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Control-Structure Interaction in Precision Pomtlng
| Servo Loops

John T. Spanos*
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

The control-structure interaction problem is addressed via stability analysis of a generic linear servo loop model.
With the plant described by the rigid body mode and a single elastic mode, structural flexibility is categorlzed into
one of three types 1) appendage, 2) in-the-loop mlmmum phase, and 3) in-the-loop nonrmmmum phase Closing the
loop with proportlonal-derlvatlve (PD) control action and mtroduclng sensor roll-off dynamics in the feedback path,
stability conditions are obtained.- Trade studies are conducted with modal frequency, modal partlclpatlon, modal
damping, loop bandwidth, and sensor bandwxdth treated as free parameters. Results indicate that appendage modes
are most likely to produce mstahlhty if: they are near the sensor rolloff, whereas m-the-loop modes are most dangerous
near the loop bandwidth. The main goal of this paper is to provide a fundamental understanding of the control-
structure interaction problem so that it may beneﬁt the design of complex spacecraft and pomtmg system servo loops.

In thls framework, the JPL Pathﬁnder glmbal pomter is consndered as an example

Introduction
THE control-structure interaction problem in large space

L vehicles is'one of the most difficult and interesting prob-
lems that the aerospace community has'had to contend with in
recent years. Whilé control system performance requirements
are being pushed upward, today’s spacecraft are built lighter
and more flexible than ever before. Consequently, this trend
tends to increase the’ potential for strong interactions between
the vehicle structure and its onboard controller. Thus, struc-
tural flexibility is one of the major considerations in the design,
analysis, and simulation of spacecraft pointing servo loops:

High conirol system performance is realized via high loop
bandwidth, which in turn is limited by structural flexibility and
hardware dynamics (i.e., actuator and sensor rolloff and noise
characteristics). High bandwidth translates into high speed of
response, good disturbance rejection, and good steady state
tracking. In single-input/single- -output (SISO) position con-
trolled systems, high loop bandwidth is typically achieved via
PD control action, although for rate controlled systems pro-
portional-integral (PI) control is often used. These types of
low-order compensators find wide use in practice, primarily
due to their simplicity and good robustness properues w1th
respect to plant variations.

" Another favorable property of PD control on pos1t10n (orPI
on rate) is that it will not destabilize a stricture dominated by
appendage flexibility. Appendage-type flexibility is characteris-
tic of spacecraft solar panels (Fig. 1) and it is mathematxcally
described by sequentially alternating poles and-zeros in the
plant transfer function.!> Root locus analysis has shown that
the PD zero draws the undamped closed-loop poles into the left
half of the complex plane along a stable path.’? This property
of stable control-structure interaction makes PD control a
leading candidate for stabilization of appendage flexibility.
Howeéver, the PD and plant dynamics are almost never alone in
a servo loop. Low frequency.dynamics in the feedback path are
usually present in the form of 1) sensor roll-off dynam1cs 2)
low-pass- filter dynamics used to femove sensor noise that
would otherwise pass through to the output, and 3) anti-
allasmg filter dynamics guarding dgainst higher ‘mode ahasmg
in. digital computer 1mplementat10ns
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Consequently, appendage flexibility under PD control can be
driven unstable: Considering that the controller gains and,
hence, loop bandwidth are first designed on the basis of rigid
body plant assumptions, it is desirable to know the amount,
type, and frequency content of flexibility that could lead to
marginal stability in the system. Thus, there is a limit to how
much the servo loop gain can be raised before the control-
structure interaction becomes severe enough to destablllze the
system.

The interaction problem between appendage flexibility and
the various control system components has received attention
by the practicing community. Designers of reaction jet attitude
control systems-have studied the strong interactions between
solar array flexibility and nonlinear elements such as pulse
width, pulse frequency modulators. Utlhzmg describing func-
tion techniques, nonlinear stability margins guarding against
the limit cycle condition of the appendage mode were deter-
mined.’> Further work in the area of active vibration suppres-
sion via collocated ‘direct velocity feedback has addressed the
issue of stability in the presence of finite actuator bandwidth.
Perturbation methods were used to decouple a high- -order
structural model to its many miodal subsystems, and.stability
analysis was carried out on a per—mode basis. It was demon-
strated that collocated control using velocity feedback will
have a destabilizing effect on the high-frequency modes when
the second-order low-pass actuator dynamics are modeled.*

When the actuator and sensor are placed next to each other
on the structure (i.e., collocated control), appendage flexibility
is the only possible type present in the servo loop. Although
this is the most common type encountered in large space struc-
tures, it is not the only type. Collocated control is not always
possible, and recent dual-spinner spacecraft such as Galileo®
and OSO-8¢ (Orbiting: Solar Observatory -8) have reported
noncollocated control with' significant in-the-loop ‘structural
flexibility. Simple experiments conducted on torsional disk sys-
tems with in-the-loop type flexibility have indicated that non-
collocated control is a great threat to servo loop stability.” Yet,
control systems with noncollocatéd actuators and sensors con-
tinue to be planned for future planetary spacecraft. Attitude
control of the three-axis stabilized Mariner Mark II spacecraft
(currently in the conceptual design phase) is to be provided by
servoing the propulsion thrust vector via a gyro sensor
mounted at the end of a flexible boom.?

