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Identification of Actuation System and Aerodynamic Effects of
Direct-Lift-Control Flaps

R. V. Jategaonkar*
Institute of Flight Mechanics, DLR, Braunschweig, Germany

A maximum likelihood parameter estimation method for nonlinear systems has been applied to flight data
of the research aircraft ATTAS (advanced technologies testing aircraft system). The emphasis is on modeling
and identification of 1) dynamics and nonlinearities of actuation systems for the direct-lift-control (DLC) flaps,
and 2) their aerodynamic effectiveness and other influences. These specially designed flaps provide an additional
longitudinal control suitable for in-flight simulation or load alleviation investigations. The identification results
indicate that under aerodyiamic loads the possible maximum flap deflections are severely limited. The flight-
estimated aerodynamic characteristics are compared with those predicted by wind tunnel and analytical methods.
It is found that the DLC flaps are somewhat less effective aerodynamically than they were designed for. More
importantly, the transit time lag in the downwash generated due to flap deflections significantly affects the
dynamic pitching motion. Furthermore, it leads to certain additional unsymmetrical and interference effects.

Introduction

T the German Aerospace Research Establishment (DLR)

during the last couple of years, an advanced technologies
testing aircraft system (ATTAS) was developed by modifying
a medium-size, twin-engine, short-haul 44-passenger aircraft
of the type VFW-614, Fig. 1.! This research aircraft serves as
the primary flight vehicle for flight control research, handling
qualities investigations, pilot-in-the-loop evaluations, and sys-
tem assessment.2~* It is equipped with a wide range of so-
phisticated sensors, instrumentation, and electronics. One of
the major features of the aircraft modifications is that, in
addition to the conventional controls, the ATTAS aircraft
is equipped with direct-lift-control (DLC) flaps for high-
frequency direct-lift modulation, (Figs. 1 and 2). A detailed
description of the research aircraft ATTAS and of its various
modifications is neither within the scope of this article nor is
it required for the problem addressed here.

It is, in general, well known that the DLC flaps provide an
additional independent longitudinal control, which is partic-
ularly suitable and necessary for realistic in-flight simulations
(i.e., simulation of other aircraft in flight). The fidelity of the
in-flight simulator, particularly incorporating modern control
concepts, depends to a very large extent on the accuracy of
the mathematical model representing the host aircraft, and
as such the demands on the modeling accuracy are very high.>¢
This is true not only of the aerodynamic model but also of
the actuation systems. Therefore, in the case of ATTAS air-
craft, a flight-validated accurate knowledge of its acrodynamic
characteristics and actuator dynamics is considered a prereq-
uisite for successful flight investigations, as well as for ground-
based simulator.

Although the analytical methods and wind-tunnel tests usu-
ally provide reasonable predictions of the aerodynamic char-
acteristics, the importance and advantages of validating and,
if necessary, updating these predictions with those estimated
from flight test data are, in the field of aircraft stability and
control, well-recognized.5-® Furthermore, in the present case,
the aircraft motion in response to identical control inputs in
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flight and in a simulation incorporating the predicted aero-
dynamic data showed some noticeable discrepancies,® thereby
necessitating the aerodynamic model identification from flight
data using system identification methods. The advanced sys-
tem identification methods provide a convenient tool to model
from a set of input-output observations, the cause-effect re-
lationship purported to underlie the physical phenomenon
under investigation.8-10-11

In order to achieve the above general objective, a com-
prehensive flight test program for gathering data was carried
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out with the research aircraft ATTAS.!? In this article, the
attention is mainly focused on the following two aspects:
1) identification of dynamics and nonlinearities in the DLC-
flap actuation system, and 2) modeling and estimation of aero-
dynamic effectiveness and of other influences, such as un-
steady, unsymmetrical, and interference effects of the DLC-
flaps. For both of these purposes, a parameter estimation
method for nonlinear systems based on the maximum likeli-
hood principle is applied.!*!* The flight-estimated aerody-
namic characteristics are compared with those predicted by
wind-tunnel measurements.

DLC-Flap Configuration

The DLC flaps are derived by modifying a trailing-edge
portion (45%) of the landing flaps, see Figs. 1 and 2. They
are divided into six fast-moving flaps, three on each wing.
Each of the six flaps is driven by an individual electrohydraulic
actuation system which is both rate- and force-limited for
structural safety reasons. The six flaps are designed for a
maximum deflection of +35 deg and for an actuation rate of
75 deg/s under aerodynamic loads. The DLC flaps can be
operated for landing-flap deflections between 1-14 deg. Si-
multaneous variations of the DLC and landing flaps are pos-
sible.

