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ract. A standard FE-analysis of large acroplanes reveals one or several 2-4 Hz modes of
izontal tailplane (HTP), termed coplanar modes. They describe a coplanar or a fore /
n of the HTP. Due to their low eigenfrequencies, these modes can be easily excited
ral gust, in particular by continuous turbulence on the fin. As the aerodynamic damping
ese modes is small, strong resonance phenomena occur, yielding high loads at the HTP
‘Via a mode control system, consisting of a dynamic feedback of the r—acceleration at
—tip to the rudder, active damping and thereby a loads reduction of more than 20 % is
‘nsirated The system is termed HTP—control(ler).

TRODUCTION

esuli of modern large aeroplane design, elastic effects get more critical due to decreased
equencies and damping of structural modes, control functions aiming at the alleviation of
er and gust loads as well as structural mode control for flutter margin augmentation and
become more important [1, 2, 3,4, 5, 6], These control functions can be implemented as
ons of the standard electronic flight control system which is mainly designed regarding
g qualities. Structural dynamic models of aircraft covering design loads and acroelastics
used for both the analysis of fully flexible dynamic response or flutter phenomena and for
ign of active load control systems. Aircraft models used for flutter and flexible dynamic
analysis usually comprise the rigid body motion in six degrees of freedom and a large
ber.of flexible modes. The design of active load control systems however often requires
er synthesis models. Hence, efficient order reduction methods are an important part of 4
troller design process. In this paper the design of an active control function for gust load i
'on via active mode control is described. '

UIREMENTS AND MODELING FOR CONTROLLER DESIGN i
oal of the HTP—controller presented in this paper is the reduction of gust loads by active ,
jing of the coplanar modes via feedback of the x—acceleration at the HTPtip az,,,.,. Es- "
the bending moment around the z-axis at the root of the horizontal tailplane M.,
be decreased (figure (1)). Obviously, the sizing loads for the overall aircrafi result-
from all design conditions should not be increased. The HTP—controller design should
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Figure 1: Active Mode Control of HTP coplanar motion.

guarantee that the rigid body motion in particular the handling qualities of the aircraft are not
influenced by the control function.

2.1 Structural dynamic / aeroelastic aircraft model
- For controller design and system analysis, a dynamic aircraft model has to be built which in
ctudes both the rigid body dynamics and the elastic modes. Due to the standard gust loads’
analysis for continuous turbulence (design envelope analysis, JAR 25,341) [9], the linearized
equations of the coupled rigid body / aeroelastic aircraft motion are considered. They are usu-
aily given in the frequency domain [10]

(~w® M +iwB+ K +qQ(w)] ¢(w) = plw)

. ]
—

= Aw)

. with generalized mass matrix A/, structural damping matrix B, stiffness matrix K, generalized:
rigid body and elastic coordinates ¢(w) and the gust input according to the van Karman spectru
p(w). The unsteady airloads Q{w) are usually only evaluated for discrete frequencies _Q_j

@(w;) (e.g. using the doublet lattice method [10]).

2.2 Integration of EFCS, actuator and sensor models in the stroctural dynamic aircraft.
model ’
For the design of the HTP-controller, EFCS, actuator and sensor models have to be included:
in equation (1). For simplicity, the control surfaces are assumed to be ideal stiff and massles
The » ™ control surface is then described by the generalized coordinate ¢;, and the 7, line o
equation (1)

Ay, y(w) glw) = p, (). ‘ @
The integration of the EFCS, the actuator and the sensor models yields an extra term in this lin

Ay (W) - gw) + Gi(w) - Ky, (W) - H(w) - ) = p, (W) €

with transfer function matrix E(w) for the generation of the sensor outputs (including the senso
dynamics) out of the generalized coordinates. G, (w) represents the transfer function of the
actuator model and K, (w) the EFCS control law from all sensors to the i," actuator. In

following, the obtained model (equation 1), (3)) is referred to as *high precision model’.
324




H) {9}, the lineari:
1dered They are

f’f}iﬂ@ator. In th
ion mode]’,

ecision model is now used for analysis of the relevant aircraft characteristics regard-

gn goals. Figure (2) shows two resonance peaks of the bending moment M,,,TP
oplanar modes frequencies due to the lateral gust input. The bending moment in
demd frequency range mainly results from the x—motion of the horizontal tailplane.
Gt eleration a #rp Gue to the lateral gust input also shows resonance peaks at these two
es, and s0 az ., simultaneously contains information about the HTP motion and the
oads. It is therefore appropriate for feedback in the HTP—controller. Figure (2) also