Through the years it has become common knowledge that in
order to avoid potent1al control system instability, the designer
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must avoid placing the open-loop crossover frequency close to
a frequency of a major structural mode. A conservative ap-
proach to control system design for the purposes of avoiding
control-structure interaction has been to keep the loop band-
width an order of magnitude smaller than the first structural
mode. This action often results in gain stabilization by loop
roll-off. For high performance systems exhibiting severe con-
trol-structure interactions, classical gain and phase stabiliza-
tion by means of appropriate filtering (1 e., notch ﬁlterlng) has
been used extensively.>>>62

The purpose of this paper is to provide a fundamental under-
standing of the control-structure interaction in a high gain
servo loop by explomng the stability viewpoint. Finite-element
modeling of structures is briefly reviewed for the purposes of
obtaining a detailed multimodé model of the plant under con-
trol. In order to understand the nature of the control-structure
interaction problem stability analysis of a linear sixth-order
servo loop model is proposed.-The loop components are 1) a
fourth-order plant model described by the rigid-body mode
and a single flexible mode, 2) a second-order low-pass model
describing the roll-off dynamics in the feedback path, and 3)
the PD controller dynamics.

Based on structural mode pole-zero patterns, flexible modes
are categonzed into one of three types: 1) appendage 2) in-the-
loop minimum phase, and 3) in-the-loop nonminimym phase.
Stablhty analysis of the idealized sixth-order linear servo loop
model is carried out; and closed-form stability conditions di-
rected toward each of the three flexibility types are obtained.
Trade studies are carried out among the system parameters,
and single-mode and multi-mode examples (among them the
JPL Pathifinder gimbal) are presented. Results indicate that the
second-order low-pass dynamics have a stabilizing effect on the
in-the-loop modes, but a destabilizing effect on the appendage
modes.

Finite-Element Modeling

Dynamic modeling of complex structural systems is typically
accomplished via the finite-element method. The structure is
discretized into a large number of nodes each of which is gener-
ally allowed 6 degree-of-freedom (DOF) motion. For a single
actuator (input) located at nodal DOF ¢, and single sensor
(output) located at nodal DOF j, the system dynamlcs are
commonly described by the transfer function relatlon

,(S) _ L - ¢ik¢jk
J4s) _J32+k=;+152+zcwks+wi )

where x;, f; are the nodal displacements and forces, respec-
tively, the pair {w,, ¢;} represents the m natural frequencies
and corresponding mode shapes of vibration (normalized to
unit mass), { is the damping rate (typically 0.1-1% of critical),
and J is the effective rigid-body inertia of a plant with R rigid-
body modes. The effective rigid-body inertia can be obtalned in
terms of the mode shapes as follows:

1
J=—

Y Pudi
k=1

Equation (1) represents an exact residues model of the SISO
plant. Methods for obtaining an exact pole-zero model are
available!® but will not be discussed herein. It should be em-
phasized that the model of Eq. (1) forms the basis upon which
compensator design, loop stability, small motion simulation,
and “first cut” performance assessment are accomplished.

Single Mode Model

Definition and Justification

The pointing and tracking control problem in large space
structures would be much easier if the structure behaved like a
rigid body. It is the inherent coupling between the rigid and

CONTROL-STRUCTURE INTERACTION IN PRECISION POINTING 257

flexible modes that causes most of the stability and perfor-
mance related problems that are encountered today. The con-
trol effort applied to point the “rigid body” excites the flexible
modes, which can destabilize the system or cause enough ring-
ing to prevent meeting pointing stability (i.e., jitter) require-
ments. (In the large space structures community this i is known
as the control spillover problem.'!)

