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Abstract

Mathematical models for the dynamics of the DLR
BO 105 helicopter are extracted from hover flight
test data using systern identification approaches.
The flight tests are characterized. Using a common
data base CERT/ONERA and DLR jointly evaluated
the flight tests, applying their individual technigues.
Data consistency analyses showed ihat velocity
measurements were not suited and the required
data reconstruction is discussed in detail. Identifi-
cation results obtained for conventional 6 degrees
of ireedom (DOF) rigid bedy models and 8 DOF
higher order models with rotor DOF are presented
and compared, and the favourable agreement of
the individual results with the flight data js shown.
The suitability of the identified higher order model
for applications like the design of high bandwidth
conirol systems is demonstrated.

[ntroduction

In the past, the DLR Institute of Flight Mechanics
spent much effort on the development of accurate
flight mechanics models using system identification
techniques. To support the control system design
for the DLR BO 105 In-Flight Simulator ATTHeS,
main emphasis has been placed on the medium
speed range of aboui 80 knots. The reliability of the
identified models was convincingly demonstrated by
the high accuracy of the model following control
system of the in-flight simulation.

For the extension of the ATTHeS simulation range,
reliable models for the low speed and hover flight
condition were needed. In addition, these models
are afso required to improve the analytical simula-
tion and to support handling qualities assessment,
Therefore, flight tests particularly designed for
system identification purposes were conducted. A
major part of the data evaluation and the definiticn
and determination of the flight mechanical models
was performed as a joint effort from the DLR Institut
fir Flugmechanik in Braunschweig, Germany and

the CERT Département! d'Eludes et de Recherches
en Automatique in Toulouse, France (Refs. 1,2).
This common work is based on the ONERA/DLR
cooperation Smart Helicopter Concept, Helicopter
Handling Qualities in Hover/Low Speed, which was
started by midst of 1892. lis overall objective is to
provide contributions to helicopter operations close
to the ground in adverse weather conditions for a
variety of helicopter operations. To approach this
complex objective, two subsequent phases with
different areas of main emphasis were defined. In
Phase 1: Determine and evaluate vehicle cha-
racteristics by concentrating on helicopter handling
qualities and then, in Phase 2: inciude pilot
behaviour to investigate pilot-helicopter interfaces.
During the last two years, activities were mainly
related to the Phase 1 and concentrated on two
major tasks:

* Devetopment of mathematical models for control
law design and piloted simulation purposes by
1} comparison and improvement of analytical
nonlinear helicopter models (sirmulation codes)
and 2) application of system identification tech-
niques for the extraction of derivative models
from flight test data.

» Specification of handling qualities requirements
as design guide for conirol law development.

The paper conceniraies on the common efforis
under the system identification subtask. It first
intreduces the system identification principle and
the applied approaches. Then, flight tests, data
processing, and data reliability analyses are
addressed. For the identification, models with
differen{ comptlexity were determined. Starting with
conventional 6 DOF rigid body models, the model
order was increased by including rotor degrees of
freedom for a more suitable representation of the
main rotor characteristics. The obtained resulis are
presented and discussed in detail. Finally, main
conclusions are summarized and an outlook for the
continuation of the French/German cooperation is
given.
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Principle of ! ification

The general approach used in aircraft sysiem
identification is shown in Figure 1. In flight tests,
specific control input signals are used to excite the
aircraft modes of interest. The control inputs and
the aircrait response are measured and recorded.
To check the quality of the measurements, com-
patibility analyses are applied. They make use of
data redundancies and range from comparisons of
similar variables up to the evaluation of the kine-
matic relationship between measured variables. The
obtained results are needed for correcting the
measurements by removing scale factor and offset
errors (data de-trending} and/or for reconstructing
time histories of non-measured or inaccurately
measured variables, For the identification step, the
aircraft dynamics are modelled by a set of differ-
ential equations describing the external forces and
moments in terms of accelerations, state and con-
trol variables, where the coefficients are the stability
and control derivatives. The objective of the iden-
tification is to determine these coefficients and to
provide an accurate mathematical model for the
aircraft dynamics. Using the measured pilot control
inputs, the response ot the mathematical model is
calculated and compared to the measured aircraft
response. The response differences are then mini-
mized by the identification algorithm that iteratively
adjusts the model parameters. For the definition
of the minimum or the best 'curve fitt several cri-
teria can be applied. For aircraft identification, the
Maximum Likelihood criterion is often used and
seems to be best suited for the appiication.
Generally, the parameter estimation can be for-
mulated in the time-domain format, where the time
history differences between the measured and the
model response are minimized or in the frequency
domain format, where FFT transformed variables
are used instead of time histories. Both approaches
have their own characteristics. They have both suc-
cessfully been applied for rotorcraft identification
and various factors determine, which one is more
suited for a particular evaluation.

