximum
control usage of 0.04-0.14 rad/sec? was observed, with
most confined to the range of 0.05-0.07 rad/sec2, within
the 3—40 band. In contrast, the recommended range is
0.15-0.25 rad/sec? from Reference 5. As a further
example, the requirement of Reference 6 for a 15° head-
ing change in 2.2 sec translates into a maximum yaw
control power of 0.22 rad/sec? for a yaw damping time
constant of 1 sec. The disparity between these two
criteria for yaw control and the recent simulation
experience is likely attributable to good yaw stability
augmentation employed and the lower sensitivity to
disturbances for the recent STOVL fighter concepts
compared to the collection of aircraft on which the earlier
criteria were based. »

Maximum yaw control for the vertical landing
(Fig. 5b) is comparable to that for the transition.
Maximum maneuvering control in calm air varies from
0.015 to 0.065 rad/sec<; control in turbulence increases
somewhat with an occasional peak excursion as large as
0.1 rad/sec?. The maximum range in turbulence corre-
sponds to 3—40 values. The Reference 4 requirement for
a heading change of 6° in 1 sec converts to a maximum
control power of 0.28 rad/sec? for a yaw time constant of
1 sec. For the shipboard landing (Fig. 5c¢), maximum
control use is similar to that for the runway landing, with
peaks to 0.1 rad/sec? for the highest wind over deck.

Summary of Yaw Control Requirements. Yaw
control summaries of authority determined from these
STOVL aircraft simulation results, compared to the
Level 1 criteria of References 4, 5, and 6, to available
control power for other V/STOL fighter designs, and to
the E-7A, are provided in Table 4. For the transition
phase, the pertinent criteria once more are those of Refer-
ences 5 and 6. For the vertical landing, References 4
and 5 are the pertinent criteria.
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For the transition and vertical landing, the criteria of
References 4, 5, and 6 all exceed the current experience
for yaw control use to a significant degree. Based on the
current experience, yaw control power for maneuvering
and turbulence suppression could be considerably
reduced. As before, shipboard operations are not covered
by the existing criteria. Total control authority for the
Harrier and VAK-191 are somewhat in excess of that for
the current STOVL design (0.28 rad/sec2). Control used
by the E-7A in the fixed-base simulation experiment is
comparable to that for the MFVT STOVL tested on the
VMS. For this STOVL aircraft design, every 0.1 rad/sec?
reduction in yaw control power would reduce the
reaction control bleed at the tail mounted reaction control
nozzles by 4.8 [b/sec.

THRUST TRANSFER RATES

Ability to achieve adequate rates of thrust transfer
between propulsion system components for pitch and roll
control is an important aspect of control system dynamic
response. Maximum thrust transfer rates observed for the
different tasks in the simulation program are documented
in this section. Results are presented both as maximum
rate of change of thrust and, more generally, as the rate of
change of pitch and roll angular acceleration. Implica-
tions for thrust control bandwidth are also noted.

Pitch Control

Effect of Flight Phase. Thrust transfer rates
for pitch control are documented in Figure 6. During
the transition (Fig. 6a), maneuvering control in
calm air produces peak rates ranging from 0.2 to
1.3 kilopounds (klb)/sec for the attitude command
SCAS. Maximum rates of 1.5-3.3 kib/sec are reached
under the highest wind and turbulence condition. This
maximum range exceeds that for 3-4o values. Results
are independent of SCAS mode. Runway vertical
landings appear to be more demanding on maneuver
control rates than the previous flight phase, but with no
influence of SCAS mode (Fig. 6b). Peak rates ranging
from 1 to 2.6 klb/sec are observed in the data. Turbulence
has no influence on the rate of control use. The most
significant control rates appear for the shipboard landings
(Fig. 6¢c). Maximum rates of 3—4 kib/sec with attitude
command and 3-6 klb/sec with longitudinal velocity
command SCAS occur at the highest wind over deck.

To generalize these results, thrust transfer rates can
be expressed in time rate of change of control power for

this aircraft configuration, where 4 kib/sec is equivalent
to 1 rad/sec3. In turn, the maximum rate of change of
control power can be used to define the relationship
between peak control usage and the effective bandwidth
of control that can be achieved without encountering the
control rate limit. For example, a maximum thrust
transfer rate of 2 klb/sec (corresponding to a rate of
change of angular acceleration of 0.5 rad/sec3) and a
peak control usage of 0.05 rad/sec? (representative of 1o
level of control use for closed-loop regulation) would
imply a rate limit free control bandwidth of 10 rad/sec.
Conversely, for the same thrust transfer rate and a
representative control bandwidth of 5 rad/sec, rate limit
free operation could be sustained up to a control authority
of 0.1 rad/sec2.

Roll Control

Effect of Flight Phase. In Figure 7, the rates of
thrust transfer employed for roll control are indicated for
the different flight phases. Throughout the transition
(Fig. 7a), typical maximum rates for maneuver control
ranged from 1 to 2 klb/sec with the exception of two
cases which demanded 4.5-6.5 kib/sec. In the heaviest
turbulence, rates of 3—4 kib/sec occur frequently, with
occasional peaks from 5 to 8 kib/sec. For roll control,
a thrust transfer rate of 10 klb/sec is equivalent to
3 rad/sec3.

Maneuver control rates for the runway vertical
landing (Fig. 7b) generally ranged from 2 to 4 kib/sec.
Turbulence did not affect control rates up to the
magnitude of disturbances evaluated. For shipboard
landings (Fig. 7c), peak rates of 7-8 klb/sec are observed
for the attitude SCAS with significant wind over deck
and represent a substantial increase over other phases of
operation. With the attitude-plus-velocity SCAS, wind
over deck has a strong influence on thrust transfer rates,
with peaks of 10 klb/sec (3 rad/sec3) reached on occasion
for the highest wind over deck. In lighter winds, transfer
rates are comparable for the two SCAS modes.

As an example for roll control, a maximum thrust
transfer rate of 5 klb/sec (corresponding to a rate of
change of angular acceleration of 1.5 rad/sec3) and a
peak control usage of 0.2 rad/sec? would imply a rate
limit free control bandwidth of 7.5 rad/sec. For the same
thrust transfer rate and a bandwidth of 5 rad/sec, a peak
control authority of 0.3 rad/sec? could be achieved
without rcaching the control rate limit.
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THRUST CONTROL
Influence of Ground Effect and Ingestion

Vertical axis control power in vertical flight is
associated with the margin of thrust in excess of that
required to equilibrate the aircraft’s weight. The require-
ments for thrust margin during vertical landing are
influenced by the disturbances imposed by jet-induced
aerodynamic forces in proximity to the ground and
degradation in engine thrust that results from temperature
rise at the engine inlet due to the recirculation of hot gas
exhaust from the propulsion system. Experiments have
been conducted on the VMS to evaluate in general the
influence of ground effect and hot gas ingestion on thrust
margin necessary to control height and sink rate during
airfield vertical landings (Ref. 2). In turn, these results
were validated with specific simulation assessments of
vertical landings with the YAV-8B Harrier, an aircraft
whose vertical landing characteristics are well known and
have been related to the simulation experience. Results
from these simulations are presented in Figure 8. The
boundaries shown define acceptable and unacceptable
regions for combinations of mean ground effect and
ingestion and thrust/weight ratio. One boundary was
extracted from the generalized evaluations reported in
Reference 2. Data from the YAV-8B ground effect
evaluation are also presented with an appropriate fairing
to illustrate the trend. The YAV-8B data correspond to
configurations with and without lift improvement devices
(LIDS) and for two levels of hot gas ingestion, and span
the range of mean ground effect covered in the previous
generalized investigations. Thrust/weight ratio is
determined out-of-ground effect. Mean ground effect
and ingestion are defined here by the relationship

1 43
— A 'dh
43 Jo (ALT)

where (AL/T)" incorporates jet induced acrodynamic
ground effect as well as thrust variations with inlct
temperature and is dcfined as

(AL/T)” = {[1 + AL/T][1 + (AFG/AB)(A8/W)] - 1}

The altitude range over which the mcan ground effect
and ingestion are bascd is 43 ft and rcpresents the range
over which ground effect exists for the Harrier. For the
carlier gencralized ground effect simulation, the integral
defining mean ground effect was bascd on an altitude
range of 15 ft, where ground effect did not vary above
that altitude. The mean ground cffcct that defined the
boundary for that expcriment (Ref. 2) was adjusted by

the ratio 15:43 to bring it into conformity with the
definition of mean ground effect used herein.

The shape of the boundaries is established by height
control out-of-ground effect for positive ground effect,
on abort capability at decision height for neutral to
moderately negative ground effect and ingestion, and on
control of sink rate and hover position to touchdown for
larger negative ground effect. Results from simulation
evaluation of the YAV-8B Harrier are somewhat less
conservative than the boundary derived from the evalu-
ation of generalized ground effect and are consistent with
Harrier flight experience as described in the aircraft’s
operations manuals (Refs. 13 and 14). The boundary
correlates over much of its range with an analytical
prediction of the trend of thrust/weight with mean ground
effect required to arrest a nominal sink rate of 4 ft/sec
prior to touchdown with an application of maximum
thrust at an altitude of 21 ft. This analytical relationship
is expressed as

7 43 h;
2V ,
(h2 - 52)/2g J'; (AL/TY dh + j; (AT/W)dh

and can be uscd in synthesis of new STOVL designs to
determine the required thrust margin for anticipated
levels of mean ground effect and ingestion. Finally,
based on the results of Reference 2, it was noted that the
employment of a vertical velocity command control did
not shift the boundary shown in Figure 8, which was
obtained for attitude SCAS alone. However, as noted in
Reference 2, vertical velocity command does reduce the
chance for abuse of sink rate control during the descent
to landing and, hence, improves the control margin for
vertical landing.

Influence of Engine Dynamics

Effccts of thrust response dynamics on the pilot’s
asscssment of control of the vertical landing are shown in
Figure 9. These data come from Reference 2 and apply
to manual control of thrust with only attitude SCAS
available. It is apparent that bandwidth of thrust response

" of the enginc core of 4-5 rad/sec is sufficient to achieve

satisfactory ratings for height and sink rate control. For
bandwidths below 3 rad/scc, the control task deteriorates
rapidly. Both the transition and hover point acquisition
tasks werc less sensitive to variations in thrust control
bandwidth than was the vestical landing (Ref. 2). Vertical
velocity command in addition to attitude SCAS insulates
the pilot from the dynamics of the propulsion system
responsc and results in toleration of slower engine
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response (providing the overall airframe response is not
altered) than for attitude SCAS alone.

To a point, the vertical landing is insensitive to
maximum rate of change of core thrust, which is
associated with engine acceleration limits imposed by
maximum allowable temperatures in the core. Thrust
rates varying from 25% of maximum thrust/sec down
to nearly 10%/sec were tolerable for height control.
However, at about 10%/sec, thrust rate limiting and loss
of control were encountered on occasion for such slow
acceleration characteristics. These acceleration rate limits
can be related to surge margin in design of the propulsion
system control. Deceleration rate limits are important to
the ability to rapidly reduce thrust at touchdown, as well
as to the dynamic control of vertical velocity in the
hover. Vertical velocity command does not seem to alter
these results.

CONCLUSIONS

A program has been conducted to define and
experimentally evaluate control system concepts for
STOVL fighter aircraft in powered-lift flight. The control
system designs have been evaluated in Ames Research
Center’s Vertical Motion Simulator. [tems assessed in the
program were maximum control power, control system
dynamic response associated with thrust transfer for
attitude control, thrust margin in the presence of ground
effect and hot gas ingestion, and dynamic thrust response
for the engine core. Results provide the basis for a
reassessment of existing flying qualities design criteria
for this class of aircraft.

This experience shows that pitch control power used
in transition is in general accord with existing criteria,
whereas that used for vertical landing is somewhat lower.
When a translational velocity command system using
deflected thrust for longitudinal force control is
employed, pitch control use is considerably less than
the criteria suggest. No criteria, except that for hover,
exist for shipboard recovery.

In the roll axis, control power recommended by
current design criteria is insufficient to cover demands
for transition. Agreement is good with criteria for vertical
landing. Again, no criteria are available for shipboard
operations. For these operations, lateral velocity
command through bank angle control typically used
greater control power than did an attitude command
system alone.

For the transition and vertical landing, the existing
criteria all exceed the current experience for yaw control
use. As before, shipboard operations are not covered by
the existing criteria.

Thrust transfer rates for pitch and roll control were
observed to be greatest for shipboard operations, with the
decelerating transition placing the next greatest demand.
Control mode did not have a strong influence on these
results.

Thrust margins for vertical landing in the presence of
ground effect and hot gas ingestion were defined based
on results from simulation of the YAV-8B Harrier. The
shape of the boundaries is established by height control
out-of-ground effect for positive ground effect, on abort
capability at decision height for neutral to moderately
negative ground effect and ingestion, and on control of
sink rate and hover position to touchdown for larger
negative ground effect. The boundary correlates with an
analytical prediction of the trend of thrust/weight with
mean ground effect required to arrest a nominal sink rate
with an application of maximum thrust at decision height.
The employment of a vertical velocity command control
does not alter the thrust margin requirement.

Bandwidth of thrust response of the engine core of
4-5 rad/sec is sufficient to achieve satisfactory ratings
for height and sink rate control. For bandwidths below
3 rad/sec, the control task deteriorates rapidly. Vertical
velocity command systems can tolerate somewhat slower
engine response (providing the overall airframe response
is not altered) than can be accepted by the pilot for
manual control of thrust. To a point, the vertical landing
is insensitive to maximum rate of change of core thrust;
however, loss of control appears at the lowest thrust
transfer rates. Vertical velocity command does not seem
to alter these results.
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Table 1. Flight Control Modes

Hover

~ Transition

Attitude SCAS

Control axis

~ Flightpath SCAS

Attitude SCAS Velocity SCAS

Pitch/roll

hold hold
Yaw Turn coordination
Vertical Thrust magnitude

Longitudinal Thrust deflection

Turn coordination
Flightpath command
Acccleration command- Thrust deflection

Rate command-attitude Rate command-attitude Attitude command- Attitude command-

attitude hold attitude hold
Yaw rate command Yaw rate command
Thrust magnitude Velocity command

Velocity command

velocity hold

Lateral

Velocify command
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Table 2. Comparison of Pitch Control Power Criteria with STOVL Aircraft Designs

MIL-F AGARD NASA AV-8B AV-8A VAK-191

Flight Recent STOVL Concepts
phase 83300 R-577 TN S559%4 MFVT E-7A (Ref. 10)
Ref.4 Ref.5 Ref.6 Ref.7 Ref.8 Ref.9  Maneuver Turb6  Maneuver Turb6
Transition 0.05- 0.5 0.15-0.19 0.2-0.25 0.6 0.6
0.2
Vertical 029 0.1-03 0.53 0.8 1.0 0.16-0.27 0.16-0.27
landing (AC)
-083 -0.75 0.17 0.17 (VC)
wOD 15 WQOD 46 WOD 15 WOD 34
Shipboard 0.53 0.8 0.31 0.37 0.3 0.4
landing -083 -0.75 0.22 0.22 (VC)
Notes: (1) All values expressed in terms of control power in rad/sec?.

(2) Reference 7 and 9 requirements converted from attitude response based on a time constant of 0.5 sec for
rate command systems or a natural frequency of 2 rad/sec for a critically damped attitude command
system.

(3) Control power for actual aircraft represent total available in hover; transition values not available.

(4) Control power for MFVT and E-7A represent maximurmn used.

Table 3. Comparison of Roll Control Power Criteria with STOVL Aircraft Designs
——§
Flight MIL-F AGARD NASA AV-8B AV-8A VAK-191 Recent STOVL Concepts
phase 83300 R-577 TN 5594 MFVT E-7A (Ref. 10)
Ref.4 Ref.5 Ref.6  Ref.7 Ref.8 Ref.9  Maneuver Turb6  Maneuver Turb6
Transition 0.1-0.6 0.55 03-04 0.9-1.2 0.25 0.6
Vertical 0.38 0.2-04 2.2 1.73 1.4 0.1-0.3 0.2-04
landing
WOD 15 WOD46 WODI1S WOD34

Shipboard 2.2 1.73 0.2-04 0.9-1.1 0.55 1.8
landing (AC)

1.3-2.0

(VO)

Notes: (1) All values expressed in terms of control power in rad/sec?.

3

()
)

Reference 7 and 9 requircments converted from attitude response based on a time constant of 0.5 sec for
ratc command systems or a natural frequency of 2 rad/sec for a critically damped attitude command
system. .

Control power for actual aircraft represent total available in hover; transition values not available.

Control power for MFVT and E-7A represent maximum used.
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Table 4. Comparison of Yaw Control Power Criteria with STOVL Aircraft Designs

e ——— —
Flight MIL-F AGARD NASA AV-8B AV-8A VAK-191 Recent STOVL Concepts
phase 83300 R-577 TN 5594 MFVT E-7A (Ref. 10)
Ref.4 Ref.5 Ref.6 Ref.7 Ref. 8 Ref.9  Maneuver Turb6  Maneuver Turb6
Transition 0.15- 0.22 0.02-0.04 0.05-0.07 0.04 0.04
0.25
Vertical 028 0105 - 0.43 0.46 0.4 0.15- 0.1
landing 0.065
WOD 15 WOD 46 WOD 15 WOD 34
Shipboard 0.43 0.46 0.065 0.1 0.05 0.12
landing

Notes: (1) All values expressed in terms of control power in rad/sec?.
(2) Reference 7 and 9 requirements converted from attitude response based on a time constant of 1 sec for
rate command systems.
(3) Control power for actual aircraft represent total available in hover; transition values not available.
(4) Control power for MFVT and E-7A represent maximum used. .

RCS nozzles RCS nozzles Cruise nozzle

All-moving tails

Flaps and
allerons

Trim Iift nozzie

Main lift Trim lift
nozzies nozzie
Main lift nozzies

Figure I. Mixed-Flow Remote Lift STOVL Aircraft
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ABSTRACT

The FAA is responsible for making the
determination that a helicopter is safe for IFR
operations in the National Airspace System (NAS).
This involves objective and subjective evaluations of
cockpit displays, flying qualities, procedures and
human factors as they affect performance and workload.
After all of the objective evaluations are completed,
and all Federal Regulations have been met, FAA pilots
make the final subjective judgement as to suitability
for use by civil pilots in the NAS. The paper uses the
flying qualities and pilot workload characteristics of a
small helicopter to help examine the FAA pilot's
involvement in this process. The result highlights the
strengths of the process and its importance to the
approval of new aircraft and equipments for civil IFR
helicopter applications. The paper also identifies
opportunities for improvement.

NOMENCLATURE
AFCS Automatic Flight Control System
CAS Calibrated Airspeed
c.g. Center of Gravity
FAR Federal Aviation Regulations
I[FR Instrument Flight Rules
IMC Instrument Meteorological Conditions
MCP Maximum Continuous Power
NAS National Airspace System
OEI One Engine Inoperative
PRs Pilot Ratings
T&E Test and Evaluation
VFR Visual Flight Rules
VMC Visual Meteorological Conditions
VMINT Instrument Flight Mininum Speed
VNE Never Exceed Speed
VNE Instrument Flight Never Exceed Speed
Vy Climb Speed
Vv Instrument Climb Speed
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INTRODUCTION

The engineering and operational criteria
contained within the Federal Aviation Regulations
(FARs) have evolved as the result of operational
experience and flight research. Yet these regulations
alone can not absolutely guarantee the suitability of an
aircraft, principally because the quantitative criteria do
not address the integrated aircraft system. So as the
final check, FAA pilots are assigned to fly the aircraft
and make a determination as to the suitability of the
total system,

More than any other measures, suitability is
determined by gauging the performance which is
achieved in return for the spectrum of workload
required to achieve this performance. In short, the
workload that the pilot is required to accept must never
exceed the capability of the minimum qualified pilot.
In addition, the performance should never fall below an
acceptable level during periods when the pilot is
required to operate at the maximum tolerable workload.

The role of the FAA pilot during flight
evaluations is similar to the role of the military T&E
pilot. That is, while a civil helicopter may meet all of
the FARs (References 1 and 2) for IFR flight (or meet
Military specifications in the case of a military
aircraft), the FAA pilot may find that the aggregate of
performance and workload is not good enough to
recommend the aircraft for approval. As a result, an
unsatisfactory evaluation often includes a finding that
the workload is too high.

It is also possible for both civil and military
helicopters to fail 0o meet the demonstration
requirements of the relevant specifications (FARs) yet
still be found suitable for normal operations. This
highlights the uncertainty of the preliminary design
specification process. The manufacturer needs design
guidance (criteria) but the Government can only
provide its best estimate of what is required. It can
only provide best estimate because: (1) technology
and changing missions often change faster than the
criteria can be updated, and (2) it is extremely difficult
to predict the performance of the resultant system.



Finally, while the intent of the criteria or
regulations is rarely in error, it is often difficult to
demonstrate compliance of new automatic flight
control systems (AFCS), workload relief equipment,
and displays to existing objective criteria. In some
cases, there are no objective criteria. In the case of
helicopter approvals for civil use, Advisory Circulars
27-1 and 29-2 (References 3 and 4) recognize this
situation and provide the applicant with the
opportunity to use a variety of means to demonstrate
compliance. Never-the-less, it is the FAA pilot team
that determines the suitability of the aircraft for
operations in the NAS. This is as it should be.

This paper focuses on the aggregate of workload
and pilot-aircraft performance. It presents a joint
perspective to examine the process which is used by
the FAA to insure that only safe aircraft are approved
for operations in the National Airspace System (NAS).
It explores the alternative approaches available to
applicants and strives to increase the rotorcraft
community's understanding of how the FAA defines
adequacy, and how adequacy can be predicted by the
applicant with confidence.

RELIABILITY

Before considering the impact of displays,
flying qualities, control characteristics, and various
workload relief equipment, one must appreciate the
need for reliability of function. If the quality (or
correctness) of a function is not sufficiently reliable,
the FAA pilot will often evaluate the aircraft as
though the function is never available.

Suffice it to say that if the helicopter
incorporates a workload relief feature which is not
extremely reliable (or does not include redundant
elements), the FAA pilots will treat the feature as a
"nice to have”. Such "nice to have" features will not
normally figure prominently in the determination of
suitability for IFR operations in the National Airspace
System (NAS).

The same constraints apply 1o displays. If the
attitude display and its power supply are not adequately
reliable, a standby display is required to insure the
availability of an auitude display under the most
adverse failure mode condition, In such a case, the
standby attitude indicator will often be evaluated as the
primary attitude reference during evaluation of cockpit
management workload and flying qualities.

FAILURE MODES
The failure modes of components of the total
system are also extremely important. The transient
condition associated with the introduction of a failure
must not introduce an "upset” condition which will
require unusual pilot skill to avoid a dangerous
situation during the period subsequent to the failure.

The multi-layered systems available in the more
expensive aircraft generally exhibit fail-operate or fail-
passive characteristics (sometimes accompanied by a
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modest but very acceptable degradation in capability).
Smaller, less expensive aircraft are typically less able
to afford the same degree of redundancy and the
transient introduced by a flight control or related sub-
system failure can be very significant to the suitability
of the aircraft in the eyes of the FAA evaluation pilot.

THE MINIMUM QUALIFIED PILOT

Unless otherwise stipulated by the applicant,
FAA pilots must evaluate the suitability of a
helicopter for IFR operations based upon their personal
perception of the capabilities of the least qualified pilot
that can legally be expected to fly the aircraft. This
recognizes the fact that FAA approves pilots with as
little as 150 hours of first pilot time in helicopters and
airplanes. That is, the "worst case crew" could involve
one or two pilots with these minimal qualifications.
This suggests that every helicopter approved for
instrument flight must be suitable for operation by a
pilot with immature piloting skills and an under
developed appreciation for the potential hazards of
instrument flight in the NAS.

PILOT TECHNIQUE AND PROCEDURES

The FAA recognizes that tandem helicopters and
single rotor helicopters do not fly alike, nor will a
3000 pound and a 30,000 pound helicopter fly alike.
The FAA's evaluation pilots recognize that these
configuration and size differences dictate unique
operating procedures and techniques. The addition of
series and paralle! automatic flight control systems can
also dictate configuration unique procedures and
piloting techniques. These equipment and related
techniques may make the direct comparison of an
aircraft to the objective requirements of the FARs
difficult if not irrelevant. The installation of a sidearm
control stick is a case in point.

Regardless of the configuration, the evaluation
pilots understand the intent of all of these requirements
and they understand that they have a responsibility to
evaluate existing flight control characteristics against
the intent of the requirements, as explained in
Advisory Circulars 27-1 and 29-2A. As noted earlier,
this means that some issues are resolved during the
inflight determination of the overall suitability.

While the FAA pilot has a responsibility to
understand the techniques developed by the applicant,
the evaluation pilot(s) may not find all of the
procedures acceptable. Some may be found to be too
difficult and require special training or a periodic
demonstration of proficiency, or both to obtain
approval for operations in the NAS. The applicant has
the option either to accept such findings or to alter the
aircraft in ways which improve the aircraft and
eliminate the need for special skills.

EVALUATION ENVIRONMENT

Implied in any FAA evaluation of a helicopter
for IFR operations is the need to evaluate the aircraft
in an adverse environment. An extensive evaluation in
a variety of adverse environments is most likely to be
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conducted if: (1) the margin of suitability is perceived
to be small, or (2) innovative control techniques or
equipments are incorporated which introduce uncer-
tainties because of the lack of precedent or the lack of
hands on experience on the part of the FAA pilot(s).

In the case of an IFR application, the FAA pilot is
likely to include an evaluation flight in a building
cumulus cloud formation and, or a night flight profile
in frontal weather. If this is not a practical choice,
other evaluation tasks are executed to build an
understanding of the aircraft which is sufficient to
accurately predict its suitability in bad weather. The
duration of flights in adverse weather is also important
to the determination of suitability. The evaluation
pilot must deal with the workload for an appropriate
period to be able to answer the question: does a pilot at
the controls need either a co-pilot or a highly reliable
workload relief system to make it through the flight?

ONE PILOTS VS. TWO PILOT
The applicant must request approval of an
aircraft with a crew of one or a crew of two.

SINGLE PILOT FLYING QUALITIES

A helicopter is said to exhibit single pilot
flying qualities, when one pilot is able to fly the
aircraft for a period of time equal to the endurance of
the aircraft without being relieved by a second pilot.
Implicit in this definition, is the concomitant ability
of the pilot to accomplish essential non-piloting,
cockpit management duties such as communication,
navigation and typical emergencies.

AUTO PILOT VS. CO-PILOT
If an auto pilot is employed, the pilot is free to
perform the co-pilot's duties. This is an acceptable
alternative if the auto pilot never fails, but what if it
does fail? If the auto pilot fails, the flying qualities
and the non-flying workload must be managed by one
pilot.... on a bad night.

DUAL PILOT FLYING QUALITIES

A helicopter is said to exhibit dual pilot flying
qualities, when the pilot in command is unable to fly
the entire flight (for a period equal to the endurance of
the aircraft) without being relieved from time to time
by a second pilot. The pilot who is not at the controls
normally handles the cockpit duties attendant to the
flight. This includes tasks which the pilot at the
controls does not desire to perform or can not perform.

WORKLOAD

Workload during instrument flight is the result
of one or a combination of the following: (1) task
complexity including the cockpit management tasks
and the control required to accomplish the maneuvers
which in turn produce the desired flight trajectory, (2)
residual flight path errors and the time dependent
growth of these errors due to the control and flying
qualities characteristics of the aircraft (including the
AFCS), (3) the volume and quality of the flight
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instrumentation situational awareness displays. The
display equipment either facilitates the control of the
aircraft (and aids the pilot in efforts to eliminate
errors), or the displays are inadequate; degrading
situational awareness and, or frustrating the pilot's
efforts to trim, suppress gust responses, and accom-
plish a variety of compensatory control inputs, and (4)
the pilot's experience and familiarity with similar
equipment, vehicle responses, and environmental con-
ditions, as well as proficiency in any given situation.

EXCESSIVE WORKLOAD

When a single pilot can fly the aircraft for the
duration of the flight without relief, but can not
accomplish all of the cockpit management duties in a
timely fashion, the aircraft is exhibiting an excessive
workload characteristic. When an excessive workload
situation exists, the flying qualities can be improved
to make more time available to accomplish cockpit
management duties, or the cockpit management work-
Toad can be decreased, or a combination of ameliorating
changes can be incorporated. For example: (1) A crew
of two can be substituted for the desired single pilot
crew, or (2) An extremely reliable flying workload
relief system (auto pilot) can be incorporated, or (3)
The flying qualities of a helicopter can be augmented
through electro-mechanical or electro-hydraulic means,
or (4) The display system can be improved, or (5)
Workload intensive equipment can be eliminated or
replaced, or (6) The flight envelope of the aircraft can
be tailored to include only that portion of the flight
envelope which is suitable for the desired flight
operations.

FLYING QUALITIES BOUNDARIES

Figure 1 provides a characterization of a hypo-
thetical helicopter which has been evaluated for IFR
flight using the Cooper Harper pilot rating scale. Such
scales are not utilized by FAA pilots during the
evaluation-approval-reporting process, but since all
FAA pilots use the Cooper-Harper scale during
research evaluations, it seems appropriate to use this
scale here. Assume, for the sake of this discussion,
that the pilot ratings in Figure 1 were developed as the
result of conducting precision standard rate turns during
level, climbing and descending flight. In addition,
precision approaches were conducted at a number of
airspeeds on each of the three glide slopes. Precision
performance criteria was also established and observed
in the normal way provided for in the associated
literature (Reference 5).

This figure reflects the fact that there is a band
of airspeed within which a helicopter will fly best
(each helicopter has its own set of boundaries). It also
illustrates the gradual degradation in flying qualities
which occurs if the aircraft slows down, or if power is
added and the aircraft climbs. Also note that the
typical single rotor helicopter becomes easier to fly as
the aircraft descends. But at some speed, an acceleration
will also cause a degradation in flying qualites.
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Precision Approaches Under Night IMC-IFR Conditions

It is important to realize that the pilot
comments associated with a given pilot rating change
as the flight conditions change from slow-level to
slow-climb to fast-climb to fast-leve! to fast-descent to
slow-descent. That is, while the rating of "5" may be
assigned to many different flight conditions, the pilot's
comments which explain the rating "5" may differ
substantially throughout the envelope.

THE BASIC FLIGHT ENVELOPE

The flight evaluations conducted by the FAA
are accomplished within the bounds of a proposed IFR
envelope. The boundaries of this envelope coincide
with, or fall within the boundaries of, the previously
approved VFR envelope. The VFR envelope is
determined by the performance capability of the aircraft
and the limitations established due to structural
considerations (component fatigue lives), stability and
controllability (see boundaries in Figure 1).

All of today's civil IFR operations assume that
pilots will utilize Visual Meteorological Conditions
(VMC) to accelerate to some minimum airspeed which
is approved for Instrument Meteorological Condition
(IMC), before entering IMC, That is, the low speed
end of the IFR approved flight envelope must support
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climbing, level and descending transitions into an IMC
airmass during day and night operations. The
minimum airspeed approved for instrument flight is
referred to as Vqqny. This is an extremely important
airspeed limit for it typically precludes helicopter
unique IFR flight, constraining helicopter IFR
operations to "airplane like" flight.

Typically, VN is equal to or less than Vy,
the speed for best rate of climb. Alternately, an
applicant can establish a best climb speed for
instrument flight Vyy in which case Vyny is equal
to or less then Vyr.

In principle, Vy Ny defines the speed above
which the pilot will not encounter any troublesome
non-linearity, dynamic instability, or strong adverse
collective control coupling. These are characteristics
that can cause the aircraft to become difficult or even
unsafe to fly during IMC. For this reason, inadvertent
flight substantially below Vyymny can be expected to
require the pilot to concentrate on the retention of
attitude control and flight path management to the
exclusion of other tasks.
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The applicant may also chose a speed for Vg
which is based on considerations other than the flying
qualities of the aircraft. For example, the low limit of
an airspeed transducer in the AFCS may define Vyqnt-
In general, Vg can be established at a speed which
is as high or as low as the applicant desires, as long as
the aircraft exhibits adequate flying qualities, is capable
of adequate climb performance, and has a practical
operating speed envelope.

BASIC CONFIGURATION
FOR EVALUATION

As mentioned earlier, the approval of an IFR
envelope is based on the characteristics exhibited by
the aircraft while it is being operated at the most
adverse combinations of c.g., gross weight, etc., for
which an approval is sought by the applicant. These
adverse configurations will include the disengagement
of all workload relief systems which have not met the
requirements of the FAA for reliability. In some cases,
a failure mode is acceptable if the pilot can be
reasonably expected to observe the limits of a smaller
envelope after a failure occurs.

TAILORING THE ENVELOPE
Typically there is an airspeed below which any
given helicopter can no longer be easily flown under
IMC, on airways. The actual airspeed defining the
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lower limit of the suitable flight envelope typically
varies as a function of climb rate. For example, the
boundary between the PRs of 5 and PRs of 6 in Figure
1 could define the minimum safe airspeed for IMC
operations. Note that such an approach would produce
a limit which varies as the function of rate of climb.
Since a variable minimum limit speed would be
relatively difficult to observe, the FAA has adapted the
practice of selecting a single airspeed for all allowable
climb rates (see Figure 2).

Typically a minimum airspeed for IFR
operations ( VN ) is proposed by the applicant and
the flying qualities are investigated at the limit climb
capability of the aircraft, or the maximum rate of
climb proposed by the applicant (the FARs stipulate a
minimum climb of 1000 ft/min, or a climb at
maximum continuous power, whichever is less, while
trimed at V). The shape and location of the boundary
between PRs of 5 and PRs of 6, as depicted in Figure
1, provides the reader with an insight into the
alternative combinations of minimum airspeed
(VM) and the maximum allowable rate of climb for
instrument flight which the applicant can choose from.
In most past cases, the applicant has had an
opportunity to increase V)qNy to obtain approval of a
higher maximum allowable climb rate. Alternately,
the applicant might agree to decrease the maximum



allowable climb rate to gain approval of a lower
Vuming- In the latter case, the resultant limit climb

rate must provide a practical capability on airways.

In a similar way, the IFR operational envelope
of a civil helicopter is often reduced to insure the
availability of good flying qualities by limiting the
maximum gross weight or minimum gross weight,
and/or by limiting the range of the center of gravity
(c.g.). Sometimes the envelope is limited in
autorotative flight, and sometimes it is limited after a
failure. For example, in Figure 2, the maximum
forward speed has been limited after an AFCS failure
(the speed is limited to protect the crew against a
second failure). These are now limitations to the scope
of the FAA evaluation and the envelope available for
operational use. Any time an envelope is reduced in
this way, it is said to have been tailored. The FAA
now investigates the objective or the subjective
requirements of the FARs within the envelope defined
by these new boundaries.

