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Introduction
NALYTICAL assessment of aircraft handling qualities is often
based on an assumed feedback structure closed by the pilot. where
However, there are various situations where the pilot has a choice _ . .
of feedback structures. For such a situation, it is necessary to deter- H, = [H”fj] ’ i=12 and j =12 &)

mine the structure actually employed by the pilot. An example is
the control of the altitude 4 by the elevator é,., which has two possi-
ble candidates for the feedback structure shown in Figs. 1a and 1b.
Figure la is a direct output feedback single-loop system, referred
to here as the D model, whereas Fig. 1b is a multiple feedback
system with a pitch attitude 8 feedback inner loop,' referred to as
the I model. In Figs. la and 1b, ¥, Y}, , and Y,,, are pilot transfer
functions, and r,, r4, and ry are pilot remnants. G is the aircraft
dynamics matrix

The salient feature of Eq. (2) associated with the nonexistence of the
inner-loop transfer function Y, in the D model is that the matrix
enclosed by a broken line is singular. It can be easily shown that
the I model does not make this singularity. Since in actuality the
numerical procedure of the identification may bring about a nonzero
value of the determinant of the matrix, it is common practice to test
the singularity by using the singular values of the matrix.* Assume
that an AR model of the form of Eq. (2) is fitted to the observed data
X(n) = [8.(n) he(n) 6(n))" as’

T
G=[Gn Gu] o X(n) = LBW) @

where G, and Gy, are the 2 and 6 responses from §,. The sys-
tems of Figs. la and 1b are excited by a vertical gust w, and where W(n) is the innovation vector, n is the sampling instant,
a command input /.. These external signals and pilot remnants n=1,2,..., and L(B) is the transfer function matrix described in
are assumed zero-mean, mutually independent random processes. terms of the backward shift operator B. Then, two singular val-
The number of external signals is consistent with the identifiability ues can be obtained from the matrix in L(B) corresponding to
condition.’ that enclosed by the broken line in Eq. (2). To compute the sin-

Treating this altitude tracking task, this paper is aimed at propos- gular values, B is replaced by exp(—jwT;), where w is the fre-
ing an identification method capable of determining which is the quency in rad per second, 7y is the sampling interval in seconds,
actual operuting feedback structure, the D model or the I model. and j = /—1. Let the larger and smaller singular values of the
Reference 3 proposes a method, in which the covariance matrix of matrix be o, and os. The ratio os/o; should be very small if the
the innovations of the autoregressive (AR) model fitted to the data system has a D-model structure, whereas it should take a signif-
obtained from the feedback system is a key to the judgment on the icant value if the system has an I-model structure. Note that the
feedback structure. The application of the method to flight simula-
tion and flight test data, however, does not provide clearcut results.
Additional information is needed to make the judgment more defi- p Wg
nite. This paper proposes a method that utilizes an AR scheme and /20 . e 5 h

. . ] X o ]_—l + e
a singular value analysis of the transfer function matrix from the Yp G =
innovations to the outputs. - L2+ 6

pilot Aircraft
Singular Value Analysis

In the AR scheme, the systems of Figs. la and 1b are reduced 2)
to the feedback structure of Fig. 2. In Fig. 2, the D model has the
same structure as the I model does, but the quantities in the blocks Th g wg\L
are different: for the D model structure, the quantities in the two .. . he B ++ Se h
blocks related to pilot transfer functions and at a summing point are @iﬂ 5o Yp P ] ’][_G_J: =
replaced by those in the parentheses. U, V;, and V, are the inno- - 2 L267 - 9
vations, which become actual external noises by passing through pilot pilot Aireraft
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Fig.2 D and I models fitted to the AR structure.

ratio is nondimensional and a function of the frequency. Based on
the consideration made thus far, the singularity test is proposed
here as a method to judge the system structure. To summarize, if
the singular value ratio is very small, the D model is the correct
structure.

Computer Analysis

To validate the proposed method, a computer analysis was con-
ducted. In the work, D and I models of an altitude tracking task were
realized on a digital computer to acquire the data (8., 4., 0). The
simulated aircraft was the Navion® with the same flight configura-
tion and aircraft transfer functions as listed in Ref. 3. A vertical gust
having the one-dimensional Dryden spectral form of the intensity
o, = 1.0 ft/s (0.3 m/s) and the scale length L,, = 460 ft (140 m)
was applied to the aircraft. The gust generation process is illustrated
in Fig. 3 together with those of pilot remnants and a command in-
put. Z; ~ Z4 in Fig. 3 are mutually independent Gaussian white
noises with unit rms. Referring to Figs. la and 1b, the simulated
pilot transfer functions are

Y, = Kpe " (1 + Tp5)/(1 + T;s) 5)
Y, =K, (6)

Yy, = Kpe ™ (1 +0.25)/(1 +0.15) 0]
T = 0.06s (8)

Parameters (K ,, Ty, T;) of Eq. (5) and (K, , K ,,) of Egs. (6) and
(7) were the experimental variables. Numerical values of these pa-
rameters are given in Table 1 for the D model and in Table 2 for
the I model with a simulation number assigned to each combination
of the parameters. These parameter values were selected so that the
stability of the system exceeded a certain level. The intensity of the
pilot remnant injected in generating 8, was also changed through
C, in Fig. 3. Other parameters were fixed: C;, = 0.001, C;, = 0.1,
and w; = 3.14 rad/s. These parameter values of the noises were
based on an analysis of the signal to noise ratio. The transfer
functions in continuous form were reduced to the zero-order hold
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Table 1 Parameter values and simulation numbers for
D-model simulation

