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Abstract

A helicopter in—flight simulation was conducted to investigate the
influence of roll sensitivity, roll damping, and roll-to-pitch coupling on
the evaluation of handling qualities. The flight test task for the test
pilots was to fly a slalom track set up with poles on the ground. The alti-
tude of 100 ft and the airspeed of 60 kts had to be maintained fairly con-
stant. The slalom task represents evidently the roll response demands of
an NOE flight. The experiment utilized the variation capability of the
DFVLR BO 105-83 helicopter equipped with a fly-by-wire control system. The
research helicopter, the flight test set up and the test procedure are
described.

Results are shown in terms of Cooper—Harper ratings and pilot com-
ments. They are compared with existing criteria requirements and recommen—
dations of previous studies. These results yield the suggestion of a higher
level of roll sensitivity and damping in comparison to the current crite-
ria. In addition, approaches for task performance evaluation are discussed
and correlated with the test data.

NOMENCLATURE

£ frequency, Hz

LP roll damping, 1l/sec

Lgy roll control semsitivity, rad/sec?/inch
N numerator

NOE Nap-of-the-Earth

n, normal load factor, g

PR Cooper~Harper pilot rating

P roll rate, deg/sec (rad/sec)
q pitch rate, deg/sec (rad/sec)
T lag time constant, sec

T2 lead time contant, sec

t time, sec

Ver V control gains

ny, ny control crossgearing gains

Vg gain for control step input
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X, ¥ position in relation to course, m

A determinant of characteristic equation
A¢ net roll angle change, deg

Sy pitch stick input, % (inch)

éy roll stick input, Z {inch)

N, pitch control actuator input, %

ny' roll control actuator input, %

0o standard deviation of command signal
O standard deviation of error signal

$ roll angle, deg

1. INTRODUCTION

It is well accepted that the need exists to establish a viable data base
which can be used to define the regquirements for helicopter flying quali-
ties. This has become more obvious with the effort to revise the military
handling qualities specification for rotary-wing aircraft MIL-H-8501 [1, 2]
and with the many helicopter projects being in the phase of planning. The
purpose of this paper is to describe flight tests which have been conducted
and evaluated with the objective to make a reasonable contribution to the
mentioned requests. The high number of data gaps asks for coordinated
efforts of all the institutes with potential in this area of endeavor. A
coordination of the activities is mecessary to guarantee that the efforts
are supplementary and the results are comparable.

The flight tests adressed in this paper were conducted as a part of a
research program of the DFVLR Institute of Flight Mechanics consisting of
analytical studies and flight experiments. The flight test studies include
the use of operational helicopters and the in—-flight simulator ATTHeS (Ad-
vanced Technology Testing Helicopter System) [3, 4]- The studies commenced
with an investigation for the assessment of the demands of new missions,
the derivation of flight test tasks being representative for selected mis-—
sion elements, and the evaluation of task performance and pilot workload in
specific NOE flight test tasks [5, 6]. To meet the requested coordination,
cooperations exist with RAE and esspecially with US—-ARMY/NASA including the
mutual participation of pilots and engineers in the flight tests.

If handling qualities are those vehicle response characteristies which
impact the pililot's ability to perform a demanded flight task or a mission
then we must accept to quantify handling qualities in close relation to the
mission or, more detailed, to specifie flight tasks. This important inter-
relation between missions and required handling qualities has been stated
and discussed in some previous papers [2, 7, 8]. Historically, requirements
for helicopter handling qualities have not been very closely tied to indi-
vidual flight tasks. Especially emphasis has to be placed on requirements
dealing with the low altitude phases of todays helicopter missions. In the
DFVLR study with the objective to assess mission demands and to derive re-
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presentative flight test tasks, a slalom task was found which represents
evidently the demands of lateral maneuvering in the NOE (Nap-of-the—Earth).
This slalom task was used for these tests. It is essentially similar to a
slalom track used for US—ARMY/NASA experiments [9].

Fundamental helicopter stability and control characteristics, such as
control sensitivity, damping, and cross—coupling vary widely with the type
of rotor system and can be influenced significantly with the installed con-
trol system. At NASA both, the influence of rotor design parameters and of
various levels of control augmentation was examined [10, ll]. It is of par-
ticular interest to determine the effect of these characteristics on the
handling qualities evaluation during the performance of low altitude flying
like NOE, which requires a well adapted combination of response characteri—
stics. In addition, the allowable reduction of handling qualities has to be
examined for the failure situations of augmentation systems. Consequently
not only satisfactory characteristics have to be identified. The degrada-
tion of characteristics with an only acceptable and unacceptable evaluation
has to be considered.