STEEP APPROACHES AND Vpni

The authors realize that there is current interest
in the potential of reducing VNt to facilitate low
speed, steep approaches into metropolitan vertiports.
Such approaches will require the applicant to propose a
relatively low Vyynp in  combination with an
indication of airspeed which is reliable at (and below)
VMming and the minimum airspeed for a Category A
approach -- to insure the ability to execute a one
engine inoperative (OEI) balked landing. (Note: The
definition of VyqyNp will need to be revised to
accommodate instrument approach and balked landings

FLIGHT DISPLAYS, FLYING
QUALITIES, WORKLOAD

A search of past explanations of the
relationships between displays, controls, task,
performance and workload produced the AGARD
Advisory Report No. 51 on "Displays for Approach
and Landing of V/STOL Aircraft” (Reference 6).
Figures 3 through 5 have been adapted from this
reference to help us examine the complex but long
recognized relationships which are an integral part of
the FAA's evaluation-approval process. These figures
illustrate the interdependence between display
capability, aircraft handling qualities, automated flight
control systems and well designed or automated
cockpit management functions,

The adapted AGARD graphic presented in
Figure 3, tells us that it'is possible to trade-off display
sophistication (capability) with control sophistication
(capability) in a way which produces about the same
performance for the same crew effort (pilot rating).
This common capability is depicted as a single curved
line in Figure 3. Each line is referred to here as a
continuum of capability. To improve the pilots
evaluation or pilot rating of an aircraft, the display-
control combinations must improve. In Figure 3, this
incremental improvement is illustrated by the
inclusion of three lines representing three individual
continua of capability.

Two continuum lines have been drawn in
Figure 4 to consider the issue of workload. Lines (a)
and (b) both represent acceptable performance and
workload during the execution of an identical task.
Observe that the pilot ratings are the same for the two
lines but the distribution of the workload is different.

under instrument conditions.)
@ ) Each line represents a continuum of
< ' display, stability and handling qualities
G ! characteristics which yield the same
E ! performance and requira the same
0 ' workload.
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Figure 3: Tradeoff Between Display And AFCS Sophistication
For An Instrument Approach
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and a relatively low cockpit management workload.
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Figure 4:

Enhanced Display And Control Sophistication Required

For An Instrument Approach

The pilot's task to fly the aircraft is the least difficult
when the display-control combinations of (a) are
selected. When any of the combinations of displays
and controls represented by continuum (b) are selected,
the pilot effort to fly the aircraft is the greatest. The
fact that the same pilot rating is assigned to both
ofthese lines is explained by the fact that the pilot-
aircraft performance (combined flight path management
and cockpit management performance) is more or less
equal and the total workload is more or less equal.
Restated, while the total performance and workload are
approximately the same for the two cases, the ratio of
piloting workload to cockpit management workload are
reversed. Once a satisfactory continuum of capability
has been identified, the applicant is free to trade-off
displays to find the most affordable and reliable
combination of equipment.

MINIMUM EQUIPMENTS AND
FLYING QUALITIES

An understanding of the workload relationships
is very important when trying to understand the FAA's
approval methodology. First, as a design guide,
minimum display and flying qualities guidance is
provided in the FARs and related Advisory Circulars.
This guidance has been characterized by the VFR and
the IFR limits included in Figure 5. That is, a
minimum set of flight instruments (and related
equipment) are stipulated by horizontal lines, and a
minimum set of stability and handling qualities
characteristics (vertical lines) are provided for the
control side of the equation,

For the sake of discussion, assume the IFR
limits in Figure 5 define the minimum stability,
handling qualities and display requirements which will
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support approval of a helicopter for non-precision
approaches with a crew of two. The limits also include
consideration of the workload which can be accepted by
two pilots. If the crew is reduced to a single pilot, it
follows that workload must be reduced by
incorporating either improved cockpit displays or an
improved flight control system (or both).

For example, an improvement in the flight
control system and/or AFCS should reduce the flight
path control workload and yield a more desirable
aircraft. The resultant operating point, "b" in Figure 5
represents a significant handling qualities improvement
over "a". Such a change should make the aircraft
easier to fly and improve pilot-aircraft performance as
well as reduce workload. Similarly, an improvement
in the display configuration is illustrated in Figure 5
as operating point (c). This should also help reduce
the workload as well as help a pilot achieve the
objective performance.

When the combined effect of the display and
AFCS improvements are considered, a new operating
point (d) is defined. If both point (b) and point (c)
produced an adequate single pilot IFR capability, then
theoretically a failure of either addition would be
acceptable. This inferred redundancy once again briefly
illustrates the potential connectivity between displays
and controls.

PROVISIONS FOR FAILURES

The FAA process also insures that no failure of
the displays or controls will result in an operating
condition where the workload is inappropriate for
continued IFR operations, or the pilot-aircraft perfor-
mance is unsatisfactory. For example, this need for
redundancy typically requires a second attitude indicator
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Stability And Handling Qualities (or Redundancy)

to be installed in "single pilot” instrument panels. The
addition of the redundant attitude indicator insures that
the capability of the aircraft will not fall below that
defined by operating point (a) in Figure 5.

Redundancy is also required to accommodate
AFCS failures which degrade the stability or handling
qualities of the aircraft. Sometimes, the addition of
redundant AFCS channels allows the design to be
altered in a way which simultaneously improves the
flight characteristics of the aircraft (see path (a) to (b)
in Figure 5) and provides the needed redundancy.

DISPLAYS COULD BECOME MORE
IMPORTANT

Some argue that the (IFR enabling) credit
assigned to displays and control system features of IFR
helicopter systems tends to favor the use of AFCS. It
can be argued that the development of display rich
cockpits would be facilitated if the FAA allocated more
credit to advanced electronic sensor-display systems
with rotorcraft unique features. Such cockpits should
decrease the need for multi-layers of stability and
flight control augmentation. This might be especially
true during a steep approach to a high pre-landing
hover under IMC. Other less revolutionary yet equally
important additions, such as display of ground speed
and omni-directional low airspeed may substantially
enable steep approaches to hovering flight. A powerful
indication of yaw rate could also simplify pilot control
of heading during slow speed flight without heading
hold (subsequent to an AFCS failure).

A careful review of lessons learned during basic
rotorcraft display research may be sufficient to justify
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greater specificity in the allocation of credit to existing
conventional displays such as large turm and slip
indicators, and large attitude indicators, with less credit
allocated to very small attitude indicators, and turn and
slip indicators that have been integrated into attitude
indicators (ADI). For example, the work reported in
Reference 7 found the large turn and slip display was
the preferred display for IFR helicopter operations on
airways, while the small integrated turn and slip
dispalys were judged inferior.

In addition, a review of past fhght director
projects suggests that fight directors are substantially
under valued, especially in the small helicopter
application. This data has been overcome by the
widely held belief that flight directors can be expected
to improve performance, but typically at the cost of an
increase in workload. As a point in fact, there is little
rotorcraft data which suggest that a mature flight
director design increases workload when the
performance objective is held constant.

Counter to conventional wisdom, Reference 8
presents data which seems to establish the fact that a
good flight director will lower workload and improve
performance when: (1) the flight director is installed
ina hehcopter with poor inherent flying qualities and,
(2) no AFCS is operating. That is, the inclusion of a
proper flight director should cause the operating point
to move from (a) to (c) in Figure 5.

It is the opinion of the authors that early flight
director successes which involved the use of simple
contact analog displays were pursued on the military
side but abandon (by the civil community) in favor of
the electronic reproductions of the current electro-
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mechanical displays. In short, the perceived risk
associated with customer acceptance and FAA
acceptance of advanced electronic display formats has
retarded advances in this area.

Similarly, most commercially available flight
directors do not incorporate flight director laws which
command the pilot to use the collective to maintain
glideslope. The longitudinal control is used instead.
This of course is not an acceptable solution for opera-
tions on the back side of the power required curve. The
most important fact here is that this mechanization
reflects a lack of concemn for display techniques which
could allow the pilot to enter the control loop in a way
which might lead to the effective exploitation of the
slow speed portion of the helicopter flight envelope. In
summary, few seem to appreciate the display priority
which should be allocated to the collective during
operations on the back side of the power required
curve, especially during steep approaches.

A future cockpit might incorporate an extremely
powerful vertical situation display, with flight director
capabilities which could enable the pilot to quickly and
precisely trim the aircraft. The ability to trim precisely
and quickly should do two things. It should signifi-
cantly speed up the trimming process and delay the
unattended departure from trim. This would allow a
single pilot to spend more time with other flying and
cockpit management tasks. This capability might
prove to be most important as a safety enhancement
feature subsequent to a stability augmentation failure
or the failure of a work load relief system. Other
improvements might include: airspeed displays,
heading reference displays, and power management
displays as suggested by Reference 9.

RISK AND AFFORDABILITY
The more affordable an IFR system is, the
greater the applicant's monetary risk during the
approval cycle. A precedent setting expansion of the
operational utility of a helicopter model, such as the
first configuration offered for Category III B
instrument approaches also has an associated high risk
relative to the cost to obtain approval of an aircraft of
interest to a very small initial customer base. The risk
at both ends of the sophistication spectrum involves
concern for the calendar time to achieve approval and
the cost of the effort (including the improvements
which may be inferred by the FAA). The larger the
anticipated investment and the greater the uncertainty
associated with approval, the greater must be the
potential return on investment. The fact that demand
for IFR helicopters appears to be low seems to

exacerbate the potential applicants worst fears.

The key to progress seems to reside in the
development of an improved vertical flight infras-
tructure, and an aggressive effort to integrate more
small helicopters into the IFR portion of the NAS.
This effort should probably focus on the large
potential fleet of helicopters in the 3000 to 5000
pound class.
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Such an effort would require a number of
demonstration programs to e¢valuate the alternative
display-AFCS-tockpit workload design improvements.
The resultant alternative configurations must be both
clearly safe and affordable. It seems logical that the
FAA approval process should be used as the format for
these demonstrations. Finally, none of the resultant
data should be proprietary.

SPECIAL OPPORTUNITIES
The following areas are identified as providing
important enhanced capability to the rotorcraft
community and the public it serves:

Partitioned-Independent Systems

Stability and control augmentation, autopilot
and other workload relief systems should be designed
so that the probability of total loss of a single system
is unlikely and the loss of a partial system is not
disabling. Failures could cause the pilot to retreat to
the best portion of the flight envelope for the
remainder of the flight.

Velocity Sensors and Displays

Doppler, airspeed and other speed measurement-
display systems (not now in civil helicopters) will be
required to allow approval of approaches to extremely
low airspeeds or hovers during steep instrument
approaches. A new family of logic can be developed
which responds to the need to observe Vyny and
single engine minimum airspeed constraints (Cat A
operations) while conducting steep approaches to a
hover. Such a logic would be expected to address the
practical attributes of currently available airspeed and
ground speed sensor-display equipment in context with
the air crew's need for the data under normal and failure
mode operations.

Special Flight Director Functions

On the complex system end, flight director
computers are required which incorporate relatively
brilliant laws which in turn are able to provide steep
approach guidance and hover or vertical descent/assent
guidance. This might even respond o the need for
flight directed Cat A takeoffs, rejected takeoffs,
landings, and rejected landings.

On the low end, a new application of flight
director logic could be used to direct the pilot to put
the pitch attitude in the right place and the flight
controls in the right place to steady the aircraft on trim
in the shortest possible time, providing the pilot with
more time to spend on navigation, communications,
etc. In addition, there seems to be an opportunity for
an improved display of commanded collective position.

Attitude Indicators

Attitude indicators come in a variety of sizes.
Some are electro-mechanical, some are electronic. But
what is their relative value? What is the benefit
obtained with the largest practical display and the
smallest emergency (two inch) display? The potential
(or relative) advantage of the large display needs better
definition.



Enhanced Vision Systems .
There is clearly a need for affordable first step
applications of vision enhancing sensor-display
systems. The need exists all across the spectrum of
aircraft size and capability. The potential is virtually
unexploited in the civil helicopter community.

Helicopter Unique Displays

The slow and vertical modes of the helicopter
are its principal attributes, Displays which facilitate
pilot in the loop activity during slow and steep
helicopter operations could make the helicopter more
affordable and help the industry realize its potential.
The current flight director, miniture turn needle,
typical engine torque indicators, horizontal situation
display (HST) and pitot static airspeed indicator are five
excellent examples of instruments which are not well
suited to the helicopter during slow speed helicopter
unique flight.

OBSERVATIONS
The FAA pilot has the authority and
responsibility to evaluate and approve the aggregate
suitability of combinations of controls, displays and
workload relief equipment to facilitate and expedite the
expanded application of large numbers of IFR
helicopters in the NAS.

Innovation is required to demonstrate: (1)
Partitioning between the axes of an AFCS to provide a
form of graceful degradation which can be applied to
low cost stability augmentation and workload relief
equipment suitable for IFR operations of small
helicopters. (2) The relative value of robust displays
and concepts for granting credit in the FAA IFR
approval process. Such displays will help pilots
compensate for some of the weaker flying qualities of
some small helicopters. (3) The advantages and
limitations of vision systems for credit during
approaches to metropolitan vertiports.

In addition, there is a continuing need to beter
articulate the way modern helicopters fly and are flown
in the civil environment. This is required to support a
broader understanding of the issues and opportunities
for improvement, so as to facilitate the development of
and gamer FAA approval of, affordable equipment sets
with accommodating flight envelopes.

SUGGESTIONS
Research and development should be encouraged
to develop background data which will enable
expeditious approval and encourage the intelligent
applications of technology to develop affordable IFR
equipment for a wide range of single and multi-engine
helicopters.

The insight developed through R&D and FAA
evaluations of aircraft offered for approval, should be
used to enhance the guidance contained in Advisory
Circulars 27-1 and 29-2.
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ABSTRACT

Three years of using the U.S. Army's rotorcraft
handling qualities specification, Aeronautical Design
Standard - 33, has shown it to be surprisingly robust. It
appears to provide an excellent basis for design and for as-
sessment, however, as the subtleties become more well
understood, several areas needing refinement became ap-
parent. Three responses to these needs have been docu-
ment in this paper: (a) The yaw-axis attitude quickness
for hover target acquisition and tracking can be relaxed
slightly. (b) Understanding and application of criteria for
degraded visual environments needed elaboration. This and
some guidelines for testing to obtain visual cue ratings
have been documented. (c) The flight test maneuvers were
an innovation that turned out to be very valuable. Their
extensive use has made it necessary to tighten definitions
and testing guidance. This was accomplished for a good
visual environment and is underway for degraded visual
environments.

INTRODUCTION

Aeronautical Design Standard - 33 (ADS-33C)
(Ref. 1) was adopted in August 1989. Since that time, it
has been used in several programs which cover the spec-
trum of possible applications. These include a fuil flight
test evaluation of a current Army helicopter (Apache), full
design application and simulator assessment of the

Presented at Piloting Vertical Flight Aircraft: A Conference
on Flying Qualities and Human Factors, San Francisco,
California, January 1993.

competing designs for LHX, which later evolved into
Comanche, analytical evaluations using high fidelity math
models for the Black Hawk and Sea Hawk, and flight tests
of several aircraft including the OH-58D and the BO-105.
Such application early in its lifetime is a specification
writer's dream. We can already see the influence modemn
handling qualities concepts are having on new design and
assessment methods and we also get feedback on criteria
which need more work, or topics which need more guid-
ance to enable users to understand and apply the method-
ologies. This paper describes some of the results of ef-
forts to resolve questions on three topics that have arisen
during the last three years.

The first topic covered is attitude quickness. The
evolution of this new requirement is outlined. Several
experiments were performed to enhance the database, and a
proposed revision to a yaw-axis boundary in hover has
been developed.

The second topic treated is related to Degraded
Visual Environment (DVE). To handle the Army’s need
to fight at night, as well as, or perhaps even more than
during the day, a new concept was introduced into ADS-
33C which relates the required helicopter flying qualities
to degradations in the visual cuing. A definition of DVE
is provided and the methodology of obtaining Visual Cue
Ratings (VCR's) and relating these to required Response-
Types through the concept of Usable Cue Environment
(UCE) is described. Particular guidance is presented for
pilot briefing notes and questionnaires to help in obtain-
ing consistent VCR's.

Since degraded visual cuing is usually encoun-
tered on ground-based simulators even when trying to
simulate day, the basic concept of UCE has been extrapo-
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lated to calibrate simulators; the methodology, called
SIMulated Day UCE (SIMDUCE), is described.

The last topic described is refinement of the
flight test maneuvers. These were introduced into the
handling qualities specification to provide guidelines for
an overall assessment of the design. They have turned out
to be a major item used by the test and assessment com-
munity, and also as a primary goal for the designer. In
applying these tests, it was realized that they needed to be
defined more precisely for repeatability, and also the stan-
dards needed to be well-justified. In addition, guidance was
clearly needed on how elaborate the test maneuver cuing
and test performance documentation had to be. The
progress made for both the day and the DVE maneuvers is
described.

ATTITUDE QUICKNESS

The ADS-33C is a mission-oriented specifica-
tion, based upon mission task elements (MTE's) and the
cuing available to the pilot. Minimum requirements are
established for control Response-Types and their character-
istics. These requirements are categorized into terms of
small, moderate, and large amplitude changes. The mod-
erate amplitude requirements include the attitude quickness
criteria, where attitude quickness is defined as the ratio of
peak angular rate to the change in angular attitude. ADS-
33C establishes minimum Levels of attitude quickness for
pitch, roll, and yaw depending upon the speed range and
MTE (see Fig. 1).

Crlterla Development

' Most of the background and the initial support-
ing data for the attitude quickness requirement came from a
helicopter roll control study (Ref. 2). The basis for the
requirement was extracted from "maneuver performance”
diagrams that were constructed from a number of discrete
lateral maneuvering tasks. For a maneuver that requires
discrete control inputs, the ratio of peak angular rate to
change in attitude for the entire maneuver describes a "task
signature” related to the pilot's demands on the vehicle.
For small attitude changes, the value of attitude quickness
is dominated by the bandwidth criteria. For large attitude
changes, the attitude quickness is dominated by the large
amphtude reqmrements The attitude quickness require-
ments effectively connect the frequency-domain bandwidth
limits at small amplitudes with the time-domain peak
angular rate limits at large amplitudes.

Since Reference 2 was specifically a roll control
study, there was no information for setting the pitch lim-
its, and therefore, some assumptions were made for the
pitch requirements. The extrapolation to the pitch axis
was fairly well justified given the well-substantiated small
and large amplitude pitch requirements and the attitude
quickness formulation technique based upon the roll axis.

Initially the yaw-axis attitude quickness bound-
aries were based upon the same procedure as pitch.
Recently, an in-depth piloted simulation study was per-
formed by the Aeroflightdynamics Directorate (AFDD) at
Ames Research Center to provide an improved basis for
the yaw-axis boundaries. The simulation, performed on
the NASA-Ames Vertical Motion Simulator (VMS), ex-
amined the yaw attitude quickness in hover while perform-
ing a target acquisition task and a 180 degree turn task.
Configuration bandwidth and attitude quickness were var-
ied via the yaw damping derivative and the tail rotor col-
lective pitch actuator rate limit.

~ The results from the target acquisition in hover

task suggest that the current ADS-33C yaw-axis attitude
quickness boundaries might be relaxed without sacrificing
Level 1 handling qualities (see Fig. 2). The results from
the 180 degree tumn in hover task indicate that relaxation
of the attitude quickness requirement indicated by the tar-
get acqmsmon in hover task would not adversely impact
the pilot's ability to perform large, aggressive heading
changes. These refined yaw attitude quickness boundaries
will be included the new version of ADS-33C.

Compllance Testing

The attitude quickness requirement states that the
attitude changes must be made as rapidly as possible from
one steady attitude to another without significant reversals
in the sign of the cockpit control input relative to the trim
position. The initial attitudes and the attitude changes re-
quired for compliance shall be representative of those en-
countered while performing the required mission task ele-
ments. It should be noted that the attitude changes should
be made "open-loop,” i.e., without a specific target atti-

tude and as rapidly as possible.

‘The recommended control input for a Rate com-
mand Response Type is to utilize spike (or very short
duration pulse-like) inputs of varying magnitude to
produce the necessary range of attitude changes. For the
larger attitude changes it is acceptable to initiate the
changes from a non-level equilibrium, e.g., a large roll
attitude change may be initiated from a positive or a
negative bank angle.
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The recommended control input for an Attitude
command Response-Type is to initially overdrive the
commanded attitude followed by an essentially steady
value of the stick consistent with the commanded attitude.
The purpose of this control strategy is not to provide lead
equalization, but simply to overcome the inherent stabil-
ity of the attitude command response. On the other hand
misleading results can be obtained if significant control
reversals from the trim position are allowed. This tech-
nique is not representative of rotorcraft alone dynamics and
is more a measure of the pilot skill in timing the inputs.
In fact, using significant control reversals to quicken the
response and arrive at a steady attitude change is like hav-
ing the pilot closing the angular rate and attitude loops
just like a Stability Control Augmentation System
(SCAS), and of course, paying the penalty in terms of
workload. The purpose of this requirement is to specify
the rotorcraft dynamics without pilot equalization, and
hence, significant control reversals are not allowed during
compliance demonstration. In general, control reversals
are not considered significant if the control reversals are
significantly less than the initial input.

DEGRADED VISUAL ENVIRONMENT
(DVE)

Helicopters are inherently unstable. The flight
control system can change this, but current-generation air-
craft typically only enhance rate damping so the pilot is
still left with the task of constant manipulation of the
controls to maintain attitude. It must be realized that this
is primarily a visual task. Unlike riding a bicycle, it is
not possible to balance the helicopter solely using
vestibular cues. This means that the pilot needs good vi-
sual cues, not only for guidance, that is, to see where he
is going and avoid obstacles, but also for control and
stabilization. It has been found that the stabilization
needs can be reduced or almost eliminated if the
appropriate stability is build into the helicopter. Such a
flight control system is, of course, more elaborate and
expensive than a simple rate damping system, and hence
the handling qualities specification had to devise a scheme
for informing the designer when he had to change to the
more elaborate system. The process involves defining the
Degraded Visual Environment (DVE), obtaining a Visual
Cue Rating (VCR), and hence, defining the Usable Cue
Environment (UCE), and this in turn is related to the
flight control system Response-Type. Some of the

questions that have arisen in applying this methodology
will be addressed in this section.

DVE is an environment in which the pilot of a
Level 1 Rate response helicopter cannot get adequate vi-
sual cues to perform maneuvers aggressively and pre-
cisely. This can occur because there are reduced or few
cues for him to see, such as over desert, snoy, or water,
or because he cannot see the features that are there because
of a lack of illumination, such as at night, or because of
obscuration, such as in smoke, dust, fog, or restricted
cockpit field of view. Vision aids such as night vision
goggles (light intensification) or infrared devices such as
the helmet mounted FLIR help compensate for some of
these deficiencies, but can introduce deficiencies of their
own such as reduced resolution, remotely located eye
point, slow tracking dynamics, and vibration of the scene
image.

Visual Cue Rating (VCR)

The VCR scale was developed as a basis for
quantifying the UCE. It is a subjective pilot rating scale
intended to quantify the usability of the visual cue envi-
ronment for stabilization and control during low-speed and
hover operations near the ground. The basis for this scale
is discussed in detail in Reference 3. It has been in use for
over six years, and experience has shown that certain pro-
cedures must be followed to achieve repeatable and valid
pilot ratings. These procedures are still being developed
and refined as the scale is used for new applications. This
evolution is similar to the Cooper-Harper subjective pilot
rating scale (Ref. 4). Early use of that scale resulted in
significant pilot rating scatter because the importance of
certain procedures were not understood. When the estab-
lished procedures are carefully adhered to (see Ref. 5) this
subjective rating scale is reliable and repeatable. This ex-
perience emphasizes the importance of identifying and
implementing proper procedures in the use of subjective
pilot rating scales.

The cues required for aggressive and precise low-
speed and hover operations are not well understood by pi-
lots or engineers. Therefore, it is not possible to assess
them direcly. The VCR scale is an attempt to circum-
vent this gap in the knowledge base by making an as-
sessment of the cuing environment in terms of the pilot's
ability to accomplish aggressive and precise maneuvers
with an aircraft that would be Level 1 in a good visual
environment (GVE). The scale is shown in Figure 3.
Factors to0 be considered to ensure that the test aircraft is
Level 1 are discussed under SIMDUCE in this paper.
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The descriptions in Figure 3 have been slightly
modified from those shown in the current version of ADS-
33C to eliminate any reference to the word "cues.” This
is based on experience that has shown that pilots are
tempted to evaluate their perception of the cues rather than
their ability to achieve the noted aggressiveness and preci-
sion. That experience has shown that pilot perceptions of
visual cues are usually excessively optimistic. For exam-
ple, essentially all pilots feel that hovering will be no
problem when sitting in the cockpit of a modemn ground-
based simulator and visual system before it is put into op-
erate. They are surprised to find that a simple hover task
requires extreme concentration, or may not even be possi-
ble without considerable practice. Experiments have re-
sulted in evidence that pilots rely heavily on fine-grained
texture to hover and maneuver in low-speed flight (Ref.
3). Such "micro-texture” is not available in most digital
image generators, and in cockpit vision aids in marginal
conditions (e.g., night vision goggles on a moonless
night).

To get a measure of the UCE, ADS-33C speci-
fies that the following Flight Test Maneuvers be
performed, and VCR’s be assigned: Hover (4.4.1),
Vertical Landing (4.4.3), Pirouette (4.4.4), Acceleration
and Deceleration (4.5.1), Sidestep (4.5.2), and Bob-up and
Bob-down (4.5.3). The VCR’s are to be assigned while
attempting to achieve desirable performance in the DVE
where the DVE is to be specified by the procuring
activity. The following guidelines have been established
for assigning the VCR's and should be a part of any pilot
briefing where such ratings are to be given.

Pilot Briefing Notes

Assign the ratings based only on the ability to be
precise and aggressive.

Use the precision hover and vertical landing tasks
as primary measures of precision.

Aggressiveness should be considered in the con-
text of mission performance and may not require large air-
craft attitudes. Consider the ability to stabilize quickly at
the end of the pirouette, sidestep, and accelera-
tion/deceleration maneuvers as a good measure of aggres-
siveness. Any tendency to "back out of the loop” 10 avoid
undesirable oscillations should be considered as in inabil-
ity to be aggressive. -

Do not try to make a distinction between the air-
craft dynamics and the visual cuing environment that is
being evaluated.

Try to meet the desired performance standards for
most of the maneuver. Small deviations from the desired
performance limits should not be a primary factor in the
evaluation. However, an inability to aggressively correct
back to the desired region without exciting undesirable air-
craft excursions or oscillations should be cause to consider
the fair-to-poor region of the scales.

If the evaluation is being made on a ground-based
simulator, do not try to extrapolate to the "real world”;
rate what you see.

It is a good idea to assign Cooper-Harper han-
dling qualities ratings (HQR's) during the UCE testing.
There should not be a significant discrepancy between the
VCR's and the HQR's. For example, if the VCR's are be-
tween good and fair (1 to 3) it would be expected that the
HQR's would be no worse than five. If the VCR's are in
the fair-to-poor range (3 to 5), HQR's of five or worse
would be expected.
environment where the cues for desired and adequate per-
formance are reasonable and consistent with purpose of
performing the task. For example, testing the precision
hover task in a large field, with minimal cues for posi-
tion, bears no relationship to the task that established the
requirement in the first place. Such requirements are
driven by mission-related tasks, such as hovering in
confined areas where the cues representing obstructions are
not subtle. This aspect is treated in more detail in the
section discussing the flight test maneuvers. The purpose
of the UCE testing is to establish the ability to be precise
and aggressive with respect to realistically sized and
located objects.

The inability to achieve good VCR's can usually
be traced to a lack of visible details, and should not be re-
lated to the inability to see obstructions soon enough,
such as when driving a car too fast in fog. Such issues
cannot be resolved with improved handling qualities and
should be evaluated separately.

A separate set of VCR’s should be assigned for

each task. It is recommended that the pilot practice the
task at least twice before conducting the evaluation run.
The VCR's may be averaged across pilots, but may not be
averaged across tasks. .

One final point, it has been observed that there
are a very select group of pilots who can hover and
precisely maneuver with poor visual cues when most pi-
lots cannot. Ideally, they should be aware of their unusual
capabilities and give ratings accordingly.
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SIMULATED DAY UCE (SIMDUCE)

During the evolution of the design process and
evaluation of new rotorcraft designed for compliance with
ADS-33C, ground-based simulation will likely occur.
Visual systems with computer generated imagery (CGI)
and their associated presentation device(s) are typical for
ground-based flight simulators. Initially, these visual
systems lacked field of view, resolution, and detail, and
their dynamic response was sometimes less than
optimum. For example, the poor resolution in an early
visual system is illustrated in Figure 4 from Reference 6.
Although the quality of visual cues has improved as the
technology has advanced, simulated day scenes still do not
compare with the real-world day scene. This observation
is illustrated by the fact that good Rate command
Response-Types continue to receive Level 2 handling
qualities on ground-based simulators whereas, in-flight
they typically receive solid Level 1 ratings.

To quantify the quality of the simulated day
visual cues for handling qualities work, a technique of
using the VCR-UCE concept has been applied. We call
this SIMulated Day UCE (SIMDUCE). With a Level 1
Rate response model, if the cues are as good as they would
be during the daytime, SIMDUCE = 1. If the SIMDUCE
= 2 or 3, it is roughly equivalent to having Level 2 or
Level 3 handling qualities. The procedure for determining
the SIMDUCE follows the same approach as the UCE
evaluation with the exception that the day maneuvers and
performance standards are used for the evaluation instead of
the DVE maneuvers and standards. So to obtain an
overall assessment of the simulator, the following Flight
Test Maneuvers of ADS-33C should be flown: Hover
(4.1.1), Vertical Landing (4.1.3), Pirouette (4.1.4), Rapid
Acceleration and Deceleration (4.2.1), Rapid Sidestep
(4.2.2), and Rapid Bob-up and Bob-down (4.2.3). While
performing these maneuvers, VCR's are collected from
which a SIMDUCE is determined. The VCR collection
and consolidation procedures for SIMDUCE are the same
as for the UCE determination.

Level 1 Rate Response Helicopter

In performing the UCE determination, the ADS-
33C states that the test rotorcraft must meet the require-
ments for a Rate Response-Type and must have a Level 1
mean pilot rating by at least three pilots operating with-
out any vision aids in good visual conditions (UCE=1)
and negligible turbulence. This concept was established
with the idea of performing this test in-flight and not nec-
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essarily on a ground-based simulator. The potential hitch
in the process when using a ground-based simulator is the
establishment and documentation of the Level 1 aircraft.
Implementing a Rate Response-Type is not difficult, but
even if all the ADS-33C requirements are met there are ad-
ditional parameters which can result in poor handling qual-
ities such as control sensitivity and inceptor force-dis-
placement characteristics. The ADS-33C guidance for
conventional controls force-displacement characteristics are
quite comprehensive, and if met, the handling qualities are
likely to be good if tests are conducted to optimize the
sensitivity. Unfortunately, the same cannot be said of
multi-axis side sticks where many unspecified
characteristics could cause a degradation. This another
topic which needs elaborating in ADS-33C.

FLIGHT TEST MANEUVERS

Motivation for Flight Test Maneuvers

A selection of maneuvers is specified to provide
an overall assessment of the rotorcraft's ability to perform
certain critical tasks. It is recognized that although quite
comprehensive, the state of knowledge is such that the
quantitative criteria in Section 3 are not sufficient to
guarantee that the handling qualities will be Level 1.
Some important characteristics, such as control sensitivity
are not specified, and a poor choice could easily result in
poor handling qualities. The requirements have been
formulated with the philosophy that each one is necessary,
and not meeting any one will be sufficient to resuit in a
degradation in the handling qualities. Hence, it was
decided that some overall "proof of the pudding” should be
applied to ensure that the combination of characteristics
result in good handling qualities for some tasks important
to that aircraft's role.

The flight test maneuvers are not comprehensive
in terms of tasks or flight conditions. However, they do
include critical task elements which could be encountered
in many applicable missions. They include single-axis
and multi-axis tasks for each direction, and for different
levels of aggression. In addition, sets of maneuvers are
provided for Day and for DVE.

Experience In Application

Significant experience has now been gathered on
the application of the maneuvers in ADS-33C. The two
primary examples are the LHX assessments performed on



each of the competing teams’ simulators during the
Demonstration Validation (Dem Val) program, and the
flight test evaluation of the AH-64 Apache. References 7
and 8 describe these efforts in some detail, so only a few
of the topics which influenced the evolution of the criteria
will be mentioned here.

LHX Dem Val - As part of ADS-33C, the flight test
maneuvers were included in the contract so they became
benchmarks which had to be met. As such, they became
design drivers, but for nearly all of the maneuvers the only
way they could be assessed was subjectively in piloted
simulation. This put considerable pressure on simulation
fidelity/validity assessment. It also showed-up any ambi-
guities or vagueness in the criteria. Some of the reactions
were as follows: Systematic application required specify-
ing adequate standards, not just desired. The precision
with which some of the maneuvers were defined allowed
the pilots to adopt different levels of aggressiveness, thus
resulting in different pilot ratings. With insufficient cu-
ing, the pilots did not know if they had met the perfor-
mance standards. Such a lack of cues was clearly unrealis-
tic since the need for precision would usually mean that
there were constraints nearby which would be providing
the cues. The defined performance standards had a big ef-
fect on pilot rating, so the chosen standards must be
meaningful. Accuracy of performance standards suggested
that the eventual flight test program would involve some
very expensive test equipment to demonstrate compliance.

Apache flight tests - Flight testing reinforced most
of the overall impressions developed on the simulators
during LHX Dem Val. However, the simulation related
issues went away, and new issues related to flight testing
became apparent. For example: Some of the aggressive
maneuvers (Fig. S5), especially in DVE, were quite
thrilling and resulted in much philosophical debate.
Though perhaps not universally accepted yet, it is the
authors' opinion that if these stylized maneuvers are
representative of maneuvers which will be performed by
the Army in operational use, then the flight test
community must be willing to test them. Certainly, if
they are too dangerous for a skilled test pilot to perform in
a tightly controlled environment, it is unreasonable to
expect the user to fly such maneuvers in an unfamiliar,
unfriendly environment in the fog of war.

The need for simple solutions to cuing and com-
pliance issues was re-emphasized. Some solutions were
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developed which served to achieve the desired intent, but
clearly more work was required.

Overall, these results showed that the flight test
maneuvers were important. Not only were they well ac-
cepted by the test community, but they were given even
more influence than initially intended. In view of this, it
was decided to make an effort to refine the maneuvers and
resolve the questions that had been raised.

Objectives of Refinement
The objectives of the maneuver refinement effort
were focused in the following four areas:

Maneuver Definition - To refine and standardize the
definition of the maneuvers so that the written descrip-
tions can be easily understood, and will be repeatable by
different pilots in different organizations.

Performance Standards - To ensure that the level of
precision and aggressiveness for Level 1 (desired perfor-
mance) was appropriate, and to generate a valid set of
standards for Level 2 (adequate performance).

Cuing Requirements - To define test courses and
suitable cuing. The important characteristics here were
that there should be sufficient cuing, but that it should be
kept simple and therefore cheap and easy to reproduce.
Also, to allow considerable flexibility for the flight test
organization to make modifications as needed to
accommodate their own particular capabilities or limita-
tions.

Compliance Methods and Documentation — An
additional constraint on the cuing was that it must be use-
ful for showing compliance. In particular, to provide
guidance on the type and scope of instrumentation to be
used so that it was clear to the flight test organization that
they did not need multi-million dollar laser tracking or
GPS systems,

New Maneuvers- Good Visual Environment
This section describes the maneuver refinement
effort approach, lists the new maneuvers, and describes
one of them in detail,
Approach - Flight tests were performed by the Flight
Research Laboratory of the Institute for Aerospace
Research, National Research Council of Canada, using
their variable-stability Bell 205 airborme simulator (Fig.




6). In addition, help and expertise was provided by engi-
neers and test pilots from the U.S. Army’s Airworthiness
Qualification Test Directorate (AQTD). Each of these
pilots and engineers had experience in the LHX or Apache
tests so their inputs were extremely valuable.