In view of this discussion, the simplest of models capable of
capturing the rigid and flexible dynamics interaction to the first
order is one consisting of a single rigid and a single flexible
mode. This type of model has received a lot of attention in the
literature, although different authors have used it to make
different points.>**1%12-15 Yet, the single mode model has not
been formally defined to accommodate ‘all possible types of
structural flexibility, nor has it been made clear how the results
s0 obtained extrapolate to the more realistic multimode model.
In an effort to establish a link with the multimode model, the
proposed plant model will be extracted from Eq. (1) by retain-
ing a single flexible mode along with the rigid-body mode.
Retaining the kth flexible mode one obtains

o 1 duds
() _Js2+s2+2gwk_s +w? 2

Putting Eq. (2) under a common denominator yields

x(s) 1 aes® +20ays + o 3)
f8) T s¥s% 4 2wps + 0?)

where o, is the modal participation coefficient of mode k
defined by

o =1+ Joydy 4

If the kth mode is minimum phase it can be easily shown that
% = wi/Qf &)

where Q, is the zero frequency of the single mode plant. Here
it should also be made clear that Q, is not necessarily equal to
the corresponding kth exact zero frequency of the multimode
model. If one’s motive is to approximate a multimode model
via a single mode model at a particular frequency range of
interest, and €, is much different from the exact zero, then the
value of o, should be computed from Eq. (5), with Q, replaced
by the exact zero. Obviously, this can be done only if the exact
zero frequency is known and can be associated to the corre-
spondlng pole frequency.

On this note, the task of handling the multlmode model
reduces to pairing up the rigid-body mode with each of the
flexible modes one at a time and analyzing the resulting fourth-
order subsystems one at a time. This approach is justifiable as
long as damping is small and structural modes are sufficiently
separated in frequency. Of course, better damped systems or
systems with many closely spaced modes may or may not ren-
der themselves to such a simple treatment.

The advantage in having the model casted in the form of
Egs: (3-5) is that one could easily take either modal data
(0 P, ¢) from an output of a finite-element program (i.e.,
NASTRAN) or look up resonance-antiresonance frequenmes
(o, Q) from an experimentally or analytically obtained fre-
quency response plot (i.e., Bode plot) and construct a single
mode equivalent plant model. Another use is in the preliminary
assessment of structural flexibility while designs are still in their
feasibility stage and detailed finite-element models such as that
of Eq. (1) have yet to be created. In this regard, contro!l engi-
neers often think of the anticipated fundamental frequency of
a structure as an indication of how flexible it will be and subse-
quently how difficult the control-structure interaction problem
will be. Single mode models with first cut control laws can be
used to address the severity of the control-structure interaction
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problem at a preliminary level by performing trades on the
design parameters of interest.

Characterization of Structural Flexibility

Because structures under collocated control are character-
ized by the unique alternating pole-zero pattern,’»? and more
importantly since the poles and zeros of the plant are always
key items of interest to the controls engineer, it makes sense to
classify the flexible mode of the single mode plant in terms of
its pole-zero pattern. Pole-zero maps for single mode spring-
mass systems have been studied as a function of sensor loca-
tion.'* Here, similar pole-zero maps will be used to categorize
the modes.

Assuming that the damping is the same in every mode, an-
other look at the model of Eq. (3) reveals that the flexible mode
is identified by only two parameters: first, the modal resonance
frequency w,, and second, the modal participation coefficient
o, or equivalently the modal antiresonance frequency Q. Ig-
noring the damping altogether, fixing @, on the imaginary axis
and adding the rigid-body double pole at zero, one obtains the

s-plane pole patterns shown in Flg 2. In the absence of damp-
ing, the zero Q, can be 1) on the imaginary axis and between
the rigid and flexible poles (Fig. 2a), 2) on the imaginary axis
and higher than the flexible pole (Fig. 2b), or 3) on the real axis
and symmetrically spaced about the origin (Fig. 2c). Certainly
the location of the modal zero with respect to its pole is of
extreme importance as it affects the control problem differ-
ently. Thus, there is a need to type these patterns so that con-
trol system stability with respect to each can be studied
systematically. One will note that all three of the pole-zero
patterns can be identified by a srngle parameter: the modal
participation coefficient ;. In view of this observation, the
following definitions ‘are introduced. :

1) An appendage mode is one whose zero lies on the imagi-
nary axis of the s-plane and is smaller than its pole, or simply
o > 1.

2) An in-the- loop minimum phase mode is one whose zero
lies on the imaginary axis of the s-plane and is larger than its
pole, or simply 0 < a, < 1.

3) An in-the-loop nonminimum phase mode is that which has
a zero on the right half of the s-plane, or simply o, < 0.

From the frequency response viewpoint, the following inter-
pretation can be given. For an appendage mode, the antireso-
nance will occur first contributing phase to the plant (up to
180 deg), whereas the resonance that follows will take away the
same amount. For an in-the-loop minimum phase mode, the
exact opposite is true. However, an in-the-loop nonminimum
phase mode will not exhibit an antiresonance, and the plant
will always end up losing 180 deg of phase after the resonance.
This is why nonminimum phase modes are most dangerous to
control system stability.

