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Can piezoelectric accelerometers be used to actively damp the mechanical
suspensions in laser interferometric gravitational wave detectors
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An investigation of the use of mass-loaded piezoelectric accelerometers for active damping of high
@, mechanical. vibration isolation suspensions is reported. The transfer function and noise of the
accelerometer are modeled, and the predicted noise compared with measurements. A servo which
damps the normal modes of a two-stage suspension by sensing the acceleration of, and feeding back
to, the intermediate mass is then modeled. The rms and “high frequency” closed loop motions of the
isolated mass are calculated. © 1996 American Institute of Phvsics. [S0034-6748(96)01003-1]

l. INTRODUCTION

Laser interferometric gravitational wave detectors en-
deavor to detect the passage of a burst of gravitational radia-
tion by sensing the change in the relative separation of a
number of almost-freely suspended test masses using laser
interferometry.! To allow unambiguous detection of the
minute changes in separation that are expected,” the test
masses must be isolatéd from many external influences. In
particular, the test masses must be highly isolated from seis-
mic vibrations and, further, the parts of the suspension near-
est each test mass must not apply significant Nyquist
dissipation—fluctuation forces to the suspension. That is, the
“last stages” of the test mass suspension must have low me-
chanical losses. However, the concomitant high ¢ normal
modes can result in large motions of the test masses at the
normal mode frequencies. This can lead to difficulties in the
servo control of the positions of the test masses since the
energy stored in this motion must be extracted by the servo
before control can be achieved, and the motion may exeeed
the dynamic tange of the transducer. Further, the high OQ’s
may affect the stability of the servo.’

The high @ normal modes can be damped by imple-
menting a servo control which uses either an inertial or non-
inertial sensor to monitor the motion of the suspended
masses, and then applies a correction force to the appropriate
part of the suspension system.* An example of a noninertial
sensor is a shadow-position sensor,’ as used on prototype
interferometers. which consists of a flag that is mounted on
the sensed surface and is free to move between a light-
emitting diode and photodiode that are mounted on a tefer-
ence surface. However, this type of sensor has the disadvan-
tage that it is as sensitive to the motion of the reference
surface as it is to motion of the sensed surface: which could
resuit in high trequency vibrations being imposed on the
suspended test mass unless the reference surface was suffi-
ciently well isolated from environmental and seismic
vibrations.” Further. a noninertial sensor is sensitive only to
the relative motion of the sensed and reference surfaces.
Thus, if a suspended reference mass was used then the non-
inertial sensor would not damp the common mode motion of
the test and reference masses.
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An inertial sensor such as a mass-loaded piezoelectric
accelerometer does not have these problems; but perhaps
would appear to have a more serious problem in that it does
not have much sensitivity to low frequency displacements.
We will show, however, that such a sensor may be used in a
normal-mode damping servo without introducing excessive
notse.

We will consider the two-stage suspension system shown
in Fig. 1. The motion of the intermediate mass is sensed
using a mass-loaded piezoelectric accelerometer. The model
assurnes that the comrection force is applied to the intermedi-
ate mass using a magnetic actuator similar to those used in
prototype interferometers.” To decide whether the piezoelec-
tric accelerometer is suitable, we need to determine the sig- -
nal produced by the accelerometer and the noise produced by
the piezoceramic and preamplifier. These parameters can
then be used to calculate the closed-loop noise imposed on
the test mass by a realistic servo loop. Clearly we require that
the servo electronic noise not limit the sensitivity of the de-
tector at its operating frequencies (=100 Hz), and that the
residual low frequency noise imposed on the test mass by the
servo noise be less than the residual low frequency noise due
to seismic excitation.

This control system is an example of an active vibration
isolation system in which only the @ of the mechanical sys-
tem is controlled. Active isolation systems can also be used
1o increase the isolation by using feedback to actively reduce
the mechanical resonant frequency.” However, such control
systems require more complex sensors which have better low
frequency sensitivity,

. PIEZOELECTRIC ACCELEROMETER AND
PREAMPLIFIER

Piezoelectric accelerometers can be configured to apply
either a compressive or shear stress to the piezoceramic.®
However. the best sensitivity and the iowest pyroelectric in-
duced noise is obtained by operating the piezoceramic in
shear mode. :

The output of the piezoceramic can be preamplified us-
ing either a charge-sensitive amplifier. which convents the
charge induced on the electrodes of the piezoceramic by the

© 1996 American Institute of Physics 633




Xs
AT

accelerometer
g m; [Ns [Actuator
'voice coil’

ma

FIG. 1. Schematic of the two-stage suspension considered in this paper. The
signal from the accelerometer is amplified and filtered, and then feedback to
the “voice coil” which applies a force to the magnet mounted on the inter-
mediate mass.

applied stress to an output voltage, or a noninverting voltage
amplifier which amplifies the potential difference induced
across the piezoceramic electrodes by the applied stress. We
begin this section by predicting that the signal-to-noise ratio
obtained when using a charge-sensitive amplifier will be very
similar to that obtained using a voltage amplifier, and con-
clude by demonstrating that the predicted noise for the
charge configuration is in good agreement with experiment.

