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Abstract

The measurement of low frequency and small amplitude seismic vibrations with a high accuracy is critical
in two scientific disciplines: seismology and structural vibration control. In both fields, there is a constant
necessity to develop sensors with a better resolution, robust to temperature variations and magnetic fields,
with a low consumption and, of course, at an affordable price. This is particularly valid in frontier science
facilities, like future particle colliders and gravitational wave detectors. So far, the vibration sensor industry
has not been interested to develop absolute displacement sensors, to measure low frequency and small ampli-
tude vibrations. Such sensors are required in active isolation based on the so-called sky-hook spring strategy.
In this paper, we show some recent developments and tests of such sensors. Basically, two prototypes are
compared. The first one is based on a commercial low cost geophone, which has been modified to measure
the displacement. The second one is based on a pendulum. The two sensors are compared on the following
aspects: resolution, dynamic range, linearity, spurious high frequency modes, robustness and price

1 Introduction

The last fifty years have witnessed tremendous developments in seismometery [2]. Undoubtedly, the corner-
stone of this evolution has been the introduction of the so-called force balance principle, which reduces the
relative motion between the inertial mass and the support, and allows for a much larger dynamic range than
a passive system. Actually, the introduction of this balancing force offers many advantages: (1) to increase
the linearity of the sensor (because non-linear effects appear for large displacements), (2) to offer a flat sen-
sitivity to acceleration or velocity at low frequency, which is better for measure seismic signals, and finally
(3) to use a high resolution capacitive sensor to measure this relative motion. The principle is now a standard
element in seismometers. However, in active control, the amplitudes of interest are relatively small (between
Inm and 10nm), and the quantity of interest is rather the displacement. To some extend, seismometers,
seismic accelerometers and geophones can be used for vibration isolation, but the further improvement of
active vibration isolation system requires new developments: reduce the size, decrease the noise floor in the
frequency range between 0.5 Hz and 100 H z, increase the robustness to environmental disturbances (e.g.
magnetic field, radiation, temperature...), and at an affordable price. Compared to commercial products, the
needs of inertial sensors for active vibration isolation are illustrated in Fig. 1.

In this paper, two prototypes have been developed to increase the resolution of a commercial geophone. The
geophone under test is a GS-11D, Geospace Technologies [4]. Its main properties are summarized in Table
1.

The geophone principle is first reviewed. Then, the new prototypes will be presented and compared.
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Figure 1: (a) Dynamic range of several types of inertial sensors; (b) Price versus resolution for seveal types
of inertial sensors.

Model | GS-11D Nunmber of turns/coil | 3680
Manufacturer | Geospace Wire diameter | 0.06mm
Sensitivity | 32 V/(m/s) Max current I max | 90mA
Total weight | 0.11 kg Outer diameter of the coils | 27.9mm
Inertial mass | 0.018 kg Stiffness | 24 (N/m)
Inner diameter of the coils | 25mm Transducer constant/coil | 25N/A
Corner frequency | 4.5 Hz Damping ratio | .50

Table 1: Characteristics of the geophone.

2 Geophone principle

The working principle of the geophone is illustrated in Fig. 2(a). A coil is encircled around a seismic mass
m, and loaded by a resistance R. The ground w generates a relative motion between m and the coil. The
relative motion creates a current ¢, and a voltage Vj across the resistance.

The equations of the system are:

mi + (& —w) + k(x —w)+Ti=0 (1)
for the mechanical part and
di
Lé—T(@—w)+Ri=o )

for the electrical part, where 7 is the current, L is the inductance of the coil, and 7' = is the constant of the
coil, expressed in (T'm) or V/(m/s).

Defining y =  — w, we get in the Laplace domain
ms?Y +csY + kY +T1 = —ms*W (3)

LsI —TsY +RI=0 “4)

The output of the sensor is the voltage Vj across the resistance R, V, = RI. The sensitivity S(s) of the
geophone is given by
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Figure 2: Working principle of (a) a passive geophone and (b) a feedback geophone.

Vo o ( RT > —ms? )
sW Ls+R) ms?2+ sc+ k+ LZiSR
In practice, R > sL and Equ.(5) is reduced to
Vo —mT's?
W == 5 T2 (6)
s ms?+s(c+ ) +k
or equivalently,
Vs, —Ts?
(7)

SW 82 + 2&owos + w%

which is the typical expression of a high pass filter, where wg = /k/m and & = (¢ + %) /(2muwy). Figure
3 shows the sensitivity curve of the geophone GS11D, in units of (V/m). Typically, geophones can measure
the velocity of the support from a few Hertz to a few hundred Hertz. At high frequency, the performances
are limited by the higher order modes. At low frequency, the performances are limited by the fundamental
resonance of the inertial mass.

In a real sensor, V} is polluted by several sources of noise, which are essentially characteristics of the me-
chanical and electrical components of the sensor (Brownian motion of the seismic mass, Johnson noise,
current noise,..) [6]. In this paper, all three contributions are lumped in a quantity N, as shown in Fig. 4(a).