The flight test program for system identification is carried
out in two phases (Fig. 3).*'2 In the first phase, flight tests,
input signals, and the onboard data recording were optimized
for identification of the actuation system. In the second phase,
the attention is mainly focused on the identification of rigid-
body aerodynamics. Identification algorithm is based on the
maximum likelihood output error method (see the Appen-
dix).

DLC-Flap Actuation System

The flight investigations carried out showed that for small
amplitudes, i.e., in the linear range, the DLC-flap actuation
system can be adequately modeled as a second-order system.
To extend the linear model to cover a wider range of oper-
ation, rate and displacement limitations need to be included
(Fig. 4).141% Furthermore, it is also found that the system gain
is a function of the aerodynamic loading. In a general case,
the mathematical model can be represented as

Moec(®) + 2w, Morc(t) + wrzlnDLC(t) = K(é)wﬁu(t) (1

with ‘

|7:]DLC (t)| = ﬁmax (23)
NBEc = MpLc = 1B (2b)
where mp c denotes the DLC-flap deflection, u the com-
manded deflection (input), 7,,., the rate limitation, 7% and
5% the maximum negative (up) and positive (down) de-
flections, w, the natural frequency, ¢ the damping ratio and
K(g) the gain as a function of dynamic pressure 4.

To identify the unknown parameters of the dynamic system,
and also the unknown rate limitation %, and saturation
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Fig. 4 Modeling of DLC-flap actuator dynamics.
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limits nEi- and nEe%., a special flight-test program consisting
of quasistationary and dynamic flight tests was carried out.
The parameters of the dynamic model, Eq. (1), were esti-
mated from dynamic maneuvers with a relative standard de-
viation (Cramer-Rao bounds'®) of less than 0.5%. Estimation
of the gain parameter K(§) required combining multiple time
records at several flight conditions.

The flight investigations show that the possible maximum
deflection of DLC flaps is limited and depends upon the land-
ing-flap position and aerodynamic loads acting on the aircraft.
The aerodynamic loads in excess of the force limitation of the
actuators result in deflection limitation. For example, Fig. 5a
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shows the flight measured maximum DLC-flap deflection,
nEex. as a function of calibrated airspeed V, and landing flap
position 7,. Quasistationary flight maneuvers (i.e., tests with
steady and slow variations in the two influencing variables,
namely the dynamic pressure and landing flap position), as
well as dynamic flight maneuvers (i.e., tests with rapidly
changing multistep DLC inputs), are shown.

For the flight configurations tested here, it can be observed
from Fig. 5 that (depending upon the flight condition) the
maximum DLC-flap deflection can be limited from 10 to 22
deg for a landing-flap position of 1, = 1 deg. For other
landing-flap positions, the possible maximum deflection is
even smaller than that for n, = 1 deg. DLC-flap deflections
in the range of 10—15 deg are not uncommon for the various
flight applications.

Since the basic purpose of the DLC flaps is high-frequency
direct-lift modulation, the measurements from dynamic tests
are further used to model nonlinearities in the possible max-
imum DLC-flap deflections and to estimate the unknown pa-
rameters in the postulated model. Since the dynamic maneu-
vers are carried out at a preselected flight condition, they
usually provide a discrete test point (Fig. 5a). Therefore, it
sometimes becomes difficult to postulate an appropriate model
structure for the nonlinearities. In the present case, the quasi-
stationary tests are used to obtain the nature of nonlinearities,
which in this case is observed to be quadratic both in airspeed
and landing flap deflection. Mathematically it can be repre-
sented as

NBEe = Mprcamex T KiaVe + KiBVE

+ K;;lnk + Kon;: + Ko, Vo, (3a)
N8P = Morcmn T KnlVe + KiV3

+ Kome + Kpmi + Ky, Veny (3b)

Without going into any further details, it would suffice to
mention here that the various parameters appearing in Eqgs.
(3) are estimated separately for each of the six DLC-flaps
from flight data applying a nonlinear maximum likelihood
parameter method. The identified model for the outermost
flap (shown by dashed lines in Fig. 5a) agrees fairly well with
the dynamic test measurements. Some discrepancies are ob-
served for quasistationary flight at larger deflections, which
may be attributed to the internal friction in the actuators. To
obtain uncorrelated estimates of the parameters appearing in
Eq. (3), it was necessary to analyze several flight conditions
simultaneously. These parameters were estimated with a
standard deviation of 2-5%.