A. Signai at the output of the preamplifier

The induced charge and induced voltage are given by

induced charge=mw’xyd;s, (1)
o
mw xgd
induced voltage= _‘U_Co_ls' (2)
4

where m is the mass of the inertial load, w is the angular
frequency of the applied stress, x, is the amplitude of the
motion, d,s is the charge density/shear stress at constant
electric field, and C, is the capacitance of the piezoceramic.

To determine the voltage that appears at the output of the
preamplifier we need to model the cable that connects the
piezoceramic to the preamplifier, and the amplifier. Neglect-
ing the various noise generators for the moment, the accel-
erometer and preamplifier can be modeled as shown in Fig.
2.

At frequencies well below the internal resonant fre-
quency of the piezoceramic (which is ideally > several kHz),
the signal at the output of the charge-sensitive amplifier is
given by

--jmm3x0d,5R}

Yo TR
provided that Ao Cr=C,+C, and A R,y ® R}, where
Ag s the open-loop gain of the op-amp, R,j;=R,R,/
(R,2+R), Rp = (1 + R, /R;)R;, and R, is the input imped-
ance of the op-amp. Thus, the output signal produced by the
charge-sensitive amplifier configuration is unaffected by the

cable capacitance.
Simtlarly, the signal at the output of the voltage amplifier

is given by

3)
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FIG. 2. The models used to determine the transfer function of the piezoce-
ramic accelerometer and (a} a charge-sensitive preamplifier, and (b) a volt-
age preamplifier. C,, and R, represent the capacitance and leakage resistance
of the piezoceramic. C, represents the capacitance of the cable that connects
the accelerometer to the preampiifier, Note that the feedback resistor R ;s
required to |imit the d¢ gain of the charge-sensitive preamplifier. It results in
additional phase advance of the signal, however, and this phase advance
must be subsequently correcied if the signal is to be used in a servo loop.

, 3 RZ
Jmo xgd R, 1+ R—l

Yo S T ulC, ¥ COR, @
provided that R >R,. Note that the cable capacitance at-
tenuates the signal from the piezoceramic.

Thus, the charge-sensitive amplifier configuration would
appear to be better. However, this conclusion neglects the
noise produced by each configurarion, and consideration of
the signal-to-noise ratio indicates that there is very little dif-
ference between the two configurations. |

B. Noise at the output of the preampiifier

An expression for the noise at the output of the preamp-
lifier can be determined using the models shown in Fig. 3. It
can be shown that the spectral density of voltage noise at the
output of the charge-sensitive amplifier is given by

1+w’(C,+C.)'RY,
Rz
A

q
v eff

2
Sa out”‘( sz 2%)[
-\ 1+ 0 CIR;
+4kgTwC, tan &+ Sj(eﬁJ, (5)

where

Rﬁp=RfRP /(Rf-i-Rp),

4k,T
Sgleﬁ=Su+|Z3H[2(S,-+ & ),

4koT
Ste=Si+ 20 4 2ol
R, " R,

Z31=R3 /{1 +jwC;R,),
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FIG. 3. The models used to determine the noise at the output of the (a)
charge-sensitive preamplifier, and (b) voltage preamplifier. e, . ¢/, ¢, €3,
and e, represent the Johnson noise produced by the associated resistors, €5
represents the Johnson noise produced by the resistance associated with the
loss tangent of the piezoceramic, R s=tan #wC,. ¢, and i, represent the
equivalent input voltage and current noise of the op-zmp; they are related to
the more usually spemﬁed (single-sided} equivalent input noises e, and ¢,
by el=e22 and i2=iZ,

S, and §; are the spectral density of voltage and current
noise of the op-amp, and tan 8 is the loss tangent of the
piezoceramic. The derivation of Eq. (5) assumed that

Similarly, the spectral density of voltage noise at the
output of the voltage amplifier is given by

S AN i
n.out Ry} | P TF 0N (C, 7 CR:
X{4ksTwC, tan 5+S§’,eﬁ}}, {6)
where
S =Sy +4kgTR 1+ 5.RY .