To define and execute a successful experiment for
system identification, the following so-called 'Quad-
M'-requirements must carefully be investigated from
a physical standpoint:

¢ The Maneuver of the helicopter must provide as
much information as possible about the dynamics
of the aircraft. It implies the development of ap-
propriate input signals, optimized in their spectral
composition, but stili fiyable by the pilot.

* HReliable Measurements are indispensable as
system identification is based on the input/output

refationship of the vehicle maotion. Measurement
inaccuracies, that cannot be corrected or com-
pensated, lead o biased estimation results.

* The definition of the Model structure is a key
element. Depending on the intended purpose,
often high order rotorcraft models are needed
and a practical comprise between model accu-
racy, flight testing efforis, measurement require-
ments, data processing, and system identifiabiiity
must be found.

» GSuitable identification Methods are reguired for
both, data quality analysis and parameter identifi-
cation. Here, various techniques of different com-
plexity and performance, working in the time or
frequency domain are available.

Flight Tests for System Identification

Independently from the actuaily applied technique,
system identification approaches always reiy on the
information content about the system under test
provided by the amplitude and phase relationship
between the measured control inputs and the
resulting measured systern response. Therefore,
the test input is one of the major factors influencing
the accuracy with which the model parameters can
be determined. There are a few standard input
signais, which are widely applied for aircraft system
identification, like doublets, multi-step '3211" inputs,
and frequency sweeps. The '‘ideal' approach for
pilot flown tests is: (1) establish trim for the selected
flight condition, (2) generate a prescribed input in
one single control and avoid coupling into other
controts, and (3} at the end of the input signal let
the aircraft respond without further control activity.
Such tests are flown for each control variable and,
if possible, they are repeated to provide data redun-
dancy. Each test run shouid last at least 25 to 30
seconds and the response amplitudes should stay
within the small perturbation assumptions of linear
derivative models.

Most of the previous BO 105 rotorcraft identification
work was concentrated on the medium speed range
of about 60 to 80 knots (Refs. 3-5}. At this flight
condition the helicopter is less unstable and the
flight tests could be conducted without any prob-
lems. It was relatively easy for the pilot to generate
the desired inputs without any further control activity
and without larger coupling between the control
variables (Figure 2).

In hover and low speed flight condition the BO 105
helicopter has stronger coupled DOF and is highly
unstable. Consequently, it was not possibie to con-
duct the flight tests for system identification sirilarty
to the test at 8O knots (Figure 3). It was already
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difficult to establish trim before beginning the fest.
Then, a few seconds after the input signal was
started a diverging response in the lateral direc-
tional motion {roll and pitch} was seen. Although the
pitot tried 1o reduce the roll response by a short
pulse in the lateral control, he had to retrim the
helicopter after about 14 seconds as the roll attitude
had reached about 45 degrees and the yaw rate
was more than 20 degrees/second, which exceeds
the selected measurement range of the rate gyro.
At the end of the test, after about 20 seconds, the
BO 105 had almost made a full turn. As such flight
test data are not suited for system identification, the
pilot was asked to start the input signals as usually,
but then to apply additionai inputs on his own to
keep the response within acceptable amplitudes of
about 25 degrees deviation from trim. When the
resulting control activity is compared to the desired
input signal, it probably does not make sense to
design optimized control inputs for the BO 105 in
hover. it may be an alternative to ask an expe-
rienced pilot to excite the aircraft modes as good as
possible taking also into account the constraints on
the aircraft response given by system identification
requirements.

All hover flight tests were flown with additional
stabilizing pilot inputs. From a system identification
view it is certainly not the desired way of flight
testing, but it was considered as the best practical
solution. However, the pilol inputs are now in-
fluenced by the aircraft response and it has to be
checked very carefully to what extent the pilot is
acting like a feedback controt system. To aveid any
output/input correlation problems and difficulties
related to the so called closed loop identification,
the pilot was asked to use step and pulse-type
control inputs instead of continuous control motions,
which can be more correlated to output variables.
This approach proved to be very effective as an
evaluation of the flight test data did not reveal any
data correlation due to feedback influences.