Examples of the three modal types can be given in terms of
simple spring-mass models. The case of appendage flexibility is
clearly illustrated in Fig. 3a where both actuator and sensor are
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Fig. 1 Appendage-type flexibility in a momentum controlled spacecraft.
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collocated on the bus J,. The case of in-the- -loop minimum
phase flexibility could also be produced by the model of Flg 3a
with the actuator on the bus, but with the sensor measuring a
linear combination of the bus and appendage motion [i.e., out-
put: 6 = (1 - C)6, + CO,; C > LIU1 + D)) !4 Finally, the sira-
plest example of in-the-loop nonminimum phase flexibility is
the single mode spring-mass representation of a flexible beam
with actuator and sensor located at opposite ends (Frg 3b).

From the above it is clear that appendage modes are synony-
mous with collocated control, but this does rot necessarily
imply that they will not be found in noncollocated systems. On
the other hand, both types of in-the-loop modes are synony-
mous with noncollocated control and they do imply noncollo-
cation. Also, note how naturally the modal participation
coefficient o, divides the three modal types. When «; = 1, the
plant degenerates to a two-pole only rigid system. For o, =0,
it is'a four-pole only system, and for o, = + 0, it is a two-pole
only flexible system. Thus, using the proper value of o, in Eq.
(3) allows one to synthesize a single mode plant model with the
des1red type of flexibility.

Mass Participation in Appendage Modes

The most common form of appendage flexibility is encoun-
tered in. space vehicles with large solar panels (see Fig. 1). A
one-axis ‘discrete model often used to study .attitude control/
solar panel interaction is the 2-DOF torsional spring-mass sys-
tem shown in Fig. 3a. The rigid central core (i.e., bus) of the
spacecraft is represented by the concentrated inertia J;, the
solar panel inertia is J,, and panel structural flexibility is mod-
eled by the spring K. The system frequencies and mode shapes
Q,® can be written in terms of the physical parameters
Jis Jz, K as follows:

A

0 0 JI JJ
Q= KJ | e=\1 |4
0 7 N,

+ joo + joo + joo

0<a, <1

a1

400 +00 +00'
-
a,<0

{a) APPENDAGE
© MODE: g >1
k

(b} IN-THE-LOOP
MINIMUM PHASE
MODE: "0 <a, <1

{c) IN-THE-LOOP
NONMINIMUM
.PHASE MODE: uk<0

Fig. 2 Pole-zero patterns for eaeh modal type. .
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Fig. 3 Spring-mass realizations of the modal types.
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when J represents the total inertia of the vehicle, or J =J,+J,
Define the percent mass participation in the flexible mode as

J
U E—‘—;- x 100% (6)

Intuitively, this represents the amount of mass vibrating in the
flexible mode. Note that in this context the words mass and
inertia are used interchangeably. Equation (6) can be written in
terms of the modal data as

Jo3 o
u 1+_]¢%2XI00A’ N
One will recognize that the denominator of Eq. (7) is identi-
cal to the modal participation coefficient o, as defined in Eq.
(4) for k = 2. On this basis and whenever applicable, the con-
cept of the percent mass participation can be extended to
higher order finite-element models via the single mode equiva-
lent model. For a plant with multiple appendage modes that
may or may not be characterized by a collocated actuator-
sensor pair, the percent mass participation coefficient can be
expressed in terms of the modal participation coefficient o, as
follows:

W = (1 - i) x 100% (8)

O

Thus, an appendage mode can be signified by the percent
mass participation p,, which provides the physical feel of Fig.
3a. However, it should be noted that for a multimode model, g,
serves only as an indicator of mass participation and it is not to
be confused with the true mass participating in the kth mode.
(For more information on the true mass participation in multi-
mode systems, see Bamford et al.'%)

Stability Analysis

Infinite Sensor Bandwidth

Having constructed the single mode plant model, attention is
now focused on the control problem. One of the most funda-
mental control laws frequently considered in practice is the PD.
Often, integral action (I) is used with the PD for good steady-
state tracking of the reference inputs, but it will not be consid-
ered herein. The loop block diagram of Fig. 4 shows a PD
controller implemented in series with the single mode plant
dynamics whereas all other loop components are modeled as
being perfect. Note that the rigid-body inertia J has been ab-
sorbed by the two PD gains.

For a rigid plant, or alternatively for «, =1, the control
gains K, K, needed to assure a specified closed-loop band-
width w,, are given by

K‘,,=(./4C‘}9+4t,‘§3+2—2C219—1)wfB (92)
K, =25 /K, (9b)

where { is the desired damping (usuvally {z = 1/\/5) of the
closed-loop poles. To clarify matters, the closed-loop band-
width w, is the frequency below which the magnitude of the
closed-loop response remains within 3 dB. Selection of loop
bandwidth to meet pointing performance requirements (i.e.,
rise time, overshoot, long-term pointing stability or jitter, etc.)
on the basis of the rigid-plant assumption is straightforward.
The key question of interest is: what happens to stability and
performance when flexibility is introduced?

