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Abstract

In this paper an integrated synthesis method of gust
load alleviation control laws for a flexible aircraft which can
also guarantee flutter margin augmentation is presented.

The method is applied to a wind tunnel test model
which has both acroelastic and dynamic similarity. A mathe-
matical model is derived in a state space time domain based on
the FEM structural analysis and the boundary element un-
steady aerodynamic analysis. The math model is tuned to be
consistent with ground vibration and wind tunnel test results.

Based on this math model, control laws are synthesized
applying the Linear—Quadratic—Gaussian (LQG) optimal con—
trol law synthesis method with an order reduction procedure at
design speeds of both a subcritical and a supercritical flutter
state. With a cost function of a model's kinetic energy to be
minimized, control laws obtained satisfy the design require—
ment of gust load alleviation and flutter margin augmentation.

Typical control laws obtained were implemented in a
digital computer and tested in the 6.5m X 5.5m subsonic wind
tunnel at the National Aerospace Laboratory and analytically
predicted results to alleviate gust loads and augment a flutter
speed were verified in the tests.

1. Introduction

Experimental and analytical studies on active control
technology (ACT) for aeroelastic systems have been persist—
ently pursued at the National Aerospace Laboratory (NAL),
with previous work focusing on cantilevered wing models.®)-
©) These investigations were extended to include a complete
aircraft model having a high aspect-ratio wing with aeroelas—
tic similarity.(10)

A mathematical aircraft model was derived in a state
space form, and was tuned to be consistent with ground vibra-
tion and wind tunnel tests. In this model, heaving, pitching and
wing vibration were taken into account. The Linear Quadratic
Gaussian (LQG) optimal control synthesis method was then
applied to the model, with Hyland's method additionally
incorporated so as to obtain practical low order control
laws.dD

Typical control laws derived were served in wind
tunnel tests that utilized a newly developed active suspension
system. This system enabled the aircraft model to fly in the
wind tunnel and have freedom in heaving, yawing, and pitch—
ing. The NAL Low~-Speed Wind Tunnel (6.5m X 5.5m) was
used for these tests.

Analytical and experimental results showed that the
wing's acceleration feedback plays an essential role in reduc—
ing the wing root bending moment, and also that the addition
of bending strain feedback further reduces this bending
moment, especially in the rigid-body mode frequency range.
In addition, the elevator was found to slightly improve control
performance.
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For practical application of gust load alleviation
system it is necessary not to sacrifice the flutter margin.
Although there were many investigations on the simultaneous
fulfillment of gust load alleviation and active flutter suppres—
sion,@2» 13 integrated design method which incorporates an
efficient order reduction method is not yet established. Re-
cently the last author of the present paper proposed the multi-
ple model approach as a robust control design method.4, (5
As an application of this approach, multiple design point
approach combined with Hyland's order reduction method is
proposed here for an integrated design method for gust load
alleviation and flutter margin augmentation.

2. ACT Wind Tunnel Test Model

A scaled transport aircraft model which was designed
and constructed for wind tunnel tests has aspect ratio of 9.86,
swept back angle of 189, and its wings have an aeroelastic
similarity to a particular future transport aircraft. The ailerons
are driven by electric DC servo-motors, and the elevator is
driven by a stepping motor, with both being utilized as control
devices. The horizontal tail and rudder are activated for pitch
and yaw trim, respectively. Systematic diagram of the ACT
(Active Control Technology) model is depicted in Figure 1.

Figure 2 shows the wind tunnel test set—up, with the
model being supported by a vertical rod which allows it to go
up and down along the rod. Pitch and yaw freedom are also
given. Since the model lift is not enough at trim speed, two
cables having their tension controlled by a torque motor are
attached onto the wind tunnel test section. A gust generating
system is additionally attached upstream on the test section
wall.

3. Acroservoelastic Math Model

3.1 State—Space Equations of Motion

A mathematical aircraft model is obtained in a state
space form. The wing deflections are treated using a modal
approach. The finite element method (FEM) is used to extract
five natural modes which approximate the wing motion in the
response analysis, being tuned so as to be consistent with the
ground vibration test results. The wing deflections, z(x,y,t),
can be expressed with N natural modes, z,;(x,y), as

253t) = Zzusy)ai0) o

using the generalized coordinates g;(t).