Elight Test Data_Reliability
and State Beconstruction

Data quality and consistency are critically important
to the identification. Excessively noisy or kinemati-
cally inconsistent data can lead to the identification
of an incorrect model or can prevent convergence
of the mostly iterative identification solutions.
Preliminary checks of the data quality and con-
sistency help to detect and eliminate error sources
and can save much time and effort in the iden-
tification process. Unrefiable measurements can
be replaced by reconstructing data from other
measured variables, Therefore, a detailed analysis
of the flight test data accuracy was conducted.

As an example, the measured time histories for
flapping and control angles of the individual rotor
hlades were first compared to each other to
determine offset and scale factor corrections. Then,
the measurements were transferred into the fixed
body axis system. To verify the physical con-
sistency of the obtained variables, the longitudinal
and lateral flapping and coning angles were
compared to the primary (on-axis) helicopter
rasponse, and the control variables derived from
the blade control angle measurements were
compared o the variables measured af the pilot
position. The good agreement proved that the blade
motions were accurately measured.

An approach, which has become standard in
measurement quality checks, is the data con-
gistency analysis. It is based on the kinematic
refationship betwean redundant measured data, like
rates and attitude angles or linear accelerations and
velocities. For the BO 105 hover flight test data
there was a perfect agreement for the calculated
attitude angles {derived from measured rates) and
the measured ones. However, as typical for heli-
copiers, more difficulties were seen for the trans-
lational motion. The corresponding nonlinear dif-
ferential equations for the relationship between
linear accelerations and velocities are given by:

u=a, -gsiné +rv -qw
v =a, +g cos sing +pw -ru
W =a, +g cosb cosd +qu -pv

In these equations, the linear accelerations and
rates are taken from the measurements and treated
as known 'control' inputs. For the attitude angles
either measurements or calculated data obtained
from the kinematic relationship between rates and
attitudes are used. The integration of the differential
equation systemn then yields calculated velocities as
state variables, known as reconstructed data. They
are compared to the measured data to correct for
drift effects and initial condition errors in the inte-
gration and to determine scaling errors. Then, the
analyst can decide to use either the (corrected)
measured or the reconstructed data for the further
evaluation. However, for the hover flight condition
there are no measured velocities, unless the heli-
copter has a low airspeed system. The DLR BO 105
is equipped with a Helicopter Air Data System
{HADS). In hover it is working within the rotor
downwash and provides the longitudinal and lateral
but not the vertical velocities. Therefore, the vertical
velocity has to be calculated. To support this recon-
struction and to avoid drifts efiects, the measured
height and its relation to the velocities was
formulated as an additional equation:

h =u sinG - v cosé sind -~ w cos® cosd
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For the data consistency and reconstruction, both
DLR and CERT applied their own time-domain
Maximum Likelthood techniques, which allow use of
nonlinear differential equations.

The measurements for the steady state forward
velocity showed up to 9 meters/second for some
tests. Although there was some wind when the tests
were flown, the measured values were felt to be too
large. During the data consistency checks, the
velocity initial conditions were modified, and it was
seen that they have a large Influence on the time
histories of the reconstructed data. For a flight test
with a longitudinal control input Figure 4 compares
the measurements to the reconstructed velocities
for three different initial conditions of the velocities:
1} they were assumed to he zero as for ideal hover,
2} they were fixed at the measured value and 3) the
initial conditions and an associated offset in the
measurement equations were identified. The figure
iflustrates that, except for the offsets, the obtained
time histories for the forward velocity are similar
and in good agreement with the measured variable.
However, larger differences are seen for the lateral
spead component and particularly for the verical
velocity. For the selection of the ‘right' data, the
comparison with the measured height proves that
the initial gonditions and associated time hisiories
obtained from the identification agree best with the
flight data. it also demonstrates the need for the
height information for the velocity reconstruction
when no vertical velocity measurements are avail-
able. 1t was then decided to use the reconstructed
data instead of the measured cnes, because of the
high quality of linear acceleration data and angular
measurements. However, it remains an uncertainty
on the air data accuracy and the strong conclusion,
that more accurate and reliable velocity information
is required for future flight tests.

Identification Techniques

Both, DLR and ONERA/CERT have developed and
applied their own identification software, relying
mainty on two extensive identification methods:

= A Maximum Likelihood output error method,
working in the time-domain.

