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Abstract

A new capacitive vibration sensor using an array of laterally The new sensor array which is being developed at Chemnitz
moving mass-spring systems is being developed at Chemnittniversity of Technology is fabricated by a SCREAM tech-
University of Technology [1]. The sensor operation is based nology. Because of the narrow-band resonance working
on narrow-band resonance of the mass-spring elements. Thanode, the signal processing can be simplified due to a better
natural frequency of each element can be tuned electrically. signal to noise ratio and because no FFT is needed. So a low
The sensor is intended for application in wear state recogni- cost sensor system can be built.

tion on highly stressed machine components. The sensor system should be tested using the experimental
The paper is focussing on high abstraction level CAD prototype ,vibration sensor array“. But before the construc-
modeling of the sensor array. A new design approach [2], tion of the experimental prototype a simulation of the whole
efficient choice of physical domains, resulting problems and system is necessary to check the functionality of the indi-
their solutions will be shown in connection with the design of vidual components and their interaction. The function of the
both sensor and analog signal processing models. sensor was simulated by FEM simulation during the devel-
opment of the sensor array. For simulation of the system
including the sensor, analog and digital signal processing an
FEM simulation takes too much time. Additionally, a simu-
INTRODUCTION lation environment is necessary which allows simulation of
Wear state recognition on machine tools during the normal mechanical, analog electrical and digital systems. So a
work process is an important fundamental of product quality model at a high abstraction level was developed using the
improvement. Today this is done by measuring the forces on VHDL-AMS hardware description language. The paper pre-
the tool. An alternative method is to control machine and tool sents different variants of the sensor model, an analog signal
vibrations. Approaches to tool vibration measurement have processing model, an environmental model which emulates
existed for many years. But these approaches are using piecthe environment of the sensor, and the simulation results.
ceramic wide band sensors which are quite expensive [4],[5].
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THE SYSTEM EXPERIMENTAL PROTOTYPE ,VIBRATION SENSOR ARRAY*

The sensor system consists of a sensor array containing eightinit and a high voltage amplifier. The system is controlled by
individual mass-spring resonators, with an electrically a micro controller. The system also includes a fuzzy pattern
tunable natural frequency each, an analog signal processinglassification system [3].
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Figure 1. Block diagram of the experimental prototype ,vibration sensor array*
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An environmental model called ,virtual machine tool“ pro- limited to electrical equivalents whereas in VHDL-AMS it is
vides the stimuli for simulation. It reproduces measured data possible to describe every linear and nonlinear behavior be-
in time or frequency domain or generates fictitious data. The tween force and acceleration, velocity or displacement.
vibration sensor converts this mechanical stimulation fre-

guency-selectively into an electrical signal. Analog signal @  K=kg+f(Uyp) U

processing amplifies this signal and extracts the magnitude € v r pol S
at a specific frequency. The individual resonators in the sen- - GE) s(t) i) = g
sor can be activated separately, in groups or all together by all, & “ c ==
cell activation unit. The high voltage amplifier generates § ‘—g_ Cenl I,-7|’-7| cell1 __8 ©
voltages up to 30 V for the natural frequency tuning of the & 2 =
sensor. A micro controller starts or stops the measurement,H —{ k=kg+f(Uyr) § o}
activates or deactivates resonators and starts self-calibration. g. u Ugor | | S
It tunes the natural frequency of the resonators and transmits— po o9
measured data to the classification unit. The classifier JVWV\ s(t) - i(t)

displacement-current

decides by a fuzzy pattern classification algorithm whether |,_7|’_7| Ceells
transducer

the data are produced by an sharp or worn out tool. This al-
gorithm will be realized as FPGA.

Figure 3. Schematic of the sensor array

MODELS OF THE SENSOR Figure 4. shows the functional principle of the mass-spring
The sensor consists of an array of laterally moving mass- system and the natural frequency tuning by the stress-
spring resonators. They work in a frequency-selective reso- stiffening effect.

nant mode. To allow measurements at variable frequencies
the spring constant and, therewith the natural frequency is Ksusppy

tuned by an electrostatic force. The response of the structures - T Ib /

is detected capacitively by comb electrodes at the seismic ko/2 ko/2 If <Vwn & d

mass. Figure 2. shows a photograph of a test version of the ,ﬂ‘ﬂ 4dx
I

sensor array.