This study will only address the issue of stability. The fourth-
order characteristic equation governing closed-loop stability is

5%+ (Ko + 280)s® + (2o K, + K, + 0F)s?

+ (2w K, + KoP)s + (K,03) =0 (10)
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The Routh criterion is employed to obtain the three nontrivial
stability conditions

Ko + 2{w, >0 (112)
(K, Kot + 0 (20K, + 2LK3 + K w),
+ 0 (420 K, + 2lwi — 20K, — K0,) > 0 (11b)
and

(UK2K a3 + 0 (402K2 + 402K, K2 + 2L, K3 + Kooty
+ (803w, K K,y + AL 203K — 402K
+ 2w}k, — KoK K, — K2wd) >0 (11c)

With modal frequency w,, damping {, and loop bandwidth
wp varying, the above conditions can be forced to zero and
plotted in the w,, a, plane revealing the region of stability
parametrically. Note that the first condition [Eq. (11a)] is lin-
ear in o, whereas the second and third conditions [Egs. (11b)
and (11c)] are quadratic in a,. This means that for each value
of the parameters K, K, {, a,, five different values of «, are
possible. As w,, is varied, the stability boundary can be ob-
tained by checking the roots of Eq. (10) around each of the five
branches and identifying the correct one. For the particular
cases studied herein, the dominant condition governing stabil-
ity was the first of the two roots of Eq. (11c).

In order to make meaningful observations with clarity, the
modal participation coefficient o, is plotted against modal fre-
quency normalized with respect to bandwidth w, /w . Figure 5
shows what happens to the stability boundary when modal
damping takes on the values of 0.2%, 1%, and 5% of critical.
On the basis of these results, the following observations are
made.
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Xemd f a, °+ 280w, 8 +w
- 3 Kp +Kp § cmt‘l1 f _1_2 Kk k K : x

> s s? + 280, § +w?
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L

Fig. 4 Servo loop model with perfect sensor.
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Fig. 5 Effect of damping on stability (perfect sensor).
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1) An appendage mode at any frequency will not be driven
unstable. This is evident since the stability boundary does not
extend into the oy, > 1 region.

2) An in-the-loop minimum phase mode can be easily de-
stabilized if it occurs near the control bandwidth. The allow-
able margin is due to the damping of the structure. Although
the dangerous area is 1 order of magnitude around the band-
with, a safe distance of 2 orders of magnitude lower or higher
than the bandwidth is suggested by the result in Fig. 5 (assum-
ing { = 0.2%).

3) An in-the-loop nonminimum phase mode located at a
frequency less than 2 orders of magnitude from the loop band-
width will be driven unstable (assuming { = 0.2%). Again, this
is clearly evident from Fig. 5.

Obviously, a very high frequency mode will be gain-
stabilized by the steep loop roll-off. The key observation here
is that modes as high as 2 orders of magnitude away from the
bandwidth can cause instability. This is contrary to the popular
belief claiming that only modes within 1 order of magnitude
away from the bandwidth can be troublesome. But as will be
seen next, finite roll-off dynamics inserted in the feedback path
significantly affect the above results.

Finite-Sensor Bandwidth

The previous analysis is now repeated for finite-sensor band-
width. The loop block diagram of Fig. 6 shows the update in
the dynamics of the feedback path. The second-order model
chosen is commonly used as an attempt to capture the effects of
sensor roll-off. Although this model has been referred to as a
sensor model, it may just as easily represent a control filter
designed to eliminate sensor noise or prevent aliasing in digital
computer implementations. The actuator in the forward path is
still assumed perfect, since modeling its linear finite-bandwidth
dynamics unnecessarily complicates the loop model, while it is
not expected to provide additional insight into the problem.

Assuming that the plant is rigid (i.e., o, = 1) and in view of
the finite-sensor roll-off, a necessary and sufficient condition
for stability is

2 w,K; — 42K, —K3>0 (12)

where £, is the damping of the sensor poles (usually {, = 1 /\/5).
This indicates that in the presence of finite-sensor bandwidth
an attempt to raise the control gains beyond the limit of Eq.
(12) will destabilize the rigid-body mode. Of course, now the
exact relation between closed-loop bandwidth @, and the gains
K,, K, is more complicated than it is shown in Eq. (9). Never-
theless, assuming that Eq. (12) is satisfied, the sixth-order char-
acteristic equation governing closed-loop stability is

$6 4 (2w, + 2L,0)s° + (Alwilw, + 0 + 0?)s?
+ (K 0?2 + 2007 + 2 w,07)s’
+ (K02 + 2 0,03K; + 0j0))s?