The linear aircraft model is given by:
Xt =A *x(t) +B *u(t) +b,
y{t} =C *x(f) + D »u(l) +b,

with staie vector x, control vector u, and
measurement vector y,

The identification method minimizes the differ-
ences between the measured time histories and
the model response by adjusting the model
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parameters in the state and control matrices A
and B and the measurement matrices C and D.
The Maximum Likelithood criterion is used as cost
function. it is possible to identify nontfinear
models. This approach has been used frequently
and successfully in aireraft system identification,
in particular for fixed-wing aircraft. However, in
contrast to conventional fixed-wing aircraft, heli-
copters have strongly coupled degrees of free-
dom and are unstable in many flight conditions.
It complicates the application of time-domain
methods for two reasons: 1) in addition to the
model parameters, the so-called bias vectors b,
and b, have to be estimated to compensate for
drift, offset, and initial condition errors due to
measurement inaccuracies. When higher order
models and concatenated runs are used, it
drastically increases the numbers of unknowns,
2) after each iteration the time histories of the
model response are calculated by numerical
integration techniques. For an unstable system
the integration can diverge and may even not be
possible at all for the required run iength.

A Maximum Liketihood output error method,
working in the frequency-domain.

The above given model is transferred to the
frequency domain:

jo *x(w) =A *#x(w) +B * uw)
y(w) =C *»x{w) +D *u{w)

Here, x(w), u(w), and y{w) are the Fourier
transformed variables. The transformation
assumes periodic signals, i.e. x(0)=x(T). As this
s mostly not true for flight test data, correction
terms are applied. The estimation algorithm
adjusts the unknown coefficients in the matrices
A, B, C, and D to determine the best possible
agreement between the model response fre-
quency spectra and the measured ones. l
should be noted that the coefficients still have
the same physical definition as in the time-
domain formulation. In this sense, the frequency-
domain identification approach can be con-
sidered as a transformation of the time-domain
identification procedure into the frequency
domain, However, there are several distinct
advantages for rotorcraft identification. The two
most important ones are: 1) only the model
parameters are estimated, there are no bias
terms. (corrections terms for non periodic signals
are extracted frorn the data and treated as
known parameters), 2) as no numerical inte-
gration is needed the estimation is not affected
by model instabilities, Time histories can be
obtained by an inverse Fourier Transformation.



For the evaluation of the hover flight test data both
CERT and DLR appiied their time-domain techni-
ques for the data consistency analysis. For this task
they are ideally suited as 1) nonlinear equations can
be evaluated, 2) no smail perturbation assumptions
have to be met and 3) the actual measurements
are used without subtracting steady state condition.
For the identification of the helicopter derivative
models the time-domain methods was successfully
applied for 6 DOF rigid body medels. However,
when higher order models with rotor DOF had to be
determined, these technigues showed an increasing
sensitivity with respect to the number of unknowns
and the dynamic instability of the helicopter mathe-
matical model. As consequence, it was hard and
time consuming to reach convergence of the esti-
mation process. Therefore, most results were gener-
ated by the frequency-domain methods. Some com-
parisons with results from the time-domain ap-
proach showed similar identified parameter values.

Discussion of Identification Results

Based on the results from the data consistency
checks four runs were selected as common data
base for the identification. The time histories of the
control inputs are given in Figure 5.

Rigid Body Models

First, 8 DOF models were determined. They are
based on the assumption that the rotor dynamics
are at much higher frequencies than the body
modes and can be neglected. In consequence, the
model cannot represent the rotor phase delay and
predicts an irmmediate body acceleration response
due to control inputs. When compared to flight data
it i5 seen that the model response leads the real
helicopter response. A more realistic model respon-
se can only be obtained when the rotor dynamic
effects are approximated by equivalent time delays
for the main rotor control inputs. This approach is
usually used for system identification, where the
time delays are either given or, with frequency-
domain methods, ireated as unknowns and esti-
mated. Such conventional 6 DOF models are ad-
equate, when equivalent time delays are applicable
and when less accuracy in the high frequency
rapge {from about 2 Hz for the BO 105) can be
tolerated, e.g. for handling qualities evaluations.

The model structures and the results for the
identification of 8 DOF models were quite similar for
DLR and CERT. Figure 6 compares the measured
data with the model response. It is clearly seen that
in general a good agreement was obtained, al-
though there are still some remaining smaller
differences.