4kyT

R, "’

I:r.eff= Si+

Ry2=R 1Ry /(R +R,),

assuming tan &<1.

C. Signal-to-noise ratio

Using the above equations, the signal-to-noise ratio for

tan &1, R and R, <R, and C;<C,. the charge configuration, SNR, is given by
|
26272
m-w deis
SNR:= , 7
T 1+ 0MC+C R, ?
R}" SU eff+ 4k3T€UC tan §+ S: eff
I
and the SNR for the voltage configuration, SNR, , is given by
m?
w®x5dis
SNR.= . 8
V[l 1+ eNC,+C)R] ®
R2 Ueff+4kBTwC fan (5"‘51 eff
P
I
In practice SY 4 = S} i+ STt = Sieir. and R;=R,,, and R'
thus SNR_~SNR, . The remainder of the paper will there- Srqu™ mr‘ﬁ {w?(C,+C.)%S,
fore consider only the charge configuration. R
+4kpTwC, tan §+5, 4}, 9
D. Frequency dependence of the output noise N
where
To elucidate the frequency dependence of the noise at
the output of the CSA, it is convenient to rewrite Eq. (5) as
follows: Sv.etr= 5} off»
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FIG. 4. Comiributions to the vaoltage noise at the output of the charge-
sensitive amplifier. We have assumed that the input current noise of the
amplifier is white, and that input voltage noise is white at high frequencies
but has a flicker component at low frequencies. The noise due to the loss
tangent of the piezoceramic will onty be evident for sufficiently poor loss
tangents,

q
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Si.eﬂ"—' Si,eff+

R}Iip -

The frequency dependence of the noise spectral density
can be summarized as shown in Fig. 4. At high frequencies
the noise is dominated by effective voltage noise (S,
which is white at high frequencies and is proportional to
approximately 1/f at low frequencies. In this frequency
range

C,+C.\?
v.eff (10)

Sn.mn%( Cf

The noise contribution due to the loss tangent of the
piezoceramic is also proportional to 1/f (assuming the foss
tangent itself is independent of frequency) and will only be
significant relative to the voltage noise contribution if the
loss tangent is targe. At low frequencies the noise becomes
dominated by the effective current noise:

R}?

f
S, u,k(—m . )S-.ﬁ_ (11}
n, 0 1+w CfRf 1,6

E. Comparison of predicted output noise with
measurements

To show that the model accurately predicts the output
noise, it is important that the values of the components in the
model are determined independently of any noise measure-
ment. Fortunately, it is possible to independently determine
most of the component values.
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FIG. 5. Circuit used to determine component values in the charge-sensitive
amplifier.

The actual values of C ¢ and R} can be determined using
the circuit shown in Fig. 5, which has a gain given by

02 12
_ R ]
2~1p12

The gain is largest at high frequencies where it has the value
C,/Cy, and at w= w; gp= I/CR; the gain is 3 dB less than
the maximum. Thus, measurement of the maximum gain and
@; g Will allow the actual values of € and R to be calcu-
lated. Our CSA has C;=3.25 pF and R,=1.68X10'° Q1.
5. can be estimated by placing a low capacitance, low
loss tangent, high leakage resistance {polystyrene) tapacitor
on the input of the CSA and measuring the noise on the
output at a sufficiently low frequency that the loss tangent
and effective voltage noise contributions are negligible (0.1
Hz, for exampie). Equation (11} can then be used to calculate
Sieff- Our CSA has S, ¢ = 1.27 X 1073° AYHz, which is
close 1o that calculajed using the spe:tr.:iﬁed7 input cugrent
noise (${"*=0.3 fA/\Hz) and R,=1x10"" 1, The contribu-
tion 10 S; .4 due to §, .4 is negligible. Since the effective
current noise is dominated by the Nyquist noise from R 7 and
the leakage resistance of the piezoceramic is expected to be
>10'"' (2, the above value of .. should be a good estimate
of the effective current noise of the accelerometer and CSA.
Note that S; . will be independent of frequency as §,; is
frequency independent.” .
The most accurate method of determining 8y ealw) is to
measure the output noise when the input is loaded by a se-

gain=wC, (12)

 lection of low loss—tangent {polystyrene) capacitors which

maximize the output noise due to §, . but do not produce an
amplifier gain that exceeds the open-loop gain of the op-
amp. Then, since §; .4 has already been determined and
tan 5=~5X107* for low-loss polystyrene capacitors, Eq. (9)
can be used to calculate S, (). For the CSA shown in Fig.
2, we used a 9950 pF capacitor to determine the 0.1-50 Hz
noise, a 1158 pF capacitor to determine the 100-500 Hz
noise. and a 241 pF capacitor to determine the 1-5 kHz
noise. We obtained ;2 ~ 8.0 nV/yHz at high frequencies,
and the low-frequency corner was at ~100 Hz.