Figure 4. Extracted detail of a mass-spring resonator

The stress-stiffening unit is driven by an electrostatic force
Fe). This force is caused by the voltabl,, and can be cal-
culated as follows:

=W aw =1y, 2

I:el_a(' 2 tun

dc (eq. 1)

The capacitance of the comb structure can be calculated by
1 L the simplification of a homogeneous field of a plate capa-
Figure 2. Photograph of a test version of the vibration citor:

sensor x_ [
. o C=onfEr—, 4C _ onref (eq. 2)
Tuning by stress-stiffening dx a
The first variant of tuning the natural frequencies is using the 2 (eq. 3)
= Er'— eq.

stress-stiffening effect. During its development the sensor F
was simulated and optimized by FEM simulation. But for
system simulation, FEM simulation is too slow. So the sen- wheren is the number of combs. The for€g, generates by
sor was modeled and simulated in the VHDL-AMS hard- a lever mechanisne(f a normal forcd=, [1].

ware description language. Figure 3. shows a schematic of k

the model. It consists of 8 springs, seismic masses and dam+,, = 2 Dg (Fei*t—5 EusPD( (eq. 4)
pers. The advantage of using VHDL-AMS is that these com-

ponentS can be modeled in the mechanical domain d|reCt|yTh|S force influences the Spring constant by the stress-
without any analogy transformation. This means that the stiffening effect:
behavior of a spring can be describedfass k [5 (force, 120F,
spring constant, displacement). With a SPICE-like analogy k = k;+ =
transformation the modeling of the mechanical behavior is

(eq. 5)
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The following part of the source code shows the implemen- g—c =2k E%( Do%c (eq. 9)
tation of this stress-stiffening effected spring in VHDL- X
AMS. Fo = Utun2 > [E—D( [E—n (eq. 10)
L . a -C
ENTITY stress_stiffening_spring IS
GENERIC(n,a,b,d,e,f,k0,ksusp,l,eps:real); . . . .
PORT( TERMINAL tL,t2: mech_F_s; Becausd-¢ and the force of an ordinary spring are acting in
TERMINAL t_tun: electrical); opposite directions, the following can be written:

END; 2 n

F = kix, k = By, Et[ﬂmb—g (eq. 11)
ARCHITECTURE behav of stress_stiffening_spring IS a b-c
QUANTITY x ACROSS f THROUGH t1 TO t2;

QUANTITY u_tun ACROSS t_tun; And in the rangex| > (b—c) applies:
QUANTITY fel,fn: real:=0.0; c=onXx=(b=09)d Co (eq. 12)
QUANTITY k: real:=ko; a
BEGIN
fel==u_tun**2 * eps*n*d/a; 3—5 = 2nlk [g (eq. 13)

fn==2.0*2.0*e/f*fel + 6.0*ksusp/5.0/I*x**2

--two stress-stiffening actuators per spring 2
k==k0+12.0/5.0*n/l; Fel = Uypn thiE [g for x>(b-¢) (eq. 14)
==K*; ; _ 2
END: X Foi = “Uyn ik Eg for x<—(b-10) (eq. 15)

Figure 6. shows the structure of the sensor array model with

Tuning by an electrostatic spring this kind of tuning the natural frequency.

Tuning by stress-stiffening has two disadvantages. The fab-
rication of this structure is difficult because of strain in the F=-f(Uyn X)
layers. Additionally, the lever mechanism is causing non-
linearities in the behavior (eq. 4). So an alternative approach

o
was tested. In this approach the spring constant is kept con-  « Upol —
stant. The tuning of the natural frequency is done by acurved 2 : =
- . . . = : s(t) - i(t o €
comb structure where the attraction force is a linear function @ o JV\NV\ _]_ . ® - i® 29
of the displacement. o8 | Keenn [Teell I;I;l celll 53
e 2 1T ° ~
Fe e 3 —-C =
( .. — _ =
5 2 T b E F=-f(Upyn X) 62
s g —Uun Ib c v § (_‘E
S o || mass A S
i % W
X
: 1 AWM 1 s - i(t)
Figure 5. Extracted detail of the electrostatic softening Keells #'CceIIS displacement-current
transducer

The curve was optimized by FEM simulation. For system
simulation it can be assumed to be a linear function. Analo-  Figure 6. Schematic of the sensor with electrostatic
gous to equation (eq. 1) the force in the electrical field of this softening

comb structure can be calculated as follows: .
Displacement-current transducer

ZEjLC (eq. 6) The displacement-current transducer is also made of a
dx curved comb structure which was optimized by FEM. For

) ) system simulation this curve was neglected because of the
The capacitance of this comb structure can be calculated by|q curvature.

the simplification of the homogeneous field of a capacitor =
within the range-(b—c) < x<(b-10¢) : out bI

2[5[%"%%0&[% (eq.7)

_1
Fel - EEUtun

C

.