Estimation of rate limitation, 7,,,,, from dynamic maneu-
vers with rapidly changing inputs commanding significantly
higher rates than 7., was fairly straightforward. When

reached, the rate limits are known to introduce response time

lags. It can be concluded that the identified model adequately
characterizes the nonlinearities in maximum DLC-flap de-
flection.

Aerodynamics of DLC Flaps

As an integral part of the complete aecrodynamic modeling
from flight data, the aerodynamic effectiveness and other ef-
fects due to the DLC flaps are identified along with the other
aerodynamic derivatives pertaining to the longitudinal and
lateral-directional motion. For this purpose, several flight ma-
neuvers with appropriate elevator, horizontal stabilizer, en-
gine throttle, aileron, rudder, and DLC-flap inputs at differ-
ent reference flight conditions are combined together.”” A
multiple-maneuver analysis, applying maximum likelihood
method, enables the estimation of a single set of aerodynamic
derivatives common to all of the flight maneuvers analyzed.
Parameter estimation is carried out based on the coupled six
degree-of-freedom equations of aircraft motion formulated in

a body-fixed axes system.!® As already pointed out, the details
of aerodynamic modeling for the DLC flaps are presented
here.

For the purpose of aerodynamic modeling, the six DL.C
flaps are considered in two units, each consisting of three
flaps on each wing, hereafter called left and right DLC flaps.
Equivalent left and right DLC-flap deflections, denoted re-
spectively by n5.c and 98, ., are computed from the indi-
vidually measured flap deflections proportional to the surface
areas.'?

The total variations in the lift, drag, and pitching moment
coefficients, C,prc, Coprc, and C,,py ¢ due to the DLC flaps
are given by

Cipic = ACfpic + ACEp e (4a)
Coprc = ACEpic + ACHpic (4b)
Coorc = ACLEpic + ACEpic + ACpic (40)

where the contributions due to the left and right DLC flaps
are denoted by superscripts L and R, respectively. The fol-
lowing general model for these contributions is postulated®-#:

AC pc(pre) = Apre + AMbic + AsMbic (5a)
ACoprc(Mprc) = Wy + Wieadnpe + Wonge  (Sb)
AC,pic(Mpre) = Mimpie + Mondic + Mandic  (5¢)

where A;,, W,, and M, are the unknown aerodynamic deriv-
atives which are to be estimated from flight data. Further-
more, in Eq. (4c), AC:,p; ¢ denotes the downwash lag effect
due to deflection of the DLC flaps. As will be demonstrated
in this article, the system identification results have clearly
brought out the need to account for this unsteady aerodynamic
effect. The downwash lag effect AC:,5,  is modeled as

ACipie = CL(rEl l}L)MTnDLC(t - 7) (6)

where C,, denotes the stabilizer lift coefficient, ¢ the stabilizer
trim angle, r}; the horizontal distance between the neutral
points of the wing and of the tail, and [, the aerodynamic
mean chord. Furthermore, np, (¢ — 7) denotes the time-
delayed signal 7, (£), with 7 = r}/V representing the transit
time required for any flow modification generated at the wing
to reach the tail, and M, the unknown downwash parameter.

As elaborated in the foregoing section, the nonlinearities
in the possible maximum DLC-flap deflection are evident
from Fig. 5a. These nonlinearities, although important for
modeling of DLC-flap actuation system, are not directly rel-
evant to aerodynamic modeling, since the actual flight mea-
sured surface deflections are used in the aerodynamic mod-
eling and identification (phase 2 of Fig. 3). The actual forces
and moments generated depend only on the actual flap de-
flection, and not on the commanded input. However, Fig. 5b
shows that even though the DLC flaps are configured for
symmetrical operation, the possible maximum deflections of
the left and right DLC flaps resulting from the same com-
manded input are unequal. Such unequal deflections are al-
lowed within a small permissible tolerance limit. Such a tol-
erance band helps to account for the differences in mechanical
assembly as well as in static and dynamic response charac-
teristics of the six DLC flaps, each driven by an individual
electrohydraulic actuation system. In the present case, dif-
ferences up to 6 deg are allowed without automatically switch-
ing over from the fly-by-wire mode to the basic mode. Such
unequal deflections are also observed in Fig. 6 during typical
dynamic flight maneuvers with 3211 DLC inputs, which are
used for estimation of the DLC-flap effectiveness. The 3211
input sequence consists of steps of 3, 2, 1, and 1 units of time
duration in alternate directions, respectively. This multistep
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input signal provides the system with excitation over a fairly
broad, flat-frequency range, and is found to be superior for
aircraft parameter estimation applications.‘?"“

