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Satellite UltraQuiet Isolation Technology Experiment (SUITE)
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The main objective of the ‘Satellite UltraQuiet Isolation
Technology Experiment’ is to attenuate the vibration in
the hraodband up to 160 Hz, and at 5-, 25-, and 100-Hz
corner frequencies in a six-degree-of-freedom hexapod
system mounted on a satellite. To design the controller
Sfor vibration isolation, the identification of the plant
transfer function was necessary. The hexapod assembly
model was identified using various band-limited fest
sigaals such as chirp, white Gaussian roise, and pseudo-
random binary signals. Using the observed responses (o
these test signals, a 6 x 6 transfer function matrix
relating six piezo-actuator input voltages and the six
geophone-sensor output voltages was obtained in the
discrete-time domain. Various model structures such as
auto-regression with exogeneous inputs, auto-regression
moving-average with exogeneous inputs, and Box
Jenkins (BJ) were used for system identification. The
transfer functions obtained by a fifth-order BJ model
were validated in the time and frequency domains. Their
orders were matched with the order of the elecrro-
mechanical model of the combined piezo-geophone
system. Various multi-input multi-output control design
methodologies such as linear quadratic Gaussian and
> were proposed for active vibration isolation up to
100 Hz. The simulation results using these controllers
achieved 33- and 12-dB attenuation at 5- and 25-H:
corner frequencies, respectively.
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Nomenclature

Ve Voltage applied to the jth piezoelectric
actuator (V)

Vi Voltage measured from the ith geophone
sensor (V)

Via Input voltage for the piezoelectric
actuator model {V)

Vout Output voitage for the geophone sensor
model (V)

Vre Voltage drop across the Maxwell circuit
)

Foxt External mechanical load on the actuator
)

g Total charge in the circuit for the
actuator electrical model {C)

n Electromechanical transformer ratio {C/m)

X Displacement of the mass m1, of the
actuator and geophone base (m)

¥ Absoclute displacement of the coil of the
geophone sensor {m)

N Nurmber of turns of the geophone coil

C Linear capacitance in parallel with the

transformer (F)
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F Transduced force from the electrical
domain of the actuator model (IN)
Vi Back emf from the mechanical

domain of the actuator model (V)
lux linkage per turn of the
geophone coil (Wb}
Absoclute motion of the geophone
base/body {m)
Absolute motion of moving coil of
the geophone sensor {m)
Displacement of the coil relative to
the permanent magnet (m)
Capacitance and resistance in the
Maxweil circuit (F, )
M, Dy, ko Egquivalent mass, damping coefficient
and stiffness for the piezoelectric
actuator model,
respectively (kg, N-s/m, N/m)
Equivalent mass, damping coefficient
and stiffness for the gcophone sensor
model, respectively (kg, N-s/m, N/m}
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X
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c =y —X
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1. Introduction

A hexapod consists of a movable platiorm connected
to the fixed base by six variable-length struts. The
length of each strut can be controlled independently
by six linear actuators and sensors o achieve inde-
pendent translational and rotational motions along
the x-, y-, and z-axes giving six degrees of freedom
(6 DOFS) to the platlorm. The hexapod has higher
stiffness and payload-to-weight ratio compared to
other 6-DOF systems. Passive dampers located in
each strut work in combination with variable-length
actuators in such a way that the heat dissipation from
the damper and the change in the length of the
actuators compensate the vibration transmitted from
the base to the platform. This combined active-passive
hexapod vibration isolator is widely accepted in the
applications such as next-generation machine tools
7,171, space structure positioning and pointing sys-
terns {16], and active optics [11].

‘Satellite UliraQuiet Isolation Technology Experi-
ment (SUITEY [1] is intended to provide a quiet
platform for precision sensors on the noisy PICOsa-
tellite shown in Fig. 1. We conducted various experi-
ments to model the 6-DOF hexapod mounted on the
PICOsztellite and developed algorithms for vibration
isclation through the SUITE Guest Investigator
Program at Air Force Research Laboratory {(AFRL).
The main objective of this cxperiment is to attenuate
the wibration in the freguency range of 5 100 Hz.

