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Several types of Stewart platforms have been implemented by research groups to examine design and control
issues in six-axis vibration isolation for space-based systems. Hood Technology Corporation and the University
of Washington have taken the lessons learned from these various designs and developed a new hexapod that
addresses the requirements of the Jet Propulsion Laboratory’s planned spaceborne interferometry missions. This
system is unique in its very soft axial stiffness (3-Hz corner frequency) for active isolation and pointing control,
custom-designed voice coil actuator with a large displacement capability, and elastomeric flexures both for guiding
the actuator and providing pivots at the end of each strut. In addition, there are four sensors in each strut
for control topology design and evaluation. An overview of this unique six-axis isolator design and a summary
of the control results for various sensor topologies, including multisensor and frequency-weighted isolation and
pointing control, are presented. Controllers that experimentally achieved 20-25-dB reduction in vibration in all
six degrees of freedom across the bandwidth of interest (5-20 Hz) are shown.

Nomenclature
A, B,C, = input/output model matrices for hexapod
D,T
F; = forces on the strut
G = linear quadratic regulator gain
G(s) = six-axis transmissibility
H = Kalman filter gain
1 = transferinertance
J = linear quadratic regulator cost functional
K; = end flexure translational stiffness
K; = lateral stiffness of strut
K (s) = multivariable controller
Kr = lateral dynamic stiffness of the strut
Ky = end flexure rotational stiffness
L = strutlength
P(w) = scalar measure of energy per unit frequency
of the transmissibility
O, R = state and input quadratic weights in J
u; = translationaldisplacement of strut
w,V = process and sensor noise intensities
w, v = vector of process and sensor noises
x,y,u = state, input, and output vectors
10} = driving frequency

Introduction

HE cubic hexapod, or Stewart platform,' has become one of
the most popularapproachesfor six-axisactive vibrationisola-
tion in precision systems. The hexapod uses a minimum number of
actuators for six-axis control and allows isolationto be targeted to a
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specific disturbance path on the structure. The cubic hexapod sim-
plifies control topologies to allow decoupled controller designs that
are identical for each strut. Furthermore, the configuration permits
full six-axis positioning and pointing of the payload.

Several hexapods have been designed and constructed by re-
searchers in the community. Each of these can be grouped into two
different categories: hard active mount (HAM), where a stiff actu-
ator, such as a piezoelectric, is used alone or in series with a soft
spring and soft active mount (SAM), which uses a soft actuator, typ-
ically a voice coil, in parallel with a soft spring. Examples of HAM
hexapods include designs by Intelligent Automation, Inc., Charles
Stark Draper Laboratory, Inc., Harris, and CSA Engineering>~¢
The use of soft actuators is demonstrated in hexapods built by
Honeywell, Inc./Air Force Research Laboratory (AFRL) and the
Jet PropulsionLaboratory (JPL) and the University of Wyoming.”~°
Advantages of the SAM- over HAM-based systems include the fol-
lowing: 1) They have far more actuation stroke (1000 vs 50 pm),
which allows for pointing control. 2) They have a soft corner fre-
quency thatallowsa much lower frequencyisolation. Disadvantages
of the SAM-based systems include 1) the requirement that the pay-
load mass be off-loadedduring groundtestingand 2) the requirement
that the struts be bolted down before launch.

With few exceptions, the control strategy for six-axis hexapod
systems has been classical>~® The classical approach is used be-
cause the cubic hexapod decouples the dynamics into six individual
strut systems that are approximately identical. This orthogonality
allows the same control loop to be closed around each axis to create
a decentralized multi-input/multi-output (MIMO) controller, which
drastically simplifies the controlbecause only a single-input/single-
output (SISO) controller must be designed. In addition, this orthog-
onality is not restricted to the type or number of combinations of
actuators and sensors on the local strut. This approach, however,
is ultimately limited by the orthogonal assumption. For instance,
when load cells are used for sensing, which is the case in many
systems, lateral stiffness in the struts causes vibration paths that
are not visible to the sensors.” These problems limit the achievable
performance of the decentralized SISO approach.