As a result of unsymmetries in the possible maximum de-
flection, larger commanded inputs may result in different left
and right DLC-flap deflections, leading to unequal lift and
drag forces on the two sides of the wing. These unequal forces,
assumed to be acting through the center of each of the surfaces
away from the aircraft centerline, result in rolling and yawing
moments.

Figure 6 shows two flight maneuvers, the first being an
aileron-input maneuver in which a rapidly changing 3211 input
is applied to ailerons at zero DLC-lap deflection, and the
second being a DLC-input maneuver in which a 3211 input
is applied to the DLC-flaps without commanding any aileron
deflection. This figure shows that during the first maneuver,
except for a small bias of about 0.5 deg which remains constant
throughout the maneuver, the variations in the left and right
aileron deflections are equal, as is generally expected. On the
other hand, during the second maneuver, it is clearly observed
that the variations in the aerodynamic loads due to DL.C-flap
deflections result in unequal deflections of the left and right
aileron surfaces, leading to. control surface interference ef-
fects.

Based .on the foregoing brief discussion on modeling of
coupling effects due to unsymmetries in the DLC-flaps de-
flection and also the control surface interference effects, the
variations in rolling and yawing moment coefficients due to
the DLC flaps are modeled as

: , /
ACipre = (ACtpic = ACTpic) BE + Crppy boie (73)

/}
AC,prc = (ACEpic — ACKpL0) DTLC + Cngnmcf")m_c

(7b)

where [, ¢ is the lever arm, i.e., the distance along the y axis
from the aircraft centerline to aerodynamic center of the DLC
flaps, s equal to half the wing span is the reference length for
lateral-directional variables, and £ is the aileron deflection.
The first term on the right side of Eqgs. (72) and (7b), com-
puted from the lift and drag differentials, account for the
rolling and yawing moment contributions without defining
additional derivatives. In addition, it also provides an option
to estimate the lever arm I, . The derivatives Cignp, . and
Cognp model the control surface interference effects.
Estimation of the DLC derivatives is carried out by com-
bining several maneuvers with 3211 DLC inputs at different
reference flights. For illustration purposes, however, only two
typical maneuvers are selected. The control inputs applied
during the two maneuvers are shown in Fig. 7. The elevator
and rudder deflections are denoted by n and ¢, respectively.
In the first maneuver, two 3211 input sequences with different
amplitudes are applied, the first one resulting in an almost
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Fig. 6 Flight-measured aileron and DLC-flap deflections.
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symmetrical deflection of about + 8 deg for both left and right
DLC flaps, and the second resulting in a maximum deflection
which is limited. During the second maneuver again a number
of 3211 sequences of different input amplitudes are applied
simultaneously to elevator and DLC flaps.!? However, only
a single 3211 sequence is shown in Fig. 7, clearly indicating
the unequal deflections of the right and left DLC flaps. During
these two maneuvers, no specific control inputs are applied
to the aileron and rudder.

The effectiveness of the DLC flaps is identified based on
two different model postulates. The results are presented for
the two cases in Figs. 8a and 8b supplemented by Fig. 9. In
the first case, the aerodynamic effectiveness is estimated based
on Egs. (4a—c) without the term AC:,p,, - and Egs. (5) only,
i.e., neglecting the downwash lag effect as modeled in Eq.
(6) and also neglecting the rolling and yawing moments due
to the unsymmetrical and interference effects of the DLC flaps
as modeled in Egs. 7. In the second case, these effects as
postulated in Eqs. (4-7) are accounted for.

