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Fig.3 Impact point dispersion at 3-km range.

variables with a mean of zero and standard deviation of 3 rad/s. A
sample size of 50 simulations was used in computing impact point
dispersion statistics. Figures 2 and 3 show the Monte Carlo simula-
tion impact points for the baseline rigid and gimbal nose projectile
configurationsat arange of 1 and 3 km, respectively.In both charts,
the circles correspond to a region such that 66% of the shotimpacts
fall within the circle. The large dashed circle correspondsto the rigid
projectile whereas the small solid circle corresponds to the gimbal
nose configuration. The dispersion circle radii for the rigid projec-
tile at 1 and 3 km is 1.1 and 3.3 m whereas the dispersion circle
radii for the gimbal nose projectile at 1 and 3 km is 0.5 and 1.4 m,
respectively. Notice that the mean impact point of the two projectile
configurations is different. The ratio of the dispersion circle radius
for the gimbal nose to rigid projectile configuration is 0.43 and is
independent of range. Thus, for the example penetrator projectile
equippedwith a gimbal nose, dispersionatany range can be reduced
by a factor of 0.43.

Conclusions

A penetrator projectile equipped with a gimbal nose wind screen
has the potential to reduce impact point dispersion drastically. By
the mounting of the gimbal joint forward of the nose aerodynamic
center, the nose tends to turn into the wind and reduces the sensi-
tivity of the trajectory to launch disturbances. In the example case
considered,impact pointdispersion was reduced by more than 50%.
The mean impact point of the rigid and gimbal nose projectile con-
figurationsare different, which will require fire control system logic
to be modified depending on the particular projectile configuration
being launched.
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Introduction

BAND-LIMITED actuator/sensor selection methodology for

disturbancerejection was previously developed.! Unlike prior
methods, which emphasizeddisturbancerejectionin selectingtrans-
ducers that couple best to modes presentin the performancepath,>~¢
the methodology proposed by Clark and Cox! serves to further im-
pose a penalty on the selection of transducer pairs that couple well
to modes beyond the identified bandwidth of interest, creating a
“natural” roll off in the frequency response from the selected spatial
apertures of the transducers.In a more recent publication Smith and
Clark* proposed a modification to the performance metric identified
by Clark and Cox, providinga mechanismfor selectivelyidentifying
modes to be controlled and modes to be ignored. Transducer pairs
are chosen from a predetermined set based upon their selective cou-
pling to identified modes for performance and lack of coupling to
all other modes included in the model.

All of these design approaches are derived from the original work
used in selecting actuator and sensor locations from a predeter-
mined set of candidate locations based upon the Hankel singular
values of the controllability and observability Gramians of flexible
structures.”® Within the original formulation, the actuator/sensor
selection methodology was based entirely upon the Hankel singular
values of the control path P,,, for some finite set of modes and some
predetermined set of actuators and sensors.”® Later revisions to this
method have included a weighting of the Hankel singular values of
the control path Py, by that of the Hankel singular values of the per-
formance path P,,, (Refs.2 and 3). In the most recentextensionsthe
actuator/sensor selection methodology based upon the disturbance
rejection approach was modified with an additional metric aimed at
robustness with respect to modes not targeted in the performance
metric.!*

A method of rank-ordering transducer pairs for control results
from all of the design approachesis described.!~® Although the per-
formance metrics allow the designer to select the best single-input,
single-output(SISO) transducer pair from the predeterminedtarget
set, if more than one transducer pair is desired a multi-input, multi-
output (MIMO) metric must be applied. The purpose of this Note
is to introduce the MIMO design procedure and distinguish it from
the SISO design approach. As will be demonstrated by example,
one cannot simply select the rank-ordered SISO transducer pairs
for the MIMO application when both in-bandwidth coupling and
out-of-bandwidthroll off are part of the performance metric.

MIMO Band-Limited Placement Metric
for Disturbance Rejection

For convenience the design problem can be cast in the standard
two-port model as shown in Fig. 1. The upper transfer matrix P, (s)
represents the path from disturbances w (s) to a measure of the sys-
tem performance z(s). This path is determined by the definition of
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Fig.1 Block diagram of the two-port design model.

the active control problem, with tradeoffs that reflect available re-
sources (e.g., control energy) or robustnessrequirements. The lower
transfer matrix Py, (s) represents the path from the control inputs
u(s) to the measured outputs y(s) and is a function of the choice
and placement of actuators and sensors respectively for the control
system. Althoughusually taken as a given in control system design,
often there is freedom determining sensor and actuator locations,
yielding a design decision that impacts the resulting compensator
design and closed-loop performance. Good placement for control
design can be determined from the influence of transducers on the
open-loop system’s controllability and observability, measured in
terms of the Hankel singular values.