Hood Technology Corporation (HT) and the University of
Washington (UW) have designed and tested a unique hexapod de-
sign for spaceborne interferometry missions. By the use of lessons
learned from these past approaches, several improvements in the
hexapod design were implemented. This design, shown in Fig. 1,
is similar to those built by JPL, which were also designed in
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Table1 Summary of current hexapods

Passive Active
Actuation Feedback Passive corner Off-load bandwidth
Hexapod Actuator stroke, mm sensors damping frequency provision requirement, Hy
Intelligent Magnetostrictive +0.127 Load cell, payload _ Rigid Internal spring 10-200
automation (HAM) accelerometer adjust
Draper Piezoceramic +0.025 Load cell _ Rigid None 10-200
(HAM)
Harris/AIF Piezoceramic +0.025 Base and payload _ Rigid None 10-200
(HAM) accelerometers
CSA UQP Electromagnetic +0.020 Payload Elastomer 15Hz None 3-100
(SUITE) (HAM) geophone (¢ ~0.05)
Honeywell/ Voice coil +2 Payload Fluid 1Hz External 0.2-40
AFLR VISS (SAM) accelerometer (¢~0.2) suspension
JPL Voice coil +0.5 Load cell Eddy current 10-20 Hz External 1-100
(SAM) (¢ ~0.02) suspension
HT/UW Voice coil +5 Load cell, payload Elastomer 3 Hz External 0.3-30
(SAM) geophone, LVDT (¢ ~0.1-0.2) suspension

Fig. 1 HT/UW hexapod.

collaboration with one of the authors. The design presented here is
a SAM system and extends the actuation stroke to 10,000 m. This
stroke is an order of magnitude increase in actuator displacement
capability over other SAMs, giving this hexapod a much greater ca-
pability for pointingcontrol. To improve isolation, the passivecorner
frequency of the system is 3 Hz, significantly lower than most other
systems. Elastomer flexures and links, rather than steel, were also
used to reduce lateral stiffness and improve passive performance at
payload resonanceand at microphonic frequencies (>100 Hz). The
HT/UW systemalsoincludesa full array of sensors,includingthree-
axis load cells, linear variable differential transformers (LVDTs) for
differential position, and payload and base geophones. This sensor
suite, the largest of its kind, allows the users to develop, test, and
systematically compare many of the control topologies in a base
system like never before. In addition, the soft elastomer flexures
and three-axisload cells allow the evaluation of the lateral stiffness
and orthogonality limitations of the hexapod.

This paper gives an overview of this unique six-axis isolator de-
sign and a summary of the control results for various sensor topolo-
gies, including multisensor and frequency-weighted isolation and
pointing. The paper is organized as follows. First, an overview of
current hexapod systems is given, followed by the detailed design
of the HT/UW design. In this section, the uniqueness and research
contributions of the HT/UW design are developed. This is followed
by a summary of the control results, including single- and multiple-
sensor decentralized active isolation, full multivariable active isola-
tion, and combined active isolation and pointing.

Current Hexapod Research

Table 1 shows a summary of current hexapod experiments in the
community that are focused on space systems. Intelligent Automa-

tion, Inc.,2 has developed an HAM system. This hexapod uses a
magnetorestrictivematerial known as Terfenol-D as a stiff actuator.
Load cells and accelerometers are the feedback sensors and can be
used alone or in combination in an adaptive control strategy. The
struts are not designed for any passive isolation capability and use
an internal spring to off-load the payload mass from the actuator.
The system has an active vibration isolation bandwidth requirement
of approximately 10-200 Hz.

Charles Stark Draper Laboratory® has a unique system because
it is designed for a much larger payload than the other hexapods
discussed here, namely, a 2.59-m-diam Cassegrain telescope. As
with the Intelligent Automation, Inc., system, the control bandwidth
requirementis 10-200 Hz, and no passive isolation capability is in-
cluded. Each strut uses a piezoceramic for actuation with a load cell
providing feedback in a classical controls approach. Accelerome-
ters are added to allow multivariable control strategies to be imple-
mented.

Anotherhexapod with piezoceramicswas builtby the Harris Cor-
porationusing their strut known as the active isolation fitting (AIF).*
The unique aspect of their approach is the use of base and payload
accelerometers for control. A classical loop is closed around each
sensor, with the base accelerometerloop providing feedforwardcan-
cellation of incoming disturbances and the payload accelerometer
loop inertially stabilizing the payload.

The final HAM system is the ultraquiet platform (UQP) con-
structed by CSA Engineering for the Space Test Research Vehicle-2
(Ref. 5). The newest version of this system from CSA is the
Satellite Ultraquiet Isolation Technology Experiment (SUITE).S
Stiff electromagnetic actuators provide the necessary control force
with geophones used as vibration sensors. Again, the control strat-
egy is classical, with a SISO loop closed around each strut. The
UQP was designed with a passive corner frequency of approxi-
mately 15 Hz, which gives it a slightly lower control bandwidth
requirement of 3-100 Hz.

