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Abstract

The evaluation of helicopter flying qualities means to asses the
fulfillment of presently wvalid stability and controllability criteria. Due to
the éxtension of the helicopter mission spectrum the application of these
evaluation methods leads to difficulties, because mission oriented handling
qualities requiremsnts are, in general, not taken into account. For the user
of a helicopter, however, it is of majin interest, how the desired mission can
be performed. Therefore a comprehensive mission criteria evaluation is only
possible, when the influence of all subsystems together with pilet ability are
considered.

In the DFVLR, studies were conducted, to evaluate flying qualities by
analyzing pilot ratings and statistical flight mechanical data. Flight tests,
using a BO 105 helicopter were conducted in specific flight conditions asg
parts of a given mission.

The low airspeed region is of high interest for the military fiight
migsion considered. Therefore, the first tests were defined and performed for
hovering flight. The flight condition was called 'Hovering Tracking', where
the pilot had to align the helicopter with a defined target in order %o
minimize the tracking error.

In a second flight test program the NOE-flight was investigated. The
problem was about flying around or over an obstacle {Slalom, Dolphin).

These flight tests have been carefully defined in order to provide
the basis to fulfill tactical demands as well as to allow a statistical data
analysis, In particuler, statistical reguirements like a sufficient number of
test pilots and multiple repetition of the tests were Fulfilled. The test
method is discussed and the flight tests performed are described in detail.

Flight test data recorded includes all essential flight mechanical
data as well as deviation of target and helicopter position. The statistical
analysis of the flight test data based on mean and root-mean—square values,
probability density distributions, mean crosses and variances. In addition,
steady states, continuous movements and reversals were calculated, u51ng the
time histories of the tests.

Representative results of the statistical analysis are presented in
diagrams to confirm the approach described. Aspects of correlations between
task performance, control activity and pilot opinions are discussed.
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Notation

CAPAmp Control activity parameter T Time of steady states, sec
- emplitude mm/mn V  Flight velocity, kt

CAP Control activity parameter .
~ dynamic sec/sec VT Target velocity, km/h

i - -
Max. gross weight, N ind velocity, k%

v
X Azimuth tracking error, deg

max
i Min. gross weight, N
. . E tion tracki r, d
HIGE A titude in ground effect, Iip levation tracking error, deg
£t STR Pedal movenent relative to
. f th
HOGE Altitude out of ground ull throw
effect, ft dx Longitudinal stick movement
. . tive to full throw
‘I'EPAm Tracking effectiveness relative ©
i3 parameter-amplitude, deg 6y Lateral stick movement relative
. . t ull throw
TEPDy Tracking effectiveness of
a paramcter-dynamic, sec/sec ) Standard deviation
Tcm Time of continuous movements,
sea

1. Introduction

In recent years, the task spectrum of helicopter has been considerably
expanded, especially in the military range. In addition to an expansion of
the higher velocity range, the parts of hovering and low velocity flight are
increased by tactical demands to 50 percent of the total flight time. At the
game time difficuliies result from the technical progress of the helicopters
in so far as the existing eriteria of the valuation of controllability and
stability are highly unsatisfactory for the flying qualities of pew helicopters.

For the user of a moderan helicopter, the problem is not only the
evaluation of the general handling qualities. Very interesting is the question
of the fulfillment of & set mission or of mission elements. Such a mission
oriented evaluation can only be performed in relation to the pilot's ability
and the inclusion of all functions of the helicopter. This also includes the
pilot information-, pilot flight control- and augmentation systems.

2. Method

At the DFVIR-Institute of Flight Mechanics a flight test program was
planned with the aim to develop a method which allows a mission oriented
eveluation. Figure 1 shows the general procedure of this method.

By this method carefully chosen flight conditions are investigated.
The selection ensued the repetition of the flight tests to make possible the
performance of a statistical analysis. This ineludes a strict observance of
the tactical demand. In the evaluation, objetive data 1ike ststistical wvalues
of flight mechanical variables, as well as subjective ratings given by the
pilots are taken into account. As a result, parameters were established for
the quantitative evaluwation about the fuifiliment of the given task. These
parameters represent the basis for further investigations to determine the
design parameters of a helicopter.
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3. Flight Tests

To investigete mission oriented handling qualities of helicopters,
the DFVLR designed a flight test program which 1s partly completed. The
flight tests were done on the DFVIR testbed BO 105-5 123 (Figure 2).

