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boom was kept constant at some value, and the length of the boom
was varied, thus resulting in an inertia change.The results obtained
here were similar to those observedfor boom mass change.Damper
performancecan be greatly enhancedby using very long booms, but
there is a limit to admissible boom length both from the practical
pointof viewas well as the point of view of systemperformance.We
also found that changes in boom length had a much more dramatic
impact on damper performance than changes in boom mass.

Finally, we assessed the ability of one of the booms to reduce
nutation in the event of a malfunction of the other. As expected,
one boom was not as effective as the two-boom system in damping
out nutation. Nutation damper time constant values increased for
each given spring stiffness and for all values of the damping factor.
However, the performance still remained quite reasonable. For ex-
ample, assuming a spring stiffness of 300 N-m/rad and a damping
factor of 2500 N-m-s/rad (values close to those used on the Galileo
spacecraft), the time constant only increased to about 3 min when
only one damper was functional. It is thus apparent that spacecraft
nutation can still be kept under control even if one of the boom
dampers should malfunction.

Conclusion
This study is motivatedby the fact that many spacecraftcarry rod-

like attachments, which are usually rigidly connected to the space-
craft’s main bus and which are used as antennasor for various other
purposesduring the spacecraft’s mission.The study investigatesthe
idea of convertingany two of such rod-like elements into pendulous
dampers for the purpose of controllingnutation for spinning space-
craft.The study is restrictedto the case where the two booms that are
converted to dampers are identical and placed symmetrically with
respect to the spacecraft’s main body and where the rigid inner body
is a major axis spinner. The results obtained demonstrate that the
proposed arrangement has great merit for several reasons. The rate
at which nutation is damped by the proposeddual-dampersystem is
found to be relatively insensitive to such system parameters as the
device’s damping factor. This is a major advantage over traditional
dampers, for which tuning is normally a necessity. From a practical
point of view, the fact that the damping factor can vary widely with-
out much degradation in performance can lead to a much simpler
physicaldevice for the system’s dashpot.For example, there will be
no need to includeelaboratetemperaturecontrol systems that would
ordinarily be needed to keep the temperature (and thus the damping
factor) of the damper � uid within a tight band.

This study also shows that the performanceof the damper system
is in� uenced by the length of the booms, as well as by the ratio
of the mass of the booms to that of the whole spacecraft. Each of
these has a limiting value,below which an increase in the parameter
improves performance and above which the reverse is the case.
These limiting values dependon the spin rate of the spacecraft; they
are lowered by increasingthe spin rate. In general, changes in boom
length have a more dramatic in� uence on damper effectivenessthan
changes in boom mass. Finally, the proposedarrangement naturally
introduces redundancy into the nutation control scheme. Failure of
one of the boom dampers does not constitute a crisis because the
second damper can continue with the nutation damping process at
a reasonable rate.
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I. Introduction

C ONVENTIONAL system identi� cation theory is mainly fo-
cused on how to obtain a single accurate model of the plant

and how to ensure that the obtainedmodelapproachesthe realmodel
of the plant. It is assumed that the best an identi� cation algorithm
can provide is a good model that is suf� ciently close to the real
model. For controller design purposes, this assumption implies that
a controller, which is designed for a good model, will exhibit good
performancewhen it is applied to the real plant.Such an assumption
has been widely used in control practice.1

Recently, alternativeapproachesto system identi� cation for con-
troller design have been proposed.2 ¡ 5 One of the alternatives is to
derive a family of models instead of a single model to ensure that
the true dynamics of the plant are included in the model family. Ob-
viously, this is a more practical approach than conventional ones,
especially for those plants with highly complex dynamics, such as
aerospace systems.

In this Note, a frequency-domain recursive robust identi� cation
algorithm is proposed for a system with unmodeled dynamics. The
algorithm yields estimates of the system transfer function at N fre-
quencypoints on the unit circle, as well as the error bounds of these
estimates. Such estimation results provide potential data for the so-
called H1 identi� cation approaches,which in turn providepossible
models for the robust (H1 ) controller design.5
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II. Problem Formulation
In the context of system identi� cation, available data usually lie

in the time domain. To obtain the estimation of the unstructured
uncertainty in the frequency domain, the data in the time domain
will be mapped into the frequency domain appropriately.2

For simplicity, consider a single-input/single-output (SISO)
discrete-time system

yn = G(q ¡ 1)un (1)

where q ¡ 1 is the delay operator. System uncertainty is described by

G(z) = G0(z) + D (z)D(z) (2)

where G0(z) is a stableand time-invariantnominalmodel. D (z)D(z)
represents the unstructureduncertainty,where D(z) is the bound of
the unstructureduncertainty,which is also stable and time invariant;
D (z) characterizes the unknown dynamics of the system and is
subject to the constraint that the l1 norm of D (z) is bounded by 1,
that is,