Te address these needs, an in—-flight simulation experiment was con-
ducted specifically dealing with the effects of roll control sensitivity
and roll damping for NOE operation. For the experiment the DFVLR BG 105
equipped with a fly-by-wire control system was utilized. The great advan-
tage of the BO 105 helicopter for in—flight simulation is the high inherent
control power, which enables a broad variation of wvehicle characteristics
that is an important aspect of handling qualities studies.

2. DESCRIPTION OF EXPERIMENT
2.1 RESEARCH HELICOPTER

The research helicopter (Figure 1) corresponds in all essential
components to the serial helicopter MBB BO 105 with the exception of the
control system [4]. The modified system requires a two-man crew consisting
of a safety and an evaluation pilot for simulation flights. The cockpit has
been modified by moving the safety pilot's station to the left hand back
seat and the evaluation pilot's station to a center front seat. This
modification allows single pilot evaluations while still giving the safety
pilot a good outside wvisibility and visual contact with the evaluation
pilot's control activity. The safety pilot is provided with a direct link
to the helicopter controls through the standard mechanical/hydraulic
control system. The evaluation pilot's station is equipped with
conventional pedals, stick, and pitch. Bowever, these controls are
electrically linked to the helicopter controls.

The fly-by-wire system is a simplex, full-authority system. When the
evaluation pilot station dis engaged, the actuators operate 1in an
electrohydraulic mode with mechanical feedback to the safety pilot's con-
trollers. A schematic diagram of the control system is shown in Figure 2.
The helicopter can be flown in three modes: (1) the 1:1 fly-by—wire mode,
(2) the fly-by-wire mode with an additional control system as wvariable
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stability or variable control helicopter, and (3) the fly-by-wire disengag-
ed mode where the safety pilot has exclusive control. The fly-by-wire sy—
stem can be disengaged by both pilots and a safety system using limitations
for the mast moment and lag moment. In addition, the safety pilot can over—
ride the fly-by-wire system by applying a specified force to the appropiate
controller.

For this flight experiment the variable contrel capability was used to
realize the configurations which should be evaluated. For further handling
qualities studies with a variable stability capability a model following
control system was designed and tested in a simulator experiment [12].

2.2 TEST MATRIX

With respect to the main objective of the experiment to evaluate the
effect of roll response variation in a low level slalom task a variation of
roll control sensitivity and roll damping were investigated. Starting with
the characteristics of the basic BO 105 in a 60 knot forward flight condi-
tion (LG = 2.22 rad/sec /inch, L = 7.6 1l/sec) the roll control sensitivity
was reduced in steps of 1/4 and the roll damping was altered in steps of
1/3 of the basic helicopter. The range of control sensitivity and damping
covered in the experiment is shown in Figure 3. Also shown are the require-
ments of the V/STOL specification MIL-F-83300 [13] and reccmmended boun-—
daries of two previous studies [9, 14]- The ref. 14 requirements are deter-—
mined for only satisfactory characteristics based on data records from
mission tests. The pilot's workload has not been taken into account. The
ref. 9 recommendations are derived from data recorded in a slalom that was
essentially similar. The tests were flown with the V/STOLAND wvariable sta-
bility helicopter which is a modified UH~1H helicopter. The teetering rotor
system has only allowed a variation of roll contrel semsitivity up to 1
rad/sec®/inch. The discrepancy between the recommendations of the two re-—
ferences and additonally, the satisfactory ratings for the basic BO 105
examined in a previous DFVLR study [6] has initiated the experiment with
the aim to get an extended data base.

The altered roll characteristics were realized with an analogue feed-
forward device installed in the £ly-by-wire control loop of the evaluation
pilot. The control sensitivity was wvaried with a variation of the gain. The
altered influence of roll damping was achieved with a lag time constant
whereas a lead time was chosen to cancel a first order 1L_ time constant
inherent in the basic helicopter. An approximate roll axis response trans—
fer function can be expressed by:

Nagﬁ Lsy Ty s + 1
A s + LP ) y Tl s +1 -°

The pitch axis response was altered in harmony with the roll axis.
Figure 4 shows the installed analogue network in a block diagram.