Ty
Tr | Kp 6.0 8.0 10.0 12.0 14.0
~0.000012 —0.00001 -0.000008 —0.000006 —0.000006
ENORECIR® D
—0.000012 —0.00001 —0.000008 -0.000006 —0.000006
0.0012
—0.000012 —0.00001 —0.000008 —0.000006 —0.000006
e ® ®
—0.000012 —0.00001 —0.000008 —0.000006 —0.000006
e 6
-0.000012 —0.00001 —0.000008 —0.000006 -0.000006
e (9) (=)
Table 2 Parameter values and simulation
numbers for I-model simulation
Kpy
Ky, —-0.5 -1.0 -2.0 —4.0
=D @ O 0
OO
OO
0.015 — — —
$1%) 14 w
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h
Ch
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Ch,

Fig. 3 Generation of external noises.

pulse transfer functions. Each of the data contained 1600 com-
puted points, but 1400 points were subjected to the analysis, ex-
cluding the initial 200 points. The sampling time 7T, was set equal to
0.06s.

Figures 4a and 4b show examples of the results of the singu-
lar value analysis. The singular value ratio og/o,, is plotted in
the frequency range wy < @ < 40 wy, where wy = wy/200,
and wy is the Nyquist frequency. The slanted axes indicate the
simulation numbers of Tables 1 and 2. Figure 4a exhibits clearly
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Fig. 4 Results of the singular value analysis: a) D-model simulation,
Cg = 0.02, and b) I-model simulation, Cy = 0.02.

that for all cases of the D-model simulation the matrix enclosed
by a broken line in Eq. (2) is almost singular, suggesting that
the D model is the correct structure. On the other hand, Fig. 4b
shows that the singular value ratio takes significant values in the
frequency range of interest if the inner-loop gain K, is large
enough. A close look at Fig. 4b and an analysis can point out
the following: a peak exists around the short period mode natu-
ral frequency, the peak magnitude increases as the magnitude of
Y,, increases, and the frequency band where the singular value
ratio takes significant values shrinks as the pilot remnant intensity
increases.

Conclusions

An identification method is proposed to determine the feedback
structure employed by the pilot in a system with a choice of feed-
back structures. The method utilizes an autoregressive scheme and
a singular value analysis. The method is applied to an analysis of the
computer simulation data of an altitude tracking task. It is shown
that the method can make clear judgment on the feedback structure.
Application to the data from the real world is to be made in the
future.
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Dynamics and Control of
Slewing Active Beam

Moon K. Kwak,* Keith K. Denoyer,!
and Dino Sciulli*
Phillips Laboratory,
Kirtland Air Force Base, New Mexico 87117

I. Introduction

HE performance requirements of future space systems have
brought much attention to the study of the simultaneous slew-
ing and vibration suppression of space structures. To fulfill the re-
quirements of precision spacecraft, the aerospace community has
been looking for active structures, i.e., structures with highly in-
tegrated sensors and actuators, which can be used to change the
mechanical properties of the structure.! ™
In this Note, a slewing flexible beam equipped with a multitude
of piezoelectric sensox xxrs and actuators is modeled by use of
the extended Hamilton principle, resulting in the equations of mo-
tion as well as the measurement equations. Nonlinearity enters into
the equations of motion through the rigid-body rotational motion,
whereas the elastic vibration is assumed to be small compared to
the rigid-body rotation. Based on these equations, the decentralized
control concept is proposed, which divides controls into the slewing
and vibration suppression control. Slewing is achieved by utilizing
sliding-mode control® as if the system were rigid and the vibration
suppression is carried out independently by means of modal-space
positive-position-feedback control” plus disturbance counteracting
control.
All the developments in this paper are verified by the experiment.

II. Modeling of Slewing Active Beam

The motion of the beam is constrained to a horizontal plane and
the beam is thin compared to its length so that we can regard it
as an Euler-Bernoulli beam. Placed on the beam are piezoceramic
plates that can be used as sensors or actuators. To model such a
beam, we need to combine the stress-strain relationship of the Euler-
Bernoulli beam theory with the piezoelectric constitutive equation.
The control design for the hybrid equation is not feasible, so that
the elastic displacement is discretized by introducing the admissible
functions

n
v=u(n 0 =) ;g (1) = bq )
j=1
where v(x,t) is the elastic displacement of the beam, ¢ =
[p1 ¢2...¢.] is a vector of assumed mode shape, ¢ =
g, g2...q, ) are generalized coordinates, and n is the number
of assumed modes, respectively. We assume that the admissible
function introduced in Eq. (1) automatically satisfies the boundary
conditions. Thus, the total kinetic energy can then be written as

T =1J6"+16°¢" Mq +0D4 + 14" Mg )

where 6 is the slewing angle, J is the total mass moment of inertia,
M is the total mass matrix, ¢ = f mx® dx in which /m is the mass
density, respectively. In addition, the total virtual work has the form

SW=8vTCv—8v"BTq—8¢"Bv—8¢" Kg+T,86 (3)

where v is the voltage applied or generated in the piezoceramic
plate, B and C are coefficient matrices resulting from the piezo-
electric property of the piezoceramic plates, K is the total stiffness
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