Fig. 1. The PICOsatellitc is a micro-satellite acquired by
the Air Force Test Program and manufactured by Surrey
Sateilite Tecchnology Limited (SSTL) of Guildford, Surrey,
England. Courtesy of United Stuates Air Force Rescarch
Laboratory, Kirtland Air Force Base, New Mexico {1].

Initially, the algorithms were tested on identical
ground-unit and then on the orbiting satellite. For the
ground-unit, vibrations due to motors or torque coils
are transmitted to ground besides various components
on the ground-unit considered for vibration attenua-
tion. However, orbiting satellite behaves like a lightly
damped system where vibration attenuation at high
corner frequencies is hard to achieve.

In this paper, system identification approaches such
as auto regression with exogeneous variables (ARX),
auto regression moving average with exogeneous
variables {ARMAX), and Box—Jenkins (BJ} model
structures were selected for the estimation of the
transfer function matrix relating the six piezo-actuator
inputs to the six geophone sensor outputs for the
hexapod system. A 6-DOF hexapod system: can be
mathematically modeled in several ways. Various
methods such as the Newton—Raphson method with
first-order gradient correction for calculation of the
Jacobian and inverse-Jacobian, the One Point ltera-
tion method or a Homotopy method can be used for
closed-form kinematics solutions for hexapod systems
[9,10,18]. Modeling of a hexzpod on the basis of
stiffness and stability is another approach [13,15,191.
These methods define the relationship between posi-
tion of the platform and six strut fengths. The majority
of these methods assume that hexapod is in cubic
configuration, i.e., hexapod struts are orthogonal
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This assumption neglects coupling among the struts
for simplifying calculations. However, hexapod used
in SUTITE is not in cubic configuration. In this paper
we find the relation between the six piezoelectric
actuator input voltages and the six geophone sensor
output voltages. This approach enabled us to study
cffcet of cross coupling and capture it in our empiri-
cally-derived mathematical model in terms of transfer
functions. A 6 x 6 transfer function matrix identified
using various system identification techniques can be
used for control. Various vibration attenuation
methods such as direct adaptive disturbance rejection,
robust adaptive filtering, and decoupled controller
design have been used [3-5]. These approaches used
six channels of single-input single-output {(SISO)
controllers assuming that there is no coupling among
the variables. Considering the effect of cross-coupling,
we designed multivariable controllers for improve-
ment in active isolation of the hexapod platform
from the incoming base-vibrations. The simulation
resuits using these controllers achieved 33- and 12-dB
attenuation at 35- and 25-Hz corner {requencies,
respectively.

This paper describes the 6-DOF SUITE hexapod
assembly, hardware, and software used for data
acquisition, actuation, and control. The main
emphasis will be given on the selection of the
struyctures for mathematical modeling of the SUITE
hexapod and model validation. System identification
using a chirp signai and band-limited white Gaussian
noise is performed experimentally to find the fransfer-
function matrix in the discreie-time domain. The
paper concludes with the demomnstration of vibration
attenuation obtained during the simulation of linear
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guadratic Gaussian/loop transfer function recovery
(LOG/LTR)Y and H™ multivariable controller. These
results with time- and [requency-domain validation,
support the accuracy of mathematical model.

2. Description of the SUITE Hexapod
System

2.1. Hardware

As shown ia Fig. 2, the SUITE hexapod hardware
consists of a movable platiform connected to the
fixed base by six identical struts with various
actuators, sensors, and & tray module containing a
microcontroller and a digital signal processor {DSP).
Vibrations up to 1060Hz can be generated in the
platform and the base with the proof-mass actuators
{(PMASs) each located on the platform and the base.
Two sets of tri-axial geophones, one jocated on the
base and the other under the platform, are used to
measure the vibration on the base and the platform,
respectively. Both have a small inclination angle of
5° with the -+ Z-axis of the hexapod. As shown in
Fig. 3, cach strut consists of an active stage comn-
taining a piezoelectric actuator, & geophone sensor,
and a noise filter of 1-kHz bandwidth and a passive
stage consisting of layers of Beryllium -Copper for
additional stiffness and viscoelastic material for
damping. This passive stage provides additional
isolation in case the active vibration isolalion stage
fails. The pierzoclectric actuator used in each strut
is a stack-type actuator with the operational
voltage range of —15 to 150V, opcrational siroke