The approach was to discuss the aim of each task
and the possible approach for meeting it. The tasks were
then flown and pilot comments and performance data re-
viewed. If necessary the tasks were revised and re-flown.
Finally two pilots who had not been part of the task de-
velopment were asked to perform the maneuvers working
only from the written description.

The tasks were performed using three configura-
tions: one which just met the Level 1 quantitative
requirements of ADS-33C, one well within the Level 2
region, and one just inside the Level 3 boundary. The
pilots gave Cooper-Harper HQR’s and these were expected
to correspond with the configuration "Levels” inferred
from the quantitative standards. Further details are
described in Reference 9.

Since the Bell 205 is limited in maneuverability,
it was necessary to develop the aggressive and high speed
maneuvers in a different aircraft. Such tests were per-
formed using similar techniques, only without any
changes to the basic flying qualities, by AQTD on a UH-
60, and a T-34. The T-34, a fixed wing training aircraft
was particularly useful for evolving the air-to-air maneu-
vers.

New Maneuvers - Table 1 summarizes the major revi-
sions made to the maneuvers. In addition to refinements
to the existing maneuvers, several new maneuvers were
added. These primarily addressed aggressive maneuvering
tasks, both in hover and forward flight.

The Precision Hover task illustrates many of the
factors treated. The Appendix shows the current and
revised versions of the maneuver, and Figure A-1 in the
Appendix is a sketch of the suggested cuing devices in the
test course.

In the original maneuver definition, it was found
that although the task of achieving the desired hover point
was quite likely to cause higher pilot workload than the
actual hover, it was not part of the task that was
evaluated. To rectify this, the maneuver was modified to
start some distance from the desired hover point and a 45-
degree crabbing translation made to the hover point.

To force some uniformity in the task aggressive-
ness, the time to reach hover, and the nature of the decel-
eration are defined.
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Other details changed were: The maneuver is to
be performed in calm (< 5 knots) and moderate (20 to 35
knots) winds; To change the hover target from a circle to
a square since this would be easier to cue the pilot and for
observers to check; The use of any available hover assists
was allowed if they were available and consistent with op-
erational use; Adequate standards were generated with
looser tolerances and less aggressive time requirements;
The simple cuing props, illustrated in Figure A-1 of the
Appendix, gave sufficient guidance for the pilot to be able
to tell if the required standards were being achieved. The
same cues could be used by outside observers and onboard
video recording to document the performance for compli-
ance demonstration purposes.

New Maneuvers- Degraded Visual Environ-
ment (DVE)

The day maneuvers have now been reviewed and
revised several times and are now considered to provide ex-
cellent benchmarks. The maneuvers for Degraded Visual
Environment (DVE) are less refined, but two efforts are
underway to refine them.

The first effort involves a simulation performed
by AFDD on the NASA Ames Vertical Motion Simulator
(VMS). The CGI representation of the proposed cuing for
DVE was set up with a UCE=2. The various tasks were
flown with a Level 1 and Level 2 Attitude Command
Attitude Hold (ACAH) Response-Types, and also with a
Level 1 Rate command. The pilot performance and pilot
commentary was obtained in much the same way as done
at the National Research Council of Canada for day. The
results are still being analyzed, but Figures 7-10 shows
some preliminary data for the Hover task.

As would be expected, the Level 1 rate
configuration shows frequent excursions into the adequate
region (Fig. 7) and the Cooper-Harper HQR was Level 2.

With a Level 1 ACAH response (Fig. 8), the pi-
lots were essentially within desired standards and the rating
was 2.8, clearly Level 1. Figure 9 shows all of the runs
for pilot 6 whereas, the other figures only show the last
three runs for each pilot. It is interesting to note that the
pilot took several runs to achieve the desired performance.
It appears as though he first increased the aggressiveness
to achieve the desired time and then worked on
maintaining his longitudinal precision.

Figure 10 shows what happens with a Level 2
ACAH response. Aggressiveness is only adequate, longi-
tudinal precision frequently is worse than desired, and the



spread for lateral error increases noticeably though it is
generally in the desired range.

Overall it would appear that the standards chosen
for this task are compatible with the Level achieved. The
reduction in aggressiveness for night operations does not
seem unwarranted; the precision standards were the same
as day in the horizontal plane, but loosened very slightly
for altitude (+ 2 ft became + 3 for desired and + 4 ft be-
came + 5 ft for adequate.)

The second effort at refinement is a joint
Army/NASA project to actually fly the tasks in a real
DVE, that is, at night. An Army AH-1G Cobra heli-
copter (Fig. 11) equipped with the Apache Integrated
Helmet and Display Sight System (IHADSS) is operated
at the NASA Ames Research Center in various joint
Army/NASA research tasks. This is not a variable-stabil-
ity helicopter so it will not be possible to assess the
Level 1 standards in the DVE. The Cobra is a Rate Re-
sponse-Type with essentially Level 1 ratings for day; it
would be expected to be Level 2 in a UCE=2, The aircraft
will be used to evaluate the other aspects of trying to per-
form these evaluations at night. Topics of concern are the
details of cuing when using night vision goggles or
FLIR, how to calibrate the degraded visual environment,
and how to perform the necessary compliance assessment
and documentation. These efforts are currently underway
and the flight test program is expected to be performed by
about March 1993,

CONCLUSIONS

Three years of using the U.S. Army's rotorcraft
handling qualities specifiéation, Aeronautical Design
Standard - 33 (ADS-33C) has shown it to be surprisingly
robust. It appears to provide an excellent basis for design
and for assessment, however, as the subtleties become
more well understood, several areas needing refinement be-
came apparent. Three responses to these needs have been
documented in this paper:

(a) the yaw-akis attitude quickness for hover target
acquisition and tracking can be relaxed slightly.

(b) understanding and application of criteria for degraded
visual environments needed elaboration. This and some
guidelines for testing to obtain visual cue ratings have
been documented.
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(c) the flight test maneuvers were an innovation which
turned out to be very valuable. Their extensive use has
made it necessary to tighten definitions and testing guid-
ance. This has been done for good visual environment and
is underway for degraded visual environments.
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Table 1. Overview of Major Revisions to ADS-33C Section 4 Flight Test Maneuvers

ADS-33C

MAJOR REVISIONS

4.1 Precision Tasks

obh oW

Hover

. Hovering Tum

. Vertical Landing
. Pirouette

. Slope Landing

Hovering Turn ~ changed to a precision maneuver
tighter position stds and
longer time to complete

Vertical Ldg. ~ renamed Precision Landing

~ decreased position tolerance and
vertical displacement
~ increased time to complete

4.2 Aggressive Tasks

\IO\U-:laup.-

. Rapid Acceleration and Deceleration
. Rapid Sidestep
. Rapid Bob-up and Bob-down

Pull-up/Push-over

. Rapid Slalom
. Transient Tum
. Roll Reversal at Reduced and

Elevated Load Factor

Accel/Decel ~ relaxed pos'n and altitude tolerance

Bob-up/dn ~ increase req'd height change
and time to complete
Pull-up/Push-over ~ increase req'd "g's" to OFE

ADDED New Maneuvers: Vertical Remask
Deceleration to Dash

Aggressive Turn to Target (old HT)

High and Low Yo-Yo

4.3 Decelerating Approach to Hover

4.4 Precision Tasks in DVE

1.

Hover

2. Hovering Tum

3

Vertical Landing

4. Pirouette

4.5 Moderately Aggressive Task in the DVE

1.

Acceleration and Deceleration

2. Sidestep
3. Bob-up and Bob-down
4, Slalom

Accel/Decel ~ relaxed pos'n and altitude tolerance

Bob-up/dn ~ increase req'd height change
and time to complete
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Pitch, roll, and yaw attitudes, and lateral-longitudinal and vertical translational rate shall be evaluated
for effectiveness for stabilization and control according to the following definitions:

GOOD: Can make aggressive and precise corrections with confidence and precision is good.
FAIR: Can make limited corrections with confidence and precision is only fair.

POOR: Only small and gentle corrections are possible and consistent precision is not attainable.

Figure 3. Modified Visual Cue Rating (VCR) Scale to be Used When Making UCE Determinations.
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Figure 5. AH-64 Apache Performing ADS-33C Rapid Slalom.

Figure 6. IAR Variable-Stability Bell 205 Airborne Simulator
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Figure 11. Army/NASA AH-1G Cobra Equipped with Apache IHADSS
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APPENDIX

4.1 PRECISION TASKS (DAY)
ADS-33C TASK DEFINITION

4.1.1 Hover. Maintain a precision hover for at least 30 sec in winds of at least 20 knots from the most critical di-
rection. If a critical direction has not been defined, the hover shall be accomplished with the wind blowing directly from
the rear of the rotorcraft. The hover altitude shall be equal to or less than 6.1m (20 ft).

Desired Performance

— Maintain horizontal position of the pilot's station within 0.91m (3 ft) of a reference point on the ground.
~ Maintain altitude within + 0.61m (2 ft).

- Maintain heading within + 5 degrees. :
-~ There shall be no objectionable oscillations in any axis. In pameular oscillations which interfere with pre-
cision control, or with operation of controls or switches, would be deemed objectionable.

NEW PRECISION TASK DEFINITION

4.1.1 Hover.

Objectives

Check ability to transition from translating flight to a stabilized hover with precision and a reasonable amount
of aggressiveness.

Check ability to maintain precise position, heading, and altitude in the presence of a moderate wind from the
most critical direction.

Description of Maneuver

Initiate the maneuver at a ground speed of between 6 and 10 knots, at an altitude less than 6.1m (20 ft). The de-
sired hover point shall be oriented approxxmately 45 degrees relative to the heading of the aircraft. The ground track
should be such that the aircraft will arrive over the target hover point (see illustration in "description of test course").
The maneuver is to be accomplished in calm and moderate winds from the most critical direction. If a critical direction
has not been defined, the hover shall be accomplished with the wind blowing directly from the rear of the rotorcraft. This
maneuver is to be performed with any available hover or position hold functions turned on.

Description of Test Course

The suggested test course for this maneuver is shown in Figure A-1. Note that the hover altitude depends on the
height of the reference symbol, and the distance between that symbol, the hover-board, and the helicopter. These dimen-
sions may be adjusted to achieve a desired hover altitude.
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Desired Performance

-- The transition to hover should be accomplished in one smooth maneuver. It is not acceptable to accomplish most
of the deceleration well before the hover point and then to creep up to the final position. The time from the initia-
tion of deceleration to a stabilized hover must not exceed 3 seconds.

-- Transition to the stabilized hover should be such that once the rotorcraft is within the hover box (see Fig. A-1), it
should remain within that volume for at least 30 seconds.

-- Maintain the longitudinal and lateral position within + 0.91m (+ 3 ft) of a point on the ground and altitude within
+ 0.61m (+ 2 ft). Keeping the hover reference symbol within the desired box on the hover board (Fig. A-1) will
insure desired lateral and vertical performance.

-- Maintain heading within ¢ 5 degrees.

~ There shall be no objectionable oscillations in any axis either during the stabilized hover, or the transition to
hover.

Adequate Performance

- The transition to the stabilized hover should be accomplished in one smooth maneuver. It is not acceptable to ac-
complish most of the deceleration well before the hover point and then to "creep up to” the final position. The
time from the initiation of deceleration to a stabilized hover must not exceed 8 seconds.

-- Transition to the stabilized hover should be such that once the rotorcraft is within the hover box (see Fig. A-1), it
should remain within that volume for at least 30 seconds.

-- Maintain longitudinal and lateral position within + 1.83 m (1. 6 ft); see test course description.

-- Maintain altitude within £ 1.22 m (z 4 ft).

-- Maintain heading within + 10 degrees.

4.4 PRECISION TASKS IN THE DEGRADED VISUAL ENVIRONMENT

The following precision maneuvers shall be flown in the Degraded Visual Environment (DVE) specified in
Paragraph 3.1.1, and using the displays and vision aids which will be available to the pilot. The wind conditions may be
calm, but it would be desirable to demonstrate the maneuvers in stronger winds.

ADS-33C TASK DEFINITION (DVE)

4.4.1 Hover. Maintain a steady hover at an altitude of not more than 6.1 m (20 ft) above the ground.

Desired Performance

-- Maintain horizontal position of the pilot station within 0.9 m (3 ft) of a reference point on the ground.
-- Maintain altitude within £0.91 m (3 ft).

-- Maintain heading with £5 degrees.

-- There shall be no objectionable oscillation in attitude or position.

NEW TASK DEFINITION

44.1 Hover.

Objectives

Check ability to transition from translating flight to a stabilized hover with precision and a reasonable amount
of aggressiveness in the DVE.
Check ability to maintain precise position, heading, and altitude in the DVE,
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Description of Maneuver

Initiate the maneuver at a ground speed of between 6 and 10 knots with the desired hover point oriented approxi-
mately 45 degrees relative to the heading of the aircraft. The ground track should be such that the aircraft will arrive over
the target hover point (see illustration in "description of test course™).

Description of Test Course

The suggested test course for this maneuver is shown in Figure A-1. Note that the hover altitude depends on the
height of the reference symbol, and the distance between that symbol, the hover-board, and the helicopter. These dimen-
sions may be adjusted to achieve a desired hover altitude. The hover board will have to be modified from Figure 4.1 to
reflect the increased altitude tolerances allowed for the DVE.

Desired Performance

-- The transition to hover should be accomplished in one smooth maneuver. It is not acceptable to accomplish most
of the deceleration well before the hover point and then to creep up to the final position. The time from the initia-
tion of deceleration to a stabilized hover must not exceed 10 seconds.

-- Transition to the stabilized hover should be such that once the rotorcraft is within the modified hover box (see Fig.
A-1), it should remain within that volume for at least 30 seconds.

-~ Maintain the longitudinal and Tateral position within + 0.9 m (+ 3 ft) of a point on the ground and altitude within
+0.91 m (+ 3 ft). Keeping the hover reference symbol within the desired box on the modified hover board (Fig.
A-1) will insure desired lateral and vertical performance. '

-- Maintain heading with + 5 degrees.

-- There shall be no objectionable oscillations in any axis either during the stabilized hover, or the transition to
hover.

Adequate Performance

-- The transition to the stabilized hover should be accomplished in one smooth maneuver. It is not acceptable to ac-
complish most of the deceleration well before the hover point and then to "creep up to" the final position. The
time from the initiation of deceleration to a stabilized hover must not exceed 20 seconds.

-- Transition to the stabilized hover should be such that once the rotorcraft is within the modified hover box, it
should remain within that volume for at least 30 seconds.

-- Maintain longitudinal and lateral position within + 1.83 m (+ 6 ft); see test course description.

-- Maintain altitude within + 1.53 m (+ 5 ft).

-- Maintain heading within + 10 degrees.
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ABSTRACT

Several years of cooperative research conducted
under the U.S./German Memorandum of Understanding
(MOU) in helicopter flight control has recently resulted in
a successful handling qualities study. The focus of this
cooperative research has been the effects on handling quali-
ties due to time delays in combination with a high band-
width vehicle. The jointly performed study included the
use of U.S. ground-based simulation and German in-flight
simulation facilities. The NASA-Ames Vertical Motion
Simulator (VMS) was used to develop a high bandwidth
slalom tracking task which took into consideration the
constraints of the facilities. The VMS was also used to
define a range of the test parameters and to perform initial
handling qualities evaluations. The flight tests were con-
ducted using DLR's variable-stability BO 105 83
Advanced Technology Testing Helicopter System
(ATTHeS). Configurations included a rate command and
an attitude command response system with added time de-
lays up to 160 milliseconds over the baseline and band-
width values between 1.5 and 4.5 rad/sec. Sixty-six
evaluations were performed in about 25 hours of flight
time during ten days of testing. The results indicate a
need to more tightly constrain the allowable roll axis
phase delay for the Level 1 and Level 2 requirements in
the U.S. Army's specification for helicopter handling
qualities, ADS-33C.

Presented at the /8th European Rotorcraft Forum, Avignon,
France, September 1992, and at Piloting Vertical Flight
Aircraft: A Conference on Flying Qualities and Human
Factors, San Francisco, California, January 1993.

PRECEDING PAGE BLANK NOT FILMED

INTRODUCTION

An updated military rotorcraft handling qualities
specification has been published and adopted by the U.S.
Army Aviation and Troop Command as Aeronautical
Design Standard (ADS-33) (Ref. 1). Although the ADS-
33 is a U.S. specification at present, the ADS-33 is of in-
ternational interest and some international studies have
contributed to the data bases for the definition of the re-
quirements. The overall philosophy follows that of the
fixed-wing aircraft specification, MIL-F-8785C, although
specific requirements have been generated to cover heli-
copter characteristics and modemn military helicopter mis-
sions, The ADS-33 is a mission-oriented specification,
based upon the mission task elements and the cueing
available to the pilot. Minimum requirements are estab-
lished for control response types and their characteristics.
These requirements are categorized into terms of small,
moderate, and large amplitude attitude changes and are de-
fined for comparison with the rotorcraft characteristics.
This provides a quantitative assessment of the Level of ro-
torcraft handling qualities. These Levels are related to the
Cooper-Harper handling qualities rating scale (Ref. 2),
Figure 1. The small amplitude response requirements in-
clude both short-term and mid-term responses where the
short-term response refers to the rotorcraft characteristics
in pilot tasks such as closed-loop, compensatory tracking
and the mid-term response criteria are intended to ensure
good flying qualities when less precise maneuvering is re-
quired.

The requirements for the short-term response are
specified in terms of a frequency based criterion called
bandwidth. The frequency response data required to mea-
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sure the bandwidth parameters are defined in Figure 2.
The bandwidth, wgyy, is measured from a frequency
response (Bode) plot of the rotorcraft angular attitude
response to the cockpit controller input and must include
all the elements in the flight control system. Generally, a
good system will have a high bandwidth and a poor
system will have a low bandwidth. The bandwidth
criterion is an application of the crossover model concept
(Ref. 3). It is based on the premise that the maximum
crossover frequency that a pure gain pilot can achieve,
without threatening the stability, is a valid figure-of-merit
of the controlled element. Physically, low values of
bandwidth indicate a need for pilot lead equalization to
achieve the required mission performance. Excessive
demands for pilot lead equalization have been shown to
result in degraded handling qualities ratings. The efforts to
develop bandwidth as a generalized criterion for highly
augmented aircraft have shown that the pilots were also

sensitive to the shape of the phase curve at frequencxes
beyond the neutral stability frequency, ®@,gg- This is

addressed by the phase delay parameter, T as defined in

Figure 2. Large values of phase delay can arise from
many sources, among which are the high order rotor
response, control actuator dynamics, filters, and
computational time delays. An aircraft with a large phase
delay may be prone to pilot induced oscillations (PIO).

As previously stated, ADS-33 is a mission-ori-
ented handling qualities specification and hence, the con-
trol response requirements are a function of the degree of
divided attention, the visual environment, and thé agres-
siveness demanded in the mission task element (MTE).
The forward flight (> 45 knots) bandwidth criteria for the
roll axis are shown in the Figure 3. Three sets of limits
are specified: the more stingent limits apply to the air
combat MTEs and the more relaxed boundaries cover all
other MTEs. For divided attention operations (specifically
IMC flight), the more relaxed bandwidth values are
combined with the more stringent phase delay
requirements.

The air combat boundaries are mainly based on a
ground-based simulation study. The boundaries for all
other MTEs were primarily established from flight tests
with helicopters having relatively low inherent roll and
pitch damping which result in low bandwidth. Also, the
evaluation tasks appear to have been low-precision and
moderate or large amplitude tasks. Some recent, but lim-
ited data, has indicated that some refinement in these
boundaries may be necessary in the region of high band-
width and high phase delay. Helicopters having a large
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flapping hinge offset and full authority digital control sys-
tems have this potential.

Under the U.S./German Memorandum of
Understanding (MOU) for cooperative research in heli-
copter flight control, the U.S. Army Aviation and Troop
Command's Aeroflightdynamics Directorate and the
German's DLR Institute for Flight Mechanics have been
performing research in handling qualities. The most re-
cent task has been to study the effects on handling quali-
ties due to time delays in combination with a high band-
width response vehicle. Specifically, the effect of time de-
lay in roll axis tasks in forward flight (around 60 knots)
has been investigated. The technical approach has been to
use the U.S. ground-based simulator to define the piloting
task and to explore the scope of the variation of system
configurations and then use the German helicopter in-
flight simulator ATTHeS for the evaluation flight tests
while covering a more finely meshed set of configura-
tions.

This paper will discuss the existing data base, the
approach used to develop a task specifically adapted for the
in-flight simulation, the complementary use of the
NASA-Ames ground-based Vertical Motion Simulator
(VMS) and the DLR Advanced Technology Testing
Helicopter System (ATTHeS) in-flight simulator, and the
handling qualities results.

DISCUSSION OF EXISTING DATA

The ADS-33 forward flight roll axis bandwidth
criteria in Figure 3 are divided into three sets of limits
covering the effects of task bandwidth and pilot attention.
The requirements are applied for rate command and attitude
command response types. Figure 4 illustrates the influ-
ences of response parameters. For a first order rate com-
mand and a second order attitude command response type,
the bandwidth and phase delay values are mapped by vary-
ing the dampmg or frequency and time delay parameters.
The discussion of the existing data will focus on the air
combat limits, the limits for all other MTE's - VMC and
fully attended operations, some miscellaneous helicopter
data, and related fixed wing requirements.

Alr Combat Requirements

As previously stated, the roll-axis air combat
bandwidth limits were established from a ground-based
simulation study of yaw axis requirements for air combat
(Ref. 4). More recently, the roll-axis air combat limits



were specifically investigated in a piloted simulation of
pitch and roll requirements for air combat (Ref. 5). This
simulation verified the 3.5 rad/sec Level 1 boundary but
suggested the Level 2 boundary should be raised to 1
rad/sec. In all these aforementioned investigations the

effect of time delay variation was not included. Hence the

data from these studies is only pertinent in establishing
where the portion of the boundaries intersect the abscissa.
The shape of the boundaries above the vertical portion,
i.e., the curved portion for phase delays above 0.15 sec,
has been established from data applicable to the hover and
low speed requirements. In fact, the shape of the roll-axis
air combat boundaries are identical to the hover and low
speed pitch and roll target acquisition and tracking
boundaries. The supporting data for the curvature in these
boundaries comes from two experiments: an in-flight
pitch tracking study (Ref. 6); and a ground-based pitch
tracking study (Ref. 7). Based on these two studies,
supporting data for curving the boundaries over for high
phase delays and bandwidths is somewhat questionable.

All Other MTE's - VMC and Fully Attended
Operations

The forward flight All Other MTE bandwidth
limits were established from two flight test experiments
(Refs. 8,9). In these experiments the primary variable
was roll damping. The effects of time delay were not in-
cluded and hence the data from these studies is also only
pertinent in establishing where the vertical portion of the
boundaries intersect the abscissa. The curved portion of
the boundaries for the forward flight All Other MTE's are
identical to those in the hover and low speed requirements.
The hover and low speed roll-axis bandwidth supporting
data comes from an in-flight experiment (Ref. 10) using
the Canadian Institute for Aerospace Research variable-
stability Bell 205 helicopter. This experiment included
rate command and attitude command control response
types. A variety of hover and low speed tasks were per-
formed but the boundaries were drawn based on the han-
dling qualities ratings from a sidestep task. The criteria
boundaries are primarily based on data which does not
cover the area of high bandwidth and high phase delay con-
figurations. In addition, there may be some questions
conceming the applicability of the evaluation task related
to small amplitude precision tracking.

Miscellaneous Helicopter Data
Singular data points achieved in previous tests by
the U.S. Army (Ref. 11) and DLR (Ref. 12) are marked in
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Figure 5. Recognizing the discrepancies between the pilot
ratings for these data points and the criteria boundaries, a
discussion was started about the need to extend the data
base and to verify the Level boundaries. Additional tests
were performed with a BO 105 fly-by-wire helicopter us-
ing an open loop technique to vary the bandwidth and
phase delay. The achieved data points (Fig. 6) underline
the request to extend the data base.

Related Fixed Wing Requirements

In the fixed-wing standard (Ref. 13), a bandwidth
criterion is only defined for the pitch axis. Although the
requirements for the pitch axis are not directly comparable
with the roll-axis requirements, the fixed-wing criteria
show a fundamental difference in the slopes of the bound-
aries. The requirements specify a limitation of the phase
delay for high bandwith and an upper bandwidth limit
whereas, the helicopter requirements allow a higher phase
delay with higher bandwidth values without any upper
limit for the bandwidth. An interesting aspect can be
shown by superimposing the fixed wing requirements for
equivalent roll-axis time delays to the phase delay and
bandwidth parameters by using a first-order rate and a sec-
ond-order attitude command system with pure time delay.
The requirements for the equivalent time delays in this
rough approximation correlate with a limitation on the
phase delay (Fig. 7).

The above discussion highlights the need to ver-
ify and to extend the existing data and, if necessary, to re-
fine the rotorcraft bandwidth boundaries.

GROUND BASED AND AIRBORNE
SIMULATOR

This section will describe the ground-based and
in-flight simulation facilities that were used for the pre-
tests and the formal evaluations.

Ground-Based Flight Simuiator

The piloted ground-based simulation was con-
ducted on the NASA Ames 6-degree-of-freedom Vertical
Motion Simulator (VMS). Figure 8 illustrates the VMS
and lists the operational limits of the motion system.
The cockpit had a single pilot seat mounted in the center
of the cab and four image presentation "windows" to pro-
vide outside imagery. The visual imagery was generated
using a Singer Link DIG 1 Computer Image Generator
(CIG). The CIG data base was carefully tailored to con-



tain adequate macro-texture (i.e., large objects and lines on
the ground) for the determination of the rotorcraft position
and heading with a reasonable precision. A seat shaker
provided vibration cueing to the pilot, with frequency and
amplitude programmed as functions of airspeed, collective
position, and lateral acceleration. Aural cueing was pro-
vided to the pilot by a WaveTech sound generator and cab-
mounted speakers. Airspeed and rotor thrust were used to
model aural fluctuations. Standard helicopter instruments
and controllers were installed in the cockpit.
Mathematical models of the following items
were programmed in the simulation host computer: (1)
filters for the cockpit controller commands, (2) trim capa-
bility, (3) stability command and augmentation system
(SCAS), (4) dynamics of the helicopter, and (5) ground ef-
fects. The SCAS was a stability-derivative model with
known dynamics and no coupling (Ref. 14), and the char-
acter of its response was easily manipulated by changing
the stability derivatives. A buffer between the pilot's con-

wrols and the SCAS enabled setting the desired amounts of .

pure time delay. The baseline stick-to-visual delay was
70 msec.

Alrborne Flight Simulator ATTHeS

The DLR Institute for Flight Mechanics has de-
veloped a helicopter in-flight simulator. The Advanced
Technology Testing Helicopter System (ATTHeS) is
based on a BO 105 helicopter (Fig. 9). The testbed is
equipped with a full authority nonredundant fly-by-wire
(FBW) control system for the main rotor and fly-by-light
(FBL) system for the tail rotor. The testbed requires a
two-person crew consisting of a simulation pilot and a
safety pilot. The safety pilot is equipped with the standard
mechanical link to the rotor controls whereas, the simula-
tion pilot's controllers are linked electrically/optically to
the rotor controls. The FBW/L actuator inputs, which are
commanded by the simulation pilot and/or the control sys-
tem, are mechanically fed back to the safety pilot’s con-
trollers. With this mechanization, the safety pilot is
enabled to monitor the rotor control inputs. The testhed
can be flown in three modes: (1) the FBW/L disengaged
mode, where the safety pilot has the exclusive control, (2)
the 1:1 mode, where the simulation pilot has the full
authority to fly the baseline helicopter, and (3) the
simulation mode, where the simulation pilot is flying a
simulated helicopter command model with full authority.
In the 1:1 and the simulation modes the flight envelope of
the testbed is restricted to not lower than 50 ft above the
ground in hover and 100 £t in forward flight.

For in-flight simulation purposes, the most
promising method of a control system design is to force
the host helicopter to respond on the pilot's inputs as an
explicitly calculated command model. The ATTHeS ex-
plicit model following control system (MFCS) design

provides the airborne simulator with the demanded level of

simulation flexibility. A detailed description of the
ATTHeS in-flight simulation system is given in
References 15,16. The capability of the ATTHeS simula-
tor is described by a high quality of simulation fidelity up
to a frequency of about 10 rad/sec in the roll axis. The
level of decoupling which can be achieved with a decou-
pled command model is significantly lower than 10 per-

‘cent of the on-axis response. For these tests, a control
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computer cycle time of 40 msec was realized. A generated
subcycle one-fifth of the frame time allowed refreshing of
the FBW/L actuator inputs in a lower time frame than the
main cycle which was 16 msec for this bandwidth study.
The equivalent time delay for the overall system due to
high order rotor effects, actuators dynamics, computational
time and pilot input shaping was 100 to 110 msec in the
roll axis and 150 to 160 msec in the pitch axis related to
first-order rate command responses.

DEVELOPMENT OF SLALOM
TRACKING TASK

The objective of this study was to investigate the
effects of time delay on the small amplitude (< 10 deg)
roll attitude response to control inputs, i.e., the bandwidth
criteria. This criteria is applicable to continuous precision
tracking with aircraft attitude. A key to the success of
this study was to develop an appropriate small amplitude
precision tracking task that could be implemented both on
the ground-based and on the in-flight simulator while con-
sidering the constraints of each. For the ground-based
simulator, some of these constraints include a reduced field
of view and visual resolution whereas, for the flight tests
these include 100 feet minimum altitude. In adition, it
was desired to keep the complexity of the task cueing to a
reasonable level to minimize the building of exotic and
expensive task cues. Based on previous slalom testing
experience (Refs. 8,18), a modified slalom task with pre-
cise tracking phases through a set of gates was proposed
(Fig. 10). This course layout included transition and pre-
cision tracking phases. The transition phases were in-
tended to be a lower frequency disturbance with the main
emphasis of the task being the higher frequency tracking
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phases just prior to and through the gates. The relative
spacing between successive gates was established through
the use of an inverse modelling technique (Ref. 19) that
considered the aircraft response, speed, bank angle, and the
time to travel between the gates. The width of a gate
(desired performance) was three meters. In pre-tests on the
VMS and with an operational BO 105 helicopter, the ade-
quacy of the task was evaluated. It should be noted that
due to the relative poor visual resolution in the VMS
(approximately 0.35 cycles per milliradians (Ref. 20)), the
task had to be flown at SO feet instead of 100 feet.

Figure 11 shows a typical time history based
upon flying through the VMS course. Also shown is a
frequency domain plot of the lateral control input. From
these one can see the lower frequency large amplitude in-
puts used in the transition between the gates and the
higher frequency small amplitude control inputs that occur
during the final acquisition and tracking through the gates.
The flight test data show a very similar tendency with low
frequency inputs between the gates and an additional peak
in the power or amplitude spectrum, which is 1 Hz and
higher, for the acquisition and tracking phases.

CONDUCTION OF TESTS

For the pilot evaluatios, a first-order rate com-
mand (RC) and a second-order attitude command (AC) re-
sponse system was defined for both the roll and pitch
axes. Table 1 shows the form of these command re-
sponses. A rate of climb response and a sideslip com-
mand were implemented for the vertical and the directional
axes respectively. The response to the pilot's inputs were
decoupled except for the terms formulating the turn coor-
dination and the pseudo altitude hold. A feedforward to the
collective was implemented as a function of the roll atti-
tude. For the RC response, the primary experimental
variables were the roll damping, Lp, and the time delay, .

For the AC response, the primary variables were the naru-
ral frequency, ®, and the time delay, 7. The relative
damping was held constant at 0.7. The pitch axis parame-
ters were varied in harmony with the roll axis parameters.

A variation and selection of the optimal control sensitiv-
ity (L) values were defined in the VMS simulations.

This selection process covered a range of natural frequen-
cies and dampings for the attitude and rate command re-
sponse types. Initial in-flight evaluations confirmed these
sensitivities.
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To gain an initial impression of the task and the
sensitivity to the experimental variables, piloted simula-
tion tests were conducted on the VMS. The studied con-
figurations together with pilot ratings are shown in Figure
12. The configurations are summarized in Table 2. The
VMS results demonstrate the consistency between the RC
and AC ratings and support the premise that the bandwidth
criteria is independent of the response type. These results
also supported the selection of the flight test configuration
matrices which are shown in Table 3.

The flight tests were conducted at the German
Forces Flight Test Center (WTD 61) in Manching.
Twenty-eight flight hours were performed within 10 days.
Four test pilots, one each from DLR, U.S. Army, WTD
61, and DRA-Bedford were involved in the tests. All pi-
lots were experienced test pilots. The U.S. Army pilot
also performed the VMS evaluations.

The following signals were measured in the
flight tests: (1) position of the helicopter in relation to
the ground track course, (2) pilot control inputs, (3) angu-
lar attitudes and rates, (4) accelerations, (5) airspeed, and
(6) MFCS internal signals like command to the actuators.
Because of the limited space in the test helicopter, the
tests had to be observed from the ground station. On two
quicklook terminals selected onboard signals were dis-
played. Additionally, the helicopter position data was dis-
played online in relation to the tracking gates. The indi-
vidually achieved task performance in the tests were com-
puted using the helicopter track in relation to an idealized
ground track. With this performance parameter, the effects
of training and task performance could be checked. When
the test pilot had obtained a nearly constant task perfor-
mance in the training phase for a given test configuration,
two evaluation runs were performed. This test technique
was used to ensure the pilot ratings and comments were
based on a pilot that was well trained for the task and the
configuration. For each configuration, the pilot had to fill
out a questionnaire and had to summarize his evaluation in
a Cooper Harper handling qualities rating. The questions
were related to task performance, pilot workload, and sys-
lem response characteristics. At least two test pilots flew
each configuration but when the difference in the two rat-
ings was higher than one rating point an evaluation with a
third pilot was conducted. This technique allowed the
coverage of a high number of configurations.

In Figure 13, a comparison of measured ground
tracks for a Level 1 and a Level 2 rated rate command sys-
tem is shown. The track of the Level 2 configuration
shows that problems occured in the acquisition and track-



ing phases where the tracking performance was especially
degraded through the second and the fourth gate. This
change in the task performance correlates with the Cooper
Harper rating scale and underlines the consistency of the
ratings. In the Cooper Harper rating scale, a rating from 1
to 4 implies that a desired task performance can be
achieved with increasing pilot compensation and ratings of
5 and 6 imply only adequate task performance can be
achieved. A similar effect can also be seen in Figure 14
which shows time histories of selected attitute command
system configurations to compare the rating consistency.
In the measured pilot input and roll attitude signals of the
Level 2 rated configuration, a slight tendency of pilot in-
duced oscillation can be recognized. This Level 2 configu-
ration had a natural frequency of 1.7 rad/sec and an addi-
tional time delay of 120 msec.

DISCUSSION OF RESULTS

To examine the bandwidth and phase delay values
for the test configurations, a verification analysis was per-
formed using the measured flight test data. Fxgure 15
demonstrates the high level of accuracy achieved in se-
lected configurations with ATTHeS. For both rate com-
mand and attitude command responses the overall
'ATTHeS response tends to have an only slightly increased
bandwidth value of about 0.1 rad/sec compared with the
values calculated with the commanded models. The phase
delays are approximated accurately within a spread of
about 0.01sec which is within the accuracy of the phase
delay assessment method. Summing up the venﬁcauon
results, it can be stated that ATTHeS met the commanded
response confi guratmns very ‘well and that the fhght tesl
data are credible for an evaluation of the bandwidth re-
qmremems

Figure 16 shows all the flight test Cooper-Harper
handling qualities ratings for both response systems, rate
and attitude command. A clear consistency of the required
bandwidth and phase delay parameters for rate and attitude
command systems is demonstrated. This consistency in
the rate and attitude command ratings not only demon-
strate the premise that the bandwidth criteria is indepen-
dent of the response type but that the task was appropriate
for investigating this criteria. Due to the technique to
give the pilots sufficient flight time to familiarize them-
selves with the task and the configuration, the spread in
the ratings for most configurations is not higher than one
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rating point which underlines the validity for the generated
data.