Sterting from the tacticael concept of Germen Anti Tank Eelicopter
(PAH) the mission was divided into three parts, terrain avoidance, NOE-flight,
and weapon delivery. A subdivision of mission elements leads to special tasks
which can be accurately defined for the flight tests.

The main part of hovering and low velocity flight for the anti tank
mission and the connected high priority, led at first to the investigation
of the mission element 'Weapon Delivery'. The task for the pilot was to align
the helicopter in hovering flight with the target (Hovering Tracking). In a
second test program flight tests were performed in the area of NOE-flight.
For these tests the pilot had to fly around or over obstacles (Slalom, Dolphin).

3.1 Hovering Tracking

In co-operation with military offices which are responsible for the
tactical demands the task 'Hovering Tracking' was defined. The primary task
was to align the helicopter, in hovering flight, with the target, in order te
minimize the tracking error (Figure 3). The secondary task for the pilot was
to keep to a set altitude and a defined position.

The target was represented by a source of light {halogen lamps with
2 XW power) mounted on a lorry. This vehicle was located at az distance of
2000 meters from the hover position of the helicopter. Additionally, a lateral
target motion could be simulated by driving nearly 1000 meters on a road.

The measuring equipment contained a TV-camera, mounted in the cockpit
in the line of sight of the pilot and a video recording system. The target
was tracked by the camera. The transmitting to the ground station was ensued
by television. There an on—line tracking of the target deviations was performed
to get tracking error data. The deviations in the position of the helicopter
were controlled by a TV-ground-camers which was installed undexr the hover
position and fixed on the helicopter.

For the evaluation of the tests, the following flight mechanical data
was recorded by a measuring equipment mounted in the cargo compartment of the
helicopter:

~ translatory accelerations

- angular velocities

- attitudes

- flight control movements measured by potenticmeters
mounted on the control sticks

- radio altitude.

The spectrum of test configurations was achieved by variation in the
following test variables: '

- hovering height E___= 15 ft, H =60 ft
- gross weight GI9E= 19000 N, GOGE: 22000 N
- target velocity v$1n= 0 km/h Vo s uo km/h and
- wind velocity Vi, <5kt (frontwind + U5 deg)
V; > 15 kt(tailwind + 30 deg).
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To obtain a sufficient amount of data for. the statistical analysis the
tests were performed with five pilois. Three pilots were test pilots, two were
operational pilots in the German Army. All the pilots were experienced in
flying the anti tenk mission. Because of lack of time pilet No. 1 could only
fly about 30 per cent of the test program. Therefore, for the evaluation only
the pilots 2 to 5 were taken into consideration.

Each test was conducted by flying five isolated runs of the same king,
each taking 60 sec. Before starting a test series all pilots were fully
conversant with the task. Sufficient time was given to them to train for the
task with the helicopter., These preliminary tests wWere necessary with regard
to the fulfillment of the secondary task, so that the pilots could note the
surrounding area for the observance of their position.

Between each run, the pilot was led back to his start point with the
aid of the TV display. If the deviations exceeded the boundaries of the ground
camers, the runs were repeated, because the task was not fulfilled and
furthermore, difficulities could oceur in tracking. As a result of the flight
tests all data was available in time synchronized form, sampled at about ten
times the highest frequency cf interest (2,5 Hz). This was useful as the sample
frequency of 25 Hz was half the video signal frequency of 50 Hz.

After each flight {2 test configurations), the pilot was asked to
angwer a quesitionnaire, containing questions concerning

- the handling qualities of the helicopter for the task
- the pilot stress for the task
- the task performance.

With a rating scale, which corresponded to the Cooper-Harper scale
the pilots were able to make gquantitative ratings to the questions (Figure 4).
The pilots were requested to relate their ratings only to the test performed,
and not to their prejudice.

3.2 Slalom/Dolphin

The second test program contained tests in NOE-flight. For this a
tract was built which consisted of two obstacles with a separation of 350
metres (Figure 5).

For the slalom tests the pilot had to choose a flight path which
minimizes the duration of stay in a lateral corridor between 5 and 10 metres
beside the obstacles. The height was given as 30 ft. This, as well as the
azimuth had to be corrected between the obstacles.

In the test description 'Dolphin' was requested to minimize the
duration of stay in a vertical corridor between 15 and 30 ft sbove the
obstacles. Here also, the pilot had to return to his original height of 15 £t
between the obstacles.