A study of the longitudinal motion variables in Figs. 8 and
9 leads to some interesting conclusions. The basic aerody-
namic model for effectiveness of the DLC flaps, postulated
in Eqs. (5), is identified in these cases. The response match
for the horizontal and vertical accelerations, a, and a_, as well
as for the angle of attack « is found to be fairly good. The

" postulated cubic model for the lift and quadratic model for

the drag is therefore considered adequate. On the other hand,
the match for the pitch rate ¢ in Fig. 8a shows some very
discernible discrepancies. This figure and the time-expanded
plot in Fig. 9a for a single 3211 sequence show that the match
between the flight measured and estimated responses for steady-
state levels is acceptable, but that for dynamic changes from
one steady-state level to another show larger deviations.

An iterative model identification procedure showed that a
lag in the downwash due to the DLC-flap deflection signifi-
cantly affects the aircraft pitching moment.!? By analogy to
the translational acceleration derivatives derived from ap-
proximations of unsteady aerodynamic effects'®! (in partic-
ular, the derivative C,,, modeling the downwash lag due to
variations in the angle of attack), in the present case the
downwash lag due to DLC-flap deflection can be approxi-
mated through a first-order linear pitching moment derivative
with respect to rate of change of DLC-flap deflection 7, .
However, estimation of such derivatives applying a parameter
estimation method would either require a measurement of
fpLe Or computation of the same from measured deflection

"mpic by numerical differentiation in a data preprocessing step

prior to parameter estimation.

Alternatively, the downwash lag effect can be accounted
for by using a time-delayed signal in parameter estimation.
Although a first-order filter is commonly used to model time
delays,” in the present case it will only be an approximation
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to the actual phenomenon of transit-time effect. The transit-
time effects can be more realistically and explicitly accounted
for through a delay matrix. Therefore, as postulated in Eq.
(6), the second alternative is adopted in the present investi-
gations. This approach, however, requires an estimation pro-
gram capable of handling nonlinear system models as well as
a provision to generate a time delay in a specified variable—
in the present case 7, . Both of these options are available
in the estimation program used in the current investiga-
tions 2?2 The improvements observed in the match for the
pitch rate in Figs. 8b and 9b are, without any further explana-
tion, self-illustrative of the downwash lag effect. The cubic

Fig. 9 Measured (
to DLC-flap input.

time

b) Accounting for the downwash lag effect

) and estimated (------ ) pitch rate in response

model for the pitching moment due to DLC flaps in Egs. (5)
thus needs to be augmented with Eq. (6) for the downwash
lag effect. ‘

To avoid the problems of linear dependence among the
parameters of Eqs. (5) being estimated, large DLC-flap de-
flections resulting in nonlinear characteristics were necessary.
As already mentioned, both small input amplitudes as well
as those resulting in maximum deflections (Fig. 7) were an-
alyzed. The maximum likelihood estimation procedure pro-
vided the Cramer-Rao bounds of less than 2% for the esti-
mated DLC derivatives.!> In general, it is known that the
Cramer-Rao bounds provide usually optimistic estimates of
the accuracy of the estimated parameters. To obtain a realistic
value for the error bounds, a fudge-factor of 5-10 is rec-
ommended.'® Under this practical consideration the values
for the accuracy of the estimated-parameters are also found
to be reasonable.

An attempt to simultaneously estimate the longitudinal de-
rivatives and DLC derivatives neglecting the downwash due
to DLC-flap deflection from DLC-input maneuvers, although
yielding an acceptable match between the flight measured and
estimated pitch rate response, is found to affect the estimates
of certain derivatives. In particular, the estimate of pitch-
damping derivative C,,; is much higher than would otherwise
be obtained from the pure longitudinal maneuvers with only
elevator and stabilizer inputs. Only by including the down-
wash lag due to DLC-flap deflection, is this derivative, as well
as others are, accurately estimated. Similar influence of un-
steady aerodynamics on the flight-extracted derivatives has
also been observed in the past.?>24

Furthermore; some unmodeled effects in the rolling and
yawing motion are clearly observed in Fig. 8a from the match
for p, the roll rate and r, the yaw rate, respectively. A com-
parison with Fig. 8b clearly shows that the rolling moment
due to unequal deflections of the DLC flaps as modeled in
Eq. (7a) leads to a much-improved match for the roll rate.
The change in rolling moment coefficient computed in Eq.
(7a) from the lift differential is found to contribute mainly to
the improvements observed. The improvements in the roll
response match resulting from the derivative Ci,y, . Were in
qualitative nature minor, nevertheless this derivative is con-
sistently estimated with a low standard deviation of less than
2%. It can be interpreted as an influence of the DLC flaps
on the aileron effectiveness. It is also interesting to note that
the average estimated value of 3.94 m for the lever arm I, ¢
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agrees very well with 4.05 m, the geometrical midpoint of the
DLC flaps.