In Figure 17 the averaged ratings of the flight
tests and the VMS tests are presented together with rec-
ommended Level boundaries. There are several obvious
observations. First and foremost, the shape of these rec-
ommended Level boundaries is dramatically different than
those in the current ADS-33 requirements (see Fig. 3). In
particular, these results suggest that there needs to be
some upper limits on the phase delay parameter. These
results also seem to agree, in concept, with the fixed-wing
requirements. Specifically, considering only the flight
test data for mid bandwidth configurations a limitation on
the phase delay (lower than 0.1 sec for Level 1 and about
0.17 sec for Level 2) seems warranted. As the bandwidth
increases, the flight data suggests even less amounts of
phase delay are acceptable. Typical pilots' comments
include: "I feel that time delay is more an effect” and "Low
predictability due to time delay and rapid initial response.”
These comments are reflected in the degraded pilot ratings.
The VMS data does not show this sensitivity in the phase
delay as the bandwidth is increased and allows higher
phase delays for the Level 2 mid bandwidth region. In the
comparison of VMS and flight test data it should be taken
into consideration that the VMS tests were performed with
only a reduced number of configurations and one test pilot
with the objective of evaluating the sensitivity of
parameter vanauons for the definition of the flight test
martrices.

Another observation from Figure 17 is that the
vertical portions of the boundaries from the VMS and the
flight data do not coincide which each other nor with those
from the ADS-33C presented in Figure 3. For Level 1,
the VMS data recommend at least a bandwidth value of
about 3 rad/sec ‘and the fhght test data a value of 2.5
rad/sec. The ADS-33 Level 1 requirement is at least 3.5
rad/sec for air combat and 2.0 rad/sec for All Other MTE's
- VMC and fully attended operations. For Level 2, the
VMS data recommend at least a bandwidth of 2 rad/sec and
the flight test data a value of 1.5 rad/sec. ADS-33 Level 2
requires at least 2.0 rad/sec for air combat and 0.5 rad/sec
for All Other MTE's. It is speculated that the primary rea-
son for these differences is related to the task bandwidth.
It is very difficult to obtain a repeatable yet simple repre-
sentative air target tracking task. This led to the devel-
opment of the slalom ground tracking task used for this
study. Based upon the pilots' comments, this task, in
terms of task bandwidth, is probably somewhere between
the air tracking and the All Other MTEs, as defined in the
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ADS-33. The aforementioned bandwidth differences be-
tween the flight data and the VMS data are also at-
tributable to slight differences in the task bandwidth mani-
fested through differences in cueing. The VMS task was
performed from a height of 50 feet whereas, the flight task
had to be performed at 100 feet. After the flight tests, the
two attitude command configurations with a bandwidth of
2.48 and 3.08 rad/sec and no added time delay were re-
evaluated on the VMS at three different altitudes (25, 50,
75 ft) to get more insight on the impact of altitude on
task cueing using a computer generated visual system.
The test data demonstrate that the altitude was an influenc-
ing factor. The pilot ratings were significantly degraded
with increasing altitude and the best consistency in the rat-
ings with the flight test ratings was achieved in the 25
foot cases. These data and the variation in the vertical
portion of the bandwidth boundaries points out the sensi-
tivity to task differences and the fact that further work is
needed which should address a systematical evaluation of
the dependency between task bandwidth and Level bound-
aries and a refinement of the task categorization,

An analysis of control activity was performed to
gain additional insight into the effects of changes in the
aircraft bandwidth on the pilot's control strategy relative to
performing the slalom tracking task. If the aircraft band-
width is sufficiently higher than the task demands, then
the pilot can act as a pure gain (i.e., not apply lead com-
pensation) to satisfactorily perform the task. As the air-
craft bandwidth decreases, to maintain desired task perfor-
mance the pilot must increase his compensation. This in-
creased compensation, which equates fo an increase in
workload, can cause a degradation in handling qualities. If
the aircraft bandwidth is further decreased, then even larger
amounts of pilot comsenpation are not sufficient to
achieve desired task performance standards. These rela-
tions are also considered in the Cooper Harper rating scale.
For a rating up to 4, the pilot can achieve desired task per-
formance levels with increasing pilot compensation.
Ratings of 5 and 6 mean that only adequate performance
can be achieved. The pilot's lateral cyclic input power
versus frequency (input auto-spectrum) was used to quan-
tify the pilot's control activity and the effect of aircraft and

task bandwidth.

The "pilot cut-off frequency,” ®__, was defined

co’
as a measure of the pilot's control activity bandwidth.
The approach to determining the pilot cut-off frequency

was to generate a ratio of root mean square (RMS) values

expressed as 0 /0, .., where & is the RMS value at
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the cut-off frequency. The value determined for this ratio

was 0.707.
()

co
o el
[Cco/Otoral =0.707" = Un 0 Ggsdo
where; ®., = Dpilotcut-off frequency
G5 = auto spectrum of the lateral cyclic
control, &,,
otolal = lotal RMS Of 813(

When the aircraft's bandwidth exceeds the task
bandwidth, this pilot cut-off frequency, @, approaches

the pilot crossover frequency, ®_, and gives a good ap-

proximation of the task bandwidth. The pilot cut-off fre-
quency is just the frequency at which 70.7% of the control
input is accounted for, which is also the classic -3dB
bandwidth for servomechanisms. An analysis program,
CIFER (Ref. 21), developed at AFDD was used to analyze
the VMS data. A similar analysis program, DIVA (Ref.
22), was used to analyze the flight data at DLR.

Figure 18 shows the cut-off frequency versus the
aircraft control response bandwidth from the VMS simula-
tion. For the high aircraft bandwidth cases, the pilot's
cut-off frequency levels off to around 1.5 rad/sec which is
representative of the task bandwidth. It's clear that for
these high aircraft bandwidths the pilot is not using all of
the aircraft capability. As the aircraft bandwidth drops be-
low about 3.0 rad/sec, the pilot's cut-off frequency starts
to increase as the pilot trys to maintain task performance.
Interestingly, the Level 1-2 boundary for the VMS task
was about 3.0 rad/sec. Finally, as the bandwidth drops be-
low about 2.2 rad/sec the pilot can no longer or will not
increase his cut-off frequencey to attain even adequate task
performance (Level 3 ratings). In other words, there was
insufficient margin between excess aircraft control band-
width and the task demand. Reference 23 implies a posi-
live margin must exist for desired or adequate task perfor-
mance to be acheived.

Figure 19 shows the pilot cut-off frequency ver-
sus the aircraft control response bandwidth from the flight
test results for the same pilot who flew the VMS cases.
Shown are the rate and attitude command cases with no
additional time delay and with additional delays of 40, 80,
120, 160 msec. In general, the flight test results show a
trend similar to the VMS results, i.e., as the aircraft
bandwidth decreases the pilot cut-off frequency increases.



Based upon this data, the high aircraft bandwidth configu-
rations indicate that the flight test task bandwidth may be
around 2.1 rad/sec. It should be pointed out the apparent
scatter in the pilot's handling quality rating data on this
plot has been manifested by the effects of large phase de-
lay. In some Level 2 attitude command configurations,
the pilot used relatively low cut-off frequencies to avoid
the pilot induced oscillations (PIO's) that can occur with
attitude command response types with time delay. The re-
sults of an analysis of the pilot control activity suggest
that the slalom tracking task bandwidth was somewhere
around two radians per second, maybe a little lower for the
VMS and a little higher for the flight tests. Hence with
the large excess aircraft bandwidth over the task band-
width, as provided by the capability of ATTHeS, a very
thorough and valid investigation could be conducted into
the effects of bandwidth and time delay on helicopter roll-
axis handling qualities.

CONCLUSIONS

A helicopter handling qualities study has been
conducted to investigate the effect due to time delay, This
roll-axis investigation was conducted as a collaborative ef-
fort between the U.S. Army's Aeroflightdynamics
Directorate (ATCOM) and the German Institute for Flight
Mechanics of DLR. A U.S. ground-based flight simulator
was used to develop and refine a slalom ground tracking
task and to perform preliminary handling quality evalua-
tions. The German in-flight simulator, ATTHeS, a vari-
able stability BO 105 helicopter was used to conduct the
flight tests while covering a more complete set of con-
figuration dynamics. In the flight tests rate and attitude
command control response configurations were evaluated
which included bandwidths between 1.5 and 4.5 rad/sec and
additional time delays up to 160 msec. The results of this
cooperative research indicate:

1) the individual benefits of both ground-based
and in-flight simulation can be used in a complementary
and time efficient manner,

2) the developed slalom ground tracking task
provided a relatively high gain compensatory tracking task
that was sensitive to changes in the bandwidth and phase
delay parameters,

3) for the task evaluated, the consistency in the
ratings between rate and attitude command response sys-

tems verify the independence of the bandwidth parameters
to control response type,

4) for the task evaluated, the shape of the Level
boundaries for the bandwidth criteria in the U.S. Army's
helicopter specification for handling qualities (ADS-33C)
needs to be refined by placing upper limits on the phase
delay parameter; 0.1 sec for Level 1 and about 0.17 sec for
the Level 2 boundary, and

5) the variation in the vertical portion of the
bandwidth Level boundaries between the ground-based
simulation, the in-flight simulation, and the ADS-33 re-
quirements points out the sensitivity to task bandwidth
and the need for further research.
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Table 1. Form of command responses

Axis Rate Command Attitude Command
q Ms, e 1S ) Ms, @-tS
Pitch = -~ :
8, (s + Mq) 8 (s +2§mes+me)
L g —Ts 0 Ls, e-TS
Roll R L — >
Sy (s + Lp) y (s +2§a)¢s+a)¢)

Table 2. VMS commanded roll-axis configurations. - - -

Command ~ Sensitivity Added

Damping - Bandwidth  Phase

Response Delay Frequency Delay
) (rad/sec? / inch) (msec) (rad/sec) (sec)
Rate sec” ]

1.0 0 4.0 2.71 0.047
1.0 100 4.0 1.91 0.119
1.5 0 8.0 3.88 0.054
1.5 100 8.0 2.68 0.115
1.5 200 8.0 1.95 0.176
Allitude mq)’ rad/sec
04 0 1.5 2.48 0.056
0.4 100 1.5 2.07 0.132
0.7 0 2.0 3.08 0.052
0.7 100 2.0 2.55 0.126
0.7 200 2.0 2.20 0.211
0.7 300 2.0 2.03 0.274
1.8 0 4.0 5.29 0.046
1.8 100 4.0 4.11 0.133
1.8 200 4.0 3.53 0.212
1.8 300 4.0 3.05 0.286
1.8 350 4.0 2.85 0.329
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Table 3. ATTHeS commanded roll-axis configurations

Command Sensitivity Added Damping - Bandwidth Phase

Response Delay Frequency Delay
(rad/sec? /inch)  (msec) (radl/sec) (sec)
Rate Lp’ sec'l

0.085 0 2.0 1.45 0.081
0.093 0 3.0 1.93 0.081
0.093 40 3.0 1.74 0.109
0.100 0 4.0 234 0.080
0.100 40 40 2.06 0.107
0.100 80 40 1.85 0.134
0.115 0 6.0 2.97 0.078
0.115 40 6.0 2.55 0.105
0.115 80 6.0 2.25 0.131
0.130 0 8.0 3.44 0.077
0.130 40 8.0 291 0.103
0.130 80 8.0 2.52 0.127
0.130 120 8.0 2.23 0.151
0.145 0 10.0 3.82 0.076
0.145 40 10.0 3.18 0.101
0.145 80 10.0 2.73 0.125

Attitude gy rad/sec
0.060 0 1.7 2.49 0.083
0.060 40 1.7 2.34 0.114
0.060 80 1.7 2.20 0.145
0.060 120 1.7 2.11 0.175
0.060 160 1.7 2.02 0.206
0.100 0 23 3.17 0.084
C=07 0.100 40 23 295 0.114
, 0.100 80 23 2.77 0.145
0.180 0 30 3.89 0.084
0.180 40 3.0 3.58 0.115
0.180 80 3.0 3.34 0.145
0.180 120 3.0 3.14 0.176
0.180 160 3.0 2.97 0.207
0.300 0 40 4.80 0.084
0.300 40 4.0 4.38 0.115
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f ADEQUACY FOR SELECTED TASK OR AIRCRAFT DEMANDS ON THE PILOT IN SELECTED PILOT W
REQUIRED OPERATION® CHARACTERISTICS TASK OR REQUIRED OPERATION® RATING
Excellent Pilot compensation not a factor for )
Highly desirable desired performance
Good Pilot compensation not a factor for LEVEL 1
Negligibie deficiencies desired performance
Fair—Some mildly Minimal pilot compensation required for
unplieasant deficiencies desired performance
— 3%
Minor but annoying Desired performance requires moderate o
. deficiencies pilot compensation
] Deficiencies ‘ Maderately objectionable  Ad performance requires P
m:;::crxow w:::?w‘ v warmant deficiencies considerable pilot compensation e LEVEL 2
bl Very objectionable but Adequate performance requiret axtentive
tolerable deficiencies pilot compansation 0
—_ 8%
Adequate performance not attainable with
Major deficiencies maximum tolerabie pilot compensation. o
Is ?‘hqulll Deficiencies Cantrollability not in question. LEVEL 3
lﬁ’::ngb":wg: E] No require Maior daficiencies Considerabie pilot compensation is required 0
tolerabie pilot impravement | for control v
workioad? Intenss pilot compensation is required to 8%
Major deficiencies retgin controt Q
No _fimprovement . . Control will be lost during some portion of
it convoliable? T mandatory I 4 Major deficiencies required operation @
- f J
s : “Deflnition of requi ion i designation of flight phase and/or
r Pilat decisions | Coopwr-Harper  Ret. NASA TND5153 with ing conditi

Figure 1. Definition of handling qualities Levels (from Ref. 1).
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Figure 2. Definition of bandwidth and phase delay.
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a) Rate command

Figure 4. Effect of time delay on bandwidth and phase delay.
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Figure 3. ADS-33C requirements for small-amplitude attitude changes (roll-axis forward flight).
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Figure 5. ADOCS (Ref. 11) and ATTHeS (Ref. 12) data points.
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Figure 7. Fixed-wing equivalent time delay requirements mapped onto the rotorcraft bandwidth requirements
(assumes: first-order Rate command response and second-order Attitude command response).

VMS NOMINAL OPERATIONAL MOTION LIMITS
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/ ROLL 18 40 18§

o o PITCH 18 @ 115

YAW 124 48 118

T ALL NUMBERS, UNITS 11, deg, sec

N TR AT T L T R T T ST TR s e e T s

Figure 9. DLR in-flight simulator ATTHeS.

Figure 8. NASA Ames Research Center Vertical
Motion Simulator (VMS).
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Figure 10. Slalom tracking course (times shown for 60 knots).
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A Piloted Simulation Investigation of the Normal Load Factor and
Longitudinal Thrust Required for Air-to-Air Acquisition and Tracking

Matthew S. Whalley
Aerospace Engineer
U.S. Army Aeroflightdynamics Directorate
MofTett Field, California

ABSTRACT

A piloted simulation study was performed by the
U.S. Army Aeroflightdynamics Directorate to develop
insight into the maneuverability requirements for
aggressive helicopter maneuvering tasks such as air-to-air
combat. Both a conventional helicopter and a helicopter
with auxiliary thrust were examined. The aircraft
parameters of interest were the normal and longitudinal
load factor envelopes. Of particular interest were the
mission performance and handling qualities tradeoffs with
the parameters of interest. Two air-to-air acquisition and
tracking tasks and a return-to-cover task were performed
to assess mission performance. Results indicate that
without auxiliary thrust, the ownship normal load factor
capability needs to match that of the adversary in order to
provide satisfactory handling qualities. Auxiliary thrust
provides significant handling qualities advantages and can
be substituted to some extent for normal load factor
capability. Auxiliary thrust levels as low as 0.2
thrust/weight can provide significant handling qualities
advantages.

NOTATION

roll damping coefficient, 1/sec
pitch damping coefficient, 1/sec
longitudinal load factor, g
normal load factor, g
longitudinal airspeed, ft/sec
total airspeed ft/sec

inertial position, ft

inertial position, ft

vertical position, ft (+down)
climb angle, rad

roll attitude, rad

W heading, rad

zEEE

N

Ubody

SR N N <

Presented at Piloting Vertical Flight Aircraft: A Conference on
Flying Qualities and Human Factors, San Francisco, Califomnia,
January 1993.
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INTRODUCTION

The primary objective of this simulation
experiment was to develop insight into the
maneuverability requirements for aggressive helicopter
maneuvering tasks such as air-to-air combat.
Maneuverability and agility (MA) has been a topic of
research for many years in both the fixed and rotary wing
communities (Refs. 1-18). It is generally agreed that
maneuverability is some measure of the maximum
achievable time-rate-of-change of the velocity vector and
that agility is the measure of the maximum achievable
time-rate-of-change of the acceleration vector. It is also
agreed that good MA is a key requirement for success in
highly dynamic missions such as air-to-air combat.
Unfortunately, that's where the agreement stops. A
precise definition of MA and a quantification of the
amount required have never been agreed upon.
Regrettably, this author believes it unlikely that there will
be agreement at any time in the near future.

To change the magnitude and direction of the
velocity vector one has to apply a force. Obviously, then,
the major contributor to good maneuverability is the
ability to generate normal, longitudinal, and lateral load
factor. In a conventional helicopter, acceleration is
generated by changing the magnitude and direction of the
main rotor thrust. In a compound helicopter, acceleration
is generated by using a combination of the magnitude
and/or the direction of the main rotor thrust and the
magnitude of the auxiliary thrust. Maneuverability was
examined in the context of these facts during this
experiment, Namely, the effects that variations in the
load factor envelope have on handling qualities and
mission performance for some representative “aggressive”
tasks were investigated, By taking this approach, it was
expected that a set of data would be generated from which
information regarding the relationship between
maneuverability, mission performance, and handling
qualities could be obtained.



DESIGN AND CONDUCT OF THE
EXPERIMENT

To accomplish the stated objectives, a five week
piloted simulation investigation was conducted on the
NASA Ames Research Center (ARC) Vertical Motion
Simulator (VMS) (Refs. 19, 20). This section contains a
detailed description of the experiment, including the
experimental facility, ownship and adversary aircraft,
experimental variables, evaluation tasks, evaluation pilots,
and collection of experimental data.

Faclility Description

The investigation was conducted using the six-
degree-of-freedom VMS with the NCAB cockpit (Fig. 1).
The VMS is unique among flight simulators in its large
range of motion (Table 1). This large motion capability
provides cues to the pilot that are critical to the study of
handling qualities.

The primary inputs to the motion base are the
translational and rotational accelerations calculated by the
math model for the pilot position. These signals are

Figure 1. NASA Ames Research Center Vertical Motion
Simulator.
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Table 1. Vertical Motion Simulator motion limits.

Displ. Rate Accel.

(fv) (ft/sec)  (fi/sec?)
Long. +4 +4 +10
Lat. +20 18 16
Vert. 30 +16 124

(deg)  (deglsec) (deg/sec?)
Pitch 18 +40 +115
Roll +18 40 *115
Yaw +24 - 346 +115

filtered by second-order washout filters characterized by a
gain and a washout frequency. The motion system
parameters used for this experiment were tuned to
minimize the phase error between the accelerations
generated by the model and those generated by the motion
base while at the same time providing the largest possible
motion envelope within the software limits.

The NCAB was configured as a single pilot
cockpit with a three window computer generated imagery
(CGI) display. The field of view is shown in Figure 2.
The CGI database used for this experiment contained an
8-kilometer-by-16-kilometer gaming area consisting of
mountains, rivers, and roadways. There was a ground

pattern but no ground texturing.

Conventional helicopter controllers were used.
A summary of the force characteristics of the controllers
is contained in Table 2. Stick force per g was provided by
scaling the cyclic pitch stick gradient with load factor:

pitch gradient (Ib/in.) =2.0 N, - 0.5.

[
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Figure 2. NCAB field of view.
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Table 2. Controller characteristics.

Pitch Roll Yaw  Heave
Range (in.) +6.15 +6.10 340 0-10.0
Deadzone (in.) +0.15 +0.10 0.15 0
Breakout (Ib) 1.5 1.0 4.0 0
Gradient (Ib/in.) 1.59 1.0 2.5 0
Damp. (Ib/in./sec) 0.8 0.5 1.0 0
Friction (Ib) 1.0 1.0 2.0 3.0
3a10g

Four inceptors for the control of the auxiliary
thruster were examined during the early stages of the
simulation (Fig. 3). The four were: 1) a thumbwheel on
the cyclic grip that contained a center detent but no spring
gradient; 2) a thumb joystick on top of the cyclic grip; 3) a
twist grip on the collective that contained only friction;
and 4) a beep switch on the collective head. The
thumbwheel and the collective twist grip were used as
either direct X-force-command or upogy-command. The
collective beep switch and the cyclic thumb joystick were
used as either X -force-rate-command Or upogy-rate-
command. This gave eight auxiliary thruster control
possibilities.

Beep switch

Twist grip

The instrument panel inciuded a horizontal
situation indicator (HSI), an airspeed indicator, a
barometric altimeter, a vertical speed indicator, a turn and
slip indicator, a torque meter, and a load factor meter.
Also included was a moving map display which showed
the relative position, altitude, and heading of the ownship
and adversary.

Figure 4 shows the heads-up display (HUD)
symbology. Included on the HUD were a torque meter, a
radar altitude tape, a horizon bar, a heading tape, a
sideslip ball, and digital readouts of torque, load factor,
airspeed, radar altitude, and range to target. In the center
of the display was a vector indicating the horizontal
direction and range to the adversary, relative to the
ownship nose. On the bottom of the display was an
adversary position display that showed the azimuth and
elevation of the adversary relative to the ownship nose. A
floating pipper was used to track the target during the air-
to-air task. The azimuth and elevation offset of the pipper
from the boresight was computed in order to provide the
proper lead angle required for a hypothetical fixed-
forward-firing gun. Specifically, when the pipper was

Thumb joystick

Thumbwheel

Figure 3. Location of auxiliary thrust control inceptors. (a) collective grip,; (b) cyclic grip
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Figure 4. Heads-up display symbology

overlaid on the target, the boresight of the aircraft was
pointing at the predicted target location one bullet time-
of-flight into the future.

Rotor, engine, and transmission noises were
simulated using a Wavetek Helicopter Sound Simulation
System. Warning tones and weapon noises were
simulated using a Mirage sound system generator.

A seat shaker simulated aircraft vibration. The
vibration math model was based on the vibration model
developed for a high-fidelity UH-60A Blackhawk
simulation (Ref. 21). The amplitude and frequency of
vibration were calculated as functions of rotor speed,
collective stick position, load factor, and airspeed.

The stick-to-visual throughput time delay was
74.5 milliseconds. No visual time delay compensation
was used because the stick-to-visual time delay already
closely matched the stick-to-motion time delay in the
pitch and roll axes.

AUTOMAN

The air-to-air adversary used during this
experiment was the AUTOmated MANeuvering
(AUTOMAN) opponent developed by Grumman
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Corporation under contract to the U.S. Army
Aeroflightdynamics Directorate (Refs. 22, 23). In the
past, air-to-air simulation experiments have relied on
either a second pilot flying the adversary aircraft, or
simple pre-programmed flight paths for the adversary
aircraft. Both of these approaches can have drawbacks.
Using a piloted target can lead to undesirable variations in
the aggressiveness of the engagements, because the target
pilot cannot always employ consistent maneuvering logic.
In addition, a piloted target requires the use of one of the
CGI channels, thus degrading the visual presentation to
the ownship pilot. Preprogrammed flight paths can lead
to skewed results because the pilot is able to memorize the
flight path of the target and anticipate its movement. The
AUTOMAN program was therefore developed to alleviate
these problems.

The AUTOMAN computer program generates
automated maneuvering decisions for helicopters during
air-to-air combat at low altitude in hilly terrain.
Maneuvers are selected by employing simple game theory
(Ref. 24). Capabilities of AUTOMAN include a guidance
law for target acquisition when a firing opportunity arises;
fire-control sequence logic; low-flying capabilities; line-
of-sight computations for the cockpit field-of-view; air-to-
air collision avoidance maneuvers; decisions on and
adjustable levels of simulated pilot experience.
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© Steady fiight

(6] © Max longitudinal acceleration
© Max longitudinal deceleration
© Max load factor pullup
© Max load factor pushover
© Max load factor turn, left
e Max load factor turn, right

Figure 5. AUTOMAN elemental maneuvers

To determine the best maneuver choice, the
consequences of performing various maneuvers are
evaluated. It is assumed that each aircraft selects one of
the seven elemental maneuvers shown in Figure 5. While
the maneuvers shown are maximum-performance turns,
climbs, eic., there are first-order lags, typical of the actual
responses of the aircraft, between the command and
control variables; consequently, the maneuvers are
achieved gradually. Since maneuver choices are updated
frequently, moderate maneuvers can occur as the average
of a sequence of short-duration, maximum-performance
maneuvers.

The helicopter math model used by AUTOMAN
is a simple point mass model which performs coordinated
turns. The equations of motion are as follows:

x=Vcosycosy
y=Vcosysiny
z==Vsiny

V=g(N,~siny)

Y= -é-(N, cos@ —cosy)

. _gN sing
v Vcosy

Table 3. AUTOMAN time constants and angular rate
constraints

N, time constant 1.0 sec
N, time constant 0.2 sec

¢ time constant  -2375 sec

maximum @ 57.3 deg/sec
maximum ¥ 120 deg/sec
maximum Y/ 40 deg/sec

The control variables are the roll rate ¢ and the
longitudinal and normal load factors, NV, and »,, and
the corresponding commands are ¢, N_,and N,. A
first order lag is assumed between the commanded values
and the response. A summary of the time constants and
angular rate constraints used in AUTOMAN for this
experiment is given in Table 3. Figure 6 shows the
AUTOMAN load factor, longitudinal acceleration, and
turn rate capabilities.

Ownship Math Model

A stability derivative helicopter math model
termed the Enhanced Stability Derivative Model (ESD)
was used as the ownship. The ESD model is a derivative

4 pe -6 =
b~ 3 i / '4 \
2 2
s °f 2t
§ 1
L~ o -
2T
3 4L -2
-2 (ﬂ) -4 "(b)\
L L L I3 1 ) 1 L
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Airspeed (knots) Alrspeed (knots)
40

&
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N
o

(o)
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Figure 6. Performance capabilities of AUTOMAN (from
Reference 22). (a) maximum and minimum normal load
factor; (b) maximum and minimum longitudinal load
factor; (c) maximum turn rate.



of the TMAN model developed for the Helicopter Air
Combat (HAC) simulation experiments (Refs. 25-27).
Earlier versions of the ESD model have been used for
other handling qualities experiments (Refs. 28,29). The
ESD model is a simple, non-linear, generic helicopter
math model intended for use as a handling qualities
research tool. The response dynamics are easily modified
thus allowing a wide range of handling qualities to be
studied. It includes the effect of load factor on the pitch
and roll rate damping derivatives, the effect of forward
speed on the force derivatives, a collective trim curve, and
a ground effect model. The attitude response is rate-type
in pitch, roll, and yaw with automatic turn coordination
above fifty knots. The total aerodynamic forces and
moments required for the six-degree-of-freedom
equations of motion are generated as the summation of
reference and first-order terms of a Taylor series
expansion about a reference trajectory. The model does
not include control or response coupling.

Auxiliary Thruster — An auxiliary thruster
with a selectable force or upoqy command system was
added for this experiment. Table 4 shows a summary of
the various control-inceptor/control-response types. The
math model assumed axial flow through a 10 ft diameter
propeller and included the effects of both power and stall
limitations. Figure 7 shows a pitch trim sweep for a
configuration with a 3.5 g normal load factor capability
and auxiliary thrust/weight ratios of 0.1, 0.2, and 0.33.
The solid lines indicate the maximum nose-up and nose-
down attitudes that the configuration can trim at in level
flight. The dashed line indicates the trim pitch attitude for
the same configuration with no auxiliary thruster.

Experimental Variables

Normal and longitudinal load factor envelope
were varied during this experiment. Maximum

Table 4. Awxliary thruster control system gains.

Incepior Response Type
cyclic joystick force rate
cyclic joystick Upody rate

cyclic thumbwheel force
cyclic thumbwheel Ubody
collective beep switch force rate
 collective beep switch  upody rate
collective twist grip force
collective twist grip Ubody
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Figure 7. Pitch trim sweep of configuration with
auxtliary thruster

continuous normal load factor capability was varied from
1.5 t0 5.0 g (at 80 kt). Maximum longitudinal load factor
capability was varied only for the thrust augmented cases
and was varied from 0.1 to 1.0 auxiliary thrust/weight
ratio. The transient load factor limit was set equal to 1.33
times the maximum continuous load factor capability at
80 kt. Table 5 shows the configurations matrix,

Tasks

Three tasks were flown during the experiment —
the abeam air-to-air task, the mountain air-to-air task, and
the return-to-cover task. The intent was to obtain
handling qualities and mission performance data with
respect to variations in the load factor envelope and
auxiliary thrust level.

Air-to-air tasks — Both of the air-to-air tasks
were taken from the RATAC experiment (Ref. 29). The
objective of both tasks was the same; to track the
AUTOMAN for as long as possible using the ownship
pipper on the HUD. The position of the pipper on the
HUD was driven by a set of equations such that the proper
lead angle for a fixed-forward-firing gun was displayed.
As mentioned earlier, when the pilot overlaid the pipper
on the target, the nose of the ownship was pointed at the
estimated location of the target one bullet-time-of-flight
into the future. In addition, the pilot was required to
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Table 5. Configuration test matrix

Auxiliary thrust/weight
N; (g)? 0 0.1 0.2 0.33b 0.6 1.0
1.5 | AMM;R AM
175 | AMR AM
2.0 | AMMR A AM
2.5 AMR AM
3.0 AMR AM AM AMR AMR AR
3.5 | AMM, M M AM
4.0 AMR AM AM
5.0 AMR AM

A - Abeam air-to-air task
M - Mountain air-to-air task

M; - Mountain air-to-air task, low capability adversary

R - Retum-to-cover task
@ Maximum continuous capability at 80 knots.

b This level of thrust/weight represents the average value of several compound helicopters surveyed.

maintain less than 0.2 g lateral acceleration, two ball
widths, while tracking. Pilots were encouraged to
maintain airspeed above forty-five knots. Each run was
limited to 25 seconds.

The initial conditions for the abeam air-to-air
task are shown in Figure 8. The target was positioned
2000 feet in front of, and 100 feet below the ownship with
a heading 135 degrees away to the left or right. The
ownship was initialized at its maximum maneuvering
speed, 80 knots, while the target was initialized at 120
knots. Line-of-sight existed for both aircraft over hilly
terrain. The initial target heading was randomly set to
either the left or right before each run to introduce some
variability to the task. A typical run of the abeam task is
shown in Figure 9,

The initial conditions for the mountain air-to-air
task are shown in Figure 10. This task began with a
mountain preventing line of sight between the two
aircraft. The ownship was initialized at its maximum

80 knots
150 ft

2000 ft

maneuvering speed, 80 knots, while the target was
initialized at 140 knots. The initial target heading was
randomly set to either the left or right before each run. A
typical run of the mountain task is shown in Figure 11.

Task performance standards were based on the
longest continuous tracking period measured during the
run. Tracking time accumulated whenever the
AUTOMAN cg was within 30 feet of a vector defined by
the ownship pipper, azimuth and elevation < tan-
1(30/range), and the ownship lateral acceleration was less
than 0.2 g. Performance for the longest tracking period
was categorized as unsatisfactory ( < 2.0 seconds),
adequate ( >= 2.0, < 4.0 seconds), or desired ( >= 4.0
seconds). These levels ensured a baseline level of
aggression among the pilots. Task performance was
indicated to the pilot via audio tones in the headset; i.e., a
low, continuous tone meant that he was within the
tracking constraints, a high continuous tone meant that he
had met the constraints for 2.0 seconds, and a high,
intermittent tone meant that he had met the constraints for

‘ 120 knots

| 50 ft

Figure 8. Abeam air-to-air task initial conditions.
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/—-\ _ To prevent the pilots from employing the stand-

off techniques characteristic of missile engagements, the
tracking cone was configured to only allow tracking
within a thirty foot radius circle at the target range. This
made distant engagements more difficult than close ones,
resulting in more dynamic close-in maneuvering.

* Adversary
120 knots

50 ft agl

The run length was limited to twenty-five
seconds because that was the point at which the
engagements typically degraded into a “furball.” Under
those conditions, the generation of useful handling
qualities data was difficult.

During the experiment, similar tactics for the air-
to-air task emerged for all of the pilots. Task initial
conditions created the opportunity for the ownship pilot to
immediately begin tracking by using an aggressive lateral
input. As the engagement progressed, tracking
opportunities became clustered at ranges of less than 1000
feet. Given the dimensions and orientation of the tracking
cone, a close-in, tail chase position provided the greatest
performance potential, making it the tactical objective. A
tail chase position also offered an advantage in
maintaining situational awareness. Pilots found that it
was essential to keep the target in sight, to maintain
airspeed, and to establish a slight altitude advantage if
they expected to perform well and to remain oriented.

two second intervai

Ownship B
“I~ 80 knots -
150 ft. agl During the experiment, the AUTOMAN usually :
o _ _ . tried to overcome the initial tactical disadvantage by i
Figure 9. Typical run of the abeam air-to-air task performing a maximum performance tum towards the £
L L _ ownship culminating in a head-on engagement. Once the
4.0 seconds. Pilots were encouraged not to assign CHR's AUTOMAN had closed in on the ownship, it would
based solely on their performance relative to these continue to perform tumns and roll reversals in an attempt
standards, but to assess the overall handling qualities of to achieve a gun solution. Occasionally, the AUTOMAN
the vehicle,
140 knots
150 ft
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—————
80 knots
100 ft

1693 ft

Figure 10, Mountain air-to-air task initial conditions
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Adversary
140 knots
150 ft agl

two second interval

Figure 11. Typical run of the mountain air-to-air task

would wrn away from the ownship in what appeared to be
an attempt to disengage. Engagements usually concluded
with the ownship having either improved or lost the
advantage enjoyed at the outset. On rare occasions, the
AUTOMAN had enough time to reverse its tactical
disadvantage and place the ownship on the defensive.

Return-to-cover task — Figure 12 shows the
return-to-cover task. The objective of the task was to
return to the cover of the treeline as quickly as possible.
The task was initialized with the ownship flying 80 kt at
100 ft above ground level (AGL). After the ownship
passed over the treeline and the tank, the pilot was
signaled to initiate a maneuver and return to the cover of
the treeline as soon as possible.

Pilots

One U.S. Army/Ames test pilot, two
NASA/Ames test pilots and one U.S. Army/AQTD test
pilot participated in the experiment. All four pilots have
had extensive handling qualities evaluation experience in
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Treeline

Figure 12. Return-to-cover task initial conditions.

a wide range of fixed and rotary wing aircraft.
Data Collection

Four types of data were collected during this
experiment. Real time variables of interest such as
position, attitude, and rates were digitally recorded.
Performance measures such as time-on-target were
recorded and printed out at the end of each run.
Qualitative pilot opinion was gathered for each
configuration in the form of commentary and a Cooper-

Harper rating (CHR) (Ref. 31).