The begimning of the test tract was 200 metres in front of the first
obstacle, the end of the test tract was 200 metres behind the second obstacle.
In this way one could fly this measuring course in both directions without
changing the tract. The measuring signals were transmitted to the ground
station by telemetry. In addition to the flight mechanical data which was also
measured at 'Hovering Tracking', the position of the helicopter was received
and recorded with special measuring equipment.
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The spectrum of test configurations was achieved by variation of gross
welght and forward velocity. This resulted in the following test variables:

G . = 17460 N, G = 21000 N
min max
Vv = 40, 60, 80 and 100 kt.

In the flight test program six pilots were involved. Besides the DFVLR-
pilot, three test pilots and two operational pilots of German Army took part
in the tests. Here also, the pilots had to answer a gquestionnaire which was
similar to that in the 'Hovering Tracking' tests.

4., Data Analysis

The measured and recorded data of the 'Hovering Tracking' tests not
only shows significant differences between the pilots but also between the
test configurations. In Fisure & the azimuth and elevation tracking errors
as well as conircl movements of longitudinal stick and pedals are crossplotted
for a single run of different test configurations. Additionally, configuration
A is plotted for all pilots. The flight test configurations 'Mowving Target'
(C) and 'Tail Wind' (D) clearly show an increasing control activity as well as
increasing target deviation. Whereas this is feasible, the significant
differences between the pilots are remarkable. The aim of the study was to
cover the information contents of the data into a few parameters. For this,

a statistical analysis of the flight tests is a suitable tool.

Although the duration of each run was 60 seconds, only 40 seconds were
evaluated. Sco a sufficient space of time for evaluation was available if
runaweys or other disturbances were to occur. The statistical values were
calculated for each single run and then averaged for the five runs of the
test configuration.

By means of a confidence value of 95% probability, established from
the t-distribution it was checked wether the runs exceed the confidence
interval. These runs Were not taken into consideration in the further
investigation.

The standard deviation of the tall rotor control is drawn for the test
group 'Hovering Tracking, Front Wind' as an example in Figure 7. For each
single test configuration the standard deviation range can be seen as well as
the variations of the mean values averaged over the five runs. It can be seen,
that it is permissible to use the mean values of the statistical data in the
following investigations.

In Figure 8, the averaged probability distribution of the target
azimuth angie x_ and the pedal control §__ normalized to full throw is shown.
For pilot No. 2 the distributions are présented for two different configurations.
Additionally the probability distributions are shown for two different pilots
and the reference test configuration 'Hovering Tracking, Front Wind'.

The tracking signals seem to be normally distributed, whereas the
pilots prefer certain talil rotor control positions. The other three flight
controls show the same tendency.

56-5



In this figure, significant @ifferences can be seen again within the
test configurations (upper part of the figure) and within the test pilots
{lower part).

The probability distribution curve can be characterized by parameters
like standard deviation, maximum, minimm and variances. Increasing
complexibility of the task (front wind - moving target — tail wind) results
in increased values of standard deviation of tail rotor control and tracking
error, waich can alsc be seen as decrease in the gradient of the curve in
Figure 8. Sc it is obivous, that the main efforts should be put into the
determination of these values in the statistical investigation.

The contents of the measured signals with regard to the amplitude can
be represented by the probability distribution or by the parameters which
characterize the distribution. The dynamical behaviour is illustrated in a
better way by the probability density distribution. In Figure 9 the
probaebility density distribution curve is shown corresponding to Figure 8.

It can be seen from the peeks that the pilots prefer these control levels.
The high differences 1n probability of adjoining control positions explain,
that the pilots cross other control positions very fast. Additionally there
are significant differences in the dynamic pilot behaviour in the test
configurations as well as for one pilot and different tests. These variations
can be seen very clearly especially in the diagrams of the control movements.

To get a better insight into the dynamical contents of the signals,”
certain parameters were defined in the time domaln in another statistical
analysis. All statistical parameters are listed in Table 1. In Figure 10
for a short time interval the longitudinal control deflection, standardized
to full throw, is shown. For explanation of the terms reverssl, steady
states and continuous movements appropriate marks are made. The changes of
direction of the signals are called reversal. Steady states are the time
periods during which only limited deviations of the signals occur.
Continuous signal changes in one direction are identified as continuous
movements. In Table 2 the definitions of the boundaries of these parameters
are represented. These definitions were chosen as a result of discussions
with the pilots and after examination of the data. The characteristic, already
mentioned, that pilots prefer certain control positions, 1s explained in
Figure 10 very clearly by the time record of the flight control.