Z )
Passive Stage

Conditioning
Cireait

Geophone

PZT Actuator

Fig. 2. The hexapod assembly consisting of a base plate, a platform, two PMAs and six struts. each with a piezoelectric

actuator, a geophone sensor and a passive isolation stage.
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Fig. 3. A strut assembly consisting of end flexure, piezoelectric actuator, geophone sensor, signal conditioning circuit and
passive isolation stage. Courtesy of United States Air Force Research Laboratory, Kirtdand Air Force Base, New Mexico [1].

length of 30 um, and resonant frequency at 1.5kHz.
The geophone sensor has the sensitivity of 0.1 V-g/
mm, suspension frequency at 12Hz above which
it acts as a linear velocity sensor with 1-kHz band-
width.

The mass of the payload suspended from the
platform is 6.2 kg and the total mass of the hexapod
system is 12.6 kg, An electronic data control system
contains a 32-bit TMS320C31 digita!l signal pro-
cessor manufactureé by Texas Instruments. It runs
on 40-MHz clock with 20-MIPS {mega instructions
per second; instruction execution rate. The DSP is
mainly used for the data storage, processing and
calculation of control signal. The data control sys-
tems also consists of PIC16C74, uan 8-bit micro-
controller manufactured by Microchip that is used
for the PMA actuation and temperature sensor
measurement.

2.2. Software

The software for the SUITE consists of C programs,
MATLAB programs, and the experiment lists. There
are nine different C programs that perform the vari-
able initialization and memory release. These sub-
routines are mainly used for impiementing control
algorithms, measuring geophone sensors and tem-
perature sensors, and driving piezoelectric and PMAs.
The experiment lists are the set of predefined com-
mands, and are executed sequentially to perform the
experiment in the particular mission. These lists pro-
vide methods of the initialization of glebal variable
and the configuration setup before the zmpumcma-
tion of control algorithm starts.

3. System ldentification

In this section, we develop & mathematical model of
the SUITE Thexapod. Let V,= VaiVarVasVas
Vas Va(,JT be the voltages applied to t}%e S1X pzezo—
electric actuators, and Vy = [V Vo VsV Vs §/g6
be the voitages read by the six geophone sensors,
respectively. Hence, the relation between the voltages
applied to the actuators and read by the sensors can be
written in the form of a 6 x 0 transfer function matrix
as follows:

g_Vgl‘E !—filﬁ?jg filfSi 51-| Va]

Vi | fi2 o2 o2 far fra S Va2
Vea | _ 113 fo3 f33 fa3 fs3 j’63 Vas (1)
Vea |~ (14 foa faa Jas foa Jea | | Vaa |’
Vs Fis fos f35 fas f55 Jes | ¢ Vas
[ Ve 16 f26 f3s Jae J56 Joe inbJ

where fj; is the transfer function from the ith input to

the jth output channel. These transfer functions were
found using system identification techniques that are
described in the subsequent sections on the basis of
experimental data obtained from all output channels.
The seleciions of the sampling rate, the model struc-
ture and the order of the transfer function, test signals,
designing and performing the experiment and math-
cmatical model validation are the main steps to
identify the transfer functions. Each step is described
in the following sections.