To minimize the effects of training, each pilot
was given several hours to practice the tasks. During this
time, task performance was communicated to the pilot at
the end of each run. Data were not collected until both
the pilot and the investigator were convinced that the pilot
had achieved the necessary skill level.

Collection of data proceeded as follows. The
helicopter was initialized in the test configuration and
task. The pilot was not informed of which configuration
he was flying. The pilot was allowed to practice the task
until he was satisfied that his performance would not
improve substantially with additional practice. At that
point, the data collection equipment was turmed on and the
pilot proceeded to perform the task. After a minimum of
three representative runs were completed, the pilot gave
commentary and assigned a CHR.



RESULTS

This section contains the qualitative and
quantitative data gathered during the experiment. The
results from variations in load factor capability and
auxiliary thrust level are presented in the form of task
performance, CHRs, and pilot commentary. The data
shown are a summary of the data gathered for all four
pilots who participated unless otherwise noted.

The level of confidence in the data was
measured. The range within which the true mean will
occur with a ninety percent probability has been
calculated using the t-test (Ref. 32). This confidence
interval is indicated using error bars on the task
performance plots and CHR summary plots. More simply
stated, the true mean of the entire pilot population has a
ninety percent chance of occurring within the error bars
shown. This type of deviation calculation is useful in that
it reflects both the spread and quantity of data collected.

Load Factor

Figure 13 shows a summary of the CHR data
plotted versus load factor capability for the air-to-air task
versus the 3.5 g adversary. Figure 14 shows a sammary
of the task performance data plotted versus load factor
capability. The error bars indicate the ninety percent
confidence interval for the data. The CHR data have been
averaged together for the two air-to-air tasks because of
the great similarity in tactics, control strategy, and
workload. The performance data have been separated
because the different initial conditions for the two tasks

‘led to slightly different time-on-target results. The
performance data for the abeam task do not include the
first ten seconds of each run because the pilots found the
tracking task to be relatively easy during this portion of
the task and did not feel it was relevant to their evaluation
of the configuration.

The CHR summary data indicate that a minimum
load factor capability of 2 g is required for Level 2
handling qualities and a load factor capability of 3.5 g is
required for Level 1 handling qualities. The performance
data support the CHR data. There is a general
improvement in performance out to 3.5 g and then a
tapering off.

The pilot commentary strongly indicates that the
Level 3 configurations lacked adequate maneuvering
capability. For a 1.5 g configuration, pilot A states,
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Figure 13. Cooper-Harper pilot ratings versus load
factor capability.

“I think there was an inability to meet adequate
performance standards. It was almost an inability to
remain in flight. The primary reason was that you just
didn’t have anything 1o maneuver with. There was just no
performance to gain out of the helicopter.”

For a 1.75 g configuration, pilot A states,

“You just can’t turn. You find yourself sinking down to
the ground into the trees or into the hillside. It seemed
like when you did get on the target you could stabilize
pretty well, but it didn’t stay on the target very long and it
was difficult to track the target with the pipper. ... { would
give this major deficiencies in that you can't achieve
adequate performance, and there may even be a question
of considerable pilot compensation to retain control.”

Pilot comments for the Level 2 configurations
indicate some improvement in the overall handling
qualities but still not enough maneuverability to perform
the task satisfactorily. Pilot C states that with the 2.0 g
configuration,

“I think that it is shown that given this set of tactics and
this level of capability on the aggressors part, that you
can, in fact, get some reasonable tracking time on the guy
But you can’t expect to have immediate graiification. If
you have to keep flying the aircraft and keep working it
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Figure 14. Task performance versus load factor capability. (a) mountain task; (b) abeam task.

into a position, you can not just pull the aircraft into
position and expect to be able to ride there. The load
factor does not allow that. ... You really do have to look at
the load factor and the airspeed, make sure that you have
the power all the way in, and be very careful with the
controls. You keep ielling yourself, ‘don’t pull any
harder,” and see what happens.”

The commentary for the Level 1 configurations
indicate satisfaction with the maneuver capability. For a
3.5 g configuration Pilot E states,

“I would say that we definitely got desired performance
for the most part. ... It was a pretty aggressive run, |
didn'’t feel like I was limited in the aircraft in any way.”

It is interesting to note the degradation in CHRs
which occurred when the load factor capability was
increased to 5.0 g. The pilot commentary indicated that
the pitch and roll axes became more “ratchety” and
“oscillatory.” Pilot A stated,

“It seemed like it was a little bit more difficult to stabilize
on the target with the high g load. It had a tendency to
oscillate back and forth off the target and out of the cone.
.. I'd say that there is a slightly objectionable control
oscillation and slightly objectionable number of control
reversals.”

Pilot E stated,
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“I found the oscillations to be something that is actually
kind of interesting. I don’t know why it is that I should be
walking the target as badly — but it happened over and
over again. I'm not sure if that is from trying too hard, or
if there is some artifact of having a lot of power on the
rotor system. Something makes it a little bit more goosey
than I would expect from past experience.”

What the pilots were probably experiencing was
a result of the way the pitch and roll damping derivatives
were scheduled with load factor. Figure 15 shows a plot
of pitch and roll damping versus load factor as was
implemented in the math model for this experiment. It
can be seen that at 5.0 g the damping derivatives were
approximately -12.0 and -14.0 1/sec in pitch and roll
respectively. At this level, the pitch and roll response of
the math model may have excited CGI and motion system
dynamics that could be characterized as objectionably
abrupt or ratchety as was seen during the RATAC
experiment (Ref. 29).

Figure 16 shows a histogram of load factor usage
for each of the eight different load factor configurations
examined. The data shown are a summary of all runs
flown of both air-to-air tasks by all of the pilots. It can be
seen that for the configurations which had less than 3.0 g
capability, the pilots were using all of the continuous load
factor capability available and encountering the transient
limit a significant amount of the time. For the
configurations at or above 3.0 g capability the pilots were
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Figure 15. Variation of pitch and roll damping with load
factor.

not encountering the transient limit at all. For the 4.0 and
5.0 g cases the pilots were rarely making use of the
continuous capabilities of the configuration, if at all.
These data support the previous commentary which
indicated the pilots dissatisfaction with the maneuver
capability of the Level 2 and Level 3 configurations.

It is important to note that all of the data

Max continuous

Max transient

presented so far are from air-to-air engagements against

an adversary which had a continuous load factor
capability of 3.5 g (Fig. 6). It is reasonable to expect that
an adversary with a different maneuvering capability
would change the maneuverability required of the
ownship to successfully engage him air-to-air combat.
Figure 17 shows CHR and performance data that was
gathered for the same air-to-air tasks but against a low-
capability adversary (only 2.0 g continuous load factor
capability). Only two pilots participated in this portion of
the experiment and only the 1.5, 2.0, and 3.5 g
configurations were evaluated.

As one would expect, the 2.0 g adversary did not
demand as much maneuvering capability from the
ownship. The CHRs indicate that the pilots required a
load factor capability only comparable to that of the
adversary in order to successfully engage him. The
performance data supports the CHR results. Pilot B states
that for the 2.0 g ownship configuration,

“It was fairly easy to meet desired performance standards
both in getting on to his tail and staying on his tail. ... You
didn't have to perform the task too aggressively, because
the target aircraft wasn’t very aggressive. ... Minimal pilot
compensation required for desired performance.”

Figure 18 shows a plot of the mean time that was
required during the return-to-cover task versus the load

T 1

0 2 4 6
Normal load factor (g)

Figure 16. Load factor histogram for the mountain task. (a) 1.5 g config.. (b) 1.75 g config.; (c) 2.0 g config.; (d) 2.5 g
config.; (e) 3.0 g config.; (f) 3.5 g config.; (g) 4.0 g config.,; (h) 5.0 g config.
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factor configuration. The error bars indicate the ninety
percent confidence interval. The dashed line on the plot
shows the ideal time to turn 180 degrees in a steady turn
versus load factor. No CHR data or pilot comments were
gathered for this task

The trend of decreased time to regain cover with
increased load factor capability is clearly shown. The
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Figure 18. Time to return to cover versus maximum load
factor capability.
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trend neatly parallels that of the optimum time to turn 180
degrees with only a small time offset associated with
rolling in to and out of the maneuver. This information
might be useful to the designer or specification writer who
has some estimate of the acceptable length of time an
aircraft could be safely exposed.

Auxiliary Thrust

This section contains a discussion of the results
from the auxiliary thruster.

Initially, the eight different auxiliary thruster
inceptor/control response types were examined to
determine the best candidate for the remainder of the
experiment. The mean CHRs from the abeam air-to-air
task for each of the eight different combinations are
shown in Table 6. The pilots expressed a preference for

Table 6. Mean CHRs for auxiliary thrust inceptors.

Response
Inceptor force Ubody
cyclic joystick 55 29
cyclic thumbwheel 5.0 58
collective beep switch 48 3.5
collective twist g_jlp 6.0 5.5

2 Maximum N, capability = 3.0, auxiliary thrust/weight = 0.33



the cyclic joystick with the upogy-rate command system.
It is interesting to note though that one pilot favored the
collective beep switch because of its location on the left
side. He said he felt that the auxiliary thruster was a
“power-type” control and should therefore be grouped
with the collective. The cyclic joystick with the upogy-rate
command system was used to generate the rest of the data
presented in this section.

Figure 19 shows the CHRs and task performance
results for the air-to-air tasks with and without the
auxiliary thruster. Figure 19a shows the mean CHRs from
both the air-to-air task and the abeam task. Figure 19b
shows the task performance results for the mountain task
only. The data shown for the auxiliary thruster were for a
thruster which had a maximum thrust/weight capability of
0.33. The results shown for no auxiliary thruster are the
same as those shown in Figures 13 and 14a.

The results indicate a significant improvement in
both handling qualities and task performance when the
auxiliary thruster was added. In general, there was 1.0 to
1.5 CHR improvement with the auxiliary thruster. The
CHRs also indicate that the pilots were satisfied with an
approximately 3.0 g configuration with the auxiliary
thruster as compared to a 3.5 to 4.0 g configuration
without the auxiliary thruster.

The pilot commentary indicates that the
improved speed control that the auxiliary thruster afforded
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was a major factor in the improved CHRs. Pilot B stated,

“You could use {the auxiliary thruster] quite easily to
slow yourself down, increase your turn rate or io speed
yourself up to get into a better position without having to
sort of lower the collective and bring the nose up so that
your tracking has gone to worms.”

Pilot A commented,

“During the initial part of this run, it looks like since the
target is so far away from you that you can go ahead and
use positive x-force to increase your speed quickly to get
it up to a desired velocity for rate of closure. Once the
adversary started turning, you could increase your rate of
turn in an attempt lo track him by using the negative X-
force.”

Figure 20 shows a summary of the mean CHRs
given for all of the auxiliary thrust configurations. The
data shown represent the average of both air-to-air tasks.
The data have been shaded to indicate the CHR Level:
Level 3 ratings are black, Level 2 rating are gray, and
Level 1 ratings are unshaded.

The data indicate that some load factor capability
can be traded for auxiliary thrust capability without
significantly degrading handling qualities. It can be seen
that a 3.0 g configuration with an auxiliary thrust/weight

16 — Auxiliary thrust/weight = .33

No auxillary thrust

Figure 19. Air-to-air task results with and without auxiliary thrust. (a) mean CHRs for both tasks; (b) task performance for
the mountain air-to-air task.
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of 0.33 achieved better CHRs than a 4.0 g configuration
without auxiliary thrust. Configurations with auxiliary

thrust/weight levels as low as 0.2 are seen to possess
significant handling qualities advantages over those
without.

The data in Figure 20 indicate that the
configurations with auxiliary thrust/weight levels of 0.6
and 1.0 did not have significant handling qualities
advantages over those with 0.33 thrust/weight levels.
This can be seen even more clearly in Figure 21 which
shows a histogram of auxiliary thrust usage. The data in
Figures 21a, b, and ¢ show the pilots using all of the
auxiliary thrust available as compared to Figures 21d and
e where they do not.

Figure 22 shows a plot of the mean times that
were required during the return-to-cover task versus the
auxiliary thrust/weight configuration. The error bars
indicate the ninety percent confidence interval. No CHR
data or pilot comments were gathered for this task.

The data in Figure 22 can be compared to the
daia shown in Figure 18. The effect on time-to-turn of
auxiliary thrust is not nearly as significant as the effect of
load factor.
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Figure 21. Auxiliary thrust histogram. (a) 0.1 thrust/weight config.; (b) 0.2 thrust/weight config.; (c) 0.33 thrust/weight
config.; (d) 0.6 thrustiweight config., (e) 1.0 thrusttweight config.
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Figure 22. Time to return to cover versus auxiliary thrust
capability (3.0 g maximum load factor capability).

CONCLUDING REMARKS

The U.S. Army Aeroflightdynamics Directorate
performed a piloted simulation study on the NASA Ames
Research Center's Vertical Motion Simulator to develop
insight into the maneuverability requirements for
aggressive helicopter maneuvering tasks such as air-to-air
combat. Both a conventional helicopter and a helicopter
with auxiliary thrust were examined. The aircraft
parameters of interest were the normal and longitudinal
load factor envelopes. Of particular interest were the
effects of these load factor envelopes on mission
performance and handling qualities. Two air-to-air
acquisition and tracking tasks and a return-to-cover task
were performed to assess these effects.

In general, CHRs, task performance, and pilot
commentary indicated that without auxiliary thrust, the
ownship normal load factor capability needed only to
match that of the adversary in order to provide
satisfactory handling qualities. This meant that against a
3.5 g adversary, the ownship needed 3.5 g normal load
factor capability for Level 1 handling qualities and against
a 2.0 g adversary, the ownship needed 2.0 g normal load
factor capability.

At high levels of normal load factor capability
(5.0 g) the CHR data and pilot commentary indicated
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some problem with pitch axis oscillations in tracking.
This was probably due to the higher levels of pitch and
roll damping generated by the math model at higher load
factors.

The data gathered for the return-to-cover task
show a clear improvement in task performance with
increased load factor capability.

Of the auxiliary thruster/control systems
examined, a upogy-rate command/upogy-hold system with a
cyclic joystick inceptor was found to provide the best
handling qualities. This system was successfully
demonstrated to provide significant handling qualities
advantages over configurations without auxiliary thrust.

Auxiliary thrust levels as low as 0.2
thrust/weight were shown to have significant handling
qualities and mission performance advantages over those
configurations without auxiliary thrust. Some normal
load factor capability could be traded for auxiliary thrust
capability without sacrificing satisfactory handling
qualities. Increasing auxiliary thrust levels to 0.6
thrust/weight and higher did not yield further
improvement.
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ABSTRACT

Eurocopter Deutschland (ECD) started
simulation trials to investigate the particular problems
of Side Arm Controllers (SAC) applied to helicopters.

Two simulation trials have been performed. In
the first trial, the handling characteristics of a “passive”
SAC and the basic requirements for the application of
an "active” SAC were evaluated in pilot-in-the-loop
simulations, performing the tasks in a realistic scenario
representing typical phases of a transport mission. The
second simulation trial investigated the general control
characteristics of the “active” in comparison to the
“passive” control principle.

A description of the SACs developed by ECD
and the principle of the “passive” and “active” control
concept is given, as well as specific ratings for the
investigated dynamic and ergonomic parameters
affecting SAC characteristics. The experimental
arrangements, as well as the trials procedures of both
simulation phases, are described and the results
achieved are discussed emphasizing the advantages of
the "active” as opposed to the "passive” SAC concept.
This also includes the presentation of some critical
aspects still to be improved and proposals to solve
them.,

Presented at Piloting Vertical Flight Aircraft:
A Conference on Flying Qualities and Human
Factors, San Francisco, California, 1993
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NOMENCLATURE
AC Attitude Command
ACAH Attitude Command/Attitude Hold
ACT Active Control Technology
CHR Cooper Harper Rating
ECD Eurocopter Deutschland GmbH
FCC Flight Control Computer
FRP Finger Reference Point
IC Inceptor
MTE Mission Task Element
NSRP Neutral Seat Reference Point
PIO Pilot Induced Oscillations
RC Rate Command
RCAH Rate Command/Attitude Hold
SAC Side Arm Controller
ey mms tracking error pitch axis
€ mms tracking error roll axis
rms root mean square
INTRODUCTION

With the increase of requirements in both civil
and military operations, conventional control
technologies using mechanical linkages and automatic
flight control systems with limited authority cannot
relieve the pilot from higher mental and manual control
activity. To alleviate pilot workload, today’'s high
perfarmance fixed wing aircraft as well as some
transport aircraft use Active Control Technology
(ACT) employing Fly-By-Wire, Fly-By-Light and full
authority AFCS.

These technologies also enable the



employment of advanced primary controllers which
present the aircraft designer with a great deal of
freedom to produce an ergonomically more attractive
cockpit. Different types and configurations of Side Arm
Controller (SAC) have been investigated in several
programs [1, 2, 7]. With the SAC employed in
production aircraft new problems have been
encountered as in particular Pilot Induced Oscillations
(PIO). roll ratched, bio-dynamic interactions, command
priority within the cockpit, etc.

Within the definition phase of a future FBW
medium transport helicopter, Eurocopter Deutschiand
(ECD) perfarmed a number of experiments to
investigate the particular problems of SAC applied to
helicopters. To this end, a 2-axis "active” cyclic and 1-
axis "active" collective SAC had to be developed.
Active inceptors (ICs) were choosen for the study
because they gave the greatest flexibility of
investigating different force gradients. But more
important, was the aspect to asses the application of
"active” SACs. Another main interest lay in the design
of SAC devices, which should be able to be integrated
into existing helicopters to perform inflight-simulation
tests. As this aim excluded the design of an electro-
hydraulic position servo system, the position servo
system was realised by direct current linear motors.

Since the application of "active” SAC is an
advanced concept, extensive simulator evaluations are
necessary to optimise their ergonomics and dynamic
characteristics together with the Flight Control
Systems. To reach this goal, the simulation trials have
been divided into three phases.The first phase consisted
of pilot-in-the loop ground simulation trials where the
SACs have been used as “passive” devices to
concentrate on ergonomic aspects when assessing the
handling characteristics of the SACs in a realistic
scenario. The second phase represents off-line-
simulations to investigate the general characteristics of
"active" in comparison to "passive” controllers and to
evaluate the dymamic characteristics of the "active"
SACs with respect to the recommendations made in the
first phase. In the third phase the "active” SACs will be
tested in flight trials with a wide range of flight tasks
from transport mission elements up to aggressive
MTEs.

The report gives an overview of the
experimental arrangements, the trials procedures and
the results of the simulation trials of Phase [ and IL

PASSIVE AND ACTIVE INCEPTORS

In the last 15 years several investigations at a
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mumber of research institutes have been undertaken
dealing with the design of "active” controllers [3. 4. 5.
6]. Since the definition of "active" controllers
sometimes vary between the different publications. it
seems appropriate to stress the distinction between the
“passive” and the “active” control principle (Fig. 1. 2).

Helicopter [3

Fig. 1: Control Loop with “passive” Slde Arm Controlier

In the "passive” SAC the pilot feels spring
forces according to the applied stick deflection which is
the control input to the Flight Control Computer (FCC).
These forces are realised either by a spring and damper
package or by a servo coatrolled position system. In the
first case the pilot’s controller forces are usually fixed
but a servo controlled position system can be used to

vary the spring stiffness, damping, breakout forces,
zero position easily to a pre-defined force deflection
control law. In the second case the pilot “feels” a
simulated control force via the sensor package and the
position via the servo mechanism. A drawback of this
“passive” control concept. as opposed to conventional
controllers, is that the pilot Iooses the contact with the
control surfaces of the aircraft. This means that the pilot
looses tactile information and can only use peripheral
cues (visual and vestibular) to inform him about his
actual flight state and the available comtrol power.
Disastrous eveats could be the consequence if the pilot
inadvertently tries to exceed the flight envelope.

Halicopter [

Fig. Z: Control Loop with “active” Side Arm Controfier

In contrast to the “active” control concept, the
applied stick force is the control input to the FCC and
the responding control response (attitude or rate) of the
aircraft is fed back as the command input to the position
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servo system. In this approach, the pilot receives tactile
information of the actual flight state of his aircraft on
his SAC and with this he retains indications of his
actual flight states as well as his control limitations.
The servo controlled SAC (“passive” and
"active”) of both pilot and copilot gives each crew
member a tactical and optical feedback of the command
input of the other one. In contrast to the “passive”
concept, with the “active” concept there is no more
need to nominate a pilot command priority since the
commanded grip forces of the two coatrollers can be
summed to obtain one control signal. Fully transparent
transfer of command control can be made between the
crew and the stick positions synchromised. This
important aspect could be demonstrated in phase L

INCEPTOR PRINCIPLE AND CHARACTERISTICS

As the report aims to stress the general
characteristics of an "active" SAC, only the cyclic
controller will be cansidered.

A schematic of the realised cyclic SAC is
presented in Fig. 3. It consists of two axis providing a
deflection of -18 deg, +12deg in the pitch axis and +/-
14 deg in the roll axis. The SAC has a force sensor at
the pilot’s hand grip together with a servo-actuator used
to position the stick and provide artificial force feel.
Since the actuation of the SAC is of secondary
importance, it does not have to be included in the flight
safety critical path and need hence only be simplex. On
the other hand, the force sensing is the primary
command input to the FCC and must be quadruplex
redundant. In the event of a failure, both pilot and
copilot can fly the helicopter without requiring a
priority switch. The question of inceptor failure
characteristics was one of the objectives of the
simulation trials phase 1.

Fig. 3: Schematic of the cyclic Side Arm Controiler
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The integration of the inceptors in the flight
control system with the FCC is shown in the functional
block diagram (Fig. 4). The pilot's grip force is
measured by an LVDT which is demodulated and sent
to the FCC within which scaling, signal conditioning
and filtering occurs. Parallel to the grip force, the
primary “hands-on” flight state, the pilot is provided
with a “beep” trim button on the top of the grip. The
“beep” rate is also dependeat on the pilots grip force so
that if the pilot simultaneously puts a force on the grip
and “beeps”, the stick will move at a faster speed. An
FTR switch is provided to synchronise and zero stick
forces if desired. The final output signal of the inceptor
position block is used to actuate the stick servo and
provide the force feel.

Since the motion of the stick is designed to
give the pilot tactile feedback of the helicopter
response, the actuation bandwidth specification is
dependent on the closed loop bandwidth of the
helicopter and flight control system. Analyses of the
closed loop bandwidth for the defined helicopter
indicated a bandwidth requirement for the actuator of at
least 1 Hz for both longitudinal and lateral since the
differences in the comner frequency for the axes was

only marginal.
SIMULATION TRIALS PHASE [

SIMULATON FACILITY

For pilot-in-the loop simulation trials both
ECD and the Military Aircraft Divisions of DASA
share a common simulation facility located in the
Military Aircraft Division. The main features of the
simulation facility at the time of the simulation trials
Phase I shows Fig. 5, Fig.6:

* Denelcor HEP (Heterogenous Element
processor) Simulation Computer with parallel
processor architecture (A), (The HEP
simulation computer has meanwhile been
replaced by a more powerful HARRIS
Nighthawk computer, together with a pew
interface computer)

* GE Compu-Scene IV computer
generator (B)

* fixed base with provisions for buffeting and g-
seat

* 6 channel dome projectionsystem (C)

» Interface computer between cockpit and
simulation computer (D)

* Hydraulic  buffeting

image
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exchangeable cockpits

 large field of view (+/-70 deg horizontal, +70/-
40 deg vertical)

ERGONOMIC ASPECTS

The right hand inceptor was installed
horizontally with a slight (15-) tlt inward which was
found to be a more ergonomic position than a purely
vertical grip (Fig. 7. 8). Provision was made to adjust
the position of the inceptor relative to the seat. The left
hand inceptor was installed sloping downward with
adjustment provision in the vertical and horizontal
directions (Fig. 9). An overview of the choosen
inceptor/seat geometry is given in Fig, 10.

Fig. 7: Cockpit View of the Cyclic Controller (side view)

.Fig. 9: Cockpit View of the Cyclic and Collective Cantroiler
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A total number of 15 pilots, plus several other

persons, were requested for evaluation of the flight
controls and seat ergomomics. As published in [6]
measurements as per Fig. 11 were made. which covered
a significant range of percentiles. The flight experience
of the pilots ranged from several hundred hours (private
pilot) to nearly 10000 hours (test pilot) with different
combinations of IFR and VFR time (civil/military) and
varying levels of simulator experience and aptitude.

Fig. 8:

Cockpit View of the Cyclic Controller (tront view)

P

Fig. 10: Inceptor/Seat Geometry, dimensions in [mm]



Fig. 11: AGARD-AG-205 Standard Definitions

FLIGHT MECHANICS MODEL

The belicopter flight characteristics are
simnlated by a non-linear simulation program
calculating all external forces and moments of the
individual components (e.g. main rotor, tail rotor,
fuselage. empenage) based on non-linear aerodynamic
coefficients from windtunnel data. The sum of these
forces and moments including external influences like
wind and ground effects yield the helicopter motion
which is presented to the pilot on cockpit instruments
and in the corhputer generated image.

FLIGHT CONTROL SYSTEM CONCEPT

Analysis of the defined helicopter dynamic
characteristics showed a classic poorly damped
phygoid mode and a better damped roll mode as well as
a poorly damped “Dutch Roll” mode. For the
simulation trials, a simple stabilisation system was
realised with a quasi attitude hold

SIMULATION TASKS

To get as many results as possible concerning
the influence of ergonomics and appropriate SAC
characteristics under most realistic conditions, it was
decided to perform the tasks in a realistic scenario
representing typical phases of a tactical transport
mission. The task elements were arranged so that they
cover the full range of control input types between
small/slow (IFR-cruise) and large/fast (VFR-NOE).
The pilots were requested to asses their pexformance
and workload for each task element with special
emphasis on the SAC characteristics.

ASSESMENT METHOD

The basis for assessment was the Cooper
Harper Rating (CHR) scale. Though not easy to
differentiate, the pilots were requested to give specific
ratings for the parameters like force levels, and
gradients in all axes, controls travel and sensitivity, trim
speeds, trim release function as well as the position of
seat and controls.

136

PASSIVE SAC CONFIGURATION VARIATION

- Experiments were performed prior to the trials,
to initially determine the range of force displacement
characteristics. These showed that at least 3 gradients
were required. an initial steep gradient to provide a
smooth breakout characteristic followed by a shallow
gradient and finally a steeper gradient (Fig. 12, 13).
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Fig. 12: Longitudinal Cyclic Inceptor Force /Deflection Charact.
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Fig. 13: Lateral Cyclic Inceptor Force /Deflection Charact,

Various combinations were prepared for the
simulation trials consisting of:

(a) Basic data set: Cyclic large displacement
controller with force gradients

(b) Increased cyclic force gradients

(c) Reduced cyclic force gradients

(d) No cyclic gradients

(e) Controller actuation failure

(f) 50% reduction in inceptor motion
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RESULTS
Selected Seat And Control Position

To satisfy all test subjects which covered a
wide range of percentiles a seat range of 8 cm in height
variation and 18 cm in for/aft position were required.
All pilots, however were able to accept the nominal
SAC positions without adjustment.

SAC Ergonomics

The shape, position and inclination of the SAC
in combination with the armrests were commented very
favourably. The stick travels were found adequate.
There was, however, a preference by some pilots for
reduced forward controller travel. Firstly to prevent the
pilot from having to stretch his arm to an uncomfortable
position and secondly to minimise the “sliding action”
required between the forearm and seat armrest.

There was a good tendency for lower force
deflection gradients and in particular for asymmetric
left/right gradients to compensate for asymmetric arm
muscular characteristics.

SAC functions

The dynamic SAC characteristics were
commented by all pilots as being acceptable in the
lateral axis but as too “heavy” in longitudinal. The
pilots needed too much effort for fast control inputs as
in NOE manoeuvres. During high gain manoeuvres, the
pilot had to be careful not to “block” the SAC by rigidly
hold the grip as this tended to lead to small oscillations.
This limitations could be removed later by increasing
bandwidth and decreasing the simulator computer
delays.

Spot checks confirmed that in the event of a
blockage of the SAC actuators flight could be
continued, including a safe landing, using beep trim
which continues to operate but without stick position
changes and pure force control.

RESULTING IMPROVEMENTS FOR PHASE II

Based on the pilot’s assessments the following
improvements were introduced.

* increase of bandwidth to 4 Hz at 25% control
amplitudes

* lower farce gradients to the right

SIMULATION TRIALS PHASE 11

As the results from the simulation phase I
showed mainly the control handling under ergonomic
aspects, the prime objective in this phase was to
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investigate the improvements achievable when
employing the “active” control characteristics to the
SAC.

The simulation phase II was divided into 2
steps:

In the first step, only engineer-in-the loop
simulations were performed, since evaluation of the
general characteristics of the “passive”/"active” control
characteristics at this stage did not need any pilot
involvement.

In the second step, still to be performed. the
dynamic characteristics of the cyclic controller will be
optimised and fixed through pilot-in-the loop
simulations in preparation for the later flight trials

SIMULATON TEST CONFIGURATIONS

Since the first step had not been the objective
to evaluate an optimal dynamic characteristic for the
"active” SAC, a test facility with a simplified control
task was set up to investigate the control handling of the
two control concepts in parallel.

The tests were performed in a realistic cockpit
mock-up in which the ergonomic aspects like ingress/
egress, armrest/seat/SAC configuration could be taken
into account.

BELICOPTER MODEL AND SAC DYNAMICS

System dynamics represented a stabilised,
decoupled helicopter with pitch and roll dynamics and
a selectable RCAH or ACAH response type. This was
realised by a simple lag filter (ACAH) or a lag plus
additional integral filter (RCAH). For the first approach
the time constants for the control modes were, up to for
AC: Tg = 2s, Ty= Is, and for RC: T = 1s. T, = 05s,
which covers a wide range of light to medium weight
class helicopters.

The values for the force deflection
characteristics for the investigation of the “passive”
characteristics were taken as they were recommended
from phase L.

EXPERIMENTS

To evaluate the control handling, a target
tracking task in one control axis for. both pitch and roll,
was established consisting of a randomly moving target
circle, which the operator was required to maintain
within the centre of a computer geperated image of a
simplified ADL The simplified ADI gave the subject
additional information about its actual flight attitude
during the task. The simulation test arrangement is



shown in Fig. 14.

A number of 5 test person, all engineers, 4 of
them with flight experience on different simulators,
volunteered for the experiment. The trial consisted of a
set of 4 different combinations for the tracking task in
each axis and per subject with two runs recorded and
analysed. Before the test runs were recorded each

Force Deflection
Funetion
ﬂ> w-ivle
contro
Motor —7-'—4
active
contol

Control Response
Funcuon

subject was given unlimited time until he felt familiar
with the task, as well as one test run. Two runs were
recorded where each run lasted 60s. To determine the
tracking performance of each subject the rms value for
the tracking error in the pitch axis eg= (O_target -
O_heli) was calculated (in the pitch axis as well as in
the roll axis).
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Fig. 14: Simulation Test Arrangement for Simulation Trials Phase IT

TEST RESULTS

The rms tracking error eq for the different task
configurations are presented in Fig. 15, 16. The
different values for the rms value of the tracking error
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Fig. 15: AMS Tracking Error in the Pitch Axis
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in the pitch and roll axis occurred because of different
geometric definitions of the pitch and roll attitude for
the simplified ADL

i)

RrC AC

Fig. 16: RMS Tracking Error in the Roll Axis
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Passive Mode:

As was expected, in the passive mode, the AC
control strategy in both axes showed a lower tracking
error as opposed to the RC control strategy. According
to the defined control task the pilot is forced to perform
precise control inputs to minimize the deviation from
the target position. With the AC the pilot directly
controls the attitude so he is able to perform attitude
changes more precise. With a RC the pilot controls the
rate. This provides him a quicker helicopter response
but also forces him to integrate the rate to estimate
when to counter control to stop the rate. In high
aggression manoeuvres with a demand for large but not
precise control inputs this control strategy gives him a
quick aircraft response. However, in precision
manoeuvres, like the target tracking task, this results in
higher control activity to achieve a particular attitude
and higher deviations from the track.

Active Mode:

Figures 15, 16 show that the rms value for eq
and e, for both the RCAH and ACAH control strategy
could be reduced with "active" feedback of the rate
(RCAH) and attitude for (ACAH) respectively.

In the "active” mode with the RC control
strategy, where the actual rate is fed back to the
controller, the control behaviour for commanding a rate
was totally different. At the moment the piiot applies a
force to the hand grip he commands a particular rate
which moves the stick in the direction of the applied
force. This means that to hold a constant grip force the
pilot has to push the stick forwards with the same speed
as the stick is controlled by the servo motor. Otherwise
the force decreases which consequences in a lower
commanded rate. If the grip force is allowed to return to

zero the stick stops at a new displaced position and the

helicopter at a new attitude. This characteristic can be
interpreted as a form of Follow-Up Trim. At the
beginning, the subjects criticised the control behaviour
of the stick as being too sluggish since the rate feedback

did not allow the pilot to perform high frequent control

inputs. But, after a short time when he became more
familiar with this control characteristic he realised that
he needed much less control activity to track the target
and found it much more comfortable in comparison to
the RC with “passive” characteristic. The improvement
tracking error measurements for the “active”
configuration confirmed this subjective comment. The
advantages of the “active” characteristic were
especially noted in the roll axis where the subjects were
given a more difficult task with higher control effort as

opposed to the pitch axis.
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The comparison of the rms value eg for the AC
control strategy shows once again a further decrease of
the tracking error when the “active” mode was
employed. This can be attributed to the additional
attitude information the pilot receives from the SAC
where the position is proportional to the actual attitude
of the aircraft and comelated to the visual attitude
information on his artificial harizontal display.
Together, the subject gains a remarkable lead in his
control activities reducing both amplitude and
frequency of the control inputs. Furthermore, it is
noticeably that in both axes the majority of the subjects
achieved nearly identical rms tracking error values for
the AC with the “active” feedback. Since all subjects
had the same induction phase it would appear that it
was more easy to adapt to the “active” controller than
the “passive”.

CONCLUSIONS

» The SAC concept tested received mostly very
positive comments on the ergonomics. A
cross-section of pilots were able to use the
inceptor without necessitating adjustment
relative to the seat. The pilot should be made as
comfortable as possible; small points like
including the grip inwards give a maore natural
sitting position.

* A 3-gradient force deflection curve was found
adequate for the inceptor in the “passive”
mode; asymmetric force/deflection gradients
are desirable to compensate for the different
bio-mechanical force characteristics of the
arm. ,

» The control ranges of the SAC tested were
acceptable, represented the upper limit; where
possible a smaller longitudinal range would be
desirable to prevent inter-axis coupling in large
MANCEuvres.

* Inboth AC and RC control modes the “active”
control concept could significantly reduce the
tracking error for all subjects.

+ The “active” control concept provided the
subjects tactile information of their actual
flight state helping them to coordinate with the
visual attitude information. This was found to
make the tracking task easier to learn and to
increase subject performance.

