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Introduction
A NOVEL methodology is proposed herein, to identify

jCmmodel parameters of vibrating structures. Mass, stiffness,
and damping matrices corresponding to a lumped equivalent
model of the tested structure are obtained directly from the
impulse response data. Unlike the conventional approach that
utilizes the modal shapes synthesis technique,1'2 the present
identification scheme requires only a simple manipulation of
the impulse response data. The dimension of the matrices in-
volved in the computation procedure is of about the same
degree-of-freedom as the structure under testing. A simulation
study of a spring-mass damper system shows the high accuracy
of the identification procedure. Even under the condition
where the number of sampling points is limited, the present
method gives a surprisingly good result.

Analysis
Assume that a large space structure (LSS) can be satisfac-

torily modeled by the following linear matrix differential
equation:

(1)

where jc is the nxl configuration vector of physical
displacements, /the n x 1 force vector, Mthe n x n symmetric
positive-definite mass matrix, C the n x n symmetric positive-
semidefinite damping matrix, and K the nxn symmetric
positive-semidefinite stiffness matrix. Dots denote differentia-
tion with respect to time.

Our objective is to identify the poorly known coefficient
matrices M, C, and K. One straightforward way to do this is to
measure the position, velocity, acceleration, and force at some
discrete instants, and obtain enough measurement equations
to estimate M, C, and K by the least-squares method.
However, the measurment of acceleration, velocity, and
displacement at all degrees-of-freedom poses practical dif-
ficulties. To obtain partial relief from this requirement, an or-
thogonal identification scheme has been proposed in Ref. 3,
where the Chebyshev polynomials are used to approximate the
acceleration data. In the case of impulse force excitation, a set
of natural polynomials inherently exists in the expression of
displacement, and on this polynomial basis it is shown here
that the impulse response data and the model parameters have
a very simple relation.
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Taking the Laplace transform of Eq. (1) and assuming zero
initial conditions gives

B(x)X(s)=F(s)
where

(2)

(3)

Here, s is the Laplace variable, and F(s) the applied force vec-
tor, and X(s) the resulting displacement vector in the Laplace
domain. B(s) is called the system matrix, and the transfer
function matrix (TFM) H(s) is defined as

H(s)=B(s)-1

We expand H(s) to a power series of s:

(4)

(5)

where H(i) are called the Markov parameters of the
corresponding TFM. Since the elements of B are quadratic
functions of s, we must have //(Q) = /f(l) = 0. In terms of
//(/), M, C, and K can be expressed as

(6a)

(6b)

(6c)

where H(2) is invertible, since the impulse excitation
guarantees that all degrees of freedom participate in the
response. Taking the inverse Laplace transform of both sides
of Eq. (5) yields

C=-H(2)-1H(3)H(2)

L-l[H(s)]-=h(t)

=H(2)t/ll+H(3)t2/2l (7)

where h(t) is the impulse response matrix with the dimensions
of nxn. Equation (7) can be interpreted as a polynomial
representation of the impulse response function using the stan-
dard basis {l,f,.f2,..,}-. I f / is small enough, the high-order
terms in the right-hand side of Eq. (7) can be neglected.

Consider an idealized measurement process wherein the im-
pulse response data are measured at discrete instants, say t l y
t2,...,tm. Upon writing m measurement equations (m>n)
identical to Eq. (7), one for each measurement time, the
resulting matrix equations can be written as

(8)

where Tm is an m x m coefficient matrix:

... ??/m\

t t\/2\ ...

d/2! ft/ml

(9)
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The tensor product or the Kronecker product is denoted by
®, and Tm®Inxn means that every entry of Tm is multiplied
by the identity matrix Inxn.

Y is an mn x n matrix containing the unknown Markov
parameters:

Y=[HT(2)HT(3)...HT(m + l ) ] T (10)

Z is an mn x n matrix containing the impulse response data:

Z=[hT(ti)hT(t2)...hT(tm)}T (11)

It can be shown by the properties of the Kronecker product
that

ness matrix K by

Thus

(12)

Substituting H(2)9 H(3), and H(4) from the solution of Eq. (8)
into Eq. (6) yields the estimated model parameters M, C, and
K.

One of the remarkable properties of the present method is
that an increase in the number of sampling data (m) does not
necessarily guarantee an improvement in the accuracy qf the
results. To get a fast convergent rate of Eq. (7), a small value
of t is needed, but in this case the matrix T tends to become ill-
conditioned for a large value of m and deteriorates the trunca^
tion errors. An appropriate value for m falls between n +1 and
3«, and frequently m^n+\ gives a satisfactory result. This
can be seen in the following simulation work. This property is
quite different from the existing method1'2 where at least In
measurement equations are required: the resulting computa-
tion involves manipulation with an augmented matrix of a
dimension of at least 2n.

The other point that must be noticed in the present
algorithm is identification accuracy, and computational work
depends mpre on the number of sampling data than on the
order of the system, as can be seen from Eq. (12). Due to this
property, there is no significant difference in identification ac-*
curacy for high^order systems as/long as the number of sam-
pling data are kept the same. Thus, accuracy comparable to
that of low-order systems can be obtained for high^order
systems. However, as a system's order increases, the measure-
ment of the complete impulse response matrix becomes dif-
ficult, and future work is needed to alleviate this constraint.