3.1. Selection of the Sampling Rate

The Nycquist sampling theorem requires the sampling
rate at least twice the closed-loop bandwidth of the
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system in order to reconsiruct the samplcd signal
faithfully. In the SUITE, the PMAs serve as sources of
disturbance generation, and the overall ncise level is
low when all the PMAs are switched off. There is an
active 2-pole antialiasing analog filter with 1-kHz
bandwidth, which prevents aliasing of the high-
frequency noise components in the geophone sensor
measurement. The filter is located in the geophone
signal conditioning circuit as shown in Fig. 3. The
open-loop strut resonant frequency is [.5kHz
Looking at these important open-loop [requencics,
the sampling rate greater than 3 kHz is desirable for
the sampling of the signals. Although the sampling
rate is not required to be more than the twice the open-
loop bandwidth, the control becomes sensitive to the
plant parameter variations and input plant dis-
turbance at these open-loop high frequencies. The
AFRL guidelines set the upper limit on the sampling
rate as 5KHz. Hence, we selected the 3.5kHz sam-
pling rate for all the experiments presented in this
paper.

3.2. Selection of the Mode! Structure and the
Order of the Transfer Function

3.2.1. Planr Maodel

The information regarding the position and the velo-
city of the center of the hexapod platform can be
found from the lengths of the six struts and their rate
of change. The six geophone sensors measure rate of
change of strut iengths which can ultimately give
information about the motion of the platform. Hence,
it was decided to find the mathematical relation of the
six piezoeleciric actuator input voltages with the six
strut-geophone sensor output voitages.

Initially, we tried different model structures such as
ARX and ARMAZX [8]. In case of an ARX model, the
output at a particular time instant is dependent on the
noise at the same instant. In case of an ARMAX
modei, the output at particuiar instant is dependent on
the noise value at the same instant and a lew past noise
values. In both the cases the denominator polynomial
of transfer function from the noise input to the output
must be taken the same as the one for the transfer
function from the control input to the output. How-
ever, the selection of the order of the transfer function
relating the input to the output, and the transfer
function modeling the effect of disturbance could be
done independently using a BJ model. Hence, the BJ
model structure was used as the identification model
for every transfer function in the transfer function
matrix. In order to {ind the order of the transfer
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Fig. 4. Geophone sensor modei. The N-turn coil suspended
with the spring systemn moves relative to the ceniral
permanent magnet attached to the upper base.

function, the elcctromechanical model of the geo-
phone sensor and the piezoeleciric actuator was
developed.

3.2.2. Geophone Sensor Model

Figure 4 shows a model of the geophone sensor. The
sensor can be modeled as the N-turn coil suspended
from the base by 4 spring and moving with respect to
the permanent magnet attached to the same base. The
voltage induced in the coil is directly proportional to
the velocity of the coil with respect Lo the magnet.
Equations (23—{4) represent the equations of the
motion of the coil as a free-body, the relation between
the relative velocity and the eleciromotive force {emf)
induced in the coil, and the relation between the base
motion and the induced voliage in the s-domain,
respectively.

Mg? +by 7 +hkez=—myX, (2

where X is the proportional constant,

—m Ks?
Vou(s) = £ 7(s). ’
ut(8) (mgs® = bys + kg) X(s) (4)

3.2.3. Piezoelectric Actuator Mode!

The piezoelectric stack actuator consists of wafers of
fead ~zirconate—titanate (PZT) ceramic sandwiched
between two electrodes. Assembling a4 number of such
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wafers mechanically in series and connecting the cor-
responding electrodes electrically in parallel forms the
stack. We see that there exists a rate-independent
hysteresis between the volitage applied to actuator and
its end-point displacement [6]. The hysteresis can be
modeled by & Maxwell resistor-capacitor (MRC) cir-
cuit in the electrical domain of the electromechanical
representation of the actuator because the rate-inde-
pendent hysteresis is solely between the voltage
applied to the actuator and the accumulated charge.
Figure 5 shows the clectromechanical model and
Egs (5) (8) represent the relation between the elec-
irical and mechanical domains of the actuator. The
relation between the actuator input voltage and the
displacement of the stack in the s-domain is given
by (9%