+ (20K, + Kwinl)s + (Kwiod) =0 (13)

RIGID-BODY :gg:"—i 1
CONTROLLER ACTUATOR| MODE [

SENSOR

2
m Wg

2 2
s"+ 2l wy S+,

Fig. 6 Servo loop model with finite-sensor bandwidth.
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The Routh criterion is again used to obtain four nontrivial
stability conditions. However, this time the task of deriving
close form expressions is extremely difficult. The symbolic
manipulator program MACSYMA'” was employed to per-
form all the algebraic operations needed to obtain the condi-
tions, as well as to prepare the corresponding FORTRAN code
used in the trade studies. Because of the length and complexity
of the expressions, they will not be listed here, but relevant
items of interest will be discussed. The stability conditions were
put in the form of polynomials in the modal participation co-
efficient &, similar to those of Eq. (11). The first condition was
linear, the second was quadratic, and the last two were cubic in
o,. Following a similar procedure as before, stability
boundaries for in-the-loop modes were plotted in the o,
plane, whereas for appendage modes the w,,; plane was used.
The additional parameters {,,w, associated with the sensor
model were set to 70.7% and 60x rad/s (30 Hz), respectively.
This enabled trade studies with 3:1 and 30:1 sensor-to-loop
bandwidths. The results are illustrated in Figs. 7 and 8.

Comparing these results with those obtained in the case of
infinite-sensor bandwidth, one notes significant differences.
The following observations are made.

1) An appendage mode can now be driven unstable. Insta-
bility is more likely to occur if the modal frequency is near or
just outside the sensor bandwidth. As shown in Fig. 8b, this
does not depend on the loop bandwidth, although the stability
margin is increased considerably when control gains corre-
sponding to a lower loop bandwidth are used.

2) An in-the-loop minimum phase mode near the loop
bandwidth can be easily destabilized. However, this type of
mode will not be driven unstable if its frequency is higher than
the sensor bandwidth. This important result is clearly evident
in Figs. 7a and 8a. Of course, if the sensor bandwidth is much
higher than the control bandwidth (i.e., 2 orders of magnitude
or higher) the perfect sensor result of Fig. 5 is valid.

PPEND; ’ ~
’ ~
(a) Al AGE MODE 30 Hz SENSOR ~

_Bo'llllll 1 il A Loy eee] 1

’

60 Ty T T — T —

2 40 PERFECT SENSOR =
= 20F L ; -
w E E
a o F =
S E 10 dbj . E
E —20F AN =
s E S~ .
qa “WE S -
= = E
3 *<

100 77 T T T URERAS|

-100

Y T T

PHASE (deg)

~200

,_-_
]

{—180 deg)

LARND LA RRRAN RRRR)
1y

~300 (11 9aal L sl L gl 1

60 T T T T T T UL T

PERFECT SENSOR 7

{0 db)

"MAGNITUDE (db}
|
[}
o
Illlllllllll llllll’ LAJ

{b) IN-THE-LOOP MODE
go b1l 1 L nd

100 T T LI B N

~a

{—180 deg)

PHASE (deg}

—400— , ] Lol

1 10 100
FREQUENCY (Hz}

Fig. 9 Frequency response interpretation of the effect of finite-sensor
bandwidth on stability.
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3) An in-the-loop nonminimum phase mode will be un-
stable provided that its frequency is lower than the sensor
bandwidth, while stability is expected if it is higher.

These observations strongly suggest that a second-order low-
pass element placed in the feedback path may produce a stable
control-structure interaction with in-the-loop-type flexibility.
On the other hand, this action may cause an unstable interac-
tion with appendage flexibility, especially in the region of the
low-pass break frequency. Qualitatively, the results described
above could also be observed by plotting the root locus of Eq.
(13). However, the benefit of this analysis is that quantitative
information is additionally extracted from a stability boundary
drawn in the frequency/mode-shape plane.

Example

In order to better understand the results obtained from sta-
bility analysis, a specific single mode example addressing ap-
pendage and in-the-loop modes is analyzed. Consider the servo
loop model of Fig. 6 with the following parameters: 1) modal
frequency «, =80r rad/s (40Hz); 2) modal damping
¢ =0.2%; 3) appendage coefficient o, = 2; 4) in-the-loop co-
efficient o, = 0.5; 5) loop bandwidth wgz = 207 rad/s (10 Hz);
and 6) sensor bandwidth w, = 60x rad/s (30 Hz).