To reduce the effects of roll/pitch crosscoupling for all configura-

tions a crossgearing of the controls was implemented which abates the ini-
tial response coupling. An additional device was used to enable accurate
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step inputs for the longitudinal and lateral controls. Figure 5 shows the
verificatlon of the initial response decoupling. For about two seconds the
influence of roll to pitch coupling can be treated as negligible. To get an
impression of the range of roll damping and roll sensitivity, step respon—
ses for extreme configurations are shown in Figure 6. Both diagram repre-
sent time histories recorded in flight.

2.3 EVALUATION TASK AND TEST APPROACH

The flight experiment was conducted at the German Forces Flight Test
Center at Manching. Four test pilots, all of whom had considerable flight
test experience and helicopter time, were involved in the tests (RAE-Bed-
ford, NASA-Ames, and DFVLR-Braunschweig).

A slalom ground track was set up, which respresents the NOE demands on
the helicopter roll response characteristies [5]- It also has been used
previously in DFVLR experiments with operational helicopters [6]. In addi-
tion, 1t is essentially similar to a track used in the US—Army/NASA in-
flight simulation study [9]. Six 300 m ground poles formed the course along
a marked centerline shown in Figure 7. In lateral direction they were sepa-
rated by 80 m. The task was flown with a 60 knot airspeed and 100 feet
height which is defined as the minimum height for the helicopter in the
fly~by—wire mode. The pilots were instructed to follow the ground track,
minimize the lateral displacements from the poles, and maintain the air-
speed within * 6 kts and the height within * 10 ft. All tests were flown im
good visibility and calm wind conditions (& 30° front wind, max 6 kts).

The flight tests consist of several training runs followed by a series
of two or three evaluation rums for each pilot/configuration combination.
The training phase allowed the pilot to familiarize himself with the test
configuration and to adapt his control strategy. The progress in task per—
formance was monitored on—line in the ground station. To support the deci-
sion for starting the evaluation runs a score factor was computed as the
ratio of the standard deviations of the commanded ground track (dc) and the
deviation from the ground track (Ge) (see fig. 7). In the training phase
the score factor has revealed an asymptotic slope and has stayed nearly
constant during the test runs. The scatter in the factor depends on the
difficulty of the flight task and the qualification of the wvehicle charac—
teristics to perform the task.

Providing the test englneer an on-line informatiom about the achieved
task performance and the learning curve of the pilot has an essential bene-
fit to the test approach in the field of handling qualities research. Test
runs in the learning phase of pilots can be avoided which would yield in-
correct ratings and comments of the pilots with respect to the vehicle
configuration and the task. It must be recognized that this aspect has
accounted for many problems with the analysis of test data. Additionally
the test pilots have been aware of the situation to achieve the demanded
task performance and they have not responded to more difficult characteris-—
tics by reducing the task performance.
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2.4 DATA ACQUISITION

Data acquisition was provided by telemetry to the ground station for
the on-board measured data. Variables recorded included control positions,
actuator control positions, attitudes, rates, accelerations, airspeed data,
and radio altitude. A laser tracking system on the ground yielded the heli-
copter position data relative to the slalom course. On-board and position
data were digitized on-line and were time synchronized in the ground sta-
tion with a sampling frequency of 20 Hz for the evaluation test and 100 H=z
for the verification step Input tests. In this format the data were availa-—
ble for on—-line monitoring and data accuracy checks, and post—-flight analy-
sis. A more detailed description of the DFVLR data acquisition technique is
glven in [15].

For each configuration the pllots had to answer a questionnaire which
included an overall Cooper—-Harper rating and ratings for pilot's workload
and task performance to obtain redundancy in the rating information. A
commentary checklist was used for the pilots to comment on the roll respon-—
se characteristics like preciseness, sensitivity, and damping, on the coup-
ling responses, and on other influences effecting pilots workload and task
performance.