The first of the SAM systems is a hexapod built by Honeywell,
Inc., for AFRL, known as the Vibration Isolation and Suppression
System (VISS).”-® In VISS, a voice coil is used as the soft actuator,
and accelerometers are used for feedback. The corner frequency for
the VISS is 1 Hz, which makes the control bandwidth requirement
approximately 0.2-40 Hz. This very soft corner frequency means
that the system has an external support system for off-loading the
weight of the payload to prevent gravity sag. Also, because a voice
coil is used as an actuator, the maximum possible displacement is
more than an order of magnitude greater than that of any of the
HAM systems. This large stroke gives VISS, as with most other
SAM systems, significant capability for pointing control (<1 Hz).

JPL has designed and built several hexapod isolators, the most
recentof whichis a SAM system.” It is being developed primarily to
improve the expected vibration environment on future spaceborne
interferometers.JPL has constructedthree nearlyidenticalhexapods
(the University of Wyoming hexapod differed only in that it had an
internal spring for off-load). Tests on the JPL hexapod show the
system to have a natural frequency of 10 and 20 Hz, and the target
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controlbandwidthis 1-100 Hz. As with VISS, the soft actuators are
voice coils. The control strategy for this system has been classical,
using load cells to provide feedback. The JPL system also includes
both payload and base accelerometers, but to this point these have
been used only to evaluate transmissibility performance and not for
control. The HT/UW hexapod system most closely resembles the
JPL systems.

HT/UW Hexapod

HT and UW have studied these systems to understandthe benefits
and drawbacks as applied to the spaceborne interferometry appli-
cation. One of the authors (von Flotow) was also involved in the
design of the JPL systems. As such, the HT/UW design addresses
many of the issues with these systems, including the lateral stiff-
ness, sensor topology, and control topology. This section details the
unique characteristics of this system.

Flexures

A cubic six-axis hexapod attempts to decouple the six axes into
six individual systems based on a single-axis strut element. One key
assumptionin this decouplingis thatonly axialforces are transmitted
through each strut. This assumptionis incorrectfor several reasons.
First, therotationalstiffnessof the end flexuresbecomesimportantat
low frequencies. At low frequencies, where the strut lateral transfer
inertance (inertia) is less than strut lateral stiffness, the struts lateral
effect can be seen in Fig. 2.

The lateral stiffness predicted by this model is

K, = (Ko, + K,,)/L? (1)

This lateral stiffness leads to a performance limitation for active vi-
bration isolation systems that use the struts axial force as a sensor,
thatis, aloadcell. The struttransferstiffnesscreatesa low-frequency
zero in the plant transfer function. This zero pair is usually sensi-
tive and occasionally nonminimum phase, which creates stability
and performance robustness issues. The nonminimum phase char-
acteristics have been shown to be caused by a nonlinearity in the
strut internal wiring.!® Although there are compensationmethods if
the zeros are minimum phase, they usually involve plant inversion
(high gain), which is not robust. For the JPL system, this zero ap-
pears within the active control bandwidth at approximately 2.6 Hz.
In JPL’s hexapod, the lateral stiffness is approximately 35 dB less
than the struts axial stiffness (for a 20-Hz passive corner frequency).

The ideal hexapod has end flexures that are very soft rotationally
and well damped, such that the zero pair is at a very low frequency
and well damped, and the low-frequency gain is small. The HT/UW
hexapod uses molded elastomer end flexures and achieves a lateral
to axial stiffness ratio of greater than 40 dB.

At moderate frequencies, the isolator should be as soft and well
damped as possible to work well passively and to allow the lowest
isolation bandwidth. In the hexapod at these moderate frequencies,
the strut lateral dynamics are that of a rigid body (inertia dominated
rather than stiffness dominated). The lateral effect of the strut can
be seenin Fig. 3. The lateral dynamic stiffness K predicted by this

model is
(0 1)(K1)(K>)
r=—— )
ol + K, + K,

The HT/UW hexapod design minimizes the lateral stiffness using
several approaches, including center of percussion mounting and

lateral
End flexure
Kol rotational stiffness axial
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,&Base Payload Ko?
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< L |

Fig. 2 Low-frequency model of the transverse disturbance transmis-
sion paths through a single strut.
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Fig. 3 Intermediate-/high-frequency model of the transverse distur-
bance transmission paths through a single strut.

low strut mass to minimize the transfer inertance and elastomer
flexures with low lateral stiffness.