Electrical Domain Mechanical Domain

g‘r ——————

! ! i\ Fow
r————1t
CTET. -
i | R vV, .
+ ! . ME a mp
e in T
A }
- . H
K, L b,

AT A oV B iV R
by

Fig. 5. (a) A model of a stack PZT actuator in the electrical
domain. The circuit in the dashed box refers to the Maxwell
resistor-capacitor circuit describing the hysteresis in relation
to the input voltage and the charge in the circuit [6]. (b} The
equivalent of the actuator spring-mass system in the

rom 5 to 100 Hz was selected as a test signal for the
identification of the transfer functions. A band-
limited white Gaussian noise with its frequency con-
tents up to 250Hz and a pseudo-random binary

] Vinls). 9)

Vin=Vre + ¥, (5)
mechanical domain.
g=nx+ CV, (6)
Mp X + by X +kpx = Fi + Fexis (7)
‘p% = ng/b {8)
X(s) = [ n/C
)= e = b+ Tl ((1/C) + (1/Cm) + Ruws) 1 (27O ((1/C) + Roas)

3.24. Electromechanical Model of the Combined
Piezo-Geophone System

If we combine Egs (5)—{(9), the transfer function from
Vinls}y to Voum(s) becomes

-

signal with 150-Hz bandwidth were also used as the
test signals in the process of finding the transfer
functions. The maximum amplitude of each signal
was limited up to £25V and any voliage exceeding
this range was responsibie for sensor saturation. The

Vour(s) i' —myKs® r
Vin(s) [(mys® + bys + ky)

From Eq. (10), the order of the analytical model relating
the output voltage read by the geophone sensor and the
input voltage applied to the piezoelectric actuator is
five. Hence, the fifth-order BJ model was used to
identify the collocated and non-collocated transfer
functions in the 6 x 6 transfer-function matrix {1).

3.3. Selection of the Test Signalis

A chirp signal shown in Fig. 6 with the decreasing
amplitude from 25 to 3V and the increasing frequency

n/C }

L(mps? + bps + kp) ((1/C) + (1/Cm) + Rus) + (72 /C)((1/Cm) + Rwms)

(10

~o

power spectral density of chirp, white Gaussian noise,
and pseudo-random sequenice was above 10 dB/Hz up
to 200, 400, and 175 Hz, respectively. Hence, the [re-
quency contents of the test signals were suflicient to test
broadband and narrowband vibration isolation.

3.4. Empirical Identification of the Transfer
Functions

I the experimenti, the test signal was applied to one
actuator and all six geophone sensors were read. The
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procedure is repeated by applying the test signal to
each of the remaining piezoelectiric actuators. The
responses of all the six geophones when the chirg
signal was applied to the first actuator are shown in
Fig. 7. Relative magnitudes of these responses indicate

T T T T
|!
|
gj
it
P i
< H EE
o
£
---------
________________________
: i ; I
0.5 08 i 1.2 1.4
Time (s}
Fig. 6. The chirp signal of variable amplitude and

frequency content used as one of the input signals for
system identification.
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A, Joshi and W. Kim

that the resporise of a geophonc sensor attached to the
strut under excitation is dominant compared to the
responses of other geophones. However, the regponse
of the other geophomnes cannot be neglected and it
shows the coupling effects among various input/
output channels.

Wea used 4096 points of the input chirp signal and
the same number of the cutput data from geophone
sensors for system identification. Using various model
structures and various orders for the transfer func-
tions ranging from 2 to 7. cach transfer function
represented in (1) was found. Finally we identified ali
the 36 transfer functions with the fifth-order BJ model
structure. Equations {11)-(12) describe the transfer
functions obtained when the chirp signal is applied to
the second piszoelectric actuator and the outpul is
measured from the first and the second geophone
sensors, respecitvely.