Exien M I

When time delays cannot be used or more
accuracy is required for the higher frequency range,
higher order models with rotor DOF are required.
This is particularly true for applications like high
bandwidth control-system design. As example,
during the development of the meodel following
control system of the DLR In-Flight Simulator BO
105 ATTHeS, it was clearly experienced that 6 DOF
models are not appropriate. Therefore, higher order
model structures with a realistic representation of
the rotor dynamics were defined and the param-
eters were determined by system identification
(Refs. 4 and 5). For the medium speed range, the
obtained high simulation quality has confirmed the
suitability of the approach (Refs. 6-8). When the
operational range for the In-Flight Simulation was
aextended 1o hover and low speeds, higher order
models were also needed for this speed range.

The principle approach for extending the 6 DOF
model is illustrated in Figure 7. In the state vector,
rotor states for longltudinal and lateral flapping and
for coning are added {o the rigid body motion vari-
ables, so that 8 DOF are considered. The rotor vari-
ables can be modelled as 1st or 2nd order differen-
ital equations leading to models between 11th and
14th order. For the identification of the rotor equa-
tions, measured rotor stales are needed in the
measurement vector to match the calculated rotor
response of the model with the flight data. There-
fore, the BO 105 rotor blades were instrumented
with strain gauges at the location of the equivalent
hinge offset to measure the blade flapping motion.
The sensors were calibrated on the rotating blades
under realistic conditions of airloads and centrifugal
forces. The data were transferred by a muitiblade
coordinate transformation from the rotating to the
fixed body axis system to obtain the tip plane mo-
tion in terms of longitudinal and lateral flapping and
coning. As an example for the obtained data accu-
racy, Figure 8 shows the high correlation between
the vertical acceleration and the coning angle (body
fixed axis system) for collective inputs. The low
noise leve] on the tip path plane variables also veri-
fies the reliability of the blade flapping calibration.

For the identification of an extended model, both
CERT and DLR worked with different model struc-
tures, ranging from 11th to 14th order. Based on the
obtained results, it was conciuded that a model of 12th
order is appropriate, with a 1st order rotor fongitudinal
and lateral flapping and 2nd order rotor coning. Then,
the state vector is:

xX'=(u,v,w,pqr @6, a, b, 4, a)
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The common data set as already shown in Figures
6 and 6 was used for the identification. As an
example for the identification of the rotor dynamics,
a 14 seconds data segment with both, longitudinal
and lateral control inputs Is given in Figure 9. For
the flapping variables it presents the time histories
of the measured data and the two models identified
by CERT and DLR. It is seen thatf there are only
minor differences between the two model re-
sponses and that there is a good agreement with
the flight data.

The comparison of the rigid body roll and pitch
rates is shown by Figures 10 and 11 for two
different data runs with mainly a longitudinal or
lateral stick control input. Again, flight measure-
ments and the two models responses are given.
Like {or the above discussed flapping response, the
time histories obtained from the CERT and DLR
identified models are almost the same. In general
they also agree satisfactorily with the flight data.
This is in particular true for the rolt rate response,
whereas for the pitch rate most of the amplitude
peaks cannot always fully be matched. A similar
result was already seen in the evaluation of flight
data from the medium speed range. As the models
accurately describe the rotor motion, it seems that
the discrepancies are mainly caused by the higher
influence of the fuselage on the longitudinal motion
than an the lateral response.

Comparison of 8 and 8 DOF Models

The comparison of the identification resulis
obtained from the conventional 6 DOF maodel and
the higher order 9 DOF model showed:

+ For the 6 DOF model equivalent time delays for
the controls were needed to approximate the
main rotor dynamics. They are between 40 and
80 milliseconds and cannot be neglected. In the
higher order model the rotor dynamics are
represented by additional DOF. When equivalent
time delays for the controls were also estimated
in these models, small values of less then 10 ms
were obtained for the main rotor controls. As they
can be neglecied, such models are appropriate
for appiications like the control system design for
In-Flight Simulation, which will be addressed
befow.