Center of Percussion Mounting

The payloadend of the HT/UW struthas a flexurenearits physical
end (K,), whereas there is a second flexure attached near its center
of percussion (K ). The center of percussion mounting is very close
to the voice coil location. For modest frequencies, where the strut
behaves as a rigid body, this drives the transfer inertance / toward
zero. At higher frequencies, where the strut flexes laterally, this
design innovation is probably less important.

Low Mass Strut

The HT/UW strutdoes notinclude the massive voice coil magnet.
Rather, the magnet is hardmounted to the base, and the end flexures
support only a lightweight stinger and voice coil. This reduces the
transfer inertance / by approximately a factor of two.

End Flexures with Low Lateral Stiffness

Ratherthanuse steel blade flexures with very high lateral stiffness,
the HT/UW strut employs molded elastomeric flexures with low
lateral stiffness K| and K,. This limits the lateral dynamic stiffness
of the strut to approximately

Kr ~ K\ K> /(K + K>) 3)

The net effect of these design innovations is to reduce the lateral
effect of each strut, both at low frequencies where feedback loop
stability is at risk and at high frequencies where lateral disturbance
transmission can otherwise exceed axial disturbance transmission.

Actuator

A custom-built voice coil actuator was designed for each strut to
provide a maximum force of up to 10 1b, while dissipating as much
as 56 W. The most interesting feature of these actuators is the very
large maximum displacement (5 mm) and large radial clearance
(£1.5 mm). This gives the hexapod a great deal of capability for
both low-frequency active isolation and precision pointing control.
To take full advantage of this increased mechanical stroke, a low-
noise linear amplifier was also designed.

Sensors

As outlined earlier, this platform contains a full array of sensors
that provides the researcher with maximum flexibility in controller
design by allowing almost any combination of sensors. The full
sensor suite also allows an excellent testbed for an accurate and
unbiased comparison of control topologies. The following sensors
are on each of the six struts.

Three-Axis Load Cell

This is a custom 1-1b, three-axis force sensor developed by HT
and Dytran Instruments, Inc. Although only the axial signal has
traditionally been used for control, the other two transverse axes
provide important information on other disturbance paths that are
invisible to a one-axis load cell. The nominal sensitivity of the load
cellis 17 mV/N.

LVDT
This sensor, which is built into strut, provides the differential
positionof the hexapodpayload with respectto the base. This sensor
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Fig. 4 Cutaway view of a single HT/UW strut. Note: Base and payload
geophones mounted separately in parallel with strut.

can be used for open-and closed-loop positioning and pointing. The
nominal sensitivity is 100 mV/mm with an accuracy of £0.25%.

Geophones

Each of the six struts has a payload and base geophone for ve-
locity information. This sensor is an excellent choice for vibra-
tion control because of its low-noise floor, better than that of a Q-
3000 accelerometerin the frequency range of interest. The HT/UW
hexapod uses the Geospace Corporation HS-1. It is small (247 g;
5.08 x 4.06 cm) and operates at a tilt angle up to 90 deg from ver-
tical. The HS-1 geophone sensor has a corner frequency of 10 Hz
and a sensitivity (£10%) of 0.453 V-cm - s.

Strut Integration

In integrating the innovative design characteristics of the strut
with the voice coil actuator and suite of sensors, a housing was
designed such thatall of the design advantagesare maintained while
keepingit as simple as possible. Each of the six struts is identical. A
diagramof the final HT/UW strutdesignis shown in Fig. 4. Note that
the parallel motion flexure is the stiffness,denotedby K, and that it
is attached near the center of percussion of the strut, that is, near the
attachment of the voice coil. The secondary flexure is the stiffness
K,. The three-axis load cell is attached at the bottom of the strut.

The struts are built so that their corner frequency is a very soft
3 Hz but also adjustable over a wide range by exchanging different
elastomer flexures. The passive damping in these elastomer links,
specifically the parallel motion flexures, also enhances the perfor-
mance of the system at low frequency and at the passive payload
resonance. The damping is approximately 10%, much higher than
the JPL system and most other soft and hard mount systems.