Smith and Clark* introduced a performance metric used to deter-
mine the relative merit of the gth sensor and pth actuator:

Jop = Jr;.ﬁ/']:ﬂ(l W
where
i L - y;‘qu,,i 4
J(;p = Z:i — yzwi (2)
i= 1 yui
and
n )/4 :
i | yut

As detailed by Smith and Clark,* J;, is the portion of the perfor-
mance metric associated with the modes to be controlled, and J;7
is the portion of the performance metric associated with the modes
not to be controlled. y‘,: . represents an estimate of the square of

Yqupi

the Hankel singular value correspondingto the gth sensor, pth ac-
tuator, and ith mode, 77ful. represents an estimate of the square of
the Hankel singular value over all possible sensors and actuators for
the ith mode, and y;fvi represents an estimate of the square of the
Hankel singular value over all disturbance inputs and performance
outputs for the ith mode. Details of the numerical estimation were
provided by Lim and Gawronski,"® and the estimation is restricted
to systems with lightly damped modes. = is a binary vector, and
Z; =1 if the mode is targeted for control and O if not. Note that
~ represents the binary not operator. As such, modes that were tar-
getedfor controlin J, are now eliminated from the metric J;" used
to impose roll off and minimize coupling to modes not required for
performance. Dividing J7, by J/'7 provides a relative measure of
coupling to modes for performance against coupling to modes not
desired in the control path. An ideal case would result in an ac-
tuator/sensor pair that coupled only to select modes. However, the
typical result is a compromise.

A numerical valueis computedforeach actuator/sensorpairbased
upon the metric of Eq. (1), and the transducer pair with the highest
metric is chosen for control system implementation. However, if
more than one pair are required, one must either choose the two
pairs with the higher values of the performance metric, a SISO
design selection strategy, or develop a MIMO strategy. The problem
with selecting the best SISO designs for MIMO applicationis that
the cross terms in the system transfer matrix between control inputs
and measured outputs for the MIMO system do not enter into the
selection process. For example, if

quu,, quu\
Pu=1p,, P
Yrip Yris

the off-diagonal terms do not enter into the selection metric.
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For a system with R candidate sensor locations and M candidate
actuator locations, the optimal placement metric is

JSISO

oot = max(Jy,)
a.p

q€e{l,2,...,R}, pe{l,2,.... M} 4
and the valuesof ¢ and p at thismaximumidentifythe corresponding
optimal sensor and actuatorlocations. However, in the MIMO case it
is notsufficienttoiterateonce overall sensorsand actuatorlocations.
The total number of unique choices that can define a single system
with 7 sensorsand m actuatorsis the productof the possible actuator
combinations and sensor combinations and goes as
R! M!

N, = Cr XCm = X 5
otal r(R=r) " mi(M—=m)! (5)

which reduces to a search space of Ny, = R X M in the SISO case.
The placement metric for the MIMO case must consider contribu-
tions for all paths within an actuator/sensor set,

J, = Z Z Jq,ﬁi

i=1j=1

66{31,32,...,&,}, ﬁe{Al,Az,---,Acm} (6)
where the elements A, and S.) are themselves sets that contain
unique collections of m actuators and r sensors, respectively. The
MIMO optimum is simply

JMIMO

opt = mfx(‘]” )’

n€{l,2,..., Nou} 7
which also reduces to the SISO case. However, simply taking the
top r sensorand m actuator locations from the SISO metric J,, does
notprovide the same result, as itignores cross terms from the double
sum of Eq. (6).

N1 grows in a combinatorialfashion with the number of sensors
and actuators. For more than a few transducersit becomesinfeasible
to find the maximum with a simple exhaustivesearch,and techniques
for nonsmooth optimization’ would be required to find an optimal,
or near-optimal, choice. Here we focus on a small two-input two-
output (TITO) problem and compare performance for the MIMO
optimal transducer locations with the top two locations selected
using the SISO metric.

Description of the Structural Model

In preparationfor the design of an adaptive structure for control of
turbulent boundary-layernoise, the actuator/sensor design method-
ology was applied to an approximate model of a system to determine
the best target locations for the transducers. The test rig was con-
structed from aluminum and measured 0.508 X 0.254 X0.0016 m
thick. The boundarieswere constructedto approximatethatof a plate
with clamped boundaries, and piezoceramic transducers measuring
0.1524 X 0.1016 X0.0002 m thick were available for experimental
implementation. In a previous study® transducers with large aper-
tures were shown to providedesirable spatial wave-numberfiltering
for control of low-frequency, long-wavelength, structural modes.