Taking the noise into account, Equ.(7) becomes

Vo = 5(s)W(s) + Ns(s) ®)

One sees that the smallest detectable quantity is limited by the sensor noise floor /N. In practice, N can be
measured either combining the output signals of two identical sensors placed side by side, or by tilting the
sensor to block the inertial mass [1, 5]. Figure 5 shows the noise floor of the GS11D.

A convenient method to improve the apparent sensitivity of the geophone is to use a stretcher filter, with
a double pole at w. and a double zero at wy, where w. < wg [8, 9]. However, it does not improve the
ratio signal/noise of the geophone. In the next section, an alternative method is presented, where the corner
frequency of the geophone is actively decreased.
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Figure 3: Normalized sensitivity expressed in (V/m) of three sensors: (a) a geophone; (b) a feedback geo-
phone; (c) a position sensor.
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Figure 4: Noise model for (a) a passive sensor and (b) an active sensor.

3 Feedback geophone

The principle of a feedback geophone is shown in Fig. 2(b). The coil is divided in two parts, and (3) becomes

ms’Y + csY + kY + T,l, + Tsls = —ms*W )

where T and T}, are the constants of the two parts of the coil. One part is still used as sensor. Using the same
assumption that R is large, the output voltage is given by

Vo= RI; ~TssY (10)
where I, is the current generated by the relative motion between the mass and the ground. Then, V} is used

to generate a current in the other part of the coil. Taking a Proportional plus Integral plus derivative (PID)

controller, we get
Lo = H(s)Vo = (9 + 2 + s92)Vo (11
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Figure 5: Noise floor of several inertial sensors.

where g, g; and g4 are the gains of the controller. Replacing (10) and (11) in (9) gives the new sensitivity
Sty

Vo —mTys?
W (m + Ty Toga)s? + (¢ + 55 + TuTsgy)s + k + TuTsg;

(12)

which is shown in Fig.3. The corner frequency of the geophone can be actively changed from \/% to

T T g5 by choosing the values g; and g4. The proportional gain g, is chosen to adjust the damping. In
the useful bandwidth, the sensitivity is reduced to

Y, _ -,
sW  m+ ToTsgq

and the transfer function between the ground displacement and the relative displacement of the seismic mass
is

(13)

Y —m
L L 14
W m + Tangd ( )

From (13) and (14), one sees that an additional feature of the relative acceleration feedback is that it can
modify the sensitivity of the geophone. Choosing a positive value for g; will force the seismic mass to move
with the ground, and reduce the relative displacement of the seismic mass. As a consequence, the sensor will
be able to measure much higher levels of vibrations without saturation, which is particularly useful to record
strong earthquakes. This is known as the force balance principle. On the other hand, choosing a negative
value of g4 will increase the sensitivity of the sensor.
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This concept has been tested experimentally. The exterior cover of a GS-11D was removed, which decreased
the transduction constant, and the coil was separated in two independent parts (Fig. 6(a)).

Figure 6: (a) Feedback geophone; (b) Position sensor.

The sensitivity curve in closed loop configuration is also shown in Fig. 3. On the other hand, the increase
of the sensitivity is obtained at the cost of the introduction of an additional noise introduced by the feedback
operation, as shown in Fig. 4(b). Equations (10) and (11) become

Vo=RI;+ Ny =TssY + N, (15)

I, = H(s)Vp + N, (16)

and the output signal of the feedback geophone becomes
Vo = SppsW + SsNs + SaNg 17)

where S and S, are respectively the sensitivity to the sensor noise and to the actuator noise. Neglecting
the actuator noise, the noise curve of the feedback geophone is extrapolated from the noise of the passive
geophone, and is shown in Fig. 5. One sees that, compared to the passive geophone, the extension of the
sensitivity at low frequencies has reduced the noise curve for frequencies lower than the wy.

4 Position sensor

The principle of the an inertial position sensor is based on a direct measurement of the relative displacement
between the inertial mass and the support [3]. A thin blade has been fixed on the cylinder which supports
the coil. The geophone has been mounted on a new support, on which a capacitive sensor from [7] is also
mounted. A picture of the prototype is shown in Fig. 6(b). The sensitivity is shown in Fig. 3, and the noise
curve is shown in Fig.5.

5 Comparison and conclusions

The objective of this study is to develop a new inertial sensor, compact, low cost, and with a good resolution
at low frequency. Two prototypes of inertial sensors have been presented in this paper. Both of them have
been obtained from modifications of a GS-11D. The first one is a feedback geophone, where the sensitivity
has been actively increased at low frequencies; the second one is a passive position sensor, where the relative
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Sensor | Advantange Disadvantage
Feedback | - Cheap - Needs a controller
- Compact - Resolution limited
Capacitive | - Good resolution - Assembly difficult
- Price
- Small dynamic range

Table 2: Comparison of two prototypes of inertial sensors.

displacement between the seismic mass and the support is directly measured by a capacitive sensor. The
main characteristics of these two prototypes are summarized in Table 2.

In a future work the support of the capacitive sensor will be improved to allow a better alignment. An optical
relative sensor is also foreseen as an alternative to the capacitive sensor.
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