Frequency response plots of the above example are shown in
Fig. 9. To illustrate the effect of finite-sensor bandwidth, these
are compared with frequency response plots of an equivalent
system employing a perfect sensor. With the modal frequency,
loop ‘bandwidth, and sensor bandwidth so close in frequency,
gain stabilization due to the rigid-body and sensor roll-off does
not occur. The key effect here is the amount of phase taken
away by the sensor. For the appendage mode (Fig. 9a), a
perfect sensor shows a stable mode, but the 30 Hz sensor shifts
the phase plot down and under the —180 deg line yielding
negative phase margin at the third gain crossover, and thus
destabilizes the mode. On the other hand, for the in-the-loop
mode (Fig. 9b), a perfect sensor shows instability, whereas the
finite-bandwidth sensor shifts the phase plot down and away
from the — 180 deg line in the region of the resonance, and
thus stabilizes the mode. Clearly, the finite-bandwidth sensor
(second-order dynamics) has a destabilizing effect on. the
appendage mode, whereas it has a stabilizing effect on the
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Fig. 10 Pathfinder gimbal pointer illustrating the separation of actuator
and gyro.
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Fig. 11 Pathfinder NASTRAN model.
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in-the-loop mode. This provides a frequency response interpre-
tation as well as a confirmation of the results obtained from
stability analysis.

Pathfinder Gimbal Pointer

Attention will now be shifted to the study of a more realistic
multimode structural system. The remainder of the paper will
address ‘the gimbal structure shown in Fig. 10. This is the
Pathfinder gimbal (and shall be referred to as such) designed at
JPL for a proposed mission. It is a two-axis, nearly symmetric,
center-of-mass mounted pointer to be used in the Space Shuttle
Orbiter for precision pointing and tracking applications. A
tracking camera measures the pointing error, and a corre-
sponding control law issues inertial rate commands to a high
bandwidth gyro loop.!® The gyro loop is the heart of the con-
trol system, and its main function is to reject disturbances
arising from system hardware (i.e., bearings, motors, etc.) and
base-body motion. The loop bandwidth necessary for adequate
disturbance rejection, assuming a rigid gimbal, was estimated
at 10 Hz, while the associated control law architecture was that
of a PI on rate. The azimuth (AZ) and elevation (EL) axes
were independently servoed. The gyro used in the design was a
DRIRU-II unit!® whose bandwidth was extended to 30 Hz.
Reactionless two-motor actuators were used to provide the
control torques while leaving the flexible base body undis-
turbed.?’ These employed current feedback and their band-
width was an order of magnitude higher than that of the gyro.

The above description fits the servo loop model of Fig. 6
quite well. The main difference is the plant model. A second
look at Fig. 10b reveals that the AZ actuator is separated from
the gyro by the flexible box-beam gimbal. This indicates that
significant in-the-loop flexibility is to be expected in the AZ
servo loop. A NASTRAN finite-element model was erected
(Fig. 11) for the purposes of addressing the severity of the
control-structure interaction problem. In view of the 10 Hz
loop bandwidth, all modes in the 0-200 Hz frequency range

Table 1 Pathfinder structural data

Single mode
model
Structural parameters

Elastic frequency,
mode Hz Ot e

1 25.3 0.999

2 29.1 1.000 0.012

3 29.9 1.004 0.490

4 36.7 1.000 0.004

5 61.8 2.030 50.747

6 68.5 1.043 4.156

7 78.6 1.005 0.516

8 80.8 1.001 0.187

9 90.9 1.271 21.361
10 92.7 1.035 3417
11 94.9 0.999 —
12 106.9 0.999 —
13 110.0 1.147 12.859
14 113.9 0.728 —
15 1224 0.992 —
16 1319 0.997 —
17 138.6 1.554 35.683
18 143.6 1.114 10.231
19 150.2 0.260 —
20 1554 0.969 —
21 155.5 0.979 —
22 157.7 0.515 —
23 162.8 1.061 5.824
24 163.1 0.903 —
25 166.6 0.798 —
26 169.0 0.927 —
27 175.6 0.759 —
28 189.2 2.341 57.283

J. GUIDANCE

IN-THE-LOOP MODES
DRIVEN UNSTABLE

1
40 T T

T

A

~20

-a0
-60 (a) PERFECT GYRO
-80 2 s A S |

200

piiE>2

MAGNITUDE (db)

@

-200
-400
~-600
-800
-1000
-1200

PHASE (deg)
T[T
bbby

100 200

-
o

FREQUENCY (Hz}

APPENDAGE MODE
DRIVEN UNSTABLE
p

1ia

MAGNITUDE {db)
t
&
(=]

AL ARS ALY L AL

{b) 30 Hz GYRO E
_Bo s —t 1 1 1 1

0 T T T

-
A

sl s

PHASE (deg)
Fy
8
Tll'l'rll‘|lll TT

~1000 1 S B
10 100

FREQUENCY (Hz}

N
(=3
o

Fig. 12 Effect of gyro bandwidth on pathfinder servo loop stability.