* A representative comparison of the responses of
the two models and the flight test data is iilus-
trated in Figure 12. There is a slightly better
agreement between the measurements and the
9 DOF model response, particularly for the
higher frequencies. But the improvement is not
as significant as expected. Additional evaluations

with different complexity in the model order {e.g.
with 2nd order blade flapping or with inflow DOF})
also showed similar results. A further improve-
ment can probably be obtained, when additional
DOF are included in the model, like the dynamics
of the engine or the hydraulic system. However,
it requires high efforts in instrumentation and
measurements, definition of suitable model struc-
tures, and the identification itself (Ref. 9). The
complexity of the selected approach certainly
depends on the objectives and the requirements
of the spedific appiication. Presently, the ob-
tained identified modeis are mainly used at
ONERA and DLR for handling qualities investi-
gations and control system design. in particular
for in-flight simulation, where accurate high band-
width models are required, good results were
reached with the available models. Conseguent-
ty, it was concluded, that these models are
appropriate and no further extension to more
complex models is planned for the near future.

Comparison of Derivatives and Eigenvalues

For compatison, Table 1 gives the major derivatives
for the 6§ and 9 DOF models, identified by CERT
and DLR. Although there are some differences,
which mainly result from slightly different modeis
structures, a generally good agreement is seen.
The eigenvalues of the models are presanted by
Figure 13. The results for the 8 DOF models in the
right part of the figure confirm again that the two
models are quite similar. The small difference for
the roll motion is related to different roll damping
derivatives L. This derivative is generally difficuit to
determine for the BO 105, as it is very sensitive to
the equivalent tirme delay and, in addition, highly
correlated to the control derivative 'roll rate due to
lateral stick’, Lg,. Both models also show the
unstable phugoid mode, which had caused the
problems in flight testing.

Considering the eigenvalues for the higher order
models, it is clearly seen that the four modes
associated with the low frequency rigid body motion
are about the same as for the 6 DOF models:
phugoid, spiral, pitch-1 and dutch roll. With rotor
DOF in the model the remaining modes, roll and
pifch-2, become oscillatory, representing the rol/flap
and pitch/flap coupling. The coning mode is at
higher {frequencies with low damping. Again, the
similarity of the CERT and DLR models is obvious.
Application of Extended Model
The identified models were mainly needed for the
control-system design of the DLR In-Flight Simu-
lators BO 103 ATTHeS. Us operation range was
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extended to hover and low speed flight conditions.
The general concept for the explicit model following
control system and a specific application for hover
is illustrated in the block diagram in Figure 14. In
the forward loop of the control system the pilot 'flies’
the model to be simulated. The output of this
command model are the desired state variables of
the host helicopter response. They are fed to the
feedforward controller, which is defined as the
inverse model of the host aircraft and therefore,
ideally, compensates the host aircraft dynamics. In
consequence, the aircraft behaves like the pre-
scribed command model, e.g. like a different
helicopter. The feedback systermn mainly corrects for
external disturbances. The performance of the con-
troi system highly depends on the accuracy of the
host aircraft mode! used f{or the feedforward
controller. It is obvious that models with time delays
cannot be applied as the inveried model requires
‘time lead', which is unrealistic for real time
processes. Therefore, higher order models with
rotor DOF and without time delays are required.
They were defined and obtained from system
identification results. Numerous flight tests with vari-
ous command models and different objectives have
confirmed the validity of the control system design
tor the ATTHeS In-Flight Simulator and the high
accuracy of its feediorward controller [15].

The extension of the controt sysiem for a special
task in the hover and low speed regime is given by
the additional feedback loop in the upper part of the
block diagram in Figure 14, An accurate position
hold above a ground fixed or moving object under
wind and gust conditions is of special interest, e.g.
for rescue missions. Therefore, ATTHeS was
equipped with an innovative measurement system
for the hover position above a target. A video
camera in combination with a computer for
processing the optical information was used as an
integrated sensor system for the measurement of
the refative position of the aircraft to a target.
Deviations from the target were evaluated and
converted to command signals for the model
following control system (MFCS). For the flight
tests, a black square mounted on a car roof was
used as target. The helicopter approached the car
in a prescribed altitude with the MFCS engaged in
Position Hold Off mode. When the camera was
focused on the target, the Position Hold mode was
engaged and the control sysiem had io keep the
helicopter above the target (left part of Figure 14)
with constant altitude and heading. In this mode,
the pilot flew hands off. Actually, he even could not
see the car below the helicopter. in flight tests it
was demonstrated that the helicopter stayed above
the target and even followed the moving car
successfully. Evaluations of flight tests with 8

minutes duration showed a maximum relative
position error of about 3 m for the moving car and
of about 1.5 m for the stopped car [10). As a
representative example, the Figure 14 gives the
position error from a test run, when the car was
driven in a full circle.