* A servo bandwidth of 4Hz as tested was found
to be adequate for both “passive” and “active”
activation modes.
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Using Advanced Control
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ABSTRACT

We report on recent experience gained when
a multivariable helicopter flight control law
was tested on the Large Motion Simulator
(LMS) at DRA Bedford. This was part of a

study into the application of multivariable .

control theory to the design of full-authority
flight control systems for high-performance
helicopters. In this paper, we present some
of the results that were obtained during the
piloted simulation trial and from subsequent
off-line simulation and analysis. The per-
formance provided by the control law led to
level 1 handling quality ratings for almost
all of the mission task elements assassed,
both during the real-time and off-line
analysis.

INTRODUCTION

The continuing drive to extend the opera-
tional capabilities of combat helicopters is
demanding advanced flight control systems
with handling qualities tailored appropri-
ately for the mission task. By reducing pilot
workload and allowing full use of the whole
performance envelope, there is significant
potential for improved mission effectiveness
and survivability, particularly when re-
quired to manoeuvre at low level in bad
weather and/or at night.

Leicester University has for the past three
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years been working on a research contract
funded by the Defence Research Agency
(DRA) Bedford, the primary aim of which
has been to investigate the role of advanced
muitivariable frequency domain control
theory to the design of helicopter flight
control laws. The multivariable frequency
domain approach is seen as essential if sat-
isfactory decoupled performance is to be
maintained in the presence of uncertain high
frequency dynamics and disturbances. Here
we report on the piloted simulation and
off-line assessment of a controller desighed
by the first two authors under the terms of
that agreement. The main purpose of the
agreement was to enable an in-depth com-
puter simulation study, backed up by periods
of piloted simulation, that would help to
assess further the role that advanced control
theory might play in improving the handling
qualities of future military helicopters. Our
latest work follows on from earlier collab-
oration dating back to the mid 1980’s be-
tween DRA Bedford and the second author
[1,2,3], perhaps the most notable
achievement of which was the piloted heli-
copter simulation of a multivariable control
system designed using H-infinity optimal
control theory [3].

The main achievement of the last three years
work has been the significant improvements
that have been obtained in relation to earlier



results [3,4], particularly during the last
twelve months, in terms of wide-envelope
decoupled performance, robust stability and
compliance with ADS-33C [5]. This paper
focuses on some of these latest results.

Description of the mathematical
model

The mathematical model of the Lynx used for
this study was the DRA Bedford Rationalised
Helicopter Model (RHM) [6] which was used
for both analysis and piloted simulation. The
RHM models the separate aerodynamic force
and moment contributions of the main rotor,
tail rotor, fuselage, fin and horizontal sta-
bilizer with the main rotor model consisting
of rigid constant chord blades hinged with
stiffness in flap at the centre of rotation. A
constant lift slope and uniform induced flow
are assumed and unsteady aerodynamic ef-
fects are ignored. A third order engine model
defines torque and rotor speed degrees of
freedom. Correlation with flight data Is, in
general, satisfactory and qualitative pilot
comment has been favourable. Research is

continuing to further improve the modelling -

fidelity of the rotor dynamics.

The same model was used for real-time pi-
loted simulation and off-line handling qual-
ities assessment.

Robustness

The equations governing the motion of the
helicopter are complex and impossible to
formulate with absolute precision.
Consequently any mathematical model used
for control synthesis will inevitably be In-
accurate to some degree. Robustness means in
essence the insensitivity of a feedback sys-
tem to model error, parameter variations
and non-linearities. Robust control theory
provides methods of desighing controllers
that are insensitive to the errors and ap-
proximations present in the models that are .
available to the designer. Numerous design

methods have been proposed over the last
three decades which can to varying degrees
accommodate robustness constraints. Here, a
method based on H-infinity optimization was
used.

The starting point for our designs was a set

rigid body motion of the aircraft about five
trimmed conditions of straight-and-level
flight in the range 0 to 80 knots.. The con-
troller designs were first evaluated on the
eighth-order models used in the design, then
on twenty-one state linear models, and fi-
nally using the full nonlinear model. The
robust design methodology used in the con-
troller design did turn out to provide ex-
cellent robustness with respect to non-
linearities and time delays simulated al-
though not explicitly included in the linear
design process.

OBJECTIVES AND DESIGN METHOD
The main design objectives were:

* Robust stabilization of the aircraft with
respect to changes in flight condition, and
model uncertainty and non-linearity.

+ High levels of decoupling between primary
controlied variables.

« Compliance with the ADS-33C Level 1
criteria.

Design method

The method that was used to synthesize the
control law was based on the H-infinity open
loop methods that have been widely docu-
mented recently [7]. It is not intended to
discuss the design techniques in detail here,
but it is worth noting that the procedure
adopted led to a two degree-of-freedom
multivariable controller that robustly
stabilized the aircraft over a wide range of

~ flight conditions, whilst simultaneously
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forcing the closed loop system to approxi-
mate the behaviour of a specified transfer
function model. It has also been found that the
ADS-33C bandwidth requirements impact
directly on the cross-over frequency of the
loop shape weighting functions used in the
design process. The overall control law was
actually comprised of five controllers, de-
signed at a range of flight conditions between
0 and 80 knots, each one having a Kalman
filter-like structure. As the dynamics of the
open-loop aircraft vary with speed, so too
did the controllers obtained at each operating
point. Therefore, these controllers could be
scheduled with forward speed if required, to
give wide-envelope performance.

Response type

The basic aim of the design was to synthesize
a full-authority controller that robustly
stabilized the aircraft and provided a de-
coupled Attitude-Command/Attitude Hold
(ACAH) response type that closely approx-
imated the behaviour of a simple trans-
fer-function model.

The outputs to be directly controlled were:
» Heave velocity
» Pitch attitude
« Roll attitude
« Heading rate

With a full authority control law such as that
proposed here, the controller has total
control over the blade angles, and is inter-
posed between the pilot and the actuation
system. The pilot flies the aircraft by Is-
suing appropriate demands to the controller.
These demands, together with the sensor
feedback signals, are fed to the flight control
computer which generates appropriate blade
angle demands. Other than that we make no
assumptions about the Iimplementationai
details.

The controller was designed to operate on six
feedback measurements: the four controlled

outputs listed above and the body-axis pitch
and roll rate signals. The other inputs to the
controller consisted of the 4 pilot inceptor
inputs.

The control law output consisted of four
blade-angle demands:

« Main rotor collective
+ Longitudinal cyclic

» Lateral cyclic

« Tail rotor collective

These demands were passed directly to the
actuator model.

Controller scheduling

The controller was designed to run in either
of two modes: (i) fixed gain, (ii) interpo-
lated. In fixed gain mode, the closest con-
troller for the given flight condition would
be switched in and provide control. This
controller would remain operative until the
mode was de-selected. If the interpolated
mode was engaged, the controllers would be
interpolated smoothly as a function of air-
speed to compensate for variation in dynam-
ics. To implement for real would require an
accurate measurement (or estimate) of
forward airspeed.

Outer-loop modes

To enhance the handling qualities provided by
the basic ACAH response of the inner loop H-
Infinity controller, three outer loop modes
were also implemented:

« Turn coordination: this was provided by
augmenting the heading rate demand as a
function of bank angle at moderate/high
speed. This enabled a coordinated turn to be
effected as a single axis task

. Automatic trimming: this was achieved

using a trim-map to offset the linear inner
loop controller with the appropriate trim
attitude.
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« Hover acquisition/hold: this mode enabled
the pilot to acquire and hold hover automat-
ically. Longitudinal and lateral velocity state
estimates were needed to achieve this.

During the piloted trials, the first two modes
were used continuously, but insufficient
time was available to evaluate the hover
acquisition utility.

Step response analysis

The response of the closed loop system
(comprising controller and full nonlinear
model) to step input demands on pitch and
roll channels are shown in Figures 1 and 2.
These show, respectively, an acceleration
from hover and the commencement of a co-
ordinated tyrn at 60 knots. In both cases
there is seen to be minimal cross-coupling.

HANDLING QUALITIES ANALYSES

Reference [5] details the latest requirements
specification for combat helicopters which is
intended to ensure that mission effectiveness
will not be compromised by deficient han-
dling qualities. The requirements are stated
in terms of three limiting “leveis" of ac-
ceptability of one or more given parameters.
The levels Indicate performance attributes
that equate with pilot ratings on the
Cooper-Harper scale. A MATLAB Handling
Qualities Toolbox [8] was used as a sup-
plement to existing computer aided control
system design packages In order to integrate
handling qualities assessment into the com-
plete design and analysis cycle. The dynamics
of the closed loop vehicle were assessed
against the dynamic response requirements
specified in sections 3.3 and 3.4 of [5] using
the off-line simulation model. A selection of
the results are reproduced here.

Short term response

The bandwidth (wpw) and phase delay (tp)
parameters were calculated using frequency

sweep inputs on pitch, roll and yaw axes to
determine the frequency responses of the
closed loop system. The values obtained at 0
and 50 knots are given below.

Table | - Bandwidth and phase delay
(hover)

e —_—
Wpw T Level
(rad/sec) | (sec)

Pitch 4.88 0.1156 1

Roll 6.44 0.1211 1

Yaw 2.60 0.1002 2

Table I - Bandwidth and phase delay

(50 knots)

Dpw T Level

Pitch |4.93 0.1223 1 "

Roll 6.53 0.1220 1 "

Yaw 2.35 0.0936 2 ﬁJ__J

These values are plotted for pitch and yaw
axes in Figures 3 and 4, with the level 1, 2,
and 3 boundaries superimposed. The high
roll-axis bandwidth parameters fell outside
the plotting range.

Mid-term response

To satisfy level 1 handling qualities criteria,
a damping factor of at least 0.35 is required
in pitch and roll axes. The following values
were calculated by analysing the transient
responses to pulse attitude demands in pitch
and roll channels.
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Table Ill - Damping Factor

0 knots 50 knots
Pitch 0.75 0.81
Roll 0.94 0.98
[ ——————— ]

These values comfortably satisfy level one
requirements.

Moderate amplitude response

Using step inputs of varying sizes, compli-
ance with the moderate amplitude criteria
was assessed. Again, level 1 requirements
were easily satisfied on pitch and roll axes.
Figure 5 displays this information for both
channels. The figure shows the agility
parameter (Qmax/A0 versus A0 and Pmax/A¢
versus A¢) for a range of pitch and roll
attitude changes at hover and 50 knots, with
the boundaries which demarcate levels 1, 2
and 3 superimposed. :

Inter-axis coupling

The ADS-33C level 1 requirement is that
pitch-to-roll and roll-to-pitch coupling be
less than 25%. The hover interaction levels
are given in Tables IV and V.

Table V - Roll to pitch coupling
(Hover)
8max(deg) | ¢max(deg) | dmax/dmax
(%)
" 0.41° 10.07° 4.1
0.99° 20.32° 4.9
1.90° 30.48° 6.2

Table IV - Pitch to roll coupling
(Hover)
Omax émax émax/@max
(%)
9.99° 0.77° 7.9 "
19.74° 1.58° 8.1 "
31.24° 2.03° 6.9

PILOTED SIMULATION ON THE DRA
BEDFORD LARGE MOTION SIMULATOR

The simulation model was written in
FORTRAN and run on an Encore Concept-32
computer with an integration step of 20 mS.
A Lynx-like single seat cockpit was used,
mounted on the AFS large motion system
which provides + 30 degrees of pitch, roll
and yaw, + 4 metres of sway and + 5 metres
of heave motion. Also, the pilot's seat was
dynamically driven to give vibration and
sustained normal acceleration cues. The
visual display was generated by a Link-Miles
IMAGE IV CGI system and gave approximately
48 degrees field of view (FOV) in pitch and
120 degrees FOV in azimuth with full day-
light texturing. A three axis side-stick was
used to control pitch, roll and yaw together
with a conventional collective for heave.

Handling qualities were assessed for three
hover/low speed mission task elements
(sidestep, quick-hop, bob-up) and three
moderate/high speed tasks (lateral jinking,
hurdles, yaw pointing) using CGl databases
developed by DRA [9] for the Euro-ACT pro-
gramme [10]. The pitch and roll tasks were
originally developed in flight trials and to
maintain correspondingly representative
control strategy, task aggression and task
performance, the simulation visual databases
are enhanced with additional artificial cues.
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(a) Sidestep task

(c) Hurdles / Bob-up task

Figure 6
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(d) Lateral jinking task




Two DRA test pilots took part in the trial,
both with significant experience of Lynx and
the AFS. For each task in turn, the pilot per-
formed two or three familiarisation runs
before performing a definitive evaluation
run, at the end of which the simulation was
paused so that comments and handling qual-
ities ratings could be recorded.

Sidestep task description

With reference to Figure 6a, the objective
was to translate sideways through 150' from
a hover at a height of 30" above ground level
in front of one diamond and square sighting
arrangement, to acquire and maintain a
stable hover in front of the next sighting
system. Maintaining any two of the diamond
points within the square satisfied the desired
+10' lateral position and height tolerances.
Task aggression was determined via initial
bank angle, with 10°, 20° and 30° corre-
sponding to low, moderate and high levels of
aggression. Figure 7 shows a time history of
one particular sidestep manoeuvre.

Quick-hop task description

The quick-hop task (Figure 6b) is the
corresponding longitudinal task to the
sidestep, requiring a re-position from hover
over a distance of 500'. Again, similar levels
of initial pitch attitude were used fo de-
termine the task aggression. The task was
flown down a walled alley to give suitable
height and lateral position cues and the
terminal position tolerance was increased to
130" to allow for the reduced FOV over the
nose.

Bob-up task description

The bob-up task was performed in front of
one of the V-notch hurdles (Figure 6c).
From a hover aligned with the bottom of the
V-notch, the pilot had to acquire and main-
tain a new height denoted by the bottom of the
black tips. Task aggression was determined
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subjectively by the pilot based on magnitude
of collective displacement.

Lateral jinking task description

The lateral jinking task concerned a series of
'S' turns through slalom gates followed by a
corresponding line tracking phase (Figure
6d). The task had to be flown whilst main-
taining a speed of 60 knots and a height of
25' AGL. Once more, bank angle was used to
determine task aggression with 15, 30 and
45 denoting low, moderate and high levels of
aggression. Figure 8 shows the time history
of one particular manoeuvre.

Hurdles task description

Using the same V-notch hurdles as seen for
the bob-up task, a collective-only flight
path re-positioning task was flown at 60, 75
and 90 knots to represent increasing task
aggression. From an initial height aligned
with the bottom of the V-noich, the pilot had
to pass through each hurdle at the height
denoted by the bottom of the black tips and
then regain the original speed and height as
quickly as possible.

Yaw pointing task description

Whilst translating down the runway centre
line at 60 knots, the pilot was required to
yaw to acquire and track one of a number of
offsel posts. Task aggression was determined
by the magnitude of the initial offset.

Table VI is a compilation of one of the pilot's
questionnaires.



Table VI - Pliot comment

Task Level of Pilot comment HCR Level
aggression
| Side-step Low Loads of spare capacity 2 1 "
Moderate | Task workload still minimal, response 2 1
perfect.
High Increased level of aggression does not in- 2 1
crease workload. Very easy. (low) 7
Quick-hop Low Desired performance easily achieved. Slight| 2 1
right drift. 3-axis task. A lot of model in-
ertia. Control law good.
Moderate | Easier at higher aggression because less 2 1
anticipation required. No problems.
Hurdles Low Desired performance achieved satisfacto- |3 1
rily. Yaw coupling only problem, but some
spare capacity.
High At top of hurdle, control activity high and |5 2
little spare capacity. > 10° coupling into
heading.
Lateral Low Stacks of spare capacity. Minimal control |2 1
jinking activity. Single axis task. No cross-cou-
pling.
Moderate 2 1
High 3 1
(low)
Yaw pointing | V. low Adequate performance achieved with diffi- |5 2
culty. Control activity high. Not much spare
capacity. Precision difficult.
Low PIO problems. Very high yaw inertia. Low |7 3

sensitivity, possibly some lag. Maximum
rate O.K. but needs to be tighter.
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deg

Sidestep task at hover

SECs

Figure 7 - Sidestep task data
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deg, deg/sec

60 knot lateral jinking task

Figure 8 - Lateral jinking task data

154

I1 U WO



CONCLUSIONS

Results have been presented for the piloted
simulation and handling qualities analysis of
a multivariable control law design for a
typical combat helicopter. Through this
study we have been able to demonstrate:

« Assimilation of handling qualities re-
quirement specifications into control law
design parameters.

» Robust stabilization of the aircraft with
respect to changes in flight condition, model
uncertainty and non-linearity.

« High bandwidth attitude command response
with almost total decoupling between pri-
mary controlled outputs.

» Level 1 Cooper-Harper pilot ratings for a
number of aggressively performed mission
task elements.

« Compliance with many ADS-33C Level 1
requirements.

The controller has been subjected to signif-
icant and challenging tests that have shown
that multivariable synthesis techniques offer
considerable potential in the rotorcraft field.
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The Impact of Flying Qualities on Helicopter Operational Agility
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Abstract

Flyving Qualities standards are formally set to ensurc safe
flight and therefore reflect minimum, rather than optimum,
requirements.  Agility is a {lying quality but relates to
operations at high, if not maximum, performance. While
the quality metrics and test procedures for flying, as covered
for cxample in ADS33C, may provide an adequate
structure lo encompass agility, they do not currently
address flight at high performance. This is also true in the
fixed-wing world and a current concern in both
communitics is the absence of sustantiated agility criteria
and possible conflicts between tlying qualitics and high
performance.  AGARD 1s sponsoring a working group
(WG 19) titled 'Operational Agility’ that deals with these
and a range of related issucs. This paper is condensed {rom
contributions by the three authors to WGI19, relating to
flying qualitics. Novel perspectives on the subject are
presented including the agility factor, that quantifics
performance margins in flying qualities lerms; a ncw
paramcter, based on manoeuvre acceleration is introduced as
a potential candidate for defining upper limits to {1ying
qualitics.  Finally, a probabalistic analysis ol pilot
handling qualities ratings is prescnted that suggests a
powerful relationship between inherent airframe flying
qualities and operational agility.

Introduction

Good 1Tying qualities are conferred to ensure that salc {Tight
is guarantced throughout the Operational Flight Envelope
(OFE). Goodness, or quality, in {Tying can be measured on
a scale spanning three Levels (Ref 1).  Aircraft arc
normally required to be Level | throughout the OFE (Rel
2); Level 2 is acceptable in failed and emergency situalions
but Level 3 is considered unacceptable. Level | quality
significs that a minimum required standard has been met or
exceeded in design and can be expected o be achieved
rcgularty in operational use, mecasured in terms ol task
performance and pilot workload. Compliance {Tight testing
imvolves both clinical open loop measurements and closed
loop mission lask clements (MTE). The cmphasis on
minimum requircments is important and 1s made 1o ensure
that manulacturers arc not unduly consiraincd when
conducting their design trade swudics.

Two 1ssucs arisc out of this quality scale and assessmenl.
First, the minimum requirecments retlect and exercise only
maoderate levels of the dynamic OFE, rather than high or
cutreme levels, Sccond, the assessments arc usually made
in 'clean’ conditions, unciuttered by scecondary tasks or the
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stress of real combat. Beyond the minimum quality levels
there remains the question of the value of good [lying
qualities to the overall mission effectiveness.  For
example, how much more effective ts an aircraft that has,
say, double the minimum required (Level 1) roll control
power? More generally, how much more mission cllective
is a Level 1 than a Level 2 aircratt when the pilot is
stressed?  The answers to these questions cannot be found
in {lving qualities criteria. At higher performance levels,
very little data are available on helicopter flving qualities
and, consequently, there are no defined upper limits on
handling paramclers. Regular and safe (carefree) use of
high levels of transient performance has come 1o be
synonymous with the attribute agility. The relationship
between (1ying qualitics and agility is important because it
potentially quantifics the value of flying qualities to
clfectiveness. This is the subject of the paper.

The issucs that this paper addresses then, concern the (lying
qualitics that are important for agility, in both an cnabling
and limiting context, and how far existing flying qualitics
requircments go, or can be extended to embrace agility
itself. The answers arc developed within a framework of
deterministic flying qualivies criteria coupled with the
probabilistic analysis of success and tailure. The definition
of [lving qualitics by Cooper & Harper (Ref 1) provides a
convenient starling point,

'those qualities or characteristics of an aircraft
that govern the ease and precision with which a
pilot is able to perform the tasks required in
support of an aircraft role'.

The pilot subjective rating scale and associated flying
qualitics Levels introduced by Cooper & Harper (Fig 1)
will be used in this paper in the familiar context of quality
discernment and will be developed to make the link with
agility and mission clfcctiveness.

Flyving 'Quality” can be further interpreticd as the synergy
between the internal attributes of the air vchicle and
the external emvironment in which it operates (Fig 2).
The intcrnals consist typically of the air vehicle (airframe,
powerplunt and flight control System) response
characteristics to pilot inputs (handling qualitics) and
disturbances (ride qualitics) and the key clements at the
pilot/vchicle interfuce eg cockpit controls and displays.
The key factors in the external cnvironment which
influcnce the fTying qualities requircments are;

i) the mission, including individual mission task
clements (MTE) and the required levels of task urgency and
ORIGINAL PAGE IS
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divided attention dictated by the circumstances governing
individual situations, eg threat level.

11) the external environment, including the usable cue
cnvironment (UCE) and level of atmospheric disturbance.

Flving qualitics, as scen by the pilot who is ultimately the
judge of quality, thercfore change as the external world
changes, for example, with sweather conditions and flight
path constraints and other task demands. Mission oriented
(lying qualities requirements, like those for fixed-wing
aircraft, MIL STD 1797 (Ref 3), and, more particularly,
helicopters, ADS33C (Ref 2), try to set quality standards
by addressing the synergy of these internal attributes and
external factors. ADS33C defines the response types
required to achieve Level | and 2 handling qualities for a
wide varety of different mission task elements, in different
usable cuc environments for normal and failed states, with
full and divided pilot altention. At a deeper level, the
responsc characteristics are broken down in terms of
amphitude and frequency range, from the small amplitude,
higher frequency requirements set by critenia like equivalent
low order system response or bandwidth, to the large
amplitude manocuvre requirements set by control power.
With these developments now mature, one would expect
that any 'special’ ITying characteristics, like agility, could
be embraced by the (1ying qualities requircments, or at least
that the fTving qualities critenia should be an appropriate
format for quantilying agility.

The Flight Mcchanics Panel of AGARD (Adviary Group
for Acronautical Rescarch and Development) is currently
sponsoring a working group (WGI19) undcr the title
'‘Operational Agility', tasked with reporting the status of
requirements and design capabilities for operational agility
for acroplanes and rotoreraft. The authors of this paper are
members of WG9 and the work reported here is developed
rom their coninbution to this group; the association and
debalte with tixed wing cngineers and pilots has provided
much f{ruitful discussion and comparison with the rotary
wing world and some of this is embodied in the paper.
While speed and manocuvre envelopes and assoctated limits
for acroplanes and rotoreraft arc quite different, often
paradoxicatly so, they sharc the essence of agility and
operational effcctiveness. Agility requirements lor the two
vehicle types have traditionally stemmed from two quite
different drivers; close combat of air-superiority fighters in
the open skics contrasting with stealth of anti-armour
helicopters in the nap-of-the-carth. While both still feature
large in the two worlds, it is now recognised that agility is
relevent to a wider range of roles including aircraft
rccovering 1o ships, transport refuelling, support
helicopters delivering loads into restricted arcas and, morc
recently, helicopler air-to-air combat.

AGARD WGI19 is considering operational agility in the
broader context of the total weapon syslem, encompassing
sensors, mission systems, pilot, airframe/engine, flight
control system and weapon; the concept is that the total
system can only be as agile as the slowest clement and that
all clements need to work concurrently to be cifective.
AGARD will report on this activity in 1993. This paper
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focusses on the vehicle and the pilot centred agility
requirements of the airframe, engine and flight control
system elements. The next Section discusses the nature of
operational agility, outlining some of the WGI9
background and motivation and setting the scene for the
following Section which addresses the relationship between
flying qualities and agility. The principal innovations of
this paper are contained here where the agility factor is
introduced and related to quantitative handling criteria; the
subjective quality scale (Cooper Harper) for pilot-perceived
handling qualities is interprettted in a probabilistic fashion
to indicate the likelihood of mission success or failure with
a given level of flying qualities. Techniques for including
flying qualities attributes in combat models are also
discussed.

The Nature of Operational Agility

Operational agility is a primary attribute for effectiveness.
Within the broader context of the total weapon system, the
Mission Task naturally extends to include the actions of
the different cooperating (and non-cooperating) sub-
systems, each having its own associated time delay (Ref 4).
We can imagine the sequence of actions for an air-lo-air
engagement - threat detection, engagement, combat and
disengagement; the pilot initiates the action and stays in
command throughout, but a key to operational agility is to
automate the integration of the subsystems - the sensors,
mission systems, airframe/engine/control system and
weapon, lo maximise the concurrency in the process.
Concurrency is one of the keys to Operational Agility.
Another key relates o minimising the time delays of the
subsystems to reach full operational capability and hence
effectiveness in the MTE. Extensions to the MTE concept
are required that encompass the functions and operations of
the subsystems, providing an approach to assessing system
operational agility.  WGI19 is addressing this issue.
Minimising time delays is crucial for the airframe, but
flying qualities can suffer if the accelerations are too high
or time constants too short, leading to jerky motion.

Later in this paper we examine how well cxisting flying
qualitics requirements address agility; to sct the sccne for
this, we first consider a generalised definition of agility;

"the ability to adapt and respond rapidly and
precisely with safety and with poise, to
maximise mission effectiveness"

Agility requirements for helicopters falls into four arcas -
stealthy lying to avoid detection, threat avoidance once
detected, the primary mission engagement {eg threat
cngagement ) and recovery and launch from confined arca;
MTEs can be defined within cach catcgory. The key
altributes of arrframe agility, as contained in the above
definition are, :

t) rapid - emphasising speed of response, including any
transient or steady state phases in the manocuvre change;
the pilot is concerned to complete the manocuvre change in
the shortest possible time; what is possible will be
bounded by a number of diffcrent aspects.



1i) precise - accuracy is the driver here, with the
motivation that the greater task precision eg pointing,
flight path achievable, the greater the chance of a successful
outcome. -

tii) safety - this reflects the need to reduce piloting
workload, making the flying easy and to free the pilot from
unnecessary concerns relating to safety of flight, eg
respecting flight envelope limits.

iv) poise - this relates to the ability of the pilot to

establish new steady state conditions quickly and to be free
to attend to the next task; it relates to precision in the last
moments of the manoeuvre change but is also a key driver
for ride qualities that enhance steadyness in the presence of
disturbances.

v) adapt - the special emphasis here relates to the
requirements on the pilot and aircraft systems to be
continuously updating awareness of the operational
situation; the possibility of rapid changes in the external
factors discussed above (eg threats, UCE, wind shear/vortex
wakes) or the internals, through failed or damaged systems,
make it important that agility is considered, not just in
relation to sel piece manoeuvres and classical engagements,
but also for initial conditions of low energy and/or high
vulnerability or uncertainty.

Flying qualities requirements address some of the agility
attributes implicitly, through the use of the handling
qualities ratings (HQR), that relate the pilot workload to
task performance achieved, and explicitly through criteria
on respense performance, cg control power, bandwidth,
stability etc. The relationship has been fairly tenuous
however, and the rotorcraft community can learn from
fixed-wing experience in this contexL.

Flying Qualities - the Relationship with
Agility

Fixed-Wing Perspectives

The original concern sprang from the notion that flying
qualities specifications, as guardians of Lransient response,
should embrace agility, since it too resides by delinition in
the transient domain. Imitial thoughts on this theme
appearcd in Refs S and 6. Reference 5 indicated the
interactions between agility, operational capability and
flying qualities and listed some of the (lying qualities
requirements that, because of their treatment of the
transient response, clearly crossed into the realm of agility.
At that time, it was hypothesized that simply increasing
the available agility, in lerms of accelerations, rates elc,
would lead to diminishing operational returns, since an
over-responsive vehicle would not be controllable. That
point was considered worth making because some combat
analyses were being performed using computer tools that
approximated the transicnt response only in a gross
fashion. These models resulted in aircralt which had
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unquestionably high agility but did not account lor the
interaction of the vehicle with the pilot and, in fact, due to
the approximations made in the interests of computational
tractabthity, did not obey the laws of motion in their
transient responses. In Ref 6, the Control Anticipation
Parameter, CAP from the USAF Flving Qualities
requirements (Ref 3), was quoted as an example of a
criterion defining over-responsiveness, since an upper limit
is specified for it. Artificially high pitch agility could,
according to CAP, correspond to excessive pitch
acceleration relative to the normal load factor capability of
the aircraft. Performance constraints are also suggested by
the tentative upper limits set on pitch bandwidth in
Reference 3, although it is suspected that this is a
reflection of the adverse acceleration effects associated with
high bandwidth/control power combinations.

About that time, Riley et al at McAIR began a series of
experiments on fighter agility. In Ref 7 it was emphasised
that the deflinition of the categories in the Cooper-Harper
pilot rating scale precluded the idea of an operationally
useflul vehicle with a rating worse than Level 2, using the
US Military Specifications and Standard for flyving
qualities. In Level 3, the operational effectivencss of the
vehicle is compromised, so increasing performance would
add liule as the pilot could not use it safely. In Refs 7, 8
and 9, Riley and Drajeske describe a fixed-base simulation
in which the maximum available roll rate and roll mode
time constant were independently varied and the pilot's time
to bank 90 degrees and stop was measured. Care was taken
1n the expeniment to allow sufficient time for learning and
to generate large numbers (10 to 15) of captures for
analysis. The start of the maneuver was when the stick
deflection began, and the end was defined as when the roll
rate was arrested to less than S degrees/second, or 5% of the
maximum rate used, whichever was greater. Theretore a
realistic element of precision was introduced into the
protocol. The results from that experiment, in which the
aircraft banked from -45 degrees o +45 degrees, are shown
in Figure 3. The lower curved surface summarizces
calculated time responses for a step lateral input and shows
the expected steady increase in agility, ie a decrease in the
time to bank with increasing roil rate. The upper surface
in the plot summarizes the bank - to - bank and stop data
obtained in the piloted cases. The references to
controtlability on that surface are irom the pilot ratings and
comments that were collected. The time to complete the
mancuver actually increases for the higher available roll
rates becausc the pilot could not adequately control the
mancuver. The data therefore show that flying qualities
considerations do limit agility. Though the data are from
fixcd-base simulation, we can speculate that in - flight
results might show still more dramatic resuits. In Ref 9
the authors suggest that the cifects of motion would in fact
change the shape of Figurc 3 to look likc Figure 4.
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Fig 3 Agility in a Roll Manoeuvre (Ref 7)

In MIL STD 1797, upper limits on lateral flying qualities
are almost exclusively set by tolerable levels of
acceleration at the pilot station, in the form of lateral g per
control power; the Level 1 boundary at about 2g for a
typical fighter seems extraordinarily high, but Reference 3
does stale that "in order to achieve the needed roll
performance it may be necessary to accept some
uncomfortable lateral accelerations". There is considerable
discussion on lateral control sensitivity in Reference 3, but
as with hclicopters, the criteria are strongly dependent on
controller type and only guidance is given. Clearly there
will always be upper limits to sensitivity but it seems a
desirable goal to design the pilot/vehicle interface so that
agility is not inhibited by this parameter.

The Agility Factor

One of the most common causes of dispersion in pilot
HQRs stems {rom poor or imprecise definition of the
performance requirements in a mission lask element,
leading (o vanations in interpretation and hence perception
of achicved task performance and associated workload. In
operational situations this translates into the variability and
uncertainty of task drivers, commonly expressed in terms
of precision but the temporal demands are equally
important. The effects of task time constraints on
perceived handling have been well documented (Refs 10,
11, 12), and represent one of the key external factors that
impact pilot workload. Flight results gathered on Puma
and Lynx test aircraft at DRA (Refs 12, 13) showed that a
critical parameter was the ratio of the task performance
achieved to the maximum available from the aircraft; this
ratio gives an indirect measure of the spare capacity or
performance margin and was consequently named the
agility factor. The notion developed that if a pilot could
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Fig 4 Effects of Motion on Agility

use the full performance safely, while achieving desired
task precision requirements, then the aircraft could be
described as agile. If not, then no matter how much
performance margin was built into the helicopter, it could
not be described as agile. The Bedford agility trials were
conducted with Lynx and Puma operating at light weights
to simulate the higher levels of performance margin
expected in future types (eg up to 20-30% hover thrust
margin). A convenient method of computing the agility
factor was developed as the ratio of ideal task time to actual
task time. The task was deemed to commence at the first
pilot control input and complete when the aircraft motion
decayed to within prescribed limits (eg position within a
prescribed cube, rates < 5 deg/s) for re-positioning tasks or
the accuracy/time requirements met for tracking or pursuit
tasks. The ideal task time is calculated by assuming that
the maximum acceleration is achieved instantaneously, tn
much the same way that aircraft models work in combat
games. So, for example, in a sidestep re-positioning
manoecuvre the ideal task time is derived with the
assumption that the maximum translational acceleration
(hence aircraft roll angle) is achicved instantaneously and
sustained for half the manoeuvre, when it is reversed and
sustained unul the velocity is again zero.

The ideal task time is then simply given by
Ti = v(4S/amax) |

where S is the sidestep Icngth and apa« 1s the maximum
translational acceleration. With a 15% hover thrust
margin, the corresponding maximum bank angle 1s about
30deg, with apax equal to 0.58g. For a 100ft sidestep, Tj



then equals 4.6 seconds. Factors that increase the achieved
task time beyond the ideal include,

i) delays in achieving the maximum acceleration (eg Jdue v
low roll attitude bandwidth/control power)

ii) pilot reluctance to use the max performance (cg no
carefree handling capability, fear of hitting ground)

iii) inability to sustain the maximum acceleration due to
drag effects and sideways velocity limits

iv) pilot errors of judgement leading to terminal re-
positioning problems (eg caused by poor task cucs, strong
cross coupling)
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Fig 5§ Variation of HQR with A¢showing the
Cliff-Edge of Handling Deficiencies

To establish the kinds of agility lactors that could be
achieved in flight test, ptlots were required to {1y the Lynx
and Puma with various levels of aggression, defined by the
maximum attitude angles uscd and ratc of control
application. For the low speed re-positiontng Sidestep and
Quickhop MTEs, data werc gathered at roll and pitch angles
of 10, 20 and 30 degs corresponding to low, moderaic and
high levels of aggression respectively. Fig 5 illustrates the
variation of HQRs with agility factor.
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The higher agility factors achieved with Lynx arc
principally attributed to the hingeless rotor svstem and
faster engine/governor response. Even so, maximum
values of only 0.6 10 0.7 were recorded compared with 0.5
to 0.6 for the Puma. For both aircraft, the highest agility
factors were achieved at marginal Level 2/3 handling; in
these conditions, the pilot is either working with little or
no spare capacity or not able to achieve the flight path
precision requirements. According to Fig 5, the situation
rapidly deteriorates from Level 1 to Level 3 as the pilot
attempts to exploit the full performance, emphasising the
‘cliff edge' nature of the effects of handling deficiences. The
Lyax and Puma are typical of current operational types
with low authority stability and control augmentation;
while they may be adequate for their current roles, flying
qualities deficiencies emerge when simulating the higher
performance required in future combat helicopters.
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Fig 6 Variation of HQR with Ag for Different
Notional Configurations

The different possibilities are illustrated in Fig 6. All three
configurations are assumed to have the same performance
margin and hence ideal task time. Configuration A can
achieve the task performance requirements at high agility
fuctors but only at the expense of maximum pilot effort
(poor level 2 HQR); the aircraft cannot be described as
agile.  Configuration B cannot achieve the task
performance when the pilot increases his aggression and
level 3 ratings are returned; in addition, the attempts to
improve lask performance by increasing aggression have
led to a decrease in agility factor, hence a waste of
performance. This situation can anse when an aircraft is
PIO prone, is difficult to re-tim or when control or
arrframe limits are easily exceeded in the transient response.
Configuration B is certainly not agile and the proverb
'more haste, less spéed" sums the situation up. With
configuration C, the pilot is able to exploit the full
performance at low workload; he has spare capacity for
situation awareness and being prepared for the unexpected.
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Configuration C can‘be described as truly agile. The
inclusion of such attributes as safeness and poisc within
the concept of agility emphasises its nature as a flying
quality and suggests a correspondance with the quality
Levels. These conceptual findings are significant because
the flying qualities boundaries, that separate different
quality levels, now become boundaries of available agility.
Although good flying qualities are sometimes thought 1o
be merely "nice to have”, with this interpretation they can
actually delineate a vehicle's agility. This lends a much
greater urgency to defining where those boundanes should
be. Put simply, if high performance is dangerous to usc,
then most pilots will avoid using il.