—0.009316z(z — 1.01)(= — 0.9534) (2 — 2.019z 1-1.025)

fa = (= —0.06917){=2 — 1.984z+0.9879)(=% — 1 981z +0.9861}’
(1)
P 2.098(z — 1.006)(z — 1.002){z% — 1.962+0.9609)
T2 T3 09914)(-—0.9507){z~ 0.8325)(z2  1.987: +0.9871)
(12)
Geophone 2
2
) _
il 0.5 1 1.5
Geaphone 4
2
145
-2
0 0s 1 14

Time (s)

Fig. 7. Responses from all six gcophone sensors when the chirp signal shown in Fig. 6 was applied to only piezoelectric
actuator 1. By comparing the magnitude of the responses the level of coupiing to other strats can be observed.
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The obtained transfer function matrix is symmetric
in naturc because of the geometrical symmetry in the
hexapod structure with respect to its Z-axis. Hence, /1>
can be found, if f5; is known. Similarly, fiy, f33. faa.
Sss, and f5¢ should be ideally the same as /5. While
performing the experiment, however these transfer
functions were found individually by repeating the
systern identification procedure described above,
Equation (12) indicates that two low-frequency non-
minimum-phase zeros exist in the diagonal transfer
functions of the 6 x 6 transfer function matrix at
3.3322 and 1.1129 Hz limiting the bandwidth of the
controller. We set all non-diagonal transfer functions
to zero and found non-minimum transmission zeros
of multi-input multi-output (MIMO) systern. They are
located at natural frequencies of 1787.4698, 2.1909,
3.5742, 3.0769, 2.3597, 0.6488, 1.2365, and 3.7153 Hz.
The actual response of the system was not sig-
aificantly delayed nor in the direction opposite to the
input. However, the presence of non-minimum-phase
zeros in the model affects the performance in time and
frequency-domain model validation.

3.5. Time-duomain Model Validation

The simulation result obtained using the identified
transfer function matrix matched very well with the
actual system step response measured with the geo-
phone sensors when step shown in Fig. ¥ was applied
to the system and the model. Figure 9 shows the
simulated step response of the system with dotted line
and experimental response with the solid line. The
geophone sensor works as 2 velocity sensor above the
suspension frequency of 12Hz, and it shows 40 dB

&0 T ! z i f '

Q.4

Time {5}

¥ig. 8. Input step signal to obtain the system response in

the time domain.

roil-off acting s @ jerk sensor below the suspension
frequency. In this case, most of the frequency contents
of the step command shown in Fig. 8, are below the
suspension frequency of the geophone sensor. The
step response in the iime interval [0.0657s, 0.1145¢] is
due to the rising edge of the step and the response in
the time interval [0.687s, 0.743 5] is due to the falling
edge of the step. Figure 10 shows the response of the
model by solid line and experimental response by
dotted line when a 60-Hz sinusoid was applied to the
sysiem. The experimental response shows the cut-off
in the output voltage values because our control limits

Sout {v)

Fig. 9. Step response. The solid line indicates the step
response when the experiment was run on the satellite. The
dotted line is the simulated output when the step input was
applied to the transfer function model obtained using the
chirp signal shown in Fig. 6.

i N
b e it
I HE R !
F K H - H
> E ! g Poiigog i i E
b il § i : 15
o e 3 T i =
SRR é b
RN BT ;E 1
SRR
Vo \
L R ) Y

an> noe (i =

Time (v)

Fig. 1¢. The response of system to a 63-Hz sinusoidal
input. The dotted line represents the response of the actual
experiment and the solid line is the simulated output by the
transfer function obtained using the chirp signal shown in
Fig. 6. The dotted line 1s truncated beyond + 10V to avoid
sensor and actuater saturation.
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Fig. 11. Frequency-domain validation. The solid Iline
indicates the Bode plot for identification of the transfer
function using band-limited white Gaussian noise, the dash-
dotted line indicates the Bode plot of the identified transfer
fumction when a band-limited pseudo-random binary signal
is used, and the dotted line indicates the Bode plot of the
transfer function obtained using a fifth-order BJ modcl with
a chirp signal.

the voltage output to £16V to avoid the sensor and
sctuator saturation.