Conclusigns

Based on the common effort from CERT/ONERA
and DLR in evaluating BO 105 hover flight test data
and applying system identification methods to
extract derivative models, the following main con-
clusion are summarized:

Flight Tests and Data Reliability

» For system identification flight tests prescribed
control inputs are used separately for the
individual control axes to excite the aircraft
modes. No further control inputs are applied. For
the hover flight test, however, the dynamically
unstable aircraft behaviour required additional
stabilizing control inputs in aill axes to keep the
aircraft response within small perturbation
assumptions, To avoid output/input correlations,
it was tried to use pulse or step-type inputs. The
data evaluation did not reveal correlations and
confirmed the validity of this approach.

= Data compatibility showed excellent agreement
hetween rates and angular measurements. Blade
tlapping measurements were accurate, They
were transferred to body axes and provided an
appropriate description of the main rotor tip path
plane motion.

* A major problem area are air data measure-
ments. For hover, the installed air data system
provides lateral and horizontal velocities and
static pressure. For operational use the data may
be appropriate, for system identification they
were considered as not suitable. Therefore the
velocities were reconstructed using the kinematic
relationship betwaen accelerations and velocities.
For the reconstruction of the non-measured
vertical velocity, an additional equation for the
height rate was very helpful. The data recon-
struction proved to be highly sensitive to the
velocity initial conditions, which also could not be
taken accurately enough from the measure-
ments. They were estimated by systern iden-
tification techniques and a plausible and con-
sistent set of velocity data was obtained. But
there is still a remaining uncertainty on the
reliability. In consequence, significantly more
accurate air data measuremenis are required for
future flight tests.
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Identification B Its

A conventional 6 DOF rigid body model and a 9
DOF model with main rotor flapping and coning
DOF were identified. Results obtained from CERT
and DLR were compared. Common conclusions
are:

* Conventional 6 DOF models require equivalent
time delays of about 40 and 80 milliseconds for
the contral variables to approximate the influence
of the main rotor dynamics. As they cannot be
neglected, an application of 6 DOF models is
only advisable, when time delays can be ac-
cepted. For models with rotor DOF, like the 9
DOF model, time delays are small, eg. to com-
pensate the influence of the hydraulics, and can
usually be neglected. They represent the
helicopter dynamics more accurately, in particular
at higher frequencies.

* In comparison to the 6§ DOF rigid body model,
the response of the extended model shows
slightly better agreement with the measured data.
However, the improvement is less significant
than expected. Comparisons of the elgenvalues
of the identified models demonstrate that the
higher order models have similar low frequency
modes as the rigid body model and give realistic
additional rotor modes. It indicates that the
identification provides reliable results for the
given model structure.

+ GERT/ONERA and DLR generated identification
results from a common flight test data base by
applying their individual techniques. A compa-
rison of the results showed good agreement and
confirmed the reliability of the models.

+ ldentified models with rotor DOF were applied for
the controt law design of the DLR In-Flight Simu-
lator BO 105 ATTHeS for hover and low speed
flight conditions. In flight tests the quality of the
model following control system was successiully
demonstrates. It aiso confirms that the presently
available models meet the requirements for high
bandwidth control system design.

Outlook

It is planned to continue the German/French coope-
ration on the Smart Helicopter program for a three
years time period starting in 1996. For the identi-
fication subtask, CERT and DLR will jointly evaluate
flight test data from the CEV Dauphin 6075. The
helicopter was instrumented and the first fight test
were recently conducted. Like for the BO 105, the
work is concentrated on the hover and low speed
regime.
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Derivatives DLR CERT DLR CERT Derivatives DLR CERT
6 DOF 6 DOF 8 DOF | 9 DOF g DOF 9 DOF
Xy -.345 -0.338 -0.255 -0.307 Zao -155.5 -163.6
Yy -0.131 -0.148 -0.164 -0.162 Lgs -116.1 -100.5
Zy -0.295 -0.251 -0.102 -0.179 Mg -28.4 -24.2
Ly -8.54 -10.88 - - Lac -5.43 -10.08
Ly 2.42 2.38 0.33 0.52 Mg -3.02 -
My 0.0431 0.0583 0.028 0.014 Beg 1.176 1.125
My 0.051 0.050 0.01 - Pegs= -Bsﬂc 235 1.87
Mp -1.105 -1.9 - - Bsgs=Pepe -10.6 -10.2
My -2.32 -1.79 -0.039 - Bog 247 22.3
N, 0.098 .0BB 0.055 0.049 Bogeol 4.38 4.36
N, -0.974 -1.10 | -0.938 -0.938 Bosy -0.032 -0.032
Zscol -0.238 -0.23 - - Bsgy -0.0088 | -0.0093
Mgy 0.0719 0.0724 - - ﬁSSy -0.015 -0.012
Lgy 0.171 0.196 - -
Table 1. Comparison of identified major
N&ped 0.0477 0.0474 0.043 0.045 derivatives for BO 105 in hover
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. nput
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1 Values T2 =31 Model s
Lo i R
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Verification
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APPLICATIONS: (2) Fiying Qualities Evaluation (4) Simulation Validation