The model of the piezostructure was developed from an assumed
modes approachas outlined by Clark et al.' The model included 60
states for the structural system, and there were 20 target locations
for piezoceramic sensors (center points indicated by star symbols
in Fig. 2) and 20 target locations for piezoceramic actuators (center
points indicated by triangle symbols in Fig. 2). The schematic dia-
gram of the plate and transducer center point locations is illustrated
in nondimensionalcoordinatesin Fig. 2. Based upon the target sen-
sor and actuator locations, there are 400 unique SISO transducer
pair options for design. In this example we choose to determine the
best TITO array of transducers for control of the first, second, and
third modes of the structure (i.e., 2153 = 1). A generalized distur-
bance capable of exciting all structural modes was created, and the
performance was based upon the modal displacements associated
with the first, second, and third structural modes.
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Fig.2 Schematic diagram of plate with target actuator (triangles) and
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optimal c(:joup]jng
[

oo

actuator 250

sensor

Fig.3 Graphical presentation of performance metric evaluated for all
target actuator/sensor locations.

0.5
actuators
~04f —— sensos 2 | 1 .
EE sensors N —:1 |
Eo3 I i
I l I
< o2} T =t .
— (TSR I P |
0.17 b
0 0.1 02 0.3 04 0.5 0.6 0.7 0.8 09 1
L,L, (m/m)
a) Best 2 SISO designs
0.5
~ 0.4f r————>== |
g I |
E 03 —=——1-"——] | |
Joa | [ == ——1
2oz I
~ !
0.1 N, |
00 01 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
L/, (m/m)

b) Best TITO design

Fig.4 Schematic diagram of actuator and sensor locations based upon
SISO and MIMO design metrics.

Results

The selection metric of Eq. (1) was used to rank order the SISO
transducer options. The results are depicted graphically in Fig. 3.
As illustrated, there are relatively few transducer pairs that satisfy
both the level of coupling to the modes specified in the bandwidth
as well as the desired level of decoupling or roll off imposed out
of bandwidth. The top two SISO transducer pairs are illustrated in
Fig. 4a. Implementing the MIMO design metric outlined in Eq. (7),
the best TITO transducerpairs were chosen from all possible combi-
nations of SISO pairs. As illustrated in Fig. 4b, the resulting design
is different. Although the top SISO transducer pair was common to
both designs, the secondary set of transducers was different.
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Fig.5 Frequency response of MIMO systems resulting from the SISO
design metric and the MIMO design metric.

The best way to compare the resulting designs is to quantify the
maximum singular values of each design based upon the best two
SISO designs illustrated in Fig. 4a and the best TITO design il-
lustrated in Fig. 4b. The frequency response associated with the
maximum singular values for each system (from control inputs to
measured outputs P,, ) is presented in Fig. 5. The vertical lines are
shown to indicate the modes targeted for control. In the bandwidth
beyond these targeted modes, roll off or lack of coupling to higher
order modes is desired. The solid line in Fig. 5 represents the fre-
quency response associated with the system resulting from the best
two SISO designs, and the dashed line represents the frequency
response associated with the system resulting from the best TITO
design. As illustrated, the best TITO design yields better couplingto
the second structural mode (approximately 10 dB) and significantly
less coupling to higher order modes than the system based upon the
best two SISO designs. As a result, the MIMO design metric is ob-
viously importantif the objectiveis to maximize coupling to desired
modes and minimize couplingto othermodesin all transducerpaths.

Conclusions

A MIMO band-limited actuator/sensor selectionmethodology for
disturbance rejection was outlined. A structural design model was
considered to compare the MIMO design strategy to a design strat-
egy based upon selecting the best SISO transducer pairs. The re-
sults demonstrate that the performance metric is maximized for the
MIMO system when all of the multivariable paths are consideredin
the design. As a result, the SISO transducer pairs having the high-
est performance metric will not necessarily correspond to the best
MIMO transducer array. The design approach presented serves to
extend the transducer selection methodology for crude multivari-
able loop shaping, enabling the structural engineer to better design
a structure to be controlled.
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Introduction

EVERAL of the spacecraftin use today are spin-stabilized and

are thus equipped with some form of nutation control system.
Spacecraftnutation control devices can be active or passive. Passive
nutationdampingsystems limit spacecraftnutation through onboard
energy dissipation, and the design of such systems is based, for the
most part, on well-established attitude stability criteria for spinning
bodies."> When disturbed slightly from its position of stable spin, a
spacecraftwith internalenergy dissipationwill, in general, regainits
original orientation faster than one without energy dissipation. This
facthasled to the design of several passive devicesthat are triggered
into dissipating energy onboard of a spacecraft anytime that the
spacecraftattitude motion is disturbed. Such devices have included
simple mass-spring-dashpotsystems, damped physical pendulum,
viscous fluid in ring-shaped tubes, etc.3~>