3.6. Frequency-domain Model Validation

[n order to validate the transfer functions obtained in
(113-(12), frequency-domain model validation was
also carried out. A band-limited white Gaussian noise
with 250-Hz bandwidth and a pseudo-random binary
signal with 150-Hz bandwidth were also applied to the
system and the outputs were observed. Figure 11
shows the Bode magnitude piots of the transfer
function given by (12) obtained using a chirp signal,
and the estimates of the transfer function obtained
using & band-limited white Gaussian noise and the
pseudo-random binary signal. They match well in the
frequency range of {10 Hz, 250 Hz).

4. Controller Design Methodologies
4.1. Analysis of Identified Transfer Function Matrix

The singular value analysis of a 6 xX 6 transfer {unc-
tion matrix of the hexapod system is shown in Fig. 12,
The maximum and the minimum singular value plot
form a band of the singular values of the system at a
particular frequency. In the frequency range of
0.1 Hz, 5Hz], the singular-value band is broad

A. Joshi and W. Kim

bagnitude {18

Frequency (H2)

Fig. 12. Singular-value plot for the nominzal plant transfer
function matrix G showing a band of singular values up to
560 Hz.

Vibrations Induced
by PM A moddsled as
plant input
disturbanes
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Active Z-pole

Filter with i- '
k= Bandswidil _|_\T/
Ssnsor Noise
Signal modeled as Whts
Conditicning feliey) Gaussian Noise
Cireuit

Fig. 13. Continuous-time feedback control system with r(7)
as the reference input, (¢} as the output, d(#) as the plant
distarbance, and #{s) as the measurement noise.

denoting the maximum directional dependencies in
the system:. In the frequency range of [SHz, 25 Hz],
this band is narrow denoting the minimum direc-
tional dependency. The nominal plant performance
justifies the requirement of the augmentation of the
plant dynamics with the controller dynamics for
achieving the desired performance specification. In
the strut assembly, the piezoeleciric actuator and
the geophone sensor form the plant (. Figure 13
presents a closed-loop model of the system, where X
is the controller to be implemented. The controller
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WOIKS On  noisy  sensor measurements  with
zero-reference input. The output of the geophone
sensor I8 noisy and the noise #u(¢) is modeled to enter
at the output. There is no reference to be tracked an
hence (¢} will be zero in the ideal case. The vibrations
are induced using the PMA on the base and these
vibrations can be modeled as disturbance d{r), injec-
ted at the entry of the plant. Equations (13)-(14)
describe the relation among the output y(1), and the
sensor noise n{t), the reference to be tracked r(r) and
the input disturbance (7).

v(8) = (I + GK) 'GKr(s) + (I + GK) ™' Gdls)
— (I + GK) 'GKn(s), (13)
v(8) = Tr(s) + SGd(s) — Tn(s), (14)
where

L = GKX defined as the loop shaping transfer

function,
GK L .
=T GR-T+L defined as complementury
+GK 1+L transfer {unction and,
1 1

S =——— = ——_ defined as sensitivity
1 -~ . -
I+6K 1+L transfer function.

Hence, the problem of active vibration isolation
reduces to shaping the singular value band of the
sensitivity transfer function as low as possible up to
100 Hz.

4.2. MIMO Controller Design Methods

Using multivariable controiler design techniques such
as LOQG/LTR and H™ conirol [2,12,14], controllers
were designed and their performances were verified.
The design of LQG/LTR compensator was based on
optimal control gain and Kalman filter gain where
input plant disturbance matrix and covariance matrix
for sensor noise were selected as design parameters.
The covariance matrix representing the sensor noise is
assumed to be an identity matrix with a multiplicative
factor of 0.01. The muitiplicative factor was calculated
by repeatedly reading all geophone sensors without
applying any external input and taking the mean of
their standard deviation values. By solving a Kalman-
filter and optimal-control dual prodlem, the LQG/
LTR controller was designed. When 4 5-Hz sinusoid
of unit amplitude was applied to the six channels
simultaneously for two seconds in the simulation of
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LOG controller, the vibration was atienuated effec-
tively by 33dB. Figure 14 shows the vibration
allenuation at all six channels and the settling of the
system after two seconds. The simulation results of
LGQG controlier was satisfactory at 5 Hz, however, the
vibration attenuation at 25 and 100 Hz frequency were
not satisfactory. The controller designed using LQG/
LTR had limited ioop transfer function recovery duc
to the presence of the non-minimum-phase zeros in
the plant.