100 T ——r—rrT7
90 F- UNSTABLE MODES

80
70
60
50
40
30

MASS PARTICIPATION iy (%)

20
STABLE MODES

=
3 (i M) ML LALRY LALL AALM LALLE LA LK AT

A a el

100

MODAL FREQUENCY &y (Hz)

Fig. 13 Single mode treatment of the 28-mode model correctly predict-
ing the 62 Hz unstable appendage mode.

DISTURBANCE
T
——___PLANT _
COMPENSATOR EN i
™~ “woTcH o it d ) 1
1 | T | RIGID MODE |
Womd o! SZ‘H'-"Z K 1+ Y14 | 1] + W [’}
& 3 Kp +-o "

L I i L8] !
! | | !
| ey 1 ! |

1

‘ FLEX MODES | |

| 28 :

= ta,-11s ||

2 |t

: §2+2 {wks+wk H

1 L= |

L o o —— — - J
GYRO
2

Wy

2)
§2 +VEngs+wg

Fig. 14 Servo loop block diagram.



MARCH-APRIL 1989
27
24
2.1}
2.52
3 1.8}
5_ F 2.51F
= 15 i V
2 2.5
E 12._ ’ L l 1
© i 2 4 .6 8 1
g F T
2 of
o
a
6
.3
ol o b
[\} .2 4 6 8 1

T (SEC)

Fig. 15 Disturbance rejection of a 1 N-m constant bias.

(28 of them were elastic) were extracted and used to represent
the plant model in accordance with Eq. (1). Pertinent struc-
tural data associated with the 28 elastic modes are listed in
Table 1. Inspection of the modal participation coeflicients indi-
cates that exactly half of these modes are of the appendage type
whereas the other half are of the in-the-loop minimum phase
type. Nonminimum phase modes occur at much higher fre-
quencies, and efforts to model them would unnecessarily com-
plicate the analysis.

As in the case of the single mode example, frequency re-
sponse analysis of the high-order servo loop model was per-
formed and the results are shown in Fig. 12. First, with the
gyro assumed perfect, five high frequency in-the-loop modes
were driven unstable (Fig. 12a). It should be pointed out that
the unstable modes are about 15-20 times higher than the loop
bandwidth. Also note that the strong appendage mode at
62 Hz is a stable one. Second, with the gyro properly modeled
as a second-order 30 Hz low-pass, all in-the-loop modes were
gain-stabilized, while the 62 Hz appendage mode was now
driven unstable (Fig. 12b). Superimposing the mass participa-
tion y, associated with the appendage modes over the stability
boundary of Fig. 8b, the 62 Hz mode is shown unstable (Fig.
13). Therefore, in addition to providing insight into the
control-structure interaction problem, single mode analysis
correctly predicts the stability behavior of the Pathfinder multi-
mode finite-element model.

The AZ servo loop block diagram of the Pathfinder glmbal
pointer is shown in Fig. 14. A simple second-order notch filter®
centered at the frequency of the unstable appendage mode
(w,=61.8 Hz) was used to stabilize the system. The design
prov1des 10 Hz closed- loop bandwidth (K, = 32.5, K; = 527) in
the presence of the 30 Hz DRIRU-II gyro and an AZ axis
inertia of 756 Kg-m?. Furthermore, the phase and gain margins
are 40 deg and 13 dB, respectively (both associated with the
rigid-body mode), and all flexible modes are gain-stabilized.
The disturbance rejection characteristics of the loop are clearly
illustrated in Fig. 15. A 1 N-m constant bias disturbance acting
at the actuator location produces a static error of 2.5 micro-
radians (1/K,J) and a dynamic error less than 20 nanoradians
(ringing of the ‘‘notched’’ mode).

Conclusion

Stability analysis of a linear sixth-order servo loop model
was performed, shedding considerable insight into the control-
structure interaction problem. Flexible modes were categorized
into 1) appendage, 2) in-the-loop minimum phase, and 3) in-
the-loop nonminimum phase via a finite-element derived single
mode plant model. It was shown that a second-order low-pass
element in the feedback path has a stabilizing effect on in-the-
loop-type modes occurring at frequencies higher than its band-
width at the expense of destabilizing appendage-type modes
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occurring near its bandwidth. In-the-loop modes strongly
depend on actuator-sensor placement and are extremely
dangerous at frequencies near the loop bandwidth. For preci-
sion pointing servo loops employing low-bandwidth inertial
sensors such as the DRIRU-II gyro, stability problems may
arise from appendage modes occurring at frequencies near the
sensor bandwidth. Frequency response analysis of single and
multimode examples demonstrated that second-order low-pass
dynamics in the loop may stabilize/destabilize flexible modes
by both phase lag and gain roll-off. In the case of the Path-
finder gimbal pointer, classical gain stabilization by means of
a second-order notch filter was used to produce a hlgh perfor-
mance compensator.
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