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Introduction

IGENSTRUCTURE assignment has received considerable at-

tention as a method for design of flight control systems.! 3
Although recently overshadowed by various H,-based techniques
in the research literature, eigenstructure techniques offer a simple
method for designing low-order, easily implementable controllers
that can directly incorporate handling quality specifications. It is
well known that, for a controllable linear system, eigenstructure
techniques can be used to design a linear feedback controller that
places closed-loop eigenvalues and shapes closed-loop eigenvec-
tors into desired configurations* The question for the designer is
how to specify these desired eigenvaluesand eigenvectors. The ap-
proachdevelopedin this Note is to use a state-spacemodel of desired
responses that is based on flying quality specifications. This state-
space model is then used to generate the desired eigenvalues and
eigenvectors, which are to be obtained by feedback control. In this
Note, a direct method is used for calculating the gain matrix, which
achieves the desired eigenvalues exactly and the desired eigenvec-
tors in a best least squares sense. Direct methods for eigenstructure
assignment by least squares methods are described in numerous
references.!~® Garrard et al.’ and Low and Garrard® showed how to
use handling quality specifications for helicopters to generate de-
sired eigenstructures, which were then achieved in a least squares
sense by feedback control. In this Note, the techniqueis extended to
lateral-directional control of an aircraft. As an illustrative example,
controlof a tailless aircraftis considered. The method of state-space
modeling of handling qualities could also be used in design of model
matching H, or H,, controllers.

In a recent paper Mengali’ developed a somewhat different ap-
proachto eigenstructuredesignin which he fixes a priori the compo-
nents of the desired eigenvectorsand then numerically minimizes a
linear quadratic performance index to achieve the desired eigenval-
ues within specified limits. There are two major differencesbetween
the control design methodology in this Note and that of Mengali’s.
These are 1) the way in which the desired eigenstructureis selected
and 2) the way in which the gain matrix is calculated. Mengali con-
siders the control of a large transport. The open-loopresponseof this
aircraftis relatively well behaved compared to the very unstable air-
craft consideredin this Note. It is not clear that Mengali’s approach
to closed-loop eigenvector selection would work well in the case of
an extremely unstable aircraft. On the other hand, the method for
eigenvectorselectiondescribedin this Note could be used with Men-
gali’s method for gain matrix calculation. This is an interesting idea
because the direct method may, in some cases, result in large actua-
tor deflections, whereas Mengali’s method automatically trades off
eigenvaluelocation (bandwidth) with surface activity. This tradeoff
would have to be done by hand using the direct method.
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Design Technique
The system to be controlledis given in linear state-space form as

x = Ax + Bu €8]
and the control is a linear function of the state vector
u=—Kx )

The feedback gain matrix is selected such that this control law re-
sults in desired placement of closed-loop eigenvalues and shaping
of closed-loop eigenvectors. In the method presented, the desired
eigenstructure is derived from a state-space model that represents
the desired response. This model is given by

X, = Agxq + Byx, 3)

The question is how to select A, and B, to give specified han-
dling qualities. It is widely accepted that a first-order, roll-rate re-
sponse and a second-order, side-slip response are desirable for ac-
ceptable handling qualities. Although many papers have developed
controllers that decouple roll rate and side slip, it is clear from a
knowledge of basic handling qualities that this is not desirable for
stability augmentation because it implies neutral static lateral sta-
bility,i.e., L. (Neutral lateral stability may be desirablein a control
augmentation system.) Also a stable, long time constant, spiral re-
sponse is beneficial to good handling qualities.®
Desired lateral-directionalresponse is modeled as
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p = ~1| T8
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There is no cross coupling in the B, matrix to avoid a roll-rate com-
mand as input to the yaw axis or vice versa. Because A, determines
the eigenstructure,it is specified so that it has a first-orderroll subsi-
dence mode, a second-order Dutch roll mode, a stable spiral mode,
and static lateral stability. The characteristic equation for A, is

gcosf

(L, —5)(=5"+ Nys? = Ngs) + ( )(N, —$)Lg=0 (5)