The improvement in the match for the yaw rate r, partic-
ularly for the second maneuver in Fig. 8b, is obtained through
the derivative Cpenpic. It results mainly from the control sur-
face interference effects. It is consistently estimated with a
low standard deviation of less than 2% for all of the DLC
inaneuvers analyzed. On the other hand, it is worth noting
that it was niot possible to estimate the conventional derivative
C,. (i.e., the change in yawing moment coefficient due to
variation in aileron deflection) from the pure lateral-direc-
tional flight maneuvers and was, therefore, set to zero. The
yawing moment contribution due to the drag differential re-
sulting from DLC-flap deflections, as computed in Eq. (7b),
is found to result in only minor improvements in the match
for the yaw rate. Nevertheless, Eq. (7b) includes this contri-
bution for the sake of completeness.

Other types of interference effects of active control surfaces
have also been observed in the past. For example, a nonlinear
interference effect between DLC flaps and spoilers,® active
side-force control resulting in adverse lift and drag modulation
due to flow separation,” and side-force generator affecting
the stability and control parameters.?®

Model Validation

Validation of the identified model is an integral part of the
system identification and plays an important role in estab-
lishing the adequacy and accuracy of the model. A graphical
comparison of the measured and estimated response provides
a qualitative measure, and the determinant of the covariance
matrix of the residuals the quantitative relative measure of
the goodness of fit. The standard deivations (Cramer-Rao
bounds) and the correlation coefficients help to determine the
accuracies of the various parameter estimates. A comparison
of the estimates with the wind tunnel or analytical predictions
and a check on .the plausibility of the estimates from the
physical understanding of the system under investigation helps
to further gain confidence in the identified model. These cri-
teria, although being useful in many cases, are not enough to
guarantee the validity of the model over the entire range of
operation.
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A common approach to further validate the model is to
verify the predictive capability of the identified model. For
this purpose, the identified modet is used to predict the system
responses at flight conditions or over the time records not
used in parameter estimation., For example, in the present
case Fig. 10 shows the predictive capability of the identified
model. Both of the time segments were not.used in the pa-
rameter estimation, in addition, the second one is at different
flight conditions than. those analyzed for parameter estima-
tioni. The aerodynamic-derivatives are kept fixed, estlmatmg
only the initial conditions to account for the change in flight
condition. For both ‘small -and large deflections,the overall
match between the flight measured and predicted variables is
found to be good. Based on the good prediction capability of
the model and the fact that the estimates are uncorrelated
with very low standard deviations, it can be concluded that
the identified model adequately characterizes the DLC flaps.

" Comparison of Aerodynamic ( Characteristics

The aerodynamic characteristics estimated from fhght data
by system identification methods are compared in Fig. 11 with
those predicted by wind tunnel and analytical methods for
two landing flap positions, 7, = 1 and 14 deg. In general, it
has been observed that the estimated lift coefficient CLDLC is
smaller than the predicted (Fig. 11a). The difference is pro-
nounced for larger positive, i.e., downward, deflections of
the DLC flaps. Even for the relatlvely smaller positive DLC-
flap deflections of 1020 deg, the influence of flow separation
is evident for landing-flap deflection of 7, = 14 deg. It is
therefore identified that the DLC flaps are somewhat less
effective in generating the direct-lift than designed for and
predicted from the wind-tunnel measurements.

The predicted pitching moment characteristics due to the
DLC flaps agree reasonably well with the estimated charac-
teristics, see Fig. 11b. Some deviations are observed for larger
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flap deflection at n, = 1 deg. The agreement is particularly
good for the landing-flap position of 7, = 14 deg, except for
a shift, which is attributed to the differences in the aerody-

namic bias term C,,,, which is of little interest.’2 Although

the differences in the estimated and predicted pitching mo-
ment coefficient are not large, it is to be remembered here
that Fig. 11b shows only static characteristics. It accounts for
the downwash effect, but only when a steady state is reached.
In the previous section, it has already been demonstrated that
the transient effects of the downwash lag has a significant
influence on the pitching moment response for both small and
large deflections of the DLC flaps, see Fig. 8 and 9. Such
dynamic influences must be considered in addition to the static
characteristics shown in Fig. 11b.