Electronics

Each strut is connected to its own electronics box that was de-
signed to hold the amplifiers to drive the voice coil and the appropri-
ate signal conditioning for each sensor output. One of these boxes
is shown in the foreground of Fig. 1. Each strut requires an external
28 V dc and a maximum of 1.5 A to drive the voice coil and load
cell. A +7.5-V powerrail is also used within each box for the sensor
conditioning electronics using a switching regulator.

A final unique design feature of the HT/UW hexapod design is
the power amplifier. The large stroke of each of the struts allows
the hexapod to be used for active pointing control and disturbance
suppression (from a cryocooler, for example), as well as active iso-
lation. These control loops, however, require very different signal
amplification. Active isolation usually requires very small sensor
and actuator signals, whereas pointing and suppression usually re-
quire larger signals, depending on the system commands. A custom,
low-noise power amplifier was designed to address this issue. The
power amplifier is actually two differentamplifiers: one with a low-
currentchannel (0.5 A) used to drive the isolationloop and a second
high-currentchannel (1.5 A) used drive the pointingand suppression
loops. Both amplifiers are configured to provide current feedback,
and their outputs are then summed at the voice coil.
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Fig. 5 Open-loop voice coil to geophone/lload cell transfer functions
for both the model and data.

Hexapod Integration

The 3-Hz corner frequency implies that the system requires the
payload to be off-loaded. In this case, it is done externally by sus-
pending the payload using three springs, as shown in Fig. 1. Each
strut is attached at the top and bottom using an interface block.
The faces of this block are cut at the proper angle so that the struts
may be attached to form a cubic hexapod configuration. The geo-
phone sensors are attached in parallel to the interface block. These
blocks are then bolted to base and payload plates, which are cut
from aluminum optical benches with i-in. holes spaced every inch.
The current configuration of the system is shown in Fig. 1.

The final pointaboutthe HT/UW designisits flexibility with other
configurations. The HT/UW hexapod was developed with the idea
thatit could be reconfigured into a shape other than a cubic hexapod
in the future, if so desired. Historically, the cubic hexapod is used
because all struts are orthogonal to adjacent struts, minimizing the
effectof one strut on another. This allows the SISO controlapproach
to be used. However, there may be other topologies where it may
more beneficial to have the struts in another orientation. This would
simply requirea new set of interfaceblocks, which couldbe designed
and constructed very quickly.

Model

Two models were developed for the hexapod. The first is a full
six-axis model, including all cross-axial stiffnesses and damping,
finite elements for each strut, as well as all sensors and actuators.
The full model, which was used to analyze the final control designs
and to design the multivariable controller, contains 70-100 states.
The second model is a single-strutmodel because of the decoupling
of the cubic hexapod into six similar axes. The single-axis model
has eight states including sensor dynamics of the geophone and was
used in the single-strut, decentralized control designs.

Figure 5 shows the full model and experimental open-loop trans-
fer functions from the voice coil to the load cell and payload geo-
phone for one strut on the integrated HT/UW hexapod. (Note that
the single axis model is similar.) The load cell transfer function in-
cludes a low-frequency limiting gain of —25 dB, a low-frequency
zero pair at 0.8 Hz, the soft-flexure-based dynamics near 3 Hz, and
the stiffer secondary flexure dynamics near 75 Hz. The geophone
dynamics are very small at low frequency due to the 10-Hz corner
frequency, which acts as a high-pass filter. This corner also prevents
good transfer functionresults below 0.5 Hz. The geophone transfer
function also includes the soft-flexure-based dynamics near 3 Hz
and the stiffer secondary flexure dynamics near 75 Hz. Note that the
other strut transfer functions are similar.

Performance Metric: Six-Axis Transmissibility
Because of the problems created in evaluating the performance
of a complex system like the hexapod, a unique performance met-
ric, known as six-axis transmissibility, was developed by JPL.° The
metric is determined by finding the 6 x 6 transfer function matrix
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Fig. 6 Experimental and model-based six-axis transmissibility for the
HT/UW and JPL hexapod systems.

from the six base accelerationinputs on each strut to the six payload
accelerometer output G (s). This matrix can then be evaluated over
a desired frequency range using the Frobenius norm, resulting in a
single frequency response that represents the effective transmissi-
bility of a multiaxis isolator.