If g cos 0/ V is small, then the nonzero roots of this equation are

s=1L,, s=(N,/2) £ 1,/N, — 4N, (©6)

Assuming s small to get the spiral root yields

0 0
(L,,Nﬁ+Lﬁgc‘(;S );—(gc‘(;s )N,L5=0 (7)

Substituting numerical values in these approximations gives

s = —4, s = —0.0389, s =—0.5+£ 19365

The actual eigenvaluesof A, are

s = —4.0289, s = —0.0382, s = —0.4665 £ j1.9581

The approximations just given are very similar to the three-degree-
of-freedom Dutch roll approximation of McRuer et al.” for Y5 zero
and if the derivatives are prime. It is easy to include Yy in the for-
mulation just given; however, in the flying quality specifications, no
unambiguous specification of the desired value of this variable ap-
pearsto existand so it was setequal to zero for the sake of simplicity.
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Except for very low velocities, the g cos@/V term is small but
providesa stable spiralresponse. The L, term is the negativeinverse
of the roll-subsidence time constant 7. Ny is approximately the
square of the Dutch roll frequency, and N, supplies the Dutch roll
damping. The values for these terms can be selected from handling
quality specifications. These specifications also provide Lg as a
function of T%, so that once the time constantfor the roll-subsidence
is selected, Lg can be determined’

Once values have been assigned to the terms in the A, matrix, it
can be used to generatea desired set of eigenvaluesand eigenvectors
for eigenstructure controller design or transfer function models for
H,- or H,,-based model matching design approaches.

Example

To illustrate the technique, the results are applied to the control
of a mathematical model of a tailless fighter aircraft.!° The model
considered is a hypothetical F-16 with its vertical tail surface area
reduced to 20% of its nominal value and thrust vectoring added to
replacethe loss of the rudder. The linearized open-loopdynamics of
the aircraftare given in the formof Eq. (1) at M = 0.56 and sealevel:

—0.1024 0.0519 0.0155  0.9996
B 0 0 1.0000  0.0155
T | —14.1271 0 —4.5338  0.0633
—10.5446 0 —0.0241 —0.0377

0.0209  0.0075

B 0 0
| —63.7748 —0.0930
—2.8262 —0.8995

The control vector comprises the aileron deflection and the angular
deflection of the thrust vector nozzle in the yaw direction.

The open-loop eigenvalues are 3.1398, —3.2737, 0.002, and
—4.5422. The pole at —4.5422 is associated with roll subsidence,
the small positive real root is associated with an unstable spiral
mode, and the real eigenvalues at 3.1398 and —3.2737 are associ-
ated with eigenvectors that contain both rolling and yawing rates
and could be considered as Dutch roll modes. In any case, the large
positive eigenvalue would result in response that is so unstable that
the open-loop aircraft would be unflyable.

To put the modelin the form given by Eq. (3), it is necessary to let

u=Hx, 8)
where
B x H=~ B, 9
H can be determined using the pseudoinverse method.
If we select wpr = 2 rad/s, ¢{pr = 0.25, and T = 0.25 s, then

from the handling quality specifications,® Ly = —12. Thisresultsin

0 00519 0 -1

0 0 1 0
Ay, =
—12 0 —4 0
4 0 0 -1
and
0 O
B, — 0 O
T4 o0
0 —4

Using the pseudoinverse,

—0.0630 —0.0065
=1 0.1980  4.4671
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and
0.0002 0.0334
0.0000 0.0000
B x H =
3.9994  —0.0009

—0.0001 —3.9998

The eigenvaluesof A, are as follows: Dutch roll —0.526741.9722i
(w=2.0413,¢ = 0.2580), roll subsidence —4.0296, and spiral
—0.0371, and the respective eigenvectors are

0.2408 £ 0.0649i, —0.0024, —0.0122
0.3166 £ 0.1856i, 0.2409, —0.9979
—0.5328 4= 0.52661, —0.9706, 0.0370
—0.0136 4+ 0.49161, 0.0032, —0.0508

These values make the unstable tailless aircraft respond like a con-
ventionalstableaircraftthatexhibitsreasonably good handling qual-
ities.