Y 4dx

mass Upol

direcion d
movement

C

2
SEP% E&: (eq. 8)

—-lout

Figure 7. Displacement-current transducer
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The currents caused by movement can be calculated by sim4in the package bodyThe parameters can be made visible in
plification of a homogeneous field of a capacitor as follows: the model by using thipackage If the constants would be

_ C declared with default values in tipackagea modification of

I(t) = Upo L (eq.16)  one default value of a constant would make it necessary to
recompile all models which use thigackage By using

C=2nk [%Ed, %C = 2nlk [g [%( (eq. 17) deferred constants the value of the constant can be modified

in the package bodyvithout the need to recompile anything

it) = U o Pnk [g E%( else than thpackage body

(eq. 18) Multi architecture modeling
If MEMS are designed by a top down based method then
ANALOG SIGNAL PROCESSING digital, analog electrical and non-electrical models at differ-

Analog signal processing includes a current to voltage con- €Nt abstraction levels may appear during the design process.
verter and a differential amplifier which amplifies the low "€Se components generally have interfaces to their envi-
output current from the transducer. The usage of a ronment. Th.e abstraction level of these interfaces depends on
differential output avoids non-linearities of the output signal. the abstraction level of the component. If system models are
developed within the scope of a system design then it could
have been necessary until now to modify the interfaces of the
system and component models at every design step of a com-
ponent model. One solution of this problem is the Multi

u Architecture Modeling (MAM) [2]. The main idea of MAM
x2+\(2—wUt is to use the interface, which will be necessary at low

abstraction level, already at a high abstraction level. This

| avoids a lot of work because abstract models of a component
can be replaced by detailed models or vice versa without any
modification to the interface or the surrounding models.

output

multi-  low- magnitude amplifier
plier pass calculator

differential This approach was applied in the development of the analog
I-U-converter amplifier signal processing model. In the beginning, the components
were modeled at a high abstraction level as functional
blocks. Functional blocks normally communicate by non-

conservative nodesjantity). For correct results simulation

The next part is a lock-in amplifier. This amplifier extracts @s an electrical circuit (partly with simplified electrical ele-

the magnitude of the measured signal at a certain frequencyMents) is necessary. An electrical circuit uses conservative
nodes {erminal). So refined components cannot be inserted

into a system model which is usirggantities With MAM
the system model with functional blocks is usitggminals
as interface and it also contains nodes for power supply. This

I:::Ig% Bgvt,];r;% COInsr?(;\(/jaetéveevgcr)\daetstarsgEagmzrtlgttrzézzﬁrl-evel has no disadvantages as compared with the use of non-con-
P PPl 9 servative nodes, whereas modeling overhead is limited. But

it is possible to gxchangethese abstract gomponents partly OF ow refined parts of the analog signal processing may be
completely against models of real electrical elements.

inserted into the system environment without any problems.
This saves a lot of time and reduces error-prone adapting
SPECIAL MODELING METHODS steps.

Figure 8. Block diagram of analog signal
processing

For modeling this circuit a new design approach caltediti
Architecture Modeling was used (for details see next sec-
tion). The components were designed as functional blocks

Deferred constants The domain for translatory movement

Deferred constants are a powerful but seldom used feature ofFor the simulation of electrical components the use of cur-
VHDL. As the source code above shows, even in this small rent and voltage as characteristicrossandthrough quanti-
model the parameter lisgéneric$ contains numerousitems. ty goes without saying. But whiclacross and through

A genericlist for the complete sensor model would contain quantity should be used for the mechanical domain? If the
about 50 items. For a wide range of applications the model design of mechanical components is done by an analogy
must be parametrizable. But 50 parameters geaericare transformation to electrical systems therossandthrough
very confusing, and putting these parameters into vectors isquantityis limited to velocity and force as analogy to voltage
also not much better. The solution of this problem is to use and current. In opposition to this, VHDL-AMS allows the
deferred constants. This means that the parameters of thelescription of mechanical behavior without analogy trans-
sensor are declared aganstantn a packagewithout a de- formation. Table 1. shows possibilities for therossand
fault value. The default values of the constants are assignedhrough quantityin translatory behavior.



Paper of The First IEEE International Conference on Sensors.

The copyright of this paper has been transfered to the IEEE.