The linearized equations of motion for heaving and
pitching degree of freedom are

mh = Lo+ Lyt + Lg

N .
+ E(Lq,-q,- +Lygy) + Looy + LS, + LS,

. ) (22)
Iyd =Moo+ My + Mg

N .
+ 2 (Myq; + Myq) + Moo, + M8, + My,
i=1 (Zb)

where m and Iy are the model's mass and moment of inertia,
respectively. & = 8~h/U, is an angle of attack, g is pitch rate,
0, is gust incidence and a/de the aileron/elevator deflections.
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L,'s and M,'s are quasi-steady aerodynamic coefficients. The
equations for a wing vibration can be expressed for each
natural mode as

g; + 250, 4; + 07g; + 5,8,

N ®
=fya+Z (i + foe@) + oy + 50,
i=1 (ZC)

w;, E; and the aileron’s inertial coupling coefficient s; are
obtained by ground vibration tests. The generalized aerody-
namic forces on the right hand side of Eq. (2c) are estimated
by the boundary element unsteady aerodynamic analysis and
can be expressed by the aerodynamic lag using the supple-
mentary variables 1 as

J(t) = Aq(0) + A,q(0) + Agq(t) + 1 (t)

o (3)
r(t) = Fr(t) + Gq(t)

where g = (q; g5 ... qy)% F = diag(~)\-,-N)

Other equations are for the control surface actuating
system and gust generating system. Aileron/elevator actuating
systems are expressed in the form of second order dynamic
systems; a first order shaping filter is included to express a
gust model.

The governing equations are eventually written in the
form of a state space model as

x(t) = Ax(t) + Bu(r) + w(t) (4a)
where x = (,6,4,9a, 5¢,h,0,¢,5a,8¢,r,ag). Components of u are
the control commands to the aileron and elevator actuating
systems, and w represents the white noise which is input to the
gust model shaping filter. The output equations which estimate
the fore/aft body and wing vertical accelerations, wing bend-
ing and torsional strains, pitch angle, and vertical deflection
are expressed as

y(t) = Cx(t) + Du(t) + v(t) (4b)

with v being a measurement noise.

3.2 Simmetrization of a Math Model

In the ground vibration tests previously executed,
asymmetry in the torsional natural modes was observed, being
caused by torsional elasticity differences between the wings.
If the mathematical model accounts for these differences in
clasticity, the left and right wing torsion natural modes appear
independently of each other. Since it is assumed the aircraft
model has symmetric motion, a math model is simmetrized by
applying the resulting left wing torsional elasticity to the right
wing.

Two mathematical models are subsequently obtained.
The one is a sephisticated model, which can predict precisely
the aircraft model's dynamics by expressing the wing deflec—
tions with five natural modes. They are three bending modes,
asymmetric left and right wing torsional modes. This asym—
metric model has an order of 24. The other is a symmetric
model of 18-order, and expresses the wing deflection with
three natural modes; two bending modes and a symmetrized
torsional mode (Fig.3). Comparison of the velocity root loci
(Figs. 4a,b) of both models indicate that the first order bending
mode, which is essential to gust load alleviation, and flutter
characteristics are as well expressed by a symmetrical model
as a sophisticated model. The frequency responses also show
good correspondence to the experimental results, The LQG
optimal control synthesis method is applied to the symmetric
math model, accordingly. The sophisticated model is used to
evaluate the control law performance prior to the experiments.

4. GLA/FMA Control Law Synthesis

4.1 GLA Controller

The present control law synthesis procedure is based
on LOG control theory. The first step of the procedure is to
derive a full-state feedback control. The cost function, J, is
defined as

I =E(1/2 xTQx + 1/2 uTRu) 4
where the first term in the brackets represents the kinetic
energy, R in the second term represents control weights, and
E() indicates an average value. Since a model cruising speed
is 25 m/s, design velocity for GLA controller is set there at 25
m/s. With the aileron/elevator control weights as parameters,
optimal regulator is obtained by solving the Riccati equation.
Following this, a diagram showing trade—off between control
deflections and energy reduction is obtained as in Figure 5.
The design weight of 15/15 for aileron/elevator is selected so
that moderate values of control deflections result at certain
level of gust [oad alleviation measured by the elastic energy
reduction ratio.

The next step of control law synthesis is to design a
state observer applying a Kalman estimator with wing acceler—
ometers and/or wing strain as inputs. The resulting full-order
output control laws have an order of 18, the same order as the
math model. Since the full 18-order output control laws are
too large for real time computation, Hyland's method(D is
introduced for order reduction.