) resonance peaks at the coplanar modes frequencies in the transfer function from the
nput 1o a.,... Hence, the rudder is a suitable control surface for loads reduction by
he coplanar modes. In the further controller design process, it is sufficient to evaluate
ance of the HTP—controller by examination of the transfer function from the rudder

e x-acceleration g, ure Decause all relevant information about the coplanar motion
bendmg moment M., .. is included in this function. The aim of this design process is
¢ the damping of the coplanar modes by at least 5 % along with a simultaneous change
utch Roll Mode damping of less than 2 % according to the transfer function from the

input to the x—acceleration.

cop]anar modss T T T

Gust — HTP-x-acceleration
Rudder — HTP-x—acceleration |
— Gust = HTP-M

J
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: Magnitude of the transfer functions from the gust and the rudder input to the acceler-
in x—direction at the HTP-tip a,,, ., and from the gust input to the bending moment at the
M,HTP in the high precision model.

el simplification and order reduction

troller design, the high precision model is simplified. The unsteady acrodynamics Q{w)
gation (1) is approximated by its steady part Q{w = 0). Due to this assumption, the aeroe-
craft model can directly be transformed into the time domain. In the following, this
fied time domain model is called "simplified high order model’. This mode] still contains

body and elastic modes.
ext step of the controller design process, a systematic order reduction [7] of the simplified
model (including the coupled rigid body / aeroelastic motion) is performed. This step
simple synthesis model for controller design in the following named "synthesis model’.
stricted to the relevant coplanar modes and the Dutch Roll mode for considering handling
s, which should not be affected by the load alleviation and the feedback system. The
of this step is a vector differential equation of order 6 (2 coplanar modes & Dutch Roll
[11]) instead of an order n > 100, approximating the input / output behaviour from the
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rudder (deflection angle) to the z-acceleration very well (figure (3)).
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Figure 3: Comparison of the synthesis model of 6 ™ order and the high precision model,

order reduction consists of 2 steps:

1. Dominance analysis: The vector differential equation is transformed such that in the ne
coordinates the dominant states are obvious [12].

2. Order reduction: In the new coordinates, the system is reduced to the desired order vi
an extended residual stiffness method {7, 11}, such that the stationary state accuracy i
assured.

For the most critical flight condition, the reduced order system approximates the Dutch Ro
mode [11] and the two coplanar modes accurately (figure (3)). Figure (3) also shows the sta
tionary state accuracy.

3 CONTROLLER DESIGN PROCESS
During the controller design process, the following two steps are performed in each iteration.

1. The synthesis model serves to develop a physically transparent controller structure, whos'
parameters are the tuning parameters for optimization.

2. Via a multidisciplinary optimization [8], considering both the high precision model fo
loads analysis and the simplified high order model for the analysis of the time response
and the eigenvalues, the tuning parameters are fixed to achieve the design goals includin;
robustness against variations of the coplanar mode due to changes in the flight condition,

3.1 Controller synthesis

The HTP-controller consists of a state feedback vector k [13] based on the synthesis model an
a Kalman filter as a state observer, reconstructing the 6 states of the reduced synthesis mode
out of the measurement of the az ...

The state feedback vector k is designed via standard pole placem-nt [14] such that the dampi
d of the poles p = a % j b corresponding to the two coplanar modes is increased. The absol
value |p| however is kept unchanged. The demanded pole f can be calculated as follows

B=—2z-p|£jlplyl -2
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As described in [7],

the state estimator, a Kalman Filter is de51gned Agam the reduced model serves as the syn-
odel. This 6" order state space model (4, B, C, D) is extended with fictitious noise

B-u+lw(t), E(w) =0, E{’L_U_(tl) -y_T(tg)} = @ity ~1t2), @20(5)
+o(t), E() =0, E{u(t1) v (t2)} = Ré(tr — tz), R> 0

the identity matrix  and the diagonal matrix ¢ = diag(qi, g2, g3, %4, 75, gs ). The covariance
ces @ and R of the fictitious noise are free design parameters. The state space system
snng g of the regulator and the state estimator can then be written as

igh precision model.

i = (A-L-C—-B-k)i+Ly
= —k-Z

med such that in the ney tb the Kalman Gain L. u is the rudder deflection angle and y = g, is the measured x—

eration at the HTP-tip. For integration into the high precision model (see equation (3)),
ntrolier has to be transformed into the frequency domain. The Laplace-transformation of
on (7) yields

lto the desired order vis
:lonary state accuracy i

s:X(s) = A~L-C-B-E)X(s)+LY(s) @
l;imates the Dutch RoL U(s) = —k-X(s) _ ©)

> (3) also shows the s . . .
0. Equation (7) solved for the estimated state vector X (s)

Xs)=[sI-(A-L-C~B K\ L-Y(s) 9)

e Tsubstituted into equation (8) yields withs = j w
n &pﬂgr structure, whose

Uw)=-k jwl-@A-L-C—B-k]" LY. (10)