For this research, several modifications were made. First, base
and payload velocity are used through the use of geophones, rather
than of accelerometers, because of their improved performance on
the HT/UW hexapod. Second, the two norm was used as the per-
formance metric rather than the Frobenius norm because of its ties
to signal analysis and probability concepts (such as 3o values) and
linear quadratic control. Based on the 6 x 6 transfer function matrix
from the base to payload geophones, the two norm is given by

1 o0 o0
G153 = 5~ / w[G(jo)G*(jo)] dw = / P do (4

where P(w) is a scalar measure of the energy per unit frequency
of the transmissibility. The area under this curve then gives the two
norm.

Figure 6 compares the experimental six-axis transmissibility
curve obtained from the actual data of the system to a 42-state model
developedfor the system. The full 48-state model contains six iden-
tical struts, each with models of the voice coil, stinger, flexures,
sensor dynamics, and base and payload masses. The experimental
data are produced by shaking the base plate (mounted on a foam
pad) using large shaker. When the shaker is moved through each of
the six degrees of freedom, it is possible to excite all of the dynam-
ics of the system. The data from each degree of freedom are then
added together ensure that all dynamic information for the system
is captured.

Figure 6 shows thatlow-frequency signals pass through the hexa-
pod, whereas a series of resonances occur at approximately 3 Hz.
The transmissibility then rolls off at 40 dB per decade. In compar-
ing the HT/UW and the JPL hexapods (also shown in Fig. 6), notice
the large differences in the passive corner. The JPL system is much
stiffer passively due to the use of steel flexures. The lower frequency
and heavier damping of the HT/UW system is evident. There is an-
other resonant frequency at 80 Hz due to the stiff secondary flexure
in the system. Beyond this frequency, the experimental data show
the influence of a payload plate bending. The experimental results
match well up to approximately 80 Hz.

Controller Development and Experimental Results

A variety of controlresults have been developedand implemented
on the HT/UW hexapod. Presented and discussed here are con-
trollersbased on decentralizedsingle-strut,single-sensorcontrollers
(SISO), decentralized controllers with two feedback sensors from
each strut [single-inputimulti-output (SIMO)], and full multivari-
able (MIMO) results. Also presented are the results from the com-
bined active isolation and pointing controllers.
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Fig. 7 Experimental closed-loop six-axis transmissibility results for
theload cell (15.1dB), geophone(22.4dB), and combined geophone/load
cell (23.7 dB) controllers.

Decentralized, Single-Sensor Controllers

Two decentralized, single-sensor controller topologies were de-
veloped and tested: feedback of the load cell sensors to each local
strut voice coil and feedback of the geophone sensor to the local
strut voice coil. In each case, a decentralized MIMO controller was
developedby integrating six identical SISO controllers. Single-strut
controllers were designed using linear quadratic methods as well as
classical methods, and the best results were similar for all methods.
The classical controller is presented here because of its intuitive
appeal.

A relatively simple third-order controller was designed using
the geophones for feedback and demonstrated reasonable perfor-
mance and good stability margins. The controller consists of a low-
frequency second-order rolloff (corner of 0.2 Hz) to increase the
loop gain near 3 Hz and two zeros at 10 Hz to counteract the geo-
phone corner frequency. An additional pole at 25 Hz is used to roll
off the system. Note that the SISO linear quadratic controller was
very similar.

The experimentalclosed-loopsix-axis transmissibilityresults are
shown in Fig. 7. The controller actively softens the system corner
frequency to approximately 1.5 Hz and reduces the rms of the trans-
missibility (from 0.8 to 30 Hz) by 22.4 dB. The model (not shown)
predicts the softening to be to 0.6 Hz and a performance improve-
ment of 20.4 dB. Because of a lower phase margin from computa-
tional delay and rolloff pole, a pop appears in the 35-Hz region of
the geophone controller. Also, the mode at 60 Hz is a result of the
ac power source in the electronics and not the system dynamics.

A load-cell-based controller was developed in a similar manner;
a SISO single-strutcontroller was replicating for all six axes. Again
both the classical and linear quadraticresults are similar. The classi-
cal controllerincludeda lag filter to provide sufficient phase margin
at the lower crossover (1.2 Hz) and a high-pass filter to keep the
excess gain below the crossover (1.2 Hz) below unity. This excess
gain partly results from the low-frequency zero and partly from the
low-frequency gain introduced by the lag filter. A low-pass filter
was used to provide a rolloff before the resonance of the secondary
flexure. Figure 7 shows the correspondingexperimental closed-loop
six-axis transmissibility results. The load cell controller, except in
the 20-70 Hz range, did not perform as well as the geophone with
respect to the rms metric (15.1 dB for the load cell controller vs
22.4 dB for the geophone controller).