In order to achieve the robustness in the controller
design, the #°° controller was designed. The objective
of the design is to minimize the infinite norm of the
matrix & given by {15}

T, (15)

where W, and W, are design parameters and their
value is selected as follows:

(s +10) 7656

Wi = 0.0001 (16)

f

Wy = 0.000017°%®, (17)

The matrix NV is the cost function and the matrices
Wy and W are the weights for the error signal and the
control signal in the cost estimation function. In this
particular case, W, is assigned a constant value over
all frequency range and W is assigned a higher weight
in the lower frequency range. The lower magnitude of
W, matrix denotes that there is less weight for control
input in the minimization of the infinite norm of the
matrix XKS. The particular value (1 x 107°) for the
coefficient of W, matrix is selected in order to relieve
the specification constraints on KS. However, the
Bode plot of each diagonal transfer [unction of ¥,
shows that the higher weight is given to error signul up
to 25Hz. The constraints on the sensitivity S are
relieved for frequencies above 25Hz. In the simula-
tion, H°° controller achieved 33- and 13-dB vibration
attenuation at 5 and 25 Hz respectively. Figure 15
shows the vibration attenuation observed at all six
channels and settling of the system after two seconds
when a 25-Hz sinusoid was applied to all channels.

The main challenge was to implement the MIMO
control algorithms efficiently without occurrence of
the frame overrun. The sampling rate of 3.5kHz was
used throughout the experiment. It was equivalent to
285 s of the intersampling time. The SUITE hard-
ware and software was designed such that the half of
the intersampling time was used for the background
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Fig. 14. The responses of six outpui channels with the LQG/LTR controlier when 4 5-Hz sinusoid was applied as the input

plant disturbance.

work such as memory release, global variable access,
and data population, and the rest half was used for the
actual control algorithm implementations. It implies
that the 142-us time is available for the controller
implementation. The TMSE320C31-40 DSP  has
20-MIPS execution rate, which implies that the 50 ns
is required for the execution of every instruction. In
140 s, maximum 2800 calculations can be performed.
The high-order MIMO controliers could not be
implemented because of the limitation on current
computation power. Also, performance of SISG
contreilers such as lead-lag compensator and notch
filter was not satisfactory at 100 Hz due to the pre-
sence of non-minimum phase zeros on every diagonal
transfer function of 6 x 6 transfer function matrix.

5. Conclusions

The 6 x 6 transfer function matrix for a six-input six-
output was identified in the discrete-time domain with
the help of bandlimited chirp signal, white Guussian
noise, und pseudo-random binary sequence. ARX,

ARMAX, and BJ model siructures were used to
identify the transfer function matrix. The fifth-order
BJ model structure obtained all the transfer functions
whose simulated responses matched well in the time-
domain. Also, the Bode plot of transfer functions
identified by the chirp signal maiched well with the
bode plots obtained from pseudo-random binary
sequence and white Gaussian noise in the 5-200 Hz
frequency range. The frequency-domain validation
was done only in the limited frequency range because
the bandwidth of all the test signal was limited up to
250 Hz. The fifth-order of the transfer function was
the same as the order of transfer function of the piezo-
geophone electromechanical model.

The multivariable controllers were developed using
LOQG/LTR and A™ controller design techniques.
Because of the limitation of computing and processing
power of the present hardware, these high-order
multivariable controllers could not be implemented on
the satellite. However, the simulated responses of
these implementations show 33, and 12dB attenua-
tion at 5 and 25 Hz, respectively, and supported the
validity of identified transfer function matrix.

Supplied by The British Library - "The world's knowledge"




Svstem Ildentification and Multivariable Control for SUITE

Fig. 15. The responses of six outputl channels with the ™
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