Table 1. Possible combinations of across and through Kt (Ut

guantities for translatory movement 2E ‘ ‘ ‘ ‘ ‘
Toaf ool IREEEEh EEEE b IREEEEh EEEEEl
across quantity through quantity 1o PR b Ao b N |
- o.of _____1______ [ B [ N

displacement (s) force (F) : ! ! ! ! Pt
O.8 g ____- 4---=== ---—-=-= 4---=== e
velocity (v) force (F) o7E I S
o6 - S R B s S P

acceleration (a) force (F) | o | |
D e e A ‘it It
o _ _ B e e N AN I I

Even a description of displacement, velocity or acceleration o ab ! ! ! ! !
asthrough quantityand force aacross quantitys possible. o = o1 =0 s s°

. L . Figure 9. Spring constant with stress-stiffening effect as
Measurement of vibration is normally done by measuring a function of tuning voltage

accelerations. So it was obvious to model the mechanical _ _
parts with acceleration and force. This is no problem until a Figure 10. shows the spring constant of the electrostatic

resulting velocity or displacement is needed. softening structure corresponding to equation (eq. 11).
As is generally known: 0.1,
o of i __ S S IS B
V= fadt+Co, s = [Wt+Cy (eq. 19) o af I L o o
B S A S IO

The integration constant, andC, cause difficulties - they ~ _, _|

cannot be set explicitly by the VHDL-AMSinteg o af e

attribute. This, e. g., results in: s ! ! ! !

a = A[Bin(wt) (eq. 20) 06777‘ ffffff R
C ArTe _ A I T P S T D

vV = AEJ’sm((ot) +Cqy = —E)Ebos(oot) +Cy (eq. 21) °- 8% 5 1O 5 zo =5 3o

Figure 10. Spring constant of softening structure as a

The simulator assumes: function of tuning voltage

A It can be seen that the spring constant assumes a negative
— (eq. 22) : . . . :
w value. This means that this spring will produce an attraction
force when it is being compressed. In opposition to this a
This results in an offset of the calculated velocity which will normal Spring would produce a repu|sion force if com-
be integrated when calculating the displacement. This meanspressed. For tuning the natural frequency of the mass-spring
that in the simulation the sensor ,pulls the machine tool element this electrostatic softening structure is mounted
away". parallel to the normal spring of the system (see Figure 6.) and

The solution of the problem is to use displacemera@sss SO the spring constant of this structure can be modified by

quantity. If a velocity or acceleration is needed then these tuning voltage.

values can be calculated definitely by derivation ofdisplace- The simulation of these sensor parts required on|y a few

ment over time. The measured vibration data must be CON-seconds Computing time. The simulation inaccuracy of the

verted into displacement data but this can be done easily. softening structure is 4 % as Compared with the FEM simu-
lation. For the stress-stiffening structure the error as com-

RESULTS pared with the FEM simulation is about 10 %. An error of

The models described above have been simulated by Mentort0 % may seem to be too high but for system simulation this
Graphics’ AdvanceMS on a SUN ULTRAG0 workstation &ccuracy should be sufficient.

with UltraSPARC-Il 296 MHz CPU. The next steps in the simulation process were the simulation
The first step in system simulation was the simulation of the ©f the whole sensor array and the simulation of analog signal
sensor array. Figure 9. shows the spring constant as a funcPr0cessing. F|rially, the system consisting of.sensor array,
tion of the tuning voltage with tuning by stress-stiffening stimuli generation and analog signal processing was simu-

effect. It can be seen easily that the spring constant increaseddted completely. A simulation result can be seen in Figure
with tuning voltage. 11. The first curve displays the stimuli of the sensor provided

by the ,virtual machine tool". Curves two through four show

v(0) = —gtbos(0)+co, Co =
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the response of the first three mass-spring systems of the sen€EONCLUSION AND OUTLOOK

sor array. The tuning voltage is setto 12 V so cell 1 is tuned Simulation of the sensor array in combination with analog
to a natural frequency of 1 kHz. The last two curves show the signal processing and the environmental model allows to
electrical response of the sensor after passing the differentialshow the function of the system before the realization of the
amplifier and the response of the lock-in amplifier.

hardware. Due to the short simulation time an interactive op-
timization of the system is possible, and also the interaction
between the components can be tested easily.

At the moment the models for the whole experimental proto-
type ,vibration sensor array*“ are not yet complete. The digi-
tal components ,control* and ,fuzzy pattern classification”
[3] still have to be implemented. When this is done it will be
possible to simulate whole measurement cycles in relative
short times.
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