Conferring operational agility on future helicopters,
emulating configuration C above, requires significant
improvements in handling, but research into criteria at high
performance levels and innovations in active control are
needed to lead the way. There are two remaining links to
be connected to assist in this process. First, between the
agility factor and the operational agility or mission
cffectiveness and second between the agility factor and the
flying qualities metrics themselves. If these links can be
coherently established, then the way is open for combat
analysts to incorporate prescribed {lying qualities into their
pseudo-physical models through a performance scaling
effect using the agility factor. These links will now be

developed.

Quality - Objective Measurement

Figure 7 provides a framework for discussing the influence
of an aircraft's clinical flying qualities on agility.

\ - bandwidth
short

quickness

Freq.

control

mid. power

long-term

small

moderg large

Amplitude

Fig 7 Response Characteristics on the
Frequency-Amplitude Plane

The concept is that an aircraft's response charactenstics can
be described in terms of frequency and amplitude. The three
lines refer to the minimum manocuvre rcquircments, the
normal OFE requirements and some notional upper
boundary reflecting a maximum capability. Responsc
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criteria are required for the different areas on this planc -
from high frequency/small amplitude characterised by
bandwidth to low frequency/iarge amplitude motions
characterised by control power. The region between is
catered for by an ADS33 innovation, the Quickness
parameter (Retf 2), and is particularly germane to agility.
For a given manoeuvre amplitude change (eg bank angle,
specd change), the pilot can exercise more of the aircraft's
inherent agility by increasing the speed of the manoeuvre
change, and hence the frequency content of his control
input and the manoeuvre quickness. Likewise, the pilot
can increase the manoeuvre size for a given level of attack
or aggression. Increasing the manoeuvre quickness will
theoretically lead to an increase in agility factor. But the
maximum manoeuvre quickness is a strong function of
bandwidth and control power. In ADS33C the quickness
parameter is only defined for attitude response (¢, 8, y) and
is given by the ratio of peak attitude rate (Ppk’ Qi: rpk) o

attitude change,

Figurc 8 shows denived quickness parameters for a sidestep
MTE gathered on the DRA Lynx (Ref 13) and
configuration T509 flown on the DRA Advanced Flight

Simulator (AFS) (Ref 14).
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Fig 8 Roll Attitude Quickness from Sidestep
Test Data in Flight (Lynx) and Ground-Based
Simulation (AFS)
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A quickness is calculated for every raie peak in the attitude
time histories. The Lynx line on Fig 8 represents the
upper boundary of all data gathered for a range of
aggressiveness and sidestep sizes. The data includes the
cases plotted in Figure 5 showing that at the highest
agility factors/quickness, poor Level 2 ratings were
awarded. The AFS data corresponds to a 1501 sidestep
flown at the three levels of aggression shown; although
the roll bandwidth of the AFS configuration T509 was less
than the Lynx ( ~ 3 rad/s compared with ~ Srad/s for the
Lynx), the control power was similar { ~ 100deg/s) and
similar levels of quickness were achieved by the pilots
across the full amplitude range. Also shown on Figure 8
are the Level 1/2 boundaries for tracking and other MTEs
from ADS33C. There are several points worth making
about this data that impact on agility.

1) the shape of the quickness boundaries reflect the shape
of the response capability limits on Fig 7. The quickness
has generic value and forms the link between the bandwidth
and control power but is not, in general, uniquely
determined by them.

2) the result of increased aggressiveness is to increase the
achieved quickness across the amplitude range.

3) the cluster of quickness at small amplitude correspond
with the pilot applying closed loop control in the terminal
re-positioning phase and attitude corrections during the
accel/decel phases.

4) at low amplitude, the quickness corresponds Lo the open
loop bandwidth except when a pure time delay is present
(as with the AFS configuration) when the bandwidth is
lower than the quickness.

5) the lower ADS33C quickness boundaries at high
amplitude correspond to the lower minimum control power
requirements (S0deg/s) of Ref 2.

From considerations of control power, quickness and
bandwidth alone, Lynx and T509 are Level 1 aircraft. In
practice, at the higher aggressiveness when the highest
quickness is recorded, both are Level 2. Some of this
degradation can be accounted for by simulated visual cue
deficienies with T509 and severe cross couplings with the
unaugmented Lynx. The data in Figure 8 15 a useful
benchmark for the kind of quickness required to achieve
high agility factors in low speed MTEs, but it does not
provide strong evidence for an upper boundary on quickness
(or bandwidth and control power). The AFS rale response
configuration T509 was implemented in the DRA's
Conceptual Simulation Model (Rel 15) as a simple low
order equivalent system of the form;
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where p is the body axis roll rate ¢rads). and n s the

pilot's lateral cyclic stick displacemenytl) m Is the
fundamental (irst-order break trequency or roll damping

(rad/s) and w, is a psuedo-actuator break frequency trad/s).
K is the steady state gain or control power {rad/s. unit n, )

and v is a pure time delay.

Figure 9 illustrates the effects of the vanous parameters in
the CSM on the maximum achievable yuickness. [n
particular the actuator bandwidth has a powertul cllect on
quickness in the low 10 modcrale amplitude range.
Maximising the actuation bandwidth and minimising
delays in the achievement of maximum accelcration is n
accordance with maximising the agility factor.

increasing Wm, Wa

>l o
%
P

bw

/ increasing Wa

increasing
K

Ad

Fig 9 Effect of CSM Parameters on Roll
Quickness

The sensitivity of agility {actor with the parameters of the
CSM s relatively casy to cstablish. [If we consider the
same bank and stop MTE discussed in the (ixed-wing
contexi carlier, some useful insight can be gained. A pulse
type control inpul will be assumed, aithough in practice
pilots would adopt 2 more complex strategy lo incrcase the
agtlity factor. To illustrate the primany cffect we consider
the case where the 'secondan' ime delays are set to zero (1e
Tt=0, w, = oo ). For a roll angle change ot A, the ideal
lime is then given by assuming the Lime to achieve
maximum rate is Zero,

Ti = A¢/ K = Al 3
where Al is the control pulse duration.

The time to reduce the bank angle to within 5% of the peak
value achieved is given by,

Ty = At - In(0.05) / o 4

ORIGINAL DAGE IS
OF POOR QUALITY

L] NN ]



The agility factor is then given by,

] oAt
Af =Ti/Ta = @Al - In(0.05) >
1-0p

L L L 1

20 40 60 80 100

W At

Fig 10 Variation of Ag¢ with Normalised
Bandwidth

Figure 10 illustrates the variation of A with w_At. The

bandwidth ., is the maximum achievable value of

quickness for this simple case and hence the function
shows the sensitivity of Af with both bandwidth and
quickness. The normalised bandwidth is a useful parameter
as it represents the ratio of aircraft to control input
bandwidth, albeit rather crudely. For short, sharp control
inputs, typical in tracking corrections, high aircraft
bandwidths are required to achieve reasonable agility
factors. For example, at the ADS33C minimum required
value of 3.5 rad/s and with 1 second pulses, the pilot can
expect to achieve agility factors of 0.5 using simple
control strategies in the bank and stop manoeuvre. To
achieve the same agility factor with a half second pulse
would require double the bandwidth. This is entirely
consistent with the argument that the ADS33C boundaries
are set for low to moderate levels of aggression. If values
of agility factor up to 0.75 are to be achieved, Fig 10
suggests that bandwidths up to 8 rad/sec will be required;
whether this is worth the 30% reduction in task time can
only be judged in an overail operational context.

This simple example has many questionable assumptions
but the underlying point, that increasing key flying
qualities parameters above the ADS33C boundaries has a
first order effect on task performance, still holds. But it
provides no clues to possible upper performance boundanes
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set by flying qualities considerations. As slated earlier,
ADS33C does not address upper limits directly. Also,
practically all the upper boundaries in Mil Stan 1797 are
related to the acceleration capability of the aircraft. As
noted earlier, there are tentative upper limits on pitch
altitude bandwidth, but it is suspected that these are
actually a reflection of the high control sensitivity required
1o maintain the minimum level of control power required,
rather than the high values of bandwidth per se. Control
sensitivity itsell (rad/s2.inch) is a fundamental flying
qualities parameter and is closely related to the pilot's
controller type; while some dala exists for helicopter centre
and side sticks, more research is required to establish the
optimum characteristics including shaping functions. Mil
Stan 1797 provides a comprehesive coverage of this topic
for fixed-wing aircraft, rather more as guidance than firm
requirements.

Another fruitful avenue appears to lie in the extension of
the quickness parameter 1o the acceleration phase of an
MTE. The fixed wing CAP already suggests this as the
ratio of pitch acceleration to achieved normal 'g'
(effectively, pitch rate). The DRA CSM used in the AFS
trials offers a good example to explore and develop the
concept of rate quickness. Setting the pure delay term in
the CSM to zero for this study, the magnitude and time
constant of the peak roll acceleration, for a step control
input, can be written in the form;

) _ Kmm -(Dal

Ppk = Y € e 6
lo

Wyl = T.EYI’ Y = 0p/®, 7

The rate quickness can then be written in the form,

) logy
Pok _ Zm 1-

= e Y 8
Ap Y

and this is plotted in normalised form in Figure 11.
During the AFS handling qualities trial described in Ref
14, the lag bandwidth w, was set at 20 rad/s to satisfy the

pilot's criticism of jerky motion. This gave a y of 0.5 at
the highest bandwidth flown (T509). Cormresponding values
of rate quickness and time to peak acceleration were 0.5 and
0.7, both relative to the damping @ . Intuitively there

will be upper and lower flying qualities bounds on both of
these parameters. Hard and fast may be as unacceplable as
soft and slow, both leading to low agility factors; the
opposite extremes may be equally acceptable when referred
to the maximum quickness. This suggests closed
boundaries delineating the quality levels on the Figure 11
format. More systematic research is required to test and
develop this hypothesis further.
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Fig 11 Variation of Rate Quickness with
Acceleration Time Constant

Quality - Subjective Measurement

Flying quality is ultimately determined by pilot subjective
opinion. The 'measurement scale' and understanding for
this continue to stimulate vigorous debate but the Cooper-
Harper handling qualities rating (HQR or CHR) provides
the most widely accepted standard. The operational benefit
of good flying qualities has never really been properly
quantified using the CHR approach, however. The benefits
to safety have been addressed in References 16 and 17,
using the Cooper-Harper pilot rating scale as a metric (Fig
1). These references consider the pilot as a vital system
component who can fail (be stressed to failure) in an
operational context. The authors point out that if a normal
distribution of ratings is assumed, then the probability of
control loss, Pjyc, can be calculated for various mean
ratings and dispersions (Fig 12). Pjq is the probability of
obtaining a rating greater/worse than 9.5, which in tum is
simply proportional to the area under the distnibution to the
right of the 9.5 rating. Thus the probability of flight,
and hence mission failure, due to flying qualities can be
estimated. For the case studied in Ref 16 and depicted in
Fig 12, operating a Level 1 aircraft can be seen to reduce
the probability of a crash by an order of magnitude relative
to a Level 2 aircraft. This result immediately raises the
question - what is the probability of mission success or
failure and can the same comparisons be made between
aircraft with different mean flying qualities?

Figure 13 shows a notional distribution of ratings, with
the regions of desired, adequate and inadequatc performance
clearly ideatified. The desired and adequate levels can be
considered as reflecting varying degrees of mission (lask
element) success while the inadequate level corresponds to
mission (task element) failure. Effectively the mission is
composed of a number of contiguous MTEs, each having a
virtual HQR assigned on the basis of performance and
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workload that the situation demands and allows
respectively. If a particular MTE was assigned a Level 3
rating, then the pilot would either have to try again or give
up on the particular MTE. Loss of control has obvious
ramifications on mission success. The probability of
obtaining a rating in one of the regions is proportional 1o
the area under the distribution in that region. Note that, as
discussed in Refs 16 an 17, we include ratings greater than
10 and less than | in the analysis. The rationale is that
there are especially good and bad aircraft or situations,
whose qualities correspond to ratings like 13 or minus 2.
However, the scale enforces recording them as 10 or 1.

Note too, that the scatter produces, even with a good mean
rating, a large probability of merely adequate performance
and even a finite probability of total loss of controi and
crash. We have said in the Introduction to this paper that
flying qualities are determined by the synergy between
internal attributes and external influences. It follows then
that sources of scatter originate both internally and
externally. Internals include divided attention, stress and
fatigue, pilot skill and experience. Externals include
atmospheric disturbances, changing operational
requirements and timelines, threats etc. The flying
qualities community has done much to minimise scatter by
carcful attention to expennmental protocol (Ref 18) but, in
operational environments, the effective pilot rating scatter
is omnipresent .

Fig 14 shows the probability of obtaining ratings in the
various regions when the standard deviation of the ratings
1s unity. This curve, which we have labelled as
preliminary, has some interesting characteristics. First, the
intersections of the lines fall close to, or exactly at, the
ratings 4.5, 6.5 and 9.5, as expected. Also it turns out that
for a mean rating of 7, the probability of achieving
inadequate performance is, of course, high, and we can also
sce that the probability of achieving desired performance is
about the same as that for loss of control - about one in a
hundred. Improving that rating to 2, lowers the probability
of loss to 10713 (for our purposes zero) and ensures that
performance is mostly at desired levels. Degrading the
mean rating from 2 to 5 will increase the chances of
mission failure by three orders of magnitude.

We describe these results as preliminary because we assume
that there is a rational continuum between desired
performance, adequate performance and control loss. For
cxample, desired and adequate performance may be
represented by discrete touchdown zones/velocities on the
back of a ship and loss of control might be represented by,
say, the edge of the ship or hanger door. On a smaller ship
(or bigger helicopter), the desired and adequate zones may
be the same size, which puts the deck-edge closer to the
adequate boundary, or represent a similar fraction of the
deck size, hence tightening up the whole continuum. This
raises some fundamental questions about the underlying
lincarity of the scale.
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With the servo-model of piloting behaviour, for example,
we can always define a desired level of flight path sk
performance so demanding that, whatever the aircraft
attitude bandwidth, pilot induced oscillations will result.

Though these questions remain, pilot rating and mission
success or farlure arc powerfully related through the
preliminary data in Fig 14. Flying qualitues alone can
determine whether operational agility is flawless or whether
control is lost.

Flying Qualities Effects in Combat Models

The results highlighted in this paper suggest ways by
which the cffects of flying qualities can be incorporated
tnto unmanncd combal mission simulations. Such models
arc regularly used to establish the effectivencss of different
weapon sy%lcm attributes or tactics, but the human element
is usually absent for obvious reasons. The aircraft arc
therefore assumed to have pcrfcct flying qualities and the
models are often configured to ignore the transient
responses, effectively assigning an agility factor of unity to
cach manocuvre change or MTE. The impact of thesc
assumptions is twofold; first, that there is no way that
flying qualitics or their cnabling technologies can be
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included in the trade studies conducted with such models.
Second, the implied perfect flying qualities may give a
false impression of the importance or the value of mission
performance enhancements. The key steps to embodying

the key flying qualities effects are suggested as follows;

1) through objective design and assessment establish the
level of flying quality and hence the effective mean HQR

2) describe the mission in lerms a series of contiguous
MTEs, selectable in the same way that set manoeuvres are
in combat models

3) establish a MTE hazard weighting on the basis of
threat, divided attention and other internal/external factors,
that will define the effective HQR for the MTE. This will
vary as the mission develops.

4) establish a time scaling for each MTE, on the basis of
the maximum achievable agility factor

5) overlay the time scaling on the mission profile; there
will be an option for each MTE to {ly at reduced agility
factor with level 1 HQR or to fly at the higher agility
factor at a poorer HQR.
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Improvements or degradations in flying qualities can then
explored through variations in the achievable agility factors
and mean HQR for the aircraft and can be linked directly to
the enabling control technologies. There are, of course,
some fundamental questions associated with this approach.
How can we assign the mean rating and the standard
deviation? How do we classify the hazards resulting {rom
the various degrading influences? How are the maximum
agility factors derived? These and others will need to be
addressed if this approach is to be taken {urther; the benefits
are potentially high however, both in terms of clanfying
the value of active control to effectiveness and, conversely,
establishing the cost of flying qualities limitations to
operational agility.

Conclusions and Recommendations

Operational agility is a key atiribute of any weapon system
and its subsystems from sensors, through the airframe
elements, to the pnmary mission clement, eg weapon.
The total system can only be as agile as its slowest
element and maximising the concurrency within the
subsystems is a key method for enhancing agility.
AGARD Working Group 19 is currently examining this
topic and will report in 1993; the present paper is
assembled from material reviewed and developed within this
activity. The focus of the paper is the airframe and its
primary enabling attribute - its flying qualities. The

adequacy of existing flying qualities criteria for providing

agility i1s addressed along with the benefits to agility of
good flying qualities and the penalties of poor flying
qualities. The following principal conclusions can be
drawn.

1) Existing flying qualities criteria provide a useful
framework for describing and quantifying agility;, however,
the quality boundaries are only minimum standards and do
not reflect or quantify the desirable characteristics at high
performance levels. Indeed, there are no boundaries defined
that set upper limits on usable performancc.

2) The agility factor provides a measurc of usable
performance and can be used to quantify the cffects of
flying qualitics on agility; agility factors up to 0.7 can be
achieved with current aircralt types operated with high
performance margins, but handling deficiencics typically
lecad to HQRs in the poor level 2/level 3 region.
Moreover, the degradation from Level 1 to 3 is rapid. High
agility factors achievable with Level 1 flying qualities
should be a goal for future operational types.

3) Extensions ol the ADS33C innovation, the quickness,
into the acccleration response is suggested as a potentially
uscful paramcter for sctting flying qualities limits on
performance. Flight and simulation data needs to be
gathcred and analysed systematically to test this
hypothesis.
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4) It is argued that even a Level 1 aircraft will degrade to
level 2 and 3 in unfavourabie situations. In this context, a
probabalistic analysis can be used to highlight the benefils
of improved flying qualities on operational agility and
mission effectiveness. Operating a Level 2 aircraft is
shown to increase the chances of mission failure by three
orders of magnitude, compared with a Level | aircraft. The
results are preliminary and dependent on a number of
underlying assumptions, but indicate a powerful
relationship.  Experimental results are needed to
substantiate the results; these could include leamming runs
and trials with varying degrees of external intluences.

5) Considering the mission as a series of contiguous
mission task elements enables the agility factor and
probability of success/failure 10 be overlayed on non-
piloted combat mission simulations. This should allow
flying qualities to be included in such exercises and flight
control technologies to be integrated into mission
effectiveness trade studies.

6) The key to emsuring that {uture projects are not
susceptable to performance shortcomings from tlying
quality deficiencies would appear to be in the development
of a unified specification for flying qualities and
performance, with a clear mission orientation in the stylc
of ADS33C.
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ABSTRACT

A proof-of-concept hand controller for
controlling lateral and longitudinal
cyclic pitch, collective pitch and tail

rotor thrust was developed. The purpose

of the work was to address problems of
operator fatigue, poor proprioceptive
feedback and cross-coupling of axes
associated with many four-axis
controller designs. The present design
is an attempt to reduce cross-coupling
to a level that can be controlled with
breakout force, rather than to eliminate
it entirely. The cascaded design placed
lateral and longitudinal cyclic in their
normal configuration. Tail rotor thrust
was placed atop the cyclic controller. A
left/right twisting motion with the
wrist made the control input. The axis
of rotation was canted outboard
(clockwise) to minimize cross-coupling
with the cyclic pitch axis. The
collective control was a twist grip, like
a motorcycle throttle. Measurement of
the amount of cross-coupling involved
in pure, single-axis inputs showed
cross-coupling under 10% of full
deflection for all axes. This small
amount of cross-coupling could be
further reduced with better damping and
force gradient control. Fatigue was not
found to be a problem, and
proprioceptive feedback was adequate
for all flight tasks executed.

! Dr. De Maio is currently Research
Manager at the U.S. Army
Aeroflightdynamics Directorate
Ames Research Center

Moffett Field, CA

2 Opinions expressed herein are soley
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INTRODUCTION

A major factor in the design of
conventional helicopter controls was the
need to provide the pilot sufficient
mechanical advantage to overcome
aerodynamic and mechanical forces that
resist the movement of control surfaces.
The conventional control design uses
long, large displacement levers as
control manipulanda. Cyclic pitch and
roll control are on a lever between the
pilot's legs. Collective pitch control is
on a lever on the pilot's left side, along
with a twist grip throttle. Anti-torque

- control is on pedals.

New technology has provided an impetus
to change the conventional control
arrangement. [ncreased pilot tasking
associated with new mission equipment
requires greater use of the pilot's hands
for tasks other than flight control. The
development of new flight control
technologies has allowed redesign of the
flight controls to support this need. For
example an automatic throttle can
eliminate or greatly reduce the need for
the pilot to make inputs through the
mechanical throttle twist grip.

The development of servo-actuated
control surfaces has permitted
significant change in the pilot-control
interface. In fly-by-wire systems the
pilot's control input consists of a change
in line voltage which is interpreted by a
logic circuit or computer in order to
drive a control surface servo. Fly-by-
wire systems offer a number of
advantages over mechanical systems.
These advantages include more
sophisticated input schedules (e.g.,
variable gain, automatic coordination)
and reduction in the size and travel of
the control manipulanda, themselves.



The improvements that come from fly-
by-wire allow a number of changes in
the control manipulanda in the cockpit.
Fly-by-wire control systems can

support compact, small displacement
controllers. They also permit the
combining of control axes on a single
manipulandum. Three- and four-axis
controller configurations have been
implemented with varying degrees of
success. Common designs have been
cascaded, that is, the multiple axes have
been placed one atop the other (see
Figure 1). In the most usual designs
cyclic pitch and roll have been placed at
the bottom of the controller in a
configuration analogous to the
conventional cyclic controller. Yaw, or
anti-torque, control has been placed on a
rotational axis of the grip. In four-axis
designs collective input has been made
through a translational movement of the

grip.
ANTI-TORQUE

RS
N

COLLECTIVE
«“t

ROLL

v
PITCH
«

Figure 1. Cascaded Multi-axis
Controller

‘Multi-axis controliers have had a

number of problems with interface to
the pilot. The quality of feedback on the
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size and direction of inputs has been
poor. A related problem has been
fatigue associated with sustained use.
Also cross-coupling between axes has
led to inadvertent control inputs
(Prouty, 1992).

The usual approach to addressing these
problems has been to attempt to
minimize them by adjusting breakout
force and force/input schedules. This
approach has had limited success. The
RAH-66 Comanche program has
proposed 4-axis controller (Harvey,
1992), but this approach is now
questionable.

Another approach to minimizing the
negative characteristics of multi-axis
controllers has been to alter the flight
control laws to reduce the need for the
pilot to make cross-coupled or fatiguing
inputs. This approach has also been used
to some extent on helicopters with
conventional or hybrid control systems.
Examples are the AH-64 Apache,
command trim switch, and the OH-58
Kiowa, intermixing bell crank. The
command trim switch allows the pilot to
"center" the cyclic and pedals at the
current position at the time of switch
depression. This reduces pilot fatigue
by eliminating the need for the pilot hold
inputs. The intermixing bell crank is a
mechanical system that trims cyclic
pitch to compensate for the pitch up
moment induced by increasing collective
pitch, again reducing pilot fatigue.

Fly-by-wire allows even greater
adjustment of the flight control laws
because the flight control computer can
interpret a single pilot input to
command coordinated movement of ;
several control surfaces. For example :
the Advanced Digital Optical Control

System (ADOCS, Landis and Glusman,

1986) interprets a "cyclic roll" input

to mean either commanded side slip rate :
or commanded coordinated turn rate,
depending upon airspeed. This approach :
does not directly address the controller
design problem, but it could reduce
their effects by reducing the need to




make or sustain certain inputs. In
practice this approach has experienced
difficulty in defining control laws that
are comfortable and intuitive to pilots
and that support the ful aircraft
performance envelop.

THE TEST CONTROLLER

The problems of fatigue, poor precision
and cross-coupling associated with
cascaded multi-axis arise because the
geometry of the controller is
incompatible with that of the wrist.
This incompatibility can cause cross-
coupling within the wrist during multi-
axis movements. The twisting anti-
torque input is particularly prone to
cross-coupling. Also certain input
motions can place an excessive load on
muscle groups that are easily fatigued.
The lifting collective input is
particularly fatiguing.

The design objective for the test
controller was to minimize the negative
characteristics of a cascaded, multi-axis
controller design by orienting the axes

in a way more compatible with the
geometry of the wrist. Two aspects of
the design supported this goal. The first
aspect was a change in the orientation of
the grip to place the hand in a more
relaxed and natural position. The second
aspect was to allow the hand to be
positioned on the grip in a way that
would facilitate isolated inputs.

A design drawing for the controller is
shown in Figure 2. The cyclic pitch and
roll were placed in the usual
configuration on a universal joint at the
base. Anti-torque ("pedals") is on a
pivot atop the cyclic control. Two
adjustments were provided at this point
to allow for optimum ergonomic
configuration. A rotational adjustment
(not shown) allowed the grip to pivot in
the plane of cyclic roll. This adjustment
changed the position of the hand and
wrist from horizontal to 45 deg. from
horizontal. The second adjustment let
the grip translate relative to the anti-
torque pivot. This adjustment positioned

hand over the roll/pitch pivot. The
thrust (collective pitch) control was a
motorcycle-type twist grip. Twisting
the grip forward increased thrust.
There was no separate throttle control.

The actual device was both simple and
inexpensive. Centering was
accomplished by means of opposite
acting coil springs. Force gradient could
be adjusted by replacing the springs. No
damping was provided. A friction lock
on the thrust control could be adjusted
so that an input could be held or the
control would return to the null

position. The thrust control adjusted
both forward and aft from the null, so
that inputs could be either commanded
thrust (forward only) or deltas from

the current value (fore and aft).

CONTROLLER EVALUATION

Two evaluations were performed. One
evaluation consisted of making full
deflection inputs on one axis and
measuring the cross-coupled output on
the other axes. The second evaluation
consisted of installing the controller in a
limited fidelity flight simulator and
evaluating it subjectively.

The controller was installed in a limited
fidelity flight simulator at McDonnell
Douglas Helicopter Company for both
evaluations. For evaluation of cross-
coupling the virtual prototyping
computer system for generating flight
instrumentation was programmed to
simulate a four-channel oscillograph.

The display in the cockpit was masked to
prevent the subject’s seeing his input.
After data collection began, the subject
made a full deflection input on one
control axis. This input consisted of a
movement from the null position to one
stop back to the other stop and finally to
the null position. Output of all four axes
was recorded.

Typical controller output is shown in
Figures A1 through A8. Two recordings
are shown for each control axis. One
shows an example of a small cross-



coupled controller response, and one
shows a relatively large cross-coupled
response. In the worst cases cross-
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The simulator used for the subjective
evaluation was a limited fidelity device
having a two channel Sogitec computer

X

THRUST

“-——./? pITCH

Figure 2. Test Controller

coupling is about 10% of full deflection
output. Typically it is under 5%, and in
the best cases it is around 1% or less.
The worst cross-coupling appears in
cyclic pitch response to thrust inputs.

Interestingly, cross-coupling between
roll and pitch axes is of about the same
size as other cross-couplings. Roll and
pitch are not problem axes in this type
of controller configuration. The
observed cross-coupling was very

likely a result of the limited engineering
design of the proof-of-concept device.
Centering, control of breakout force and
force displacement schedule were
imprecise and the was no control of
damping. Improvements in these areas
should greatly reduce cross-coupling.
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generated out-the-window visual scene
and a 9 inch CRT panel instrument
display. In addition to the test
controller, it contained conventional
controls from an SH-53. Two aircraft
models were used. The AH-64 model had
stability augmentation as in the Apache.
The MD-500 model had no stability
augmentation. Both models had an
autothrottle.

Simulation engineers, familiar with
both the AH-64 and MD-500 simulated
flight characteristics, performed a
variety of flight tasks using both the
conventional and test controls. These
tasks included high speed flight, low
speed flight, hover and hovering flight
and "pedal" turns. Based on the

(AT T R T T
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subjective opinions of the
engineer/pilots the test controller was
found to be comparable to the
conventional controls in all modes of
flight.

The most demanding task for the test
controller was high speed flight with the
MD-500 aircraft model. This model had
no stability augmentation, coordination
or command trim. Therefore the pilot
had to make and hold anti-torque and
anti-pitch inputs. The pilots were able
to make the inputs as accurately with
the test controller as with the .
conventional controls, but they found
them more fatiguing due to the higher
force gradients and lack of trim control
in the proof-of-concept device.

CONCLUSIONS

The proof-of-concept, cascaded, four-
axis controller showed cross-coupling
between control axes that was small
enough to be potentially applicable for
helicopter applications.

While cross-coupling was intrinsic to

the cascaded design, the quality of design
and fabrication contributed significantly
to the amount of cross-coupling.
Improvements in breakout, force

gradient and damping could greatly
reduce cross-coupling.

The device was found to be accurate and
easy to use in simulation. Control of the
simulated helicopter was subjectively
comparable to conventional controls.
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Abstract

The motivation for research into helicopter agility stems
from the realisation that marked improvements relative to
current operational types are possible, yet there is a dearth
of useful criteria for flying qualities at high performance
levels. Several rescarch laboratories are currently investing
resources in developing second generation airborne
rotorcraft simulators. The UK's focus has been the
exploitation of agility through active control technology
{ACT); this paper reviews the results of studies conducted
to date. The conflict between safety and performance in
flight research is highlighted and the various forms of
safety net to protect against system failures are described.
The role of the safety pilot, and the use of actuator and
flight envelope limiting are discussed. [t is argued that the
deep complextity of a research ACT system can only be
tamed through a requirement specification assembled using
design principles and cast in an operational simulation
form. Work along these lines conducted at DRA is
described, including the use of the Jackson System
Development method and associated Ada simulation.

Introduction

The central issue when setting requirements for in-{light
simulation involves the trade-off between performance and
safety. The integrity of the experiment, from the very
concept being tested through to its implementation in
software and hardware, determines the achicvable flight
performance level. The greater the uncertainty in the
behaviour of the simulated aircraft, then the greater the risk
of misbehaviour; likewise, the lower the reliability of the
experimental system, then the greuater the risk of failure and
consequent misbehaviour. [t follows that the higher the
inherent performance of the aircraft and its experimental
system, the higher is the nisk that misbchaviour will lead
o an accident. Operational constraints and regulations
usually dictate that this dilemma is resolved in favour of
safety, hence compromising performance, or making it
very cxpensive to achicve. These ideas are not new of
course, and have fcatured large in the aircraft systems ficld
for many years; the disciplines of modern design, test and
implementation methods now ensure a degree of confidence
in solutions to well defined problems. The compounding
dilemma is that research into new and improved [lying
qualitics contains the problem definition itself, and defining
the flying qualitics boundarics requires gathering data with
Level 2 and 3 configurations.

PRECEDING PAGE BLANK NOT FILMED
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The development of full authority, flight critical, active
control technology (ACT) for helicopters has been
proceeding apace for more than ten years with nine
experimental aircraft in the form of research and technology
demonstrators having flown in the western world. In the
search for the quantum change in helicopter flying quality,
a variety of solutions 10 the performance/safety tradeolT
have been employed, including constrained experimental
flight envelopes, multiple redundant hardware and limited
performance actuation systems. All experimental systems
have employed a Safety Pilot whose cockpit controls are
back-driven, providing the primary cue on the behaviour of
the system; experience has shown that the Safety Pilot is
the most critical safety element. Along with ground-based
simulators, these first generalion vanable-stability, active
control helicopters have been used extensively to explore
novel control methods and to build the database from which
the ADS33C flying qualities criteria have been developed
and substantiated.

Several Nations are now looking forward and planning the
development of second generation ACT helicopters with a
range of new research objectives in mind, centred on the
need for greater levels of automation;

1) to extend operations in degraded visual cue environments,

ii) through the provision of carefrce handling, enabling safe
exploitation of the {ull operational flight envelope (OFE),

i) through the integration of {light with fire control,
cngine control and mission sysiems to provide greater
concurrency and hence operational effectiveness.

Research into these aspects of helicopter ACT needs to
deliver solutions that will increase performance and safety
in harmony. [ronically, as noted above, when exploring a
new idea in flight, performance and safcty attributes can
conflict, and there is a potential problem that development
of ACT and its operational benefits will be hindered by this
dilemma. Reccognition that a certain level of risk is
incvitable is the first step towards resolving this problem;
cstablishing well formulated operating procedures that
contain the risks during the cxploration of new concepts is
the second. Adopling an approach to specification and
design, that tames the complexity of the integration of the
flight control system with the vchicle, its subsystems and



the pilot, is the important third step in this process and
will feature as one of the key themes ol this paper.

The paper reviews the UK DRA (formerly RAE)
programme to define the requirements for and to build a
high performance {light research sysiem, designated ACT
Lynx. Taking the pertormance/safety tradeoff as a starting
point, a number of topics are addressed.

1) The performance requirements and the driving
research objectives will be outlined; the emphasis {rom the
outset has been to achieve high agility at low pilot
workload.

2) The safety constraints and how they reflect on
system architecture and airframe health will be addressed.
The role of the salety pilot will be described and issues
surrounding intervention times following tailures will be
addressed, drawing on results from an exploratory ground-
based simulation conducted at DRA. Experience with other
experimental ACT helicopters are discussed and (non-
attributed) examples of the kind of failures that safety
pilots have had to cope with in the past will be
highlighted.

3) A vital key to confidence that an experimental
flight control system will perform as required lies in the
development of the functional requirements as an integral
part of the system design. This has been achieved in the
ACT Lynx project by the incremental development ol an
Ada simulation of the triplex redundant system using the
Jackson System Development (JSD) mcthodology. The
approach focusses attention on the interface of the
experimental system with the outside world, eg operations
at the pitot vehicle interface (PV1), the actuation system,
sensor system etc. The behaviour of the system is
considered from a coastructional/design, rather than a
hierarchical/descriptive, viewpoint. This distinction is
crucial at an carly stage to capture all the nuances of the
intended behaviour. In addition, many of the human factors
issues at the pilot/vehicle interface can be examined in
detail through simulation. This approach is described.

4) The methodology for control law design and
assessment is described. An important concern is the
validation of the behaviour of the implemented control law;
early in its life it will be immature and made up of several,
limited flight-envelope, un-integrated functions. The
development towards continuous, full flight envelope,
agility enhancing control functions involves a gradual
expansion of the cnvelope and actuator authority, using
ground based simulation to pave the way for the tlight
tests. The philosophy will be described, including the role
of the curtain limiter, a device for moderating the control
inputs to the experimental actuators.