- Concluding Remarks -

The system identification methodology has been success-
fully applied to derive from flight test data the models for
actuation systems and for aerodynamic characteristics of the
specially designed direct-lift-control flaps. By way of an ex-
ample, it is shown that the possible maximum deflection of
these flaps is severely limited under aerodynamic loads. Fur-
thermore, the different actuation systems for the six DLC
flaps can possibly lead to unequal deflections of the DLC
flaps, which are otherwise configured for symmetrical deflec-
tions. A control surface interference effect between the DL.C
flaps and ailerons has also been observed. The flight-esti-
mated aerodynamic characteristics are compared with those
predicted by wind tunnel and analytical methods. The aero-
dynamic estimation from flight data clearly showed that the
DLC flaps are somewhat less effective than designed for.
Moreover, it has been shown that the downwash lag effect
due to deflection of the DL.C flaps plays a dominant role not
only in the steady state but also in the transient response,
significantly affecting the dynamic motion in the pitching mode.
The improvements in the parameter estimation results ob-
tained by accounting for the unsteady, unsymmetrical, and
interference effects of the DLC flaps -are demonstrated.

" Appendix: Parameter Estimation Algorithm

" The research and development work on system identifi-
cation methodology at the DLR has resulted in several pa-
rameter estimation programs capable of analyzing-dynamic
systems with different degrees of complexities.!''>2! For the
investigations reported in this article, the NLHPXL computer
program is applied to estimate the acrodynamic parameters.?
This more routinely used estimation program is based on the
maximum likelihood principle and is applicable to-general
nonlinear systems whose output measurements are corrupted
by noise.

The estimation of parameter values from measured aircraft
responses to. given control inputs requires a mathematical
model of the aircraft to be postulated. In a general form, the
equations of aircraft motion can be written as

() = flx(t), X(t, 7), u(t) — Au(b, ),

U7, Bl x(t) = xlbe) (Ala)

¥O) = glx(t), X(t, ), u(t) = du(b,,), U, 7), B]
+Az(b,) I=1,...,nz (Alb)
2(t) = y(t) + Gv(tk)‘ k=1,...,N (Al)

where x is the (n X 1) state vector, u the (p X 1) control
input vector, y the (m x 1) observation (model output) vec-
tor, k is the discrete time index, and [ is the index for time
segment being analyzed. The n- and m-dimensional system
functions f and g are general nonlinear real valued vector
functions. The measurement vector z is sampled at N discrete

time points. The measurement noise vector v is assumed to
be characterized by a sequence of independent Gaussian ran-
dom variables with zero mean and identity covariance. The
matrices X(z, 7) and U(¢, 7) denote the matrices of the time-
delayed state and input variables with

[X(, 'T)]ij = x(t - Tj)
UG, D]y = ult — ) — Au(b,)

Note that the postulated model includes nz time records to
be analyzed simultaneously. Furthermore, 8 represents the
unknown system coefficients, = denotes the unknown time
delays, x, denotes the unknown initial conditions, and Az and
Au denote the possible zero shifts in the measurements of the
output and control variables. In general, not all of the com-
ponents of x,, Az, and Au can be estimated since they may
be linearly dependent or highly correlated. The corresponding
components which can be estimated are denoted by b, , °by7,,
and b, , for the /th time segment, respectively The complete

parameter vector O to be estimated in such a case is given
by

(A2a)
(A2b)

{®) = {87 77, bI,, . . ., BLus ble, o, bl

y.nz> .
7P - S - (A3)

The maximum likelihood estimates of @ are obtained by
minimizing the negative logarithm of the likelihood function!®-!

J©) = 3 3 [2(0) — WITRl) = y6)] + 5 4R]
(A%)

where R is the covariance matrix of the residuals. Minimi-
zation is carried out subject to the postulated system model,
Egs. (Al-A2). Starting from the suitably specified initial
values of @, the estimates are iteratively updated using the
Gauss-Newton method. The sensitivity coefficients required
in the optimization procedure are obtained by finite-differ-
ence approximation.!3
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