3. DISCUSSION OF RESULTS
3.1 DAMPING, SENSITIVITY, AND COUPLING

In the following discussion, the ratings and comments of the pilots are
used to illustrate the trends of evaluation for the varied vehicle charac—
teristics. The individual pilot ratings are shown in Figure 8. With the
decoupling, an iImprovement of about one rating point can be noticed. These
evaluations underline the influence of coupling on the pilot workload. Im
this experiment the gain of the roll/pitch coupling was reduced by the
control crossgearing. A more precise examination has to take into account
the frequency-dependant characteristic of coupling. Consequently it must be
recognized that the coupling influence on handling qualities requirements
have to be explored more detailed in further experiments. Related to the
altered damping and sensitivity a trend for an optimum combination of both
is obvious. The pilot scatter for the individual ratings is between 1 to
2.5 rating points. Especially the scatter is inecreased with higher ratings,
which may be affected also by the differences of the wvehicle response on
pilot control and turbulence inputs. Figure 9 exhibits the pilot ratings iIn
regard to the range of score factors computed from the evaluation runs. The
drawn envelopes make clear the consistent pilot behavior which is a neces~-
sary prerequisite for expressive handling qualities statements. Evidently
one test pilot has flown the slalom course with higher agressiveness than
the others. The occuring deterioration of task performance with ratings of
more than five correlates with the used Cooper-Harper scale which specifies
a step in the pilot decision tree from desired to adequate performance at
this rating.
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Figure 10 illustrates the region of satisfactory evaluated combinations
of roll control sensitivity and roll damping. In comparison to the data of
Corliss and Edenborough the present data are in closer proximity to the
Edenborough NOE-criteria. The tests suggest that pilots prefer a level of
sensitivity between L6 = 1 and 2 rad/sec/inch and a level of damping be-
tween L_ = 4 and about 9 sec ~. The recommended level 2 boundary slope is
nearly synchronous to the data of ref. 9. Missed data points with only
unacceptable evaluations are a handicap to ensure the level 2 boundary.
However, some convergence with the existing eriteria established in the
specifications like MIL-F-83300 exists for level 2 yecommendations in the
region of higher damping and low sensitivity and higher sensitivity and
low damping. The criteria seem to require too low roll semsitivity and roll
damping for a NOE flight. The pilot comments depict the same suggestion.
Figure 11 summarizes the main pilot comments for some essential comnfigura—
tions. The pilot comments have high correlation with the pilet ratings and
reflect implemented vehicle characteristics. Evidently it can be noticed
that the pilots evaluated the coupling influence depending on the evalua-
tion of the primary response characteristics. Having satisfactory roll
characteristics, coupling is not so much a problem for the pilots than hav-
ing worse evaluated damping/sensitivity configurations.

3.2 CONTROL STRATEGY AND TASK PERFORMANCE

In order to get an insight into the adaptation of piloting techmique to
the slalom task and to the altered vehicle response behavior the data re-
corded in the test were analyzed. The 300 m distance of the course poles 1is
equivalent with a bank angle commanded with a frequency of about 0.1 Hz,
Figure 12 shows representative autospectral density plots for roll attitude
over the slalom course of one pilot. The curves point out a dominance in
the spectral densities at the course frequency for all test configurations.
The bandwidth differs evidently depending on the damping/sensitivity combi-
nation. The decrease of roll attitude density with frequencies above the
course frequency correlates with the pilot evaluations. The pilots desire a
smooth slope implying a fairly high roll response bandwidth in closing the
loop, that means a vehicle capability which allows the pilots to react
with rapid attitude changes in the slalom course. Simplifying the piloting
technique in a slalom it can be described as clesing the outer loop for the
lateral displacements commanded by the poles of the course. The pilot
matches the ground track commands with an inner loop using the helicopter
roll capabllity to support the basic maneuver. For a handling qualities ap-
proach the more emphasized role of the pilot is to control and stabilize
the roll attitude. This interpretation can also be stated using time histo-
ry plots (see Figure 13). A well rated configuration yields peak roll rates
up to 50 deg/sec nearby the slalom poles and clearly delimited phases with
roll attitudes and roll rates near zero between the poles. The deteriora-
tion of the ratings correlates with higher control activity in all phases
of the slalom, with higher control inputs up to full throws, with decreas-
ing peak roll rates, and inaccuracies of ground track.

In general, two phases have to be distinguished in the slalom track
task. In the large amplitude phase, the pilots desire a high ratio of roll
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rate and roll attitude, and a sensitive vehicle response. In the low ampli-
tude phases, the pilots had to stabilize the vehicle after the turns. An
adequate preciseness of response is required. Summarizing the closed loop
behavior and its correlation with the pilot ratings and comments suggests a
rate command-attitude hold system as the best adapted response type for
this class of roll maneuvers.