The UK programme is currently at a hiatus duc o funding
limitations, but sufficient ground has been covered o
provide some clear messages for others striving for similar
goals. The UK continues to collaborate with the key
players in the rescarch ficld - US Army/NASA, NRC and
DLR - and this paper presents the opportunity to stimulate
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discussion, with the wider manufacturing and research
community, on some of the trade-offs in this important
arei.

Harmonising Safety and Performance

Research Objectives

A companion paper at this Conference (Ref 1) has
highlighted situations where current operational helicopters
lack agility, such that when operated at high performance
levels, tlving qualities deteriorate and lead to high piloting
workload. Figure | retlects this through the varauon in
pilot handling qualities ratings (HQR) with Agility Factor
- the ratio of ideal task time to actual task ume in a
misston lask element (MTE). As the pilot increases
performance, the degradation {rom level 1 to poor level
2/level 3 ratings is rapid, making the use ol high
performance potentially quite dangerous.

200 ft sidesteps

150 #t quickhops

Agility factor

Fig | Pilot Handling Qualities Ratings vs
Agility Factor for Lynx

The results shown in Figure | were gathered on the
research Lynx at DRA Bedford, tflown at much lighter
weights than in normal operational Service, to simulate the
higher performance margins expected of future types; the
results are constdered to be typical of all current Service
aircraft and indicate a clear goal lor rescarch into improved
flying qualitics. A primary objective of ACT Lynx was
theretore aimed at demonstrating the achievement of Level
[/2 tlying qualittes at high agility factors as shown in Fig
1. This and other key research objectives are summarised
in question form as follows;
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1) Can level | flying qualities be achieved at high agility
factors? Research lo answer this question would produce a
database from which carefree handling functions could be
defined und potential upper tlving quahties boundaries
identified.

2) Can multi-axis sidesticks be used effectively in such
circumstances and what level of automation is required to
facilitate their use? This research would address the
crgonomic aspects of sidesticks and define the optimum
feel characteristics and sensitivities; it would also address
the use of such controllers with reversionary, less well
augmented, modes.

3) Can high performance be achieved in the presence of
strong disturbances? Disturbance rejection and nde-control
functions c¢an be designed to operate ctfectively at
considerably higher bandwidths than handling-control
functions and this research would define those control
functions and associated sensor requirements.

4) What are the critical control augmentation/display trade-
olfs in degraded visual conditions? Research would address
the integration aspects of displays and response types for
different usable cue environments (UCE), blending issucs

"and identify critical parameters in the controls/displays

trade-off.

5) How can ACT be exploited o enhance functional
integration between the flight control sysiem and mission
systems eg fire, cngine, navigation? This question would
direct research towards maximising concurrency between
the flight and mission management systems, leading
ultimately to the potential for fully automated flight.

Objectives 1, 2 and 3 require the high-fidelity environment
of an in-{light simulator, able to operate in realistic
scenarios close to the visual-cue-rich environment of
natural terrain and cover, whereas considerable progress
towards Objectives 4 and 5 can be made with ground-based
simulation. In addition, the displays and intcgration
rescarch require considerably more on-board equipment.
Henee the initial Toci of ACT Lynx were (o be the threc
high pertormance objectives.

Performance & Safety - The Conflict

The operational flight envelope tor the Lyax Mk 7
represents the baseline ACT Lynx envelope. Key features
are given in Tuble I. The high values of attitude quickness
and bandwidth stem from the hingeless rotor on the Lynx
with its 137 effective flap hinge offset. The rotor provides
a high natural damping and control moment capability
cnabling higher levels of agility to be exploited than with
articulated rotor helicopters.  Figure 2 illustrates the
cnvelopes of roll and pitch quickness achieved in the Lynx
for Stdestep and Quickhop re-positioning MTEs (Ret 2).
The envelope covers the tull attitude range to itlustrate the
high bandwidth (low amplitude) and control powers (high
amplitude) achicved cven in these, non-tracking, MTEs.

Table 1 ACT Lynx Performance Characteristics

R e
Performance | Lynx Mk 7 Flight Envelope
Aspect for ACT Lynx

hover thrust

margin > 20% (sea level, 20 deg C)
roll, pitch,
yvaw control > 100deg/s, 60deg/s, 60deg/s
power

quickness for
10deg attitude > 4 rad/s (roll), 2 rad/s (pitch)

change

attitude
bandwidth > 5 rad/s (roll}, 3 rad/s (pitch)
in_hover
low speed
side velocity 30 kn
cnvelope

load tactor >2p 0¢g

Vmax > 140 kn (sea level, 20 deg C)

\ Lynx - Sidesteps
-

2 54+ \ Level 172 track _

Level [72 other

Peak rate 7 Net attitude (17/5)

aa I 1 | 1 L ! 1
[ 29 4Q 60 8@

Net altitude - deg

Fig 2a Roll Attitude Quickness
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The quickness is a direct measurc of agility, closely related
to the time to achieve an attitude change. At the two
amplitude extremes the achieved quickness values are well
above the ADS33C Level 1 requirements for bandwidth and
control power and there is a generous margin in the
moderate amplitude range, even relative 10 the tracking
MTE boundary. Combined with a moderate hover thrust
margin, maximum 'g' capability and wide speed envciope,
these performance characteristics make Lynx well suited as
an ACT testbed. But the performance is only useful if
control laws are able to exploit fully the OFE and this
raises fundamental safety issues conceming the aircralt
behaviour following ACT system lailures.

System failurc can be looscly classified under two
categories;

1) hardware lailures; these are usually assumed to
be rundom in naturc, hence only predictable in a statistical
sensc, cg one failure expected within 10" operating hours.
The usual method of protecting against such lailures is to
build in hardwarc redundancy together with comparators and
monitors, cffectively to increase n.

i) software lailures; two ways that a software
implementation can fail" or misbehave follow trom cither
the correct programming of the wrong reaction or failure to
take certain situations into account. [t is sometimes
claimed that the probability of a soltware error occuring can
be related statistically to the degree of testing carricd out,
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but this does not appear 1o have a sound theoretical
foundation. In reality, both the above soltware failures are
deterministic and context dependent and unless the testing
happens to include the particular conditions, the crror is
likely be missed.

The Safety Pilot

Failures in both categories can be cxpected 1o occur.

throughout the life of an ACT rescarch vehicle and give
rise to a varnety of ditferent behaviour including fast/slow
hardover, oscillatory or f{rozen actuator demunds.
Acknowledging this, the next set of questions relate to the
integrity of the system, the related tolerance to failures and
the means of protection. All ACT research helicoplers
operated over the last ten years have included onc principal
clement in common in this regard - they have ail had a
Safety Pilot, whose controls are back driven by the
research actuators. The latter have either been special
purpose, dual mode (clectro-mechanical) type (Rets 3. 4, 5)
or connected in parallel with existing power control units
(Refs 6, 7, 8). All types have been full autherity, high
rate actuators. The safety pilot, with his backdriven
controls providing an immediate and instinctive cue as 1o
the health of the system and the experiment, is generally
regarded as the most important and vital safety clement. A
well trained safetv pilot will be able to identily
misbehaviour through the motions of his backdriven
controls, and can tuke rapid action to preserve light safety.
However, very special skills are required to make a good
safety pilot, among which is the ability to judge when, and
when not, to disengage and how to recover to a safe light
condition. [tisa very demanding role and any help that the
system can provide will reduce the workload and lessen the
risk of a loss of control.

Help can be provided in the form of a fail-safe or fail-
operaie system conliguration. Fail-safe normally rehies on
a monitor system running concurrently with the tlight
control system, cither sampling and comparing dual
channels or comparing the signals tn a single lane with
that from a model. If the comparator detects a difference,
outside a defined threshold, the system will be tripped out
and control will be returned to the safety pilot with
appropriate alert signals. Fail-operate signifies that the
system can coatinue operation following one or more
failure; through monitoring und voting, faults can be
detected and isolated. The remaining healthy svstem
components continue to function as normal, but the crew
is alerted to the fault. For a single tail-operate system, the
system degrades to ftail-sale tollowing a lailure.
Operational fly-by-wire fixed wing aircralt are normally
designed with a two fail-safe capability with respect to
hardware failures to achieve the necessary overall system
integrity. This requires a triplex-monitored or quadraplex
system architecture. The rescarch helicopters operated over
the last ten vears have a vanety ol ditferent solutions
implemenied. The NRC's Bell 205 (Ref 3) und DLR's
BO105 (Ret 6) arc both single string systems with a
limited fail-safc capability centred on the tly-by-wirc
actuator input/output rclationship.  Rotor {lapping is
monitored in the 205 and hub moment in the 105 with
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both having timits which, if excceded, trips the systems
out. The ADOCS demonstrator (Rel 4) included a triplex
t1y-by-light hardware contiguration and an independent
(analogue) monitor. The latter was designed to model the
behaviour of the primary tlight control system (PFCS),
hence automatic tlight controf system (AFCS) inputs were
signalled as crrors by the comparator: the thresholds were
set to allow moderately aggressive {lying. This. so-called
DOCS monitor, was designed to catch software and other
common mode Tailures’. The AVO0S5 research aircraft (Ref
8) comprised a duai-duplex architecture providing, in
principal, a two-latl operate capability. The concept
included tlight envelope limiting features within the
control system. Most of these aircraft also featured a trip
when the engine/rotor system torque exceeded a prescribed
value.

From this very brief review of some of the current designs
it is clear that help can be provided to the safety pilot in a
multitude of ways; it is also clear that current wisdom
suggests that he does need help, particularly in the
detection of rapid, potentially rotor damaging, control
inputs. The dilemma comes {rom trying to distinguish
between a system lailurc and a genuine ACT system
command; both can look very similar at the actuation
stage. Failures from hardware faults can be detected and
isolaled through fail-safe or fail-operate architectures;
software tailures are considerably more difficult to detect.
As noted above, software errors in both the calegories
discussed above are likely to be a regular occurance in the
development of a control law. Examples (non-attributed)
of software failures that have occured on ACT helicopters
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1y 3-axis hardover caused by divide by zero - excursions of
20 deg pitch, 35 deg roll and 20 It height foss during
recovery,

2y control modes not referencing to correct thight condition,
leading to position error and roll into turn,

3) integrators not inhibited at control stops, leading to ume
delay in response to {ollowing input,

4) no priority given when engage/disengage pressed
simultancously

All led to a transfer of coatrol to the safety pilot, although
there was inevitably some delay in recovery due to fuslure
recognition probiems. [t should be stressed that no
accidents have occured on ACT research helicoplers to date.

Safety Pilot Simulation

To gain a better understanding of the kind of behaviour that
Lynx would exhibit in response to lailures and the
resulting safety pilot reaction, an exploratory simulation
trial was carnied out on the Advanced Flight Simulator at
DRA (Ref 9), using the small motion system. A Lyax,
augmented with an ACT system, providing Level | tlving
qualities, was flown through a range ot mission task
elements. The safety pilot occupied the cockpit on the
motion base, with the 'evaluation' pilot {lying I'rom the
coatrol desk.
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Fig 3 Statistical Summary of Excursions During Failures and Safety Pilot Recovery
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Hardover failures were injected in combinations of axes at
various points during the flying, and the safety pilot's lask
was to disengage the ACT system and recover the aircraflt
without exceeding limits and, of course, avoid the ground
and obstacles. Following disengage, the aircraft
configuration was Lynx with limited authority stability
augmentation, as envisaged for ACT Lynx. This tmtial
investigation had several related objectives including an
evaluation of alternate disengage and alert mechanisms. A
total of 61 fatlure events were flown with three evaluation
pilots. With the preferred 'force' disconnect system, all
disconnects were achieved in less than 0.3 second; button'
disconnects resulted in longer times, up to | second.
Figure 3 shows a statistical summary of the peak values of
critical aircraft states recorded during recovery relative o the
flight envelope limitations, including the height loss. The
3g peak occurred following a right cyclic/pedal runaway in
a right turn, when a height loss of 63 feet was also
recorded. The load factor limit was exceeded on this
occasion to avoid hitting the ground. The main rotor
torque and rotorspeed limits were both exceeded once, the
former following a sympathetic positive collective failure
in a bob-up. The results of the work reported in Reference
9 are tentative. The AFS simulation cues were limited and
the Lynx aircraft model has known deficiencies particularly
in the off-axis responses and in hard turns. Also, worst
cases may not have been evaluated and instinctive, trigger
disengage mechanisms were not evaluated. Nevertheless,
the potential for very rapid flight envelope exceedances
during failures, when operating closc to limits, was
demonstrated and the dangers of vertical flight-path
excursions during recovery were highlighted.

Protection Devices

Protection against such occurrances needs to take into
account that responscs Lo failures can be similar to the
rcsponsc to an aggressive pilot-input applicd to maximisc
agility. An approach used in the past has been to restrict
the inputs to the rotor through employving both limited
authority series actuators (as normally found in a
conventional SCAS) and parallel actuators with reduced
rates. Figurc 4 illustrates the roli kinematics and pilot's
lateral cyclic command during a sidestep manocuvre on a
phase plune. The shaded areas correspond to the cxcluded
region il series/parallel, frequency-splitting, actuation had
been used with typical 20% (20%/s) authority. The
manocuvre would have been severely compromised. Fig 5
iHlustrates the control/actuation quickness or "attack’ for the
Lynx sidesteps showing values up to the PFCU bandwidth
of 15 rad/s at small amplitude and quilec high valuecs
extending out to large control inputs. The superimposed
lines correspond to boundarics sct by different actuation
rales. The Lynx actuation system is able to achieve valucs
greater than 200%.sec in single lancs. Any actuation rate
timiting beclow this would clearly deprive the pilot of
performance, but no systematic investigation of this aspect
was carried out. Actuation limiting in such a crude manner
can be clfective but needs to be implemented in software if
the limits arc to be extended as confidence grows in the
behaviour ol a controi faw. This is clfcctively what
happens with ADOCS, although in that implementation
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(Ref 4) the DOCS monitor tripped the ACT system out if

rates and amplitudes from the AFCS were too high. For

ACT Lynx, a scheme based on this approach was
suggested, illustrated conceptually in Fig 6. The so-called
'‘Curtain Functions' would be defined in the software that
limited the actuator inputs as shown in Fig 6. Initially,
for a new control law, the curtain would be well closed,
offering maximum protection following failures. As the
control law developed and confidence grew in its behaviour,
the curtains would be opened incrementally, until tull
performance was available. The concept has yet to be
evaluated in simulation but potentially offers a safe route
through to high agility.

As noted earlier, the ACT helicopters that have been
operated over the last 10 years have adopted many different
approaches to this protection question. [t is believed that
three main factors contribute to the 100% safety record in
the operation of research ACT helicopters.

a) the reliance on an experienced, well trained and highly
skilled safety pilot

b) the adoption of operating procedures that emphasise
{light safety ’

¢) the use of flight envelope monitors or restrictions that
inhibit agility, particularly in low level trials.

For ACT Lynx, it was always considered that the practices
in categories a) and b) developed by organisations like
DLR, NRC and NASA would be fully adopted. The focus
on agility research, however, meant that issues associated
with ¢) had to be faced squarely and an alternate strategy
developed that enabled a way forward. A fail-operate/fail
safe (FOFS) architecture was sclected to provide full
protection against hardware failures, with the argument thai
in safcty critical situations, cven the safcty pilot may not
have sufficient time to recover with only a fail-safe system.
Methodologies that ensure comprehensive verification and
validation ol the soltware system elements would be
vigorously pursued. [t was recogniscd that there would be
lwo components to the cmbedded software, a high integrity
‘core’, including consolidation, monitoring, voting and
actuator drive functions that would remain essentially fixed
during the development of a control law. and the control
law itsell and its attendant curtain function, that would
regularly change in structure and data input. The control
law was cnvisaged as the most appropriate place tor the
cavclope limiting to be incorporated, in the form of
carefree handling functions. Ultimately, the control Taw
would need to function without independent monitoring, to
cnable the high agility testing to be rcalised. For both
Kinds of softwarc it was considered that a high investment
in the requircments capture and definition process would
pay off in high system integrity; these issucs arc developed
turther in later sections.

Airframe Fatigue Usage

Betore discussing these aspects, there is onc additional
consideration regarding safcty that was addressed with ACT
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Lynx - the question ol the impact of ACT flying on
airframe fatiguc. [t was always rccognised that an agility
research aircralt would spend a greater proportion of flight 200
time in high fatigue-usage manoeuvres. than its operational
counterparts. Also, the effects of the ACT control
Tunctions on control linkage and rotor loads was relatuvely (3 1604
unknown. A third issue stemmed from the recogniiion that 1

the existing aircraft's OFE was defined with a margin % -1
relative to the safe flight envelope and that carefree oS 120+
handling functions would, in principle, allow some of this
additional pertormance to be used with safety. Some form
of load monitoring in this regime would be cssential. The 8O-
critical structural areas were identified by the manufacturer
and comprised components on the main/tail rotor hub and
blades, control links, fuselage trame and gearbox, tail cone 404
and fin. These components have since been strain-gauged

for non-ACT purposes and are undergoing in-flight

calibrations at the time of writing. The data from the o
strain gauges arc processed in two different ways. First,
via a telemetry link to a ground station to cnablc real-time
monitoring of loads and, second, to the on-board recorder
system for post-flight analysis and fatigue usage
calculations. From a safety standpoint, the latigue usage
monitoring task was seen as an integral part of the
comprehensive approach taken with the ACT Lynx

concept.
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As a bonus, much valuable data on the different airframe
load spectra experienced with the ACT system would be
gathered and, ultimately, the load measurements would be
available to the ACT system itself in the pursuit of
cnvelope-expanding carefree handling functions.

In summary, the achievement of high performance with
ACT Lynx was to be cnabled through the incorporation of
several layers of 'safety met'. The hurdware would be
designed to exhibit fail-operate/tail safe retiability. The
Tixed' software would be designed and tested to be fault
frec. The control law soltware would operate within the
constraints ol the actuator curtain and be developed to a
{ault free state for testing in flight critical regimes. The
safety ptlot would be the ultimate protection against
damaging flight path excursions and limit exceedances.
Fatigue monttoring and accounting would protect against
the conscquences on airframe health of unconventional
manoeuvres and control activity and provide a check for
grecater than usual fatiguc lifc consumption. Thesc safcty
nets were autonomous by design, yet it was recognised that
only through their proper integration into the ACT Lynx
concept would the performance targets be uchicvable. A

comprehensive requirement speciticatton was needed tor the
total system, developed through simulation. that Jefined
the range of interacting functions and thetr operations.

Requirement Specification & Incrementai
Simulation

Preliminary Design Evaluation
The ACT Lynx design concept cvolved from a number of
preliminary studies which carcfully cxplored the feasibiity

of modifying the DRA Research Lynx into a variable
stability. active control. research helicopter.

e

oTriplex oIripiex
Power Suppliss *Flv-by-Wire
efull Authority
<=—\<n:s

» Safery Pilot with Backdriven Controls
o Sidestick Conzrols
* HU/HD Displays
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Fig 7 The ACT Lynx Concept

Practical issues addressed in these initial studics included a
confirmation that the installed power and actuator sysiem
were sufficient to test to the hmits of the desired ACT
Lvnx tlight envelope, and that the mechanicul linkages
could be modified to allow backdniving by a sct of high
performance parallel actuators. Additional equipment such
as sidestick controllers and advanced sensors were speciticd
and an outline of the system architecturc proposed in terms
of a triplex tlight control computer and a duai duplex
actuator drve and monitoring unit.  An cntirely Lriplex
architecture would have satistied the fail-operate/tail-sate
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requirement but, in the case of the ACT Lynx, a final
component having a dual duplex arrangement was deemed
to be more appropriate to connect harmoniously with the
duplex hvdraulic systems and primary {light control units
(PFCUs). The ACT Lynx concept is illustrated in Figure
7.

A further aspect that received some preliminary design
consideration was the nature of the pilot interface - that is,
the displays, switches, buttons etc, that the pilot would
require in order to engage and operate the facilities of the
new system. These items were analysed and their likely
functionality and appearance described in outline. When, in
the light of these preliminary studics, the prospects for the
ACT Lynx project seemed favourable, attention turned to
developing a high quality specification (Refs 10, 11).

Specification Structure

In the design tcam there was a genuinc commitment to
avoid the pitfalls of many other projects and leave nothing
to chance in the specification of the new system. In
particular, there was a determination that the requirements
specification must solve all of the significant design
issues. That is, 1t must be correct, it must be complete,
and it must be validated.

Such considerations placed a considerable challenge upon
the tcam in the preparation ol the requirements
specification since there had to be sufficient detail to be
totally unambiguous; that is, the implementation had to be
clear, while at the same time there had to rcmain a high
level of visibility of the design concepts and what the
system was trying to do and why. These requirements are
often incompalible since the very accumulation of a morass
ol detail imparts a complexity thal militates against
understanding. [t is such complexity which needed (o be
lamed by an appropriate design and specification method,
and which led to the decision to use modem software design
methods for application to the whole diverse system. It
was also recognised that hicrarchically organised
descriptions could be an cffective technique for reducing
complexity and in this casc a decomposition of the system
into its major [unctional clements seemed 10 be the most
natural. This decomposition was the only one that was
imposed on the system a priori. The outcome is shown in
Figure 8, where the square and rectangular components are
those relevant to the specification exercise. The bold
rectangles arc referred to as processing clements to be
cmbodiced in a Flight Control Computer (FCC), although
such terminology was not used in the wrillen specification.
The clements of the system are described in the order of the
primary flow of the signal information as illustrated by the
arrows in Fig 8.

(1) Scnsor Elcment (SE). This leading clement contains
the aircraft motion sensors - altitude and rate gyros and
accelerometers, and also the air data units for oblaining
velocity components, pressure and (cmperature
information.

(11) Crew Station Element (CSE). The other lecading
clement incorporales the ¢onventional controls for the
safety pilot and a versatile sidestick controller facility for
the evaluation pilot. For convenience these inceptor
components were grouped together as an Inceptor Element
(IE). The CSE also contains the various interfaces for the
pilot 10 engage, operate and be cued by the ACT system as
follows:

(a) Pilots Control Panel (PCP) - used by the
Evaluation Pilot for engagement and disengagement
and also for conducting the system-lest sequence.
Engage and Disengage operations would normally be
performed using switches on the pilot's controls.

(b) Repeater Panel (RP) - provides a copy ol the
displays for the Safety Pilot.

(¢) Menu Panel (MP) - provides other ACT
interactions, such as sclecting onc of the available
control laws and sets of parameter values. The same
panel provides the interface for injecting
preprogrammed disturbances into the system, as part of
a flight-test facility used, for example, in gathering
data for the validauon of the helicopter simulation
madels and in demonstrating compliance with flying
qualities requirements of new control laws.

(d) Mode Scelect Panel (MSP) - available for in-flight
selection of control modes, for example, height-hold,
speed-hold, hover hold.

{111y Control Law Input Support Element (CLISE). This
element has the main purpose of processing and managing
the information from the Crew Station and Sensor
Elements. It also contains the function {or scheduling of a
comprchensive sysiem lest.

(iv) Control Law Element (CLE). This clement is
supplied with inceptor, sensor, mode selection and related
information by the CLISE. The CLE is the raison d'etre of
the ACT Lynx since it hosts the experimental control laws
which are to be cvaluated. Tt is this ctement that the user
of the ACT Lynx, the flying qualitics cngincer, will
interact with. Carefully verified and validated control faw
software will be plugged into and unplugged (rom this
clement. Typically, six control laws will be selectable by
the cxperimental pilot with an additional choice of up to
six scts of parameters within cach law.

(v) Control Law Output Support Element (CLOSE). The
clemerit following the CLE interfaces the demands produced
to the remainder of the system. It also provides a
sclectable limiter on the demands produced by the control
law as additional protection against immature soltware.

(v} Actuator Drive and Monitoring Element (ADME).
The final clement o provide processing takes the demands
trom the CLOSE and produces drive signals for the parallel
actuators resident in the Actuator Element, and the scrics
actuators in the PFCU. The ADME also manages the
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Fig 8 The ACT Lynx Logical Elements

cngagement of the ACT system through the energising of
the parallel actuators, and supplies a normal
autostabilisation function when the ACT system is not
engaged.

(vit) Actuator Element. The parallel actuator system is last
in the sequence. The parallel actuators are connected to the
conventional control runs from the safety pilot; when the
actuators are engaged (hydraulically powered), the controls
are back driven to provide the safety piiot with essential
control position cues and to aid in recoveries, and forward
driven to the Lynx PFCUSs.

(viii) Extcrnal System Support Element (ESSE). In
support of the above network of elements is an element
which essentially provides a catchment for all of the
significant data in the system. [t interfaces with the on-
board data acquisition system and also with the
cxperimental helmet mounted or hcad down displays. A
record of all system related cvents such as cngagement,
discngagement and diagnostic messages is relained in a
System Journal.

The specification takes cach of the clements identified
above and providcs 4 detailed description. Each clement is
described in detail under the headings Type, Function,
Operation, Performance, Inputs & outputs, Interfaces,
Testing and Failure reporting & recovery. Where a
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particular element is composed of replicated units, so that
several unmits togcthcr comprisc an element, the
replication of units in the element is stated and the unit
itself is described under the same headings. For example.
the CLISE is a tnplex element composed of three identical
CLISUs (Control Law Input Support Units).

In the cvent, this pnmary decomposition harmonised with
the subsequently developed techniques for coping with the
system’s complexity. Hierarchies can lose their
simplifying property if the structures become oo deep; for
the ACT Lynx project only three levels were emploved,
with quite diffcrent specification techniques and assoctated
tools at cach level:

(i) The top level is the written, structured text. It s
manipulated and maintained by commercial text processing
soltware.

(i) The middic evel is the capturc of the specitication in a
Juckson System Development (JSD - Refs 12, 13) design,
using CASE tools such as Speedbuilder (Refs 14, 15).

(i) The lowest level is the Ada code. [t is gencrated
automalically from the JSD design using a CASE tool
such as Adacode, and is acted on by a conventional
compiler. The simulation so produced is an ideual vehicle
for validation of the specificaton.
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Thus each level has its own formalism and there is no
decomposition from one level to another. The first
consideration, as in many design problems, is deciding
where to start; one advantage of the Jackson JSD approach
is that the starting point is well defined: one must use the
narrative text of the specification to begin the modelling
phase.

Jackson System Development

Jackson System Development is a method of analysing a
written specification for a computer sysiem 1o producc a
formally executable specification. The method was jointly
developed by Michael Jackson and John Cameron in the
early 1980s (Refs 12, 13). It consists of three stages:
modelling, network and implementation. There is
considerable emphasis placed on the modelling stage in
order to-establish, unequivocally, the information available
from the world outside the system being designed, with
which the system interacts.

Modelling and Entities: A model, in JSD, is a
description of the real world as it appears to the system.
Entities are objects in the real world which have to be
maodelled by the system. and of particular interest in the
modelling activity are those entities which perform discrete
actions. For example, a press of the ARM button by the
evaluation pilot is an action to which the system must
respond. The modelling phase requircs that the actions bc
allocated 1o specific entities, and the main task is to
identify viable entities and allocate the relevant actions to
them. For each entity, the time ordering of the actions
must be then be specified and, conventionally, a tree
diagram is used for this purpose. As an cxampie, consider
the truncated list of actions from the ACT Lynx system
shown in Figure 9. Some of these are related to the pilot
entity in his role of engaging the ACT System; they may
be identified and their time-ordering expressed as a tree
diagram using Jackson Structured Programming (JSP)
notation (Ref 13). The diagram is shown in Figure 10
where the root is named after the entity which performs the
actions, and the leaves (the lowest level boxes which are
named rather than numbered) hold the names of the
individual actions. The intermediate nodes or boxes
describe the possible types of behaviour: scquence,
sclection (0) and iteration (*), as denoted by the symbol in
the top right hand comer of the box. The numbers in the
lowest level boxes refer to changes in the state of the
object (entity) as shown in the table in Figure 10.

Thus Figure 10 expresses a model of the Pilot Engagement
cntity as a repetition of occurrences of Engagement Cycles.
An Engagement Cycle can either be a Normal Cycle,
composed of a sequence of Arm, Armed, Engage,
Disengage, or alternatively an Early Disengage, composed
of only part of the normal scquence tollowed by a
Discngage. The appropriate changes of state are indicated
by the numbercd operations for cach action, and it can be
seen that, prior to any action, the cngagement stalc s
initialised to DISENGAGED by operation 13.
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Action Summary AlroUies
ARM The piiof requests tat e sysiem oe
armed.
ARMED The actuator posiaons and the
control law demands are :n harmonv
ARM_DEFAULT_MODE | The tuual aming of a defauit ID: MCOE_D_T(FE
control mode.
C_.}_S?L_:YSTEM . A request 10 cancel the sysiem st
CAPTURE Thus 1s the signal o mode © g0 ID: MCCE_D_TYPE

from ARM 0 ARM_AND _IN_CAP

COMPLETED _SYSTEM [ All tests ol tne system tast have
TEST been successiuly completed

CONTINUE_SYSTEM {ndicagon nat the current st of the

TEST system test has been successfully
completed,

OISENGAGE The system nas been disengaged.
This may happen beiore

engagement (1) by the pilot pressing
the disengage burton or (2) by the
system failing 10 get into the
ARMED or ENGAGED state.

[t may happen whilst ENGAGED
on receipt of 3 signal from an
actuatwor relaving the act that it has
become disengaged

DOWN_DISTURBANCE | The pilot wisnes o be otfered the
_REQUEST previous valid disturbance. that s
the first disrurbance with 2 fower
index number ([D)

This is equivaleat to the pilot
oresssing the DOWN button

ENGAGE The pulot requests (successtutly)
that the svstem be engaged.
FAIL_TEST_STAGE The curTent "automauc' siage of the

system ‘est has not been
successfully completed.

Fig 9 Typical List of Actions
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Fig 10 Pilot Engagement Cycle in JSP Form



The same type of modelling is applied to the other
components of the CSE such as the activities associated
with the Menu Panel and the Mode Control Panel, to
obtain the full complement of model descriptions. In a
completed modelling exercise, the total set of tree diagrams
describes all of the time orderings of the actions plus the
changes in system state. In real-lime systems it is ofien
only the activitics at thc man-machinc interface which
require this type of modelling and much of the real world is
modelled simply by poiling sensor information. In the
ACT Lynx application, for example, the Lynx helicopter is
modelled kinematically by polling data from inertial and air
motion sensors. The tree diagrams in these cases are
simply iterations of polling actions. The inceptor
displacements are conveniently treated in this manner too.

It is fundamental to the JSD method that the model
structure in Figure 10 can be used as a program structure
for a process to control the engagement of the ACT
systcm. Once operations have been added to read incoming
action-messages then all that is required is for the
operations to be expressed in the required language. The
iterations can be expressed as loops and the selections as
conditional statements with appropriate conditions. The
result is that the tree diagram can be converted to code
mechanically either by hand or, as in the current work,
automatically.

Network and Implementation Following on from
the modelling stage is the development of the nerwork .
Processes derived [rom the entities defined in the modelling
stage are called model processes. Other processes are
needed to make use of the data stored by the model
processes in order to generate the outputs which provide the
required {unctionality of the system. More details can be
found in Reference 11.

JSD Summary The principal aim of the JSD method is
to create a specification which can be usefully viewed from
both above and below. The modelling stage is an object
oriented analysis of the real world which produces a
description which users can readily grasp, because the result
1s descnibed in terms of objects familiar to the user. The
tree diagrams of the method also provide important detail
about the model of the real world, The nctwork stage uscs
two descriptions: (a) Data flows, which can be presented to
the user to indicate the architecture of the system and (b)
Tree diagrams, which the analyst can use to express the
design ol a particular function. The resulting specification
can be viewed by the user {from above in terms of Lhe
iatcrfuce with the rcal world and, simultancously, the
specification contuns cnough detail for the implementers
below to perform their task. It 1s this general property that
makes JSD particularly attractive and encouraged a
determined assault on the difficultics associated with the
application of JSD to the compicte ACT Lynx System.

Specification Structure
Even with the brnief review of the JSD method contained

above, it should be clcar that the cnvisaged application to
thec ACT Lynx presented substantial technical challenges.
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The primary difficulty was how to adapt the method to a
system which had a diversity of types of component. For
example, how was a hydraulic actuator to be specified
using JSD and. in this context. what was the inlerpretation
of data streams and state vector inspections - the JSD inter-
pracess communication methods? A further complicauon
was how to include the replication associated with the
cmbedded redundancy without the occurrence of a
comensurate increase in complexity. [t was clear that the
JSD method itself, although offering a desirable
development route, did not, on its own, offer the reduction
of complexity which was considered essential tor the ACT
Lynx requircments specification. As a compositional
method, JSD eschews a top-down approach to system
development. The rationale is argued at length by its
proponents and a convincing case can be made for it in
software development; however for more general systems.
the physical architecture can impose ua natural
decomposition. This decomposition may then be harnessed
and used to guide the development of those cnhancemcnts
to JSD which are necessary to reduce the complexity of the
system specification. This recourse to a decomposition
based on the underlying hardware was adopted for the ACT
Lynx system and led directly to a significant conceptual and
practical reduction in the descriptive complexity.

JSD enhancements The next step in resolving the
complexity of the system is to recognise that euach
identifiable element can be viewed as an independent
system communicating in & limited way with other
clements. For clements which are composed of replicated
units, cach unit is treated as independent.
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Fig 11 Top Down View of Control Law Unit

Figure 11 shows an example of such a top down view.
The datastream into the CLU is a frame time-grain-marker,
and the only inter-unit conncctions arc stalec vector
inspections. Each box represents a unit and JSD is applicd
in a conventional manner to that umt. The himitation of
inter-unit communication to stale vector inspections is
crucial to the exploitation of the decomposition into
clements. The absence of data-strcam conncctions means
that there arc no iater-umit messages and consequently there




is no requirement to design complex process structures to
handle the incoming and outgoing messages. Therefore,
the complexity of a unit is determined solely by its internal
functionality and, moreover, the effects of any redesign has
limited impact on the rest of the system. The
simplification which results from this is so significant that
it justifies additional terminology, and the term JSD unit
has been adopted. ,

The problem of the diversity of the system is resolved by
transferring the specification to the software context. For
those aspects of the system which are not expected (o be
digital, such as the actuator element, a simulation of that
clement is specified using the methods described above.
Naturally, care has to taken to ensure that all of the
relevant functional properties ol the real element are
included in the simulation specification with due
authenticity. The integrity of replacing the real element in
a specification by a simulation depends not only on an
authentic duplication of its relevant functions, but also on
ensuring that the remainder of the system only has access
to that data which the real system can provide. In the case
of the actuator element, for example, the actuator positions
are not directly available to the ADMUs; one of the four
simulated position pick-off signals for cach control lane
which must be used. Another example is the engagement
state of the actuator; signals corresponding to appropnate

sensors mounted on the actuator must be used to determine .
whether the actuator is hydraulically energised or not. Asa’

consequence, the actuator entity must be modelled within
the ADMU using JSD principles. The need for modelling
one element within another is a natural consequence of the
imposed decomposition into elements (Ref 16).

When system elements consist of replicated units, for
example triplex or dual duplex, it is clearty undesirablc to

compose a JSD network diagram lor cach unit individually.
At best, it duplicates effort, and at worst introduces errors
caused by accidental differences in the individual networks.
What is needed is to reflect the written spectlication and 1o
describe