The fundamental limitation of the load cell controlleris the low-
frequency zero pair. Any controller that uses the load cell sensor
must use high gain near this region to boost the loop gain. This zero
pair can be quite sensitive!” such that a robust control methodology
usually simply lowers the low-frequency gain. The affect of the
low-frequency zero limitation is evident in the closed-loop transfer
function, where the low-frequency passive mode (2 Hz) did not
soften. The performance in this region is comparable to open loop.
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In 1-g, because the cross-axial dependence (and this zero pair) is
dominated by the payload suspension,a higherbay would resultin a
lower bounce suspensionmode and, thus, reduce the zero frequency.
On orbit, however, this zero would be significantly smaller, and the
HT/UW hexapod would most likely allow control to well below
1 Hz using the load cell sensor.

Decentralized, Two Sensor Controllers

A decentralizedsingle-strut,two-sensorcontrollerwas developed
for the system, based again on the decentralizedarchitecture. In this
case, six identical SIMO controllers are integrated into a MIMO
controller. The SIMO controllerfed both the load cell and geophone
sensors to the local voice coil in the strut. For the SIMO controllers,
it was much simplerto move to a multivariablecontrol schemerather
than classical.

Linear quadratic designs have been used for years by researchers
for multivariable control.!!:!? The approach is relatively simple to
use to develop a multivariable control law. Consider a state-space
system:

x = Ax + Bu + I'w, y=Cx+Du+v 5)

The intensity of the process and sensor noise are defined as

Elwt+owl (1)) = Wé(1), Elv(it+twl )] = Vé(r)

The linear quadratic cost function to be minimized is
1 [o ]
J = lim E [5 / x®OT0x @) +u®)’ Ru(t)] dti| (6)
1 — 00 0

where Q is a positive semidefinite state/performance weighting ma-
trix and R is a positive definite control weighting. A state feedback
gain matrix G and an analogous Kalman filter gain matrix H can
then be found by solvingthe steady-statealgebraic Riccati equation.
In this case, the model-based controller takes the form

K($)=G(GsI—A+BG+HC)'H (7)

One powerful tool in linear quadratic, active vibration isolation
is the selection of the weighting matrices. As shown by Hyde,'? the
choice of Q, R, W, and V can be used to shape the system trans-
missibility. In this case, the Q/R ratio defines the low-frequency
corner, and the W/V ratio defines the upper corner frequency. By
the proper selection of these weighting matrices, it is possible to set
the corner frequency of the active controller.

In addition to the SIMO sensor topology, a frequency weight was
alsoadded to the controldesign. The technique of frequency weight-
ing was first proposedin Ref. 14. Itis particularly well suited to the
problemof vibrationisolationbecauseit allows the designerto shape
the transmissibilitycurve while applying similar computationalpro-
cedures. The only issue is that the size of the controller increases
with the number of frequency weight states. For this work, a simple
second-order filter is centered at 5 Hz to decrease more sharply the
transmissibility in this region. It penalizes the performance in the
bandwidth of interest, from 0.5 to 20 Hz.

The experimental six-axis transmissibility results for the decen-
tralized SIMO closed-loop system are shown in Fig. 7. The con-
troller bandwidth is approximately identical to the SISO geophone
controller, but there are several key differences. First, the region of
maximum attenuation due to active control has been moved from
15 Hz in the SISO geophone case back to 5 Hz. Note that the slope
from 2 to 5 Hz is now —40 dB/decade, matching the rolloff of the
frequency weight. In addition to the added performance, the 20~
80 Hz region of control was more robust, with better phase margins
at low and high frequency. The cost of this more capable controller
is the increase in controller size from seven states to nine states
for each of the six struts. The model predicts an rms isolation of
22.2 dB, whereas the data results indicate 23.7 dB.

Full Feedback Multivariable Controller

A full feedbackmultivariablecontroller(all six payload geophone
sensors to all six strut actuators) was developed for the hexapod.
The results, unfortunately, were quite poor. There were two primary

reasons for this, each of which is based on the off-axis dynamics,
that is, from one strut to another. First, the off-axis dynamics are
very difficult to predict in the model, making them very difficult
to control. However, the second, more important, reason is that the
model contained many nonminimum phase zeros in the off-axis
transfer functions, thus limiting the achievable control. Depending
on the weightingsused, the controllerresults varied between the load
cell and geophoneindividualresults shown in Fig. 7. In addition, by
weightingthe diagonalresults much more, a decentralizedcontroller
similar to the earlier decentralized controllers was recovered.