Table 1 contains the performance of two sets of control
laws obtained (A1, A2). A full~-state controller derived with a
control weight of 15 reduces the elastic energy to 49%. Corre—
sponding full order controller using the wing accelerometer
reduces the elastic energy to 51%, slightly degraded the full
state controller. Based on this control law, a lower order
controller (order 4) is obtained using Hyland's order reduction
method, where the energy reduction ratio is further degraded
to 58%.

This reduced order controller is evaluated for frequen-
cy response as in Figure 6(1). This figure shows that controls
can alleviate both acceleration and bending moment response
almost all the frequency range except the lowest resonance
region for bending strain; though acceleration is suppressed in
this region, bending strain is increased instead. Intending to
improve this deficiency, strain signal is included as a feedback
signal along with acceleration. Resulting low order controller
(order 2) shows expected improvement in performance as in
Figure 6(2) and A2 control law in Table 1.

Since the cost function used to synthesize the gust load
alleviation control laws is the aircraft model's kinetic energy,
control laws should be effective for flutter suppression as well.
Table 1 shows that each control law, even designed at a sub-
critical speed, shows a certain level of flutter margin augmen-—
tation. )

4.2 Wind Tunnel Test Verification

Practical performance of these two types of control
laws were investigated in wind tunnel tests.(9 Test frequency
responses are summarized in Fig. 7 (1), (2). Wind tunnel tests
were also executed at different wind speeds from which flutter
stability margin was extracted by the NAL's AR model identi—
fication technique. Figure 8 shows the results where the ana-
lytical results in Table 1 are confirmed. Since the correspond—
ence between analysis and experiment shown in Figs. 6, 7 and
Table 1 is fairly good, it is confirmed that the present control
law synthesis method is effective for gust load alleviation with
a certain level of flutter margin.
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4.3 GLA/FMA Controller

In order to enhance flutter margin augmentation, an
intentional use of the cost function to increase a flutter speed
was intended; design velocity was set equal to 33m/s, being
higher than the model's estimated flutter speed (supercritical
speed). In order to get the control laws with the same level of
control surface activation, the control weights were adjusted
lower than the design values at 25 m/s. With the control
weights of 400/15 for aileron/elevator, improved GLA/FMA
controller were able to be obtained as shown as control law B
in Table 1 where the higher flutter margins are attained than
by control laws designed at 25 m/s.(7)

Further improvement of the control law are tried by
introducing the multiple design point approach. Since the
coefficients of the plant equations (4a), (4b) depend on a
velocity, equations at two different design speeds can be
expressed as,

x(t) = A1) + Bast) +wi)
Yilt) = Cxft) + Dau(t) +vi()
where i=1 for supercritical speed and i=2 for subcritical speed.

Control law to be designed is a reduced order controller and
has the following common structure for different speeds.

p(t) = Fp(t) + Gy(t)
u,(t) = Hp(t)
In this case performance index J to be optimized is

defined both at subcritical and supercritical speed simultane-
ously as follows,

(©)

™

N
1=Zp]; ®

where J; = E(1/2 x,70x; + 1/2 u"Ru;) )

J; is the cost function for each model similar to that of

an ordinary LQG problem. py(>0) is a weight for i—th model
satisfying p; + p, = 1, and is design parameters. The problem
can be stated to seek the matrices F, G, H so as to minimize
the performance index J under the constraint of Egq. (6).
As a minimization algorithm, a quasi-Newton method of
Fletcher(® may be used. Since a reduced order optimal con-
trol law at a supercritical speed has already obtained as a
control law B, it can be used as an initial values for the multi—
ple design point problem.

As an example of applying the present method, it is
assumed that only the components of F matrix in a controller
are optimized parameters, while, the other components in G
and H matrix are fixed. By choosing p, equals to 0.25 and p,
to 0.75, we were able to obtain a control law which refine the
performance index at a cruising speed of 25 m/s as shown as
control law C in Table 1 and in Figure 10. Though the energy
reduction ratio at 25 m/s is moderated, the control surface
movements are remarkably reduced there.

5.Conclusions

A mathematical model for an aeroservoelastic system
is developed to adequately determine the dynamics of a flexi-
ble transport aircraft. The math model is derived in the state
space time domain based on the FEM structural analysis and
the boundary element unsteady aerodynamic analysis.

An integrated control law synthesis method which can
realize gust load alleviation and flutter margin augmentation
simultaneously is proposed. The synthesis method comprises
the QG optimal control law design procedure with the order

reduction method applied at the design speeds of both the
sub- and super-critical flutter state.

Typical control laws obtained were implemented in the
wind tunnel test and test results confirmed the analytically
predicted results, so that the effectiveness of the proposed
synthesis method was verified.
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