R

[
I

gﬁ;bmision model fo y (iRudder iz —aceeteration ) (CJJ)

is of the time respo:  HTP—controller transfer function K, ... 5. () can then be integrated into the
: dcsxgn ‘goals includin gh precision model (see equation (3))

‘it the flight conditior ‘
. (inudder:i) ' g.(w) + Giﬂudder ((JJ) : K*(’:Rndd:rv:) ’ —Ii(w) ‘ Q(U) + (1 1)

e - + GiRuddcr (0.’) * —E—(iﬁuddenjz—acczlsrationj ) ;‘H-‘(jx—nccelerazinm:) (Ld) ' g(wl
he synthesis model : , ‘ y"('w)
duced synthesis mode _ (W)

Eiﬂudder ’

Euch that the dampi
t Multidisciplinary optimization

¢ multidisciplinary optimization performed by MOPS! [8], the damping factor of the
janar modes (Parameter d,) and the elements of the diagonal covaniance matrices of the

- :as follows

Multi~Objective Parameter Synthesis (MATLAB based too! of DLR)
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Kalman Filter (Parameter ¢;; i = 1...6) serve as tuning parameters. The optimization
multaneously uses the high precision model for loads calculation with unsteady acrodynami
(equation (1)), the simplified high order model for stability analysis and the synthesis model fd
computing the controller. Using the ¢;, 7 = 1°..6 as tuning parameters and simultaneous
considering the controller performance in case of the high precision model is an important
ture of the multidisciplinary optimization. The modeling error in consequence of the of
reduction for the computation of the low order synthesis model is not only implicitly mode
by the g;, but the ¢; are also chosen such that optimal controller performance is achieved
ble (1) shows the criteria minimized during the optimization of the HTP—controller and.
model used to evaluate the specific criterion.

No. criterion description model for critetion evaluatio

1. Integral square error of the highpass—filtered x— Simplified high order model
acceleration. ;
Maximum magnitude of transfer function from Simplified high order & high preci:
rudder t0 az .., for & < w < 20 [rad/sk. sion model
Eigenvalue stability (greatest real part of closed Simplified high order model
loop system eigenvalues)
M, High precision model

Table 1: Criteria for the multidisciplinary optimization.

To achieve robustness, several critical flight conditions have been considered in the optimiza
process simultaneously, i. e. a fixed controller based on the fixed synthesis model is applied
several simplified and higher precision models representing critical flight conditions.

4 ANALYSIS AND RESULTS
Figure (4} shows the improved damping of the coplanar modes for the synthesis model of;
order. Figure (5) shows the achieved improvement in the damping of the coplanar modes:

3
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Figure 4: The HTP—controller improves the damping of the coplanar modes without aﬂ" :
the Dutch Roll mode in case of the synthesis mode! of 6 ™ order.

of the high precision model. Obviously, the Dutch Roll mode is not affected. Figure (5) de
strates that the controller properties which result from a synthesis based on the reduced mé
can be directly transferred to the high precision model. Figure (5) also shows an eige
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' consequence of the ord

10t only implicitly modeléd 80

rformance is achieved. T 70r-
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zation. Figure 5: Effect of the HTP-controller on the high precision model.
lﬁdemd inthe optimizatio t-he improvement of the damping of thf.‘. coplanar modes. A reduction of more than.20 % is
nthesis model is applied & ;_el\jet‘i atthe HT P for the most critical flight conditions, for a JAR 25.341—gust analysis based
flight conditions. ’ the high precision model with unsteady aerodynamics.
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] ‘igure 6: Achieved loads reduction along the elastic HTP axis (y-axis with length 1,,.) for the

ost critical flight conditions.

. CONCLUSION

n this paper an active gust load alleviation system is designed by a multidisciplinary opti-
ation. This system reduces the bending moment at the HTP-root by 20 % via active mode
ontrol of the coplanar modes. A simplified and systematically reduced 6 order state space
pstem which approximates the high order aeroelastic aircraft model according to the design
s serves as a synthesis model for the controller which consists of a state feedback matrix
nd a Kalman filter for state estimation. In order to achieve the desired controller performancz
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in case of the high precision model, the multidisciplinary optimization simultaneously useg
high precision model to evaluate the design and performance criteria. Moreover, different i
conditions are simultaneously considered for a robust controiler design.

Further investigations should analyse extended sensor concepts, in particular x—~accel
sensors at both HTP—tips. By taking the difference of the two x—accelerations, the syste
only active in case of the critical antimetric coplanar motion of the HTP. Thereby, the
on handling qualities and aeroelastic characteristics can be minimized more easily.
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