Active Isolation and Pointing

One of the biggest benefits of the unique HT/UW design is the
ability to do both multiaxis active isolation and pointing. This is an
important new area that has only been addressed by the Honeywell,
Inc./AFLR VISS experiment.® The feedback sensorused for point-
ing is the LVDT, mounted in parallel with the voice coil actuator.
This sensor measures the elongation of each individual strut. The
voice coil actuator is used both for pointing and isolation. One of
the most importantissues with combining activeisolationand point-
ing is that the lower-frequency pointing loop usually requires much
more actuator command (stroke, current). Therefore, to make the
best use of the digital-to-analogconverter (DAC) range (£5 V), the
two controlloops have separate DACs. The two control outputs (for
pointing and isolation) are then adjusted with analog gains before
they are added and sent to the voice coil actuator. Because the con-
trol frequency region for pointing is much lower than for isolation,
it can be viewed as the dc component of the control signal. A simple
schematic of the control architectureis shown in Fig. 8.

Two controlloops were closed for isolation and pointing. The ac-
tiveisolationcontrollerwas identicalto the decentralizedtwo-sensor
controllerpresentedin the precedingsection. The pointingcontroller
was designed to minimize the interaction between the pointing and
isolation control loops. A simple proportional-integral-derivative

Sensors
Geo LC LVDT

Sensor conditioning

ADC [——
DAC Tsolation
Cont. law
ADC [«
CPU
Gain / < DAC Pointing w
LPF Cont. law ADC |«

Fig. 8 Block diagram setup for the combined active isolation and
pointing experiments.
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Fig. 9 Time history of the pointing controller response to a step func-
tion.
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controller with a bandwidth of 1 Hz was used for servo pointing
control. With both loops closed, a six-axis disturbance was applied
to each of the base struts, and a reference step command was used
to slew the hexapod top plate pointing angle 2.25 deg. The step
response (pointing angle of the top plate of the hexapod) is shown
in Fig. 9. The 2.25-deg slew was completed in approximately 3 s
with little or no overshoot. The jagged response of the pointing an-
gle was a result of 1) a small amount of jitter in the control loop
and 2) output noise on the sensor. It is surmised that, with a better
LVDT sensor, these results would improve. Overall, however, the
combined isolation/pointing results using the HT/UW hexapod are
promising.

Conclusions

HT and UW have designedand developeda hexapodthatis unique
when compared to other efforts in the area of active vibration con-
trol. A sensor suite with many of the most common vibration sensors
(three-axis load cell, payload and base geophones, LVDT) allows
objective comparison of different control approaches and architec-
tures. In addition, the soft (2-Hz) heavily damped (¢ ~ 0.2) passive
dynamics(dueto alow mass stinger/strut design with elastomer flex-
ures) and the +5-mm stroke voice coil allow studies in combined
isolation, large-angle pointing, and suppression to occur.

Experimental closed-loop control results using the hexapod have
shown that controllers designed using a decentralized single-strut
design work well when compared to full multivariable methodolo-
gies. Decentralizedmultivariablecontrollerswere designedby repli-
cating single-strutcontrollers for all six axes. Load-cell-only-based
controllers performed the worst (15.1dB), limited by the suspen-
sion springs and a pair of low-frequency zeros. Note, however, that
the suspension springs will not be presentin 0-g implementations.
The geophone-only-based controllers performed much better at low
frequency and achieved 22.4 dB. The combined geophone/load cell
controller performed better than the single-sensor controllers (23.7
vs 15 and 22.4 dB). In addition, the geophone/oad cell sensor con-
troller was more robust than the load cell controllerat low frequency
(no inversionof lightly damped zeros) and more robust than the geo-
phone controller at high frequency (larger phase margin). The full
feedback multivariable design, not shown, did not add any bene-
fit to the results because of the off-axis dynamics (mismodeling
and nonminimum phase zeros). Initial combined active isolation
and pointing results showed a simple 2.25-deg slew maneuver with
no overshoot, results that are promising for the integrated isola-
tion/pointing problem.
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