3.3 TASK PERFORMANCE EVALUATION

In ref. 7 a concept for task performance evaluation is described. Based
on the phase plane trajectories an effective task performance is expressed
by the commanded wnet roll angle changes and the corresponding peak roll
rates during these changes. Figure 14 shows the data of this experiment
using the technique for the high amplitude phases. The diagram illustrates
the agressiveness of the pilot/helicopter system which can be achieved with
the implemented helicopter roll characteristics. The data peints indicate
bounds for the evaluation of task performance. The maximum peak roll rate
required by the slalom task is 40 deg/sec for roll angle changes with more
than 50 deg. Also a minimum roll rate capability of 25 deg/sec seems to be
necessary to perform the slalom in a satisfactory manner. The region be—
tween about 25 deg and 50 deg commanded roll angle changes points to a
linear relation of the desired ratio of peak roll rate and roll angle. The
boundary for an acceptable evaluation 1s yielded by a parallel displacement
to more moderate demands. It should be noted that the advantage in applying
this approach and evaluation technique is to permit a rapid examination of
flight data without the expense of complicated measurement equipment and
data analysis technique. The concept includes the recognition of the flight
task as an integral part of the man/vehicle system.

Another approach for task performance evaluation of a slalom task is
proposed in ref. 3. In the approach it is assumed that a slalom task can be
performed ideally using only roll attitude control. Then the relation of
normal load factor and bank angle, being expressed as n, = 1/cos ¢, can be
taken as reference for the task performance evaluation. Figure 15 shows
crossplotted roll angle and normal load factor data for typlcal examples of
recorded slalom runs together with the pilots' evaluations. Evaluation
bounds can be drawn distinguishing the two mentioned phases of the task.
Turning around the poles the pilots tolerated deviations from the reference
of about 15 deg in the roll angle. A satisfactory and acceptable evaluation
can be separated principally by the low amplitude roll angle phase between
the poles that includes also the initiation and ending of the turns and
characterizes essentially the transitory nature of the slalom task execu-
tlon. An unacceptable evaluation is obtained if both phases are no more
distinguishable and necessary maximum bank angles cannot be flown. Two main
influences of the helicopter characteristics substantially stand for the
deviations of test data from the reference curve and are consequently in-
cluded in the evaluation approach. (1) If the roll sensitivity and precise-
ness are insufficient for the task, the pilots have to add sideslipping to
support the turns mainly in the transition. (2) In general, the pilots
compensate the helicopter inherent coupling response. Remaining coupling
responses in piteh and heave are effecting the normal load factor.
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4. CONCLUSIONS

This paper” presents results of an in-flight simulation experiment in
which the effects of broad varied roll sensitivity and roll damping and
gain reduction of roll/pitch coupling were examined. The test configura-
tions were evaluated on an NOE related slalom track at 60 kts. The data
were analyzed with respect to existing criteria and recommendations of
preﬁious studies. In addition, the task performance of the pilot/helicopter
system was examined and compared with approaches for task performance
evaluation.

4 test procedure was applied to increase the confidence in and to im~
prove the accuracy of handling qualities experiment results. This procedure
included an extended pilot questionnaire to achieve redundancy in pilot
ratings and comments. The adaptation of pilots to the task and to the test
configuration was checked with an on-line computed score factor.

Recommendations for the combination of roll sensitivity and roll damp-
ing can be stated for the NOE. A range of sensitlivity between LG = 1 and
2 rad/sec?/inch and a damping between = 4 and about 9 1/sec yields sa-
tisfactory evaluations. The derived level 1 and level 2 bounds agree with
portions of criteria and previous studies, but show to be supplementary,
too.

A pure gain reduction for roll/piteh coupling points out the evident
influence of coupling on_handling qualities. A more detailed study is plan-
ned at DFVLR using a frequency dependant characterization of coupling.

The amplitude and bandwidth of the roll angle are primarily characte~
rizing the closure of the loop by the pilot. Phases of low amplitude and
high amplitude modes can be distinguished. The correlation with the pilots
evaluations suggests a rate command/attitude hold response system for this
class of roll flight tasks.

The examined task performance approaches, based on the phase plane
technique and on a bank angle-load factor relation, show a significant
relation to the evaluations. Both approaches have been found to be feasible
alternatives for helicopter examinations with the pilot in the loop. Their
advantage 1s that they do not need complicated measurement equipment or
analysis technique.
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Figure 1. ATTHeS Research Helicopter
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