Applying eigenstructureassignmentresults in the following con-
trol gain matrix:

| —0.1668 —0.0027 —0.1211 —0.0683
T [ 35802 —0.0015 0.0086 —0.2024

This gain matrix gives closed-loop eigenvalues, which are identical
to those desired, and eigenvectors, which are close to the desired.
Because the p and ¢ gains were small in both channels and the r
gain was small in the roll command channel, they were eliminated,
resulting in a simplified control:

_[-0.1668 0 0 0
71 35802 0 0 —0.2024

The closed-loopeigenvaluesfor this controllerare as follows: Dutch
roll —0.5149 £ 1.9723i (w =2.0384, ¢ =0.2526), roll subsidence
—4.5401, and spiral —0.0331, and the eigenvectors are

0.2133 £0.0332i, 0.0012, —0.0122
0.2319£0.3168i, 0.2406, —-0.9977
0.7395 £ 0.2926i, —0.9706, 0.0450
—0.1301 4+ 0.38714, 0.0022, —0.0493

The closed-loop eigenstructureis fairly close to the desired.

The elements of the desired and actual transfer function matrices
between the inputs p. and B, and the outputs p and B are shown in
Fig. 1. It can be seen that there is very little coupling between the
side-slip and roll-rate command, i.e., a roll-rate command would re-
sultin an aileronroll. As specified, the roll rate to roll-rate command
transfer functionis first order with a rolloff frequency of 4 rad/s and
the side slip to side-slip command transfer functionis second order

szide slip/side slip cmd: desired-,actual--

gide slip/roll rate cmd: desired—,actual--
10 10

3 B0
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© [
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Fig.1 Closed-loop transfer functions.
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Fig.2 Time history responses: roll-rate command.
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Fig.3 Time history responses: side slip command.

with a natural frequency of 2 rad/s. There is coupling between side
slip and roll rate as specified in the model for desired response.

Time history responsesto a 2-s step, roll-ratecommand are shown
in Fig. 2. It can be seen that the desired and actual responses provide
first-ordertracking of the command and that the directionalresponse
is very small. Figure 3 shows time history responses to a 2-s step,
side-slip command. A second-orderresponseis achieved and a pos-
itive side slip results in a negative roll response as is required for
static lateral stability.

Because the aircraft is unstable, robustness of the controller is
important. It was found that the size of the B matrix couldbe reduced
by 18% before the aircraft became unstable.

Conclusions
The method outlined in this Note provides a simple model for
generating desired eigenvalues and eigenvectors for use in eigen-
structure design of lateral-directional controllers for aircraft.
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Introduction

HE damagedetectionoflarge flexible structuresis an important

and challenging task in the system identification and struc-
tural dynamics communities. Recently, various damage detection
approaches have been proposed.! =3 Most of them use the finite ele-
ment model (FEM) update techniques. In general, the FEM update
techniques require many sensors to measure mode shapes, but the
number of sensors is limited in practical applications. Recently, a
correlation approach' was developed for damage detection based
on the comparison of the transfer function parameter change of the
tested system and the change due to damage. Only a few sensors
are required for this approach. The results of a comparison of this
method with some other methods show that this method is more
robust to model inaccuracy such as the error due to noise than the
other methods *

This Note presents a novel study of the transfer function param-
eter change due to structural damage by applying this correlation
approach. This extends the correlation approach to the study of the
characteristics of the parameter change due to structural damage
such as the reduction of element stiffness. The characteristicsof the
parameter change play an important role in pattern recognition for
methods such as neural network techniques, which can be applied to
structuraldamage detection.Because only a few sensorsare required
for the correlation approach, the placement of sensors is important.
This Note also addresses the issue of optimal sensor placement for
structural damage detection. The presented sensor placement tech-
nique is based on the sensitivity of the transfer function parameter
to structural damage.
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