Spacecraft systems often include several rod-like appendages or
booms attached to the main spacecraft bus, which serve various
purposes during the vehicle’s mission. In this study it is proposed
to use two such booms on a given spacecraft for nutation control
purposes. The idea is to replace the usual rigid attachment of such
booms to the bus, with a one-degree-of-freedan hinge, together with
a torsional spring and damper system. This effectivelyconvertseach
boom into a pendulousdamper for the spacecraft. Such arrangement
differs markedly from the usual design of pendulous dampers in
that the mass center of each boom would be outboard of the pivot
point and the length would substantially exceed that of traditional
pendulum dampers.

Motivation for this work comes from experience with the Galileo
spacecraft®’ where one such boom—its magnetometer boom—
was used successfully as pendulous damper® to control spacecraft
nutation. One area of concern for Galileo’s single-boom damper
design is stiction because of the small boom motions that are to
be expected from such a damper design. Another is the possible
deleteriouseffect of the dynamic imbalance that can result from the
combination of spacecraft spin motions and boom deflection during
thrusting,a phenomenon often referred to in the literature as wobble
amplification.’ In the case of Galileo, requirements on stiction were
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met without difficulty; however, wobble amplification was thought
to pose enough danger to warrant the inclusion of a wobble control
algorithm’ in the attitude and articulation control subsystem.

The objective of this work is to explore the possibility of using
more than one long pendulous boom as nutation damping device for
spinning spacecraft. Specifically, we wish to study the effectiveness
of using two identical pendulous booms arranged symmetrically
with respectto the spacecraft’s main bus as shown schematically in
Fig. 1. There are two main potentially advantageous features of the
proposeddesign. First, the symmetry of the arrangementeliminates,
oratleastdrasticallyreduces, theimbalance or wobble amplification
problem. The design also introduces some degree of redundancy in
the nutation control system.

Equations of Attitude Motion

The physical system of interest is shown schematically in a gen-
eral configuration in Fig. 1. A is the spacecraft’s main bus, and B
and C are booms that are connected to A through one-degree-of-
freedom hinges. Stiffness and damping at the hinges are represented
by the torsional spring and damper systems shown. Assuming that
1) A, B, and C are all rigid bodies; 2) A is uniform, homogeneous,
and axisymmetric, with mass centerat A*; 3) B and C are identical,
uniform, and homogeneous, with mass centers at B* and C*, re-
spectively;the equationsof attitudemotion of the systemare derived
using the symbol manipulatorsoftware AUTOLEV.!? The same soft-
ware is also used to linearize these equations about the solution of
pure spin, that is, a motion in which A spins about the zz’ axis, and
B =60 =0. The resulting equations are

{1, +21 +4m,P2Z* + 2m[(L + Y)* + Z*2P - 1)*]}u,

+[1 +mL(L + V)|t + us) = Q14 + 27 + 4m, P* 2

=21 = J, =2m[(L +Y)* = Z*2P - 1)’1}u,

+ QP[J =T —mL(L + Y)|(B+0) (1)
(14 + 27 +4m, P2 Z* + 2mZ* (2P — 1) ]ui,

=—Q[I, = Jy + 4m, P*Z> + 2mZ*2P — 1)*]u,

—JQ(uy + us) 2)
[ +mL(L+ Y)}i, + [I —=myL?P? + mL*(1 = 2P)]u,

+mL*Piis = Q[J — I —mL(L + Y)u, — ou,

—{K + Q[ —J +mL(L +Y)])B 3)
[ +mL(L + Y)}i, + mL?Piiy + [I — m,L*P?

+mL>(1 = 2P |us = QJ = I —mL(L + Y)]u,

—ous —{K + Q[ —J —mL(L + Y)]}o 4)
and
u3 = Q = const (5)

where, in addition to the quantities shown in Fig. 1, I, and J, are,
respectively, the transverse and spin central moments of inertia of
A; I, and J are the correspondinginertia scalars for B or C; m, is
the mass of A; m is the mass of B or C; 2 is the constant spin rate
of A under pure spin condition; and

P =m/(my + 2m) ©6)

Furthermore, the generalizedspeedsu; (i =1, 2, 3) arethea,, a,, as
scalar components of the inertial angular velocity of A, and u, and
us represent the respective angular speeds of B and C relative to the
main body A. The precedinglinearized dynamical equationscan be
supplemented with the kinematical differential equations

B = us, 6 = us (7)

The stability of the pure spin solution can be studied through eigen-
value analysis and leads straightforwardly to the determination of
the time constant of the damper system.

uy; =0 or