Example of Identification
The structural parameters of a spring-mass damper system

shown in Fig, 1 are to be identified by simulation study. The
parameters m, c, and k are assumed for the purpose of
generating the simulated data. Assume that the measurement
data is clean and the sampling instants are separated by the
same interval T. Define the identification error for the stiff-

M=<Uag( l 1 1 1 )

3 - 2 0 0
4 - 2 0

Sym 4 -2
3

3 -2 0 Q
3 - 1 0

Sym 3 - 2
3

)= max \Kij-Kij(m,T)\

where K{j is the element of the exact stiffness matrix K and Ktj
(m,T) is that computed by the present method with the
number of sampling points m and sampling interval T.
eM(m,T) and ec(mtT) are defined in the same way. The
simulation results for systems of various orders are depicted in
Figs. 2-4. It can be seen from these figures that there exist cer-
tain values of m at which the identification error reaches its
minimum value. The simulation shows the general tendency
for the value of m that minimizes e to fall within the range of

For the fourth-order spring-mass damper system, if seven
sampling data are used with a sampling interval of 0.02 s, we
obtain the following results:

M=diag(l.00000 1.00000 1.00000
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Fig. 1 Spring-mass damper.
Fig. 2 The identification error of mass coefficients vs number of
sampling data.
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Fig. 3 The identification error of damping coefficients vs number of
sampling data.
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Fig. 5 The identification error of stiffness coefficients vs sampling
interval using seven sampling data.

Comparing these simulated values with the assumed coeffi-
cients, it can be seen that the maximum relative error of the
identified structural parameters does not exceed 0.12%. This
accuracy is comparable with that achieved by the combination
of the dynamic data systems (DDS) methodology with the
finite-element method (FFM).1 However, the computational
work has been significantly reduced in the present method.
The variation of the identification error with the sampling in-
terval is depicted in Fig. 5, where the most desirable sampling
interval is shown to be between 0.01 and 0.02 s and the
minimum relative error is below 0.1%. The simulation results
also show that there is no significant difference in the iden-
tification error for higher order systems.

Remarks
Using the Hankel parameters obtained from the solution of

Eq. (8), we can construct the Hankel matrix

Fig. 4 The identification error of stiffness coefficients vs number of
sampling data.

H(2) H(3)

H(2) H(3)

From the Kronecker theorem,4 we know that the number of
nonzero singular values of F is equal to the order of the
system, and the method of Ref. 5 can be used to determine the
order of the system from a finite number of Hankel
parameters. The singular-values analysis of the Hankel matrix
has also been used as a robust tool for rank characterization6'8
in the presence of noise. The combination of the present
method and the techniques of singular-value decomposition
and system realization7'8 will hopefully give us a useful tool
for model reduction and parameter identification from noisy
data.
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of the wheel inertia 7W, and satisfy the condition

Improved Method for the Initial
Attitude Acquisition Maneuver
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(1)

In the absence of external torques, the motion is described
by the equations

W! = -co2 [ (73 -/2)co3

(2)

Q = 77/w-d>3 (3)

where w are the angular velocities, as seen from the body
frame, around the respective axes of inertia, and Q is the
angular velocity of the wheel relative to the body. T is the
command torque, and friction is neglected here. The core
energy Ec is defined as the total energy excluding that part of
the energy due solely to the relative motion of the wheel3

(4)

(5)

The time rate of change for Ec is given by

Ec - /! CO j d) ! + 72 C02 d)2 + 73 C03 O>3

Substituting Eqs. (2) and (3) into Eq. (5) yields

Introduction

F OR the initial attitude acquisition maneuver of dual-spin
satellites, whose initial spin axis is not that of the max-

imum moment of inertia, Hubert1 developed a counterpart to
the dual-spin turn of Kaplan and Patter son.2 With a passive
energy damper to dissipate core energy, the technique uses the
momentum wheel to remove the ambiguity in the polarity of
the final attitude. In the final attitude, let us call "right-side-
up" the case where the wheel's angular momentum vector, as
seen from the body frame, is aligned with the inertial one and
we will call the opposite case "upside-down." In Hubert's
technique, the wheel is maintained so that its angular momen-
tum is always above a certain percentage of the total momen-
tum. This raises the energy level of the upside-down attitude
while also destabilizing it. Thus, after all the core energy is
dissipated, the final attitude will be the right-side-up one. In
this paper, a new technique, along the same lines as Hubert's
but without the passive energy damper, is presented. For this
new technique, the wheel itself is used as an active core energy
dissipator while simultaneously maintaining the conditions
necessary to guarantee the final attitude. This eliminates the
need for the passive energy damper, saving both weight and
expense. The only measurements required for the maneuver
are the polarity of a component of the body's angular velocity
and the wheel's speed. Both of these can usually be provided
by instruments normally onboard.

Analysis
The maneuver is developed for a rigid satellite initially spin-

ning about its axis of minimum moment of inertia. The pur-
pose of the maneuver is to transfer the momentum to a rigid
symmetric momentum wheel aligned with the axis of max-
imum moment of inertia. The principal moments of inertia /t,
72, and 73 are defined to include the apppropriate components
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(6)

In order to use the wheel successfully as an energy dissipator,
we must guarantee that Ec is negative. There are many ways to
control the wheel so that this is true. Perhaps the simplest and
the easiest to implement is a switched control law of the form

r=r0sign(co3) (7)

where TQ is a positive constant and satisfies the following,

(8)
2/1/2

and #o is the total momentum. We now define the normalized
wheel momentum:

The threshold *, defined by Hubert, is

,T , '3-/2

Provided the condition

(9)

(10)

(11)

is satisfied during separatrix crossing, then the separatrix
leading to the right-side-up attitude will be crossed and the
correct final attitude will result. Here we will try to use this
same threshold technique to guarantee the final attitude while
using the wheel itself as an active energy damper, by im-
plementing a combination of Eqs. (7) and (11).

As a guide to understanding the motion, let us construct the
dual-spin polhode curves. If we define h% as the total momen-
tum along the 3 axis,

(12)