1

i = 0

j h D , i j · 1

where {h D ,i , i = 0, 1, . . .} is the unit pulse response series of D (z).
Assume that the following are known a priori: 1) known constants
M0 > 0, q 0 > 1, MD > 0, and q D > 1, such that the unit pulse re-
sponses of G0(z), D(z) satisfy j h0, i j · M0 q ¡ i

0 and j hD,i j · MD q ¡ i
D ,

i = 0, 1, . . .; 2) a known parameter umax, where umax = supi j ui j ;
and 3) zero initial condition, that is, ui = 0 and yi = 0, when i < 0.

Our objective is to derive a � nite number of frequencypoint esti-
mates of the transfer function on the unit circle and their associated
error bounds based on the a priori information.

Minimal a priori information is assumed because it only consists
of a lower bound on the relative plant stability, an upper bound
on a certain plant gain, and an upper bound on the input signal.
Particularly, no assumptions are made concerning the structure of
the plant.

III. Frequency Point Estimates
and Related Error Bounds

The discreteFourier transformation(DFT) is exploited to convert
the input–output data in the time–domain into the frequency point
estimates in the frequency domain. De� ne YN ,n ( x k ), the N point
DFT of the output signal, with length N , that ends at n,

YN ,n( x k ) =
n

m = n ¡ N + 1

ym W km
N , k = 0, 1, . . . , N ¡ 1 (3)

where x k = 2 p k / N , WN = exp( ¡ 2 p j / N ). UN ,n ( x k ) is de� ned
similarly for the input signal.

Theorem 1: For the system described by Eqs. (1) and (2), the
following relationship holds

YN ,n( x k ) = G{exp[ j (2 p k / N )]}UN ,n ( x k ) + EN ,n ( x k )

k = 0, 1, . . . , N ¡ 1 (4)

where

EN ,n ( x k ) =
1

i = 1

h0,i W
ki
N [UN ,n ¡ i ( x k ) ¡ UN ,n ( x k )]

+ D (q ¡ 1 )D(q ¡ 1)UN ,n( x k ) ¡ D exp j
2 p k

N

£ D exp j
2p k

N
UN ,n ( x k ) (5)

Furthermore, there exists a positive integer L such that EN ,n ( x k ) is
bounded by ĒN ,n ( x k ), that is,

j EN ,n ( x k ) j · ĒN ,n ( x k ) =
L ¡ 1

i = 1

M0 q ¡ i
0 j UN ,n ¡ i ( x k ) ¡ UN ,n ( x k ) j

+ 2umax M0 q ¡ L + 1
0

Lq 0 ¡ L + 1

( q 0 ¡ 1)2
+ 2umax MD q D

N

( q D ¡ 1)
(6)

Theorem 1 is applied to derive the following frequency point esti-
mates and related error bounds from Eqs. (4) and (6),

j G{exp[ j (2p k / N )]} ¡ G N ,n( x k )j · RN ,n ( x k )

k = 0, 1, . . . , N ¡ 1 (7)

G N ,n( x k ) =
YN ,n( x k )
UN ,n( x k )

, RN ,n ( x k ) =
ĒN ,n ( x k )

j UN ,n ( x k ) j
(8)

Equation (7) providesa recursivealgorithmthat is able to provide
N frequency point estimates of the transfer function on the unit
circle. Interpreting Eq. (7) as N disks in the complex plane that
are centered at G N ,n( x k ) with radii RN ,n( x k ), the true values of
the transfer function at these frequency points are guaranteed to be
within these disks. Generally, disks derived at different times are
different. It is in this sense that an updating mechanism is necessary
to improve accuracy. A simple approach to update the estimates is
to choose the disk with the smallest radius as the latest estimate,
as adopted by LaMaire et al.2 The result of this approach is that
only the information contained in the sizes of the disks is utilized
and no attention is paid to the positions of the disks. To utilize the
informationstored in the positions of the disks, it is helpful to study
the geometric relationship between two successive estimates, as in
Fig. 1.