5. Data Bvaluation

To carry out a data evaluation, it is necessary, to take into account
the pilot ratings. As above mentioned, the pilots were asked to give ratings
for the handling qualities of the helicoper, the pilot stress and the task
performance. The relations between the pilot ratings 'Handling Qualities'
and 'Task Performance' and the pilot rating 'Stress' is shown in Figure 11,
It can be seen, that the valuation of task performance and stability is
equal to the valuation of the stress. The maximum deviation is two rating
points, This is permissible because the steps of the rating questionnaire are
one point. It seemed to be of no use, to further subdivide the rating scale,
particularly because the pilots were not able to give a more exact rating.

Only the valuation of the controllability shows no direct relation to
the pilot rating 'stress'. It seems, that the pilots did not only consider the
relation to the appropriate task but also rated their experience with the
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helicopter. The pilot rating 'stress' was used to determine the statistical
parameters which are important for the evaluation.

The determination of the correlstion factor. is a method used to show
the relations between the statistical parameters and the pilot rating and
relations among the parameters themselves. The correlation factor gives a
qualitative statement about a linear relation between iwo values, Fundamentally
the range extends from +1 when the relstion is direet, to -1 when the relation
is indirect. No relation between two parameters exist, if the correlation
factor is zero. To get & significant result from the correlation factors, it
is necessary that the correlaticn factors exceed a certain value. This
boundary, determined by the t-distribution, is 0.497 for ten test configurations.
In Figure 12 the correlations of these parameters to the pilot rating 'stress'
exceeding this boundary are shown. Only this data was teken into account for
the data base of the "Hovering Tracking' test.

The parameters with good correlations were

- standard deviations ¢
- part of the steady state time T _ on the test time, and
- part of the continuous movement time Tcm on the test time

for the following measurement signals:

~ longitudinal stick control §

- Jlateral stick control &

- pedal control §

- azlmuth tracking error s and
- elevation tracking error Y-

The correlation factors were determined for the particular pilots and then
averaged. It is not possible to do a further data reduction, as shown in the
correlation matrix (Figure 12) because the pilots are weighting the flight
controls and target deviation parameters in a different way. So the pilot
rating is influenced by different parameters.

T
In Figure 13 the standard deviation as a function of the ratio &0
is shown for the ta2il rotor control and the lateral target deviation. 58

It is evident that the pilots have different ways of using the controls.

Pilot No. 2 allows 2 high deviation of tail rotor control and a small dynamic
content, On the other hand the control activity of pilot No. L is considerably
higher, the standard deviaticon is smaller. For the target azimuth angle pilot
No. 4 has both, 2 smaller standard deviation as well as remaining more calmly
on target than pilot No. 2. The standard deviation range of pedal control of
pilot No. 3 has nearly the same value ag for pilot No. 2. The control

activity on the other hand is very small. So he does not remain very calmly
target and allows a high standard deviation in the tracking error.

These examples show the different kind of interpretation of the tasks
by the pilots with respect to accuracy of the execution.

As already mentioned, a further data reduction, as given in Figure 12,
is not possible. So 1t is necessary to find a useiful combination of these
parameters, This leads to parameters, indicating the performance of the pilot/
helicopter system (Tracking Effectiveness Parameters - TEP) and parameters
describing the control behaviour of the pilot for the 'Hovering Tracking'! task
(Control Activity Parameters — CAP). The definitions are as follows:

56-T



- Tracking Effectiveness~Amplitude

2 2

TEP = o + O d
Anp Xp Yo (deg)

- Tracking Effectiveness-~Dynamic
T T
TER = (F0), o+ G,

Dyn Tss X Tss Yo sec

- Control Activity-Amplitude

mm
CAP = g + o, + 0O (=
Amp GTR 6x Sy mm
~ Control Activity-Dynamic
Tcm Tcm Tcm sec
cap = (/=) + (=), o+ (==5) (=) .
Dy T ‘8
ks Tss 6‘I'R 858 x Tss Gy sec

The combination of these parameters is shown in Figure 14. The drawn
measurement data for each pilot are divided up into the rating groups:
satisfactory, acceptable and unacceptable. The boundaries of these ranges
are roughly marked by dotted lines. The uncertainty of one rating point
which can occur has to be taken into account.

The given rating points for 'pilot stress' are especially influenced
by the tracking effectiveness. Increasing values of TEP results in decreasing
pilot ratings. This is not only evident for the behaviour in relation to the
amplitudes but also for the dynamical contents of the signals. On the other
hand, a deterioration of the pilot rating occurs, when the control activity
is low and also when it is high. This points to an optimal combination of
control activity and tracking effectiveness paramelers. An extension of the
covered areas can be obtained by flight tests with other types of helicopters
to get a2 broader data base.