To check the model’s predictions a piezoceramic device
that had minimal sensitivity to mechanical vibrations was
constructed. Tt consisted of two shear-plate  Pz26
piczoceramics® that were bonded to an end-face of a brass
cylinder, with their polarization axes pointed in opposite di-
rections, and electrically connected in parallel. The ceramics
had been annealed after polarization so as to minimize aging.
Thin wires were used to connect the device to the CSA. The
parameters of the compound piezoceramic were € »=376 pF
and tan §=3X107>. The measured output noise and the pre-
dicted noise are shown in Fig. 6. Note that the agreement is
very good, and so the accelerometer—CSA model can be
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FIG. 6. The measured (box symbols) and predicted (plus s5ymbols) noise at
the output of the charge-sensitive amplifier.

used with confidence to predict the residual noise in the
servo loop. The disagreement between the measurements and
predictions at 20 and 50 Hz is due to environmental me-
chanical noise.

Figure 7 illustrates how the loss tangent of the piezoce-
ramic  affects the output noise: for C,=376 pF,
tan $<1x107? is required to remove the effect of loss tan-
gent noise. A Pz26 (d,5~400 pC/N)* accelerometer with an
inertial mass of ! kg and C,=376 pF would have an open-
loop displacement sensitivity of about 4x10™"* m/yHz at
100 Hz. In contrast, the higher loss tangent noise in a Pz29
{d15~700 pC/N, tan F=2X 107%) accelerometer that had the
same geometry (and therefore different C,) would result in a
sensitivity of about 7X 10~ m/y/Hz at 100 Hz.

. ACTIVE DAMPING QF A TWQ-STAGE PENDULUM
SUSPENSION

The loop diagram of the active damping servo model is
shown in Fig. 8 and analyzed in the Appendix. The support
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FIG. 7. An illustration of how the output noise of the charge-sensitive
amplifier would increase as the loss tangent of the piezoceramic was in-
creased from 53X 107 o IX107 o 2% 1077,
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FIG. 8. Servo loop diagram used to model the active damping of the normal
modes in a two-stage pendulum suspension. £, represents the force applied
to the intermediate mass due to the motion of the pendulum suspension
point. G, represents the open loop respense of the intermediate mass to an
applied force, The transfer function of the piezoelectric accelerometer and
prearnplifier is represented by 5. The signal from the preamplifier is ampli-
fied using a filter with transfer function F, to ensure stability of the serva
toop, and a filter with transfer function F, 10 remove excess noise at high
frequencies, The signal from the second filter is converted to a current and
fed to the actuator which has a transfer function A. T, relates the closed-
loop motion of the test mass to that of the intermediate mass. The electronic
noise added to the loop is represented by S, ,, the output voltage noise of
the preamplifier, and 5, ., the input voltage noise of the actuator. The input
voltage noise of the filters is negligibie.

point of the suspension experiences a displacement X (s5)
due to seismic (and other environmental) vibrations which,
in turn, exerts a force F,(5) on the intermediate mass and
produces motion of the intermediate and test masses. The
motion of the intermediate mass is detected using the piezo-
ceramic accelerometer and charge-sensitive preamplifier (S)
discussed above. The signal from the preamplifier is filtered
{F ) to ensure loop stability, and the excess high frequency
noise is removed using a low-pass amplifier (F,). The signal
is then converted to a curremt and fed to a noncontacting
magnetic actuator (4) which applies a correction force F(s)
to the intermediate mass. The accelerometer should use a
large inertial mass to maximize its sensitivity and minimize
the effect of noise, particularly low frequency noise added by
the preamplifier.

The closed loop response of the intermediate mass to
F,(s) can be determined using

_ Gui(s)F,(s)
Xicl(s)= TFGLOHG)

where H{s)=8(s)F(5)F,{5)A{s5). The closed loop motion
of the test mass, X;c (5}, can be deduced from the motion of
the intermediate mass using X,c (5)=T5(5)X e (5), as out-
lined in the Appendix.