Theorem 2: Let two disks be given, described by

C1: (x ¡ x1)2 + (y ¡ y1)2 · R2
1

C2: (x ¡ x2)2 + (y ¡ y2)2 · R2
2 (9)

If they overlap, the disk that merely covers the overlappedarea can
be determined by

x ¡
x1 + c x2

1 + c

2

+ y ¡
y1 + c y2

1 + c

2

· R( c ) (10)

R( c ) =
(1 + c )R2

1 + ( c + c 2)R2
2 ¡ c (x1 ¡ x2 )2 ¡ c (y1 ¡ y2)2

(1 + c )2

(11)

c =
(x1 ¡ x2)2 + (y1 ¡ y2 )2 + R2

1 ¡ R2
2

(x1 ¡ x2)2 + (y1 ¡ y2 )2 + R2
2 ¡ R2

1

(12)

By the utilization of Theorem 2 as the updating algorithm, the
error bound is guaranteedto bemonotonicallydecreasingby design,
because the size of the disk that only covers the intersection of the
two disks is always smaller than that of either of these two disks.
Furthermore, the two parameters R( c ) and c are indicative of the
relativepositionof the two disks,as shownin Fig. 2. In the following,

Fig. 1 Geometric relationship.

a) c > 0, R( c ) < 0 b) c < 0

Fig. 2 Relative position.
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we summarize the recursive identi� cation algorithm for frequency
point estimates, based on Theorems 1 and 2:

1) Compute the parameter c that is indicative of the relative po-
sition of the two disks,

c =
j Ḡn(k) ¡ G N ,n + 1( x k ) j 2 + Ēn (k)2 ¡ RN ,n + 1( x k )2

j Ḡn(k) ¡ G N ,n + 1( x k ) j 2 ¡ Ēn (k)2 + RN ,n + 1( x k )2

2) If c ·0, the estimate and error bound are updated by

Ḡn + 1(k) =
Ḡ(k), if Ēn(k) · RN ,n + 1( x k )

Ḡ N ,n + 1( x k ), if Ēn(k) > RN ,n + 1( x k )

Ēn + 1(k) = min{Ēn (k), RN ,n + 1( x k )}

3) If c > 0, � rst compute the parameter R( c ) that is indicativeof
the size of the disk that only covers the intersectionof the two disks,

R( c ) = (1 + c )Ēn(k)2 + ( c + c 2)RN ,n + 1( x k )2

¡ c j Ḡn (k) ¡ G N ,n + 1( x k ) j 2 (1 + c )2

Then update the estimate and error bound. If R( c ) ¸ 0, they are
updated by

Ḡn + 1(k) = [Ḡn (k) + c G N ,n + 1( x k )]/ (1 + c )

Ēn + 1(k) = R( c )

If R( c ) < 0, the updating rule is

Ḡn + 1(k) = 1
2
[Ḡn (k ¡ 1) + Ḡn (k + 1)]

Ēn + 1(k) = 1
2
[Ēn(k ¡ 1) + Ēn (k + 1)]

IV. Illustrative Simulation
In this section, the recursive robust identi� cation algorithm is

demonstrated through a simple illustrative example. Consider the
uncertain discrete-time system

G(z) =
0.39347

z ¡ 0.60653
+ D (z)

0.001z

z ¡ 0.36788

The nominal system is obtained by discretizing the continuous sys-
tem 1/ (s + 1) with a sampling period of 0.5 s and passing it through
a zeroth-order hold. For this system, M0 = 0.39347/ 0.60653=
0.64872, q 0 = 1/0.60653 = 1.6487, MD = 0.001, and q D = 1/
0.36788= 2.7183. To generate the input–output data in the simu-
lation, the unknown factor D (z) is set to be D (z) = 0.55065 z /
(z ¡ 0.44933), which satis� es

1

i = 0

j h D ,i j ·
0.55065

1.0 ¡ 0.44933
= 0.99996 < 1.0

The input signal is chosen to be u(n) = sin( p n / 5). To test the
robustness of the algorithm, Gaussian noise is added to the system
output with a distributionof N (0, 0.2). Setting N = 128 and L = 20,
the algorithm in Sec. III is applied to the generated simulation data
to estimate the nominal model and its associateduncertaintybound.
The result when n = 120 is shown in Fig. 3. For comparison, the
results from the algorithm by LaMaire et al.2 are also shown. It is
clear that our algorithmproduces a much tighter uncertaintybound.
To show how the error bounds converge during iteration, Fig. 4
shows the convergenceof the error bound at x k (k = 0). As is clearly
shown, theerrorboundof ouralgorithmis monotonicallydecreasing
and converges to a much lower error bound than the algorithm by
LaMaire et al.2

Fig. 3 Comparison of error bounds.

Fig. 4 Convergence of error bound.

V. Conclusions
The algorithmproposed in this Note is basicallya robust identi� -

cation algorithm based on the nonparametric model.4 For a system
with unmodeled uncertainty, the algorithm yields estimates of the
system transfer function at N frequency points, as well as the error
boundsof these estimates. Such estimation results providepotential
data for the H 1 identi� cation approaches, which in turn provide
possible models for the robust (H 1 ) controller design.
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