The requirements for a helicopter system can be quantified for certain
mission elements by the evaluation scales defined in this paper. The defining
of boundaries in one diagram leads to the values of the evaluation scales in
the other diagrams. In this way, specifications c¢an be estimated at an early
stage of a project. In the same way, the evaluation of task oriented flying
qualities can be performed.

6. Concluding Remarks and Future Efforts

A new test and analysis technique has been developed at DFVLR and has
been proven as a valuable tool for closed loop Flying qualities evaluation
in a mission oriented environment. This technique, which has been applied to
the 'Hovering Tracking' task, selected as a mission element from the German
Anti Tank Helicopter mission, is based on statistical analysis methods.

The flight tests 'Hovering Tracking' are described in detail in this
paper. To obtain a broad data base, the tests were conducted with five pilots.
- The pilots were asked to answer a questionnaire giving ratings of handling
qualities, task performance and pilot stress for the specific flight test,
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A second test series, which has not yet been completely evaluated is
briefly described. These tests were conducted with six test pilots.

The statistical evaluation of the 'Hovering Tracking' tests ceontains
the determination of parameters like standard deviations, variances and peak-
%o -peak values. The dynamical contents of the measuring signals can be
represented by terms like steady states, reversals and continuous movements.

By the determinstion of correlation factors, relations between the
pilot rating 'stress' and the statistical parameters were established. By
definition of Tracking Effectiveness- and Control Activity Parameters the
. reduced data could be summarized into a few diagrams. In these diagrams,
boundaries for the 'pilot stress' rating groups: satisfactory, acceptable and
unacceptable can roughly be esteblished. The pilot ratings point out an
optimal combination of tracking effectiveness and control activity.

The evaluation diagrams enable to gquantify the task related eveluation
of helicopter systems. An overalllevaluation of handling qualities of
helicopter sysiems requires additional investigation. For the expansion of the
exigsting data base, equivalent flight tests are plamned in Hover- and NOE-
flight, using other types of helicopters.
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2 e 0 ¢

Max./Min. Vaiues
Peak to Peak Value
Mean Value

Standard Deviation, Yariance

2 92 93 @ 9 O

» & & @ €

@

Number of Mean Crossinés

Mean Gradient of Mean Crossing
Number of Steady States Per Second
Summed Time of Steady States

Mean Time of Steady States

Max. Time of Steady States
Distribution of Steady State Times
Number of Reversals Per Second
Number of Continuous Movements Per Second
Summed Time of Cont. Movements

Mean Time of Cont. Movements

Max. Time of Cont., Movements
Distribution of Cort. Movement Times

Table 1 Statistical Parameters of Measured Signals

Signals Minimum of Ihterva] of
Time Amplitude Variation
5, 0.2 sec 0.25% of Full Throw
Gy 0.2 sec 0.375%cf Full Throw
G?R 0.2 sec 0.25% of Full Throw
Xt 0.2 sec 0.2 deg
Y7 0.2 sec 0.2 deg

Table 2

Definition for Steady States, Continuous

Movements, and Reversals
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NI , O SELECTION OF MISSION ELEMENTS
- TASK DEFINITION - REPRESENTATIVE
- REPRODUCIBLE

® VARIATION OF TEST CONFIGURATIONS
- A/C PARAMETERS

FLIGHT TEST ~ ENVIRONMENTAL PARAMETERS

® TESTING WITH SEVERAL PILOTS

< -
DATA COLLECTION @ MEASURING AND TIME-SYNCHRONIZED RECORDING
(OBJECTIVE DATA) - A/C STATE VARIABLES
: - PILOT CONTROL MOVEMENTS
~ A/C POSITION VARIABLES
PILOT EVALUATION ® PILOT RATINGS AND COMMENTS
- PILOT STRESS
(SUBJECTIVE DATA) - TASK PERFORMANCE

- HANDLING QUALITIES

@ DETAILED STATISTICAL ANALYSIS OF

DATA ANALYSIS 0BJECTIVE DATA

CORRELATION OF STATISTICAL PARAMETERS
WITH SUBJECTIVE DATA

FLYING QUALITIES © COLLECTION OF PARAMETERS
DATA BASE RELEVANT TO EVALUATION

Figure 1 Method
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