Figure 1. Principal approach for system identification

VII-7.9




&0

long o

Stick % “W
45 g
65

Lateral g d T
Stick & -

45
50

Pedal % =

55
Collective %

35
0.5

RQ;E w“\/\
Angle rad

0.5 — .
1

Heading rad N

-1 : .

Figure 2, System identificatlon control inputs for 80 knols flight condition and roll and heading response

[ with stahilization J

. e i
] without stabilization _g

§ 70 0

ong '

Stic W% ”M\'\/—’_‘r\/\ W
55 30 :
@0 o = 60

Lat Stick % \)( \ﬁ A\ ;\\«w
10 0
& &0

Pedal % e \WW—.\”/_/\’“\,
30 20
50 50

Collective \\\~ — \\’/—/

Titne T

Figure 3. System identification control inputs for hover flight condition and roll and heading response.
Flight tests without and with stabilization by the pilot

ViIl-7.10



Forward
Velocity
Lateral
Velocity
Vertical
Velocity
Height
(] 2 40
0 Time s
measured (Hover) = = « initial conditions fixed to measured data
------ initial conditions set to sero  — ~ = initial conditions estimated
Figure 4. Velocity reconstruction and its sensitivity to initial conditions
20
Long o |
Stick y ) 'WWWM
~20 T T T —— T —— T T T T
30
Lateral
Stick % T’—VV\“ WW
-30 T . T T ¢ T Y v T —
10
Collective 9 {- '__r—ﬁ
-10 r T T T T 1 T : T — T
20
Pedal % _\rﬂ/\ﬂ\/_“—v\“'—“_’_—"'—
‘20 T T T T T T T T T ¥ ¥ T
0 20 40 60 80 100 120 s 140

Time

Figure 5. Control inputs of the common data set selected for the identification

VH-7.11



Forward
Speed

Roll
Rate

Pitch
Rate

Yaw
Bate

Roll
Angle

Pitch
Angle

Forward
Acc,

Vertical
Acc.

10

s W Mﬁ\ﬁ/M

~10 1 - T T T ;
0.4
rad/s M\’/MM/\}M%& F\h}wsg’%xv WWMM
- ; v
-0.4 v — : T T T
04

s ﬁg\jwtfwﬂ( . A hAAA AL

-0.4 Y T
0.5

!
N\ ) B
£ %
rad/s ENW “f

-1.0 : — ‘

0.5

,aém\/‘\%w NIV

~.5
0.4

raé;/)\ﬂ,!\/\ U\j\ fV\/\j\ Ny s’li'

-0.4

) 1 . § ~ ;
mfs’f-w’LMl \FJM %wﬂmwwmﬂ M
PN [
,:: T g - 1 ; 1
m;shwmvxwfwﬁ/\mw
o w1 we
Time
measured 0 m-ee-- identified

Figure 6. ldentification result obtained from the 6 DOF model

VII-7.12




Control

State Matrix States Matrix Controls
— ] —
v
_ \ i w
\ FUSELAGE | p
N
\ R \\ body/rotor 9 5
N collpling X
\ r 5,
\\\ 6 | * 3
\ 0 8.n
%o
a
B,
Figure 7. Principle of extended model! structure
60
Collective % W
30 . - r ‘ : : :
-6
Vertical ) m/s? ]
Acceleration i
-14 i — . . . . :
0.07
Coning rad |
0.04 ; v . - T T :
0.01
Long g ]
Flapping ra
-0.04 . . y . . . . .
G.03
Lateral
Flapping rad ]
-0.02 v . : T ‘ .
o 10 20 30 s 40

Time
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