(13}

A. Servo loop stability

We can ensure that the servo loop is stable and obtain
accepiable transient response by requiring that 273
>arg(G, H)>—2w/3 while |G |H}>0 dB.

The low frequency behavior of G,,H is dominated by
G, and S in the absence of F,. |G ;| is independent of s
below the coupled mechanical resonant frequency of the in-
termediate mass and then ““rolls-off” as s . From Eq. (3,

ms3dlsR}

(1+5C/R}) (1

S(s)=

and thus |S| increases as s> at very low frequencies (below
. T
the corner frequency of the CSA) and then increases as s~
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Therefore, |G|, H would increase as s° at very low frequen-
cies, and then increase as s” until the mechanical resonant
frequency, after which it would become independent of s.
Thus, at very low frequencies, the loop gain (G H) would
have a 37/2 phase lead, which must be reduced to less than
n before |G|, H| becomes larger than 0 dB.

To ensure stability, F| must provide some phase lag at
low frequencies. That is, it must be a low-pass fiiter:

-G,
(1+(s/wa)]

with a corner frequency, w,,, below the mechanical resonant
frequency. The optimum position of the low-pass comer will

Fils)= (15)

j

be determined by the position of the CSA corner frequency
relative to the mechanical resonant frequency, and the maxi-
mum loop gain required. The net effect should be to vield a
phase lead =211/3 at the low frequency 0 dB point. An ad-
ditional effect of F| being a low pass filter is that the roll-off
of the loop gain above the mechanical resonant frequency
will become 5!, and thus ensure that the phase at the upper
0 dB point 1s also suitable. The servo loop will therefore be
stable provided that any phase lags resulting from F(5) and -
A(s) do not significantly degrade the phase margin at the
upper 0 dB point.

The Bode plots of the loop gain are shown in Fig. 9. We
have assumed the following parameters:

intermediate mass m=10 kg w,/27m=0.7 Hz ¢,=10°
lest mass ma=10 kg ws/27=0.7 Hz o.,=10
accelerometer m=1 kg d,5=400 pC/N €, =500 pF R,=1x10"" Q
tan §=3x1077
Csa C;=3.25 pF R~168x10" Ri=29k{) R=1k0
filter F, w,,/2r=0.065 Hz
I

In addition, we have assumed that the noise reduction 10V Fy 10V Fy )

filter, F5, is a two-pole Chebyshev (2 dB) low- Iter R,= o I- (18
: ' p ¢ ¥ ( d } pass f # drangc GII(S_O) dra.nge Mwl

with a comer frequency w,,/2m=5 Hz and a transfer
function®

K{fn wc2)2
S2+sfnwc2(3_K)+(fnwc2)2 !
where K=2.114 and f, =0.907.%°

The drive-stage amplifier is assumed to have the circuit

shown in Fig. 10, and thus the actuator has a transfer func-
tion

Fa(s)= (16)

(UR,)Fy,
[1+s(L, /R")] ’

where L, =20 mH, Ry=1 k{1, and Fy, is the dc force per
ampere that would be applied by the actuator. The value of
R, is determined by the required (dc) dynamic range of the
actuator. For example, if the maximum output voltage of the
op-amips was 10 V and a dynamic range of dyange WaS TrE-
quired then

Als)= {17)

FIG. 5. Bode plots for the assumed servo loop. The solid line is 20
log[ G, A and the dashed line is 10 arg[G H] The parameters assumed in
the calculation are listed in the text,
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—

Thus, in this particular example, a dynamic range of 0.4 mm
would require R, =38 Q assuming that F,.=0.9 N/A (this
corresponds to three prototype magnetic actuators® acting in
parallel).

The only remaining free parameter in the servo loop out-
lined above is G, which can be varied to adjust the damping
of the normal modes. However, varying G, will also change
the servo phase margins which could degrade the servo per-
formance at other frequencies. It can be shown that a normal
mode will be critically damped if

SF\FoAl;zjy =jlm,wl, (19)
where m, and w, are the mass and frequency of the normal

mode. Thus, in this case, the normal modes will be approxi-
mately critically damped if

_ . m, @y Cng
=G, . =~ —} —) ——=
G e 2( m )(‘”cl) dysKF g (20)

_FIG- 10. Circuit diagram of the assumed drive-stage amplifier. L, is the
inductance of Ll"lc “¥oice coil” that produces the drive magnetic field. Ry
prevents satiralion of the op-amps at high frequencies.
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