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Abstract — The output signal of an accelerometerassumes a frequency response with constant magretud
typically contains dynamic errors when a broadbandinear phase.

acceleration is applied. In order to retrieve theplied
acceleration, post-processing of the acceleronsetutput
signal is required. To this end, we propose thdiegtpn of

a digital filter. We describe the construction ofi a
appropriate filter and consider the uncertaintyoasged
with the filtered output signal. Explicit formulagan be
employed to calculate both, the filtered outpunaigand its
associated uncertainty, in real-time. We illustrite need
and benefit of the proposed approach in terms of
example.
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1. INTRODUCTION

Accelerometers are electromechanical transduceosevh
dynamic behavior can be described in terms ofealitime-
invariant (LTI) system [1] within certain amplitudend
frequency ranges. Often, a second-order model
appropriate [2], whose frequency response can
determined by sinusoidal excitations [3]. One gdal
constructing an accelerometer is to obtain a freque
response whose magnitude is constant over a larggerof
frequencies and which has a linear phase. In ts®,cand
when the spectrum of the applied accelerationsgioted to
this frequency range, the accelerometer’s outmriagiis —
up to a time shift - proportional to the applied@eration.
However, for larger frequencies such & 10 kHz, say,

such an ideal behavior is often not met. In thisecahe
accelerometer’s output signal depends also onvadists of
the applied accelerations which induces dynamigrgersuch
as ringing.

We illustrate the benefit of the proposed post-pssing
in terms of simulated accelerometer measuremenishwh
allow for an assessment of the applied analysis. sttev
that reliable uncertainty evaluation for a staticalgsis
yields for broadband accelerations large uncer&snt
correctly reflecting the size of the dynamic errofdter
compensation, these dynamic errors are eliminatedtiae
corresponding uncertainties highly reduced.

an
2. ACCELEROMETER MODEL

The input-output behavior of an accelerometer withi
certain amplitude and frequency range can be mddaje
the differential equation

X(t) + 20apX(t) + apX(t) = pa(t) , @
blz cf. [2]. The output signalx(t) of the accelerometer is
passed through a charge amplifier and undergoes an
analogue-to-digital conversion (ADC). For the résul
illustrated in this paper we used the followingued for the

parameters:d = 0.0055, S, =p/ wg =0.124pC/(m/$) and
fp =3597kHz, which resulted from calibration

measurements of a Briel & Kjeer type 8305 acceletome
cf. [2]. Fig. 1 shows the frequency response of thodel.
The frequency response of a charge amplifier isllsu
flat (except for the DC region) and shows a linphase.
When the dynamic behavior of the charge amplifiembre
involved, its dynamics could be accounted for
constructing an additional compensation filter.

by
For

For the compensation of the non-perfect dynamigjmpiicity, we omit the treatment of the charge &ifign

behavior of an accelerometer, application of atdidilter
has been suggested [4,5]. To obtain
measurement result, also the uncertainty [6,7] ciatl
with the output signal of the digital filter is ngiged. Ideally,

all this should be made possible by real-time chpab

algorithms which could then be implemented inteassr.

We propose the design of an appropriate FIR-type

compensation filter. Furthermore, we extend thesttiainty
calculation scheme proposed in [5] to account fon-n
perfect compensation. In this way, the proposedttamty
evaluation could also be applied for a static asialyvhich
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here.

a complete

3. DIGITAL COMPENSATION FILTER

We consider the application of a digital compemsati
filter g[n] to the discrete-time output signain] of the
accelerometer for discrete-time estimation of tpplied
acceleration a[n]=a(nll); f;=1/T; denotes the
sampling frequency. Here we propose to design the
compensation filter as a cascade of an FIR filtdose
frequency response approximates the inverse of the
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frequency response of the accelerometer and arlptesse techniques. By assigning a uniform probability digns
lowpass filter to suppress high-frequency noise.e Thfunction for the dynamic error within the boundvegi in
coefficients of the FIR filter can be determineddpplying (4), the second term on the right-hand side ofé3lts [6].
a least-squares procedure, cf. [5] for details. The first term on the right-hand side of (3) acdsuior
Fig. 1 shows the frequency response of the resultinthe uncertainty of the constructed compensatidarfifj[n]
compensation filter. and the uncertainty in the available output sigsgd] . It

can be explicitly evaluated according to

UZ((Q Df()[n])Z (5)

¢TU5 mC+ Riow[NU s Ko [N + Tr(Us (qUe)

= N
o O

where ¢ denotes the estimates of the parameters of the
FIR filter whose frequency response approximates th
inverse of the frequency response of the accelermniap
to some chosen upper frequency): their variance-

o

covariance matrix andXg,[n] = (Ko [N, Ko [N-1,...) a
vector with length equal to that of the FIR filtethe
sequenceX,,, [n] is obtained by application of the lowpass

magnitude / dB
o

-30¢

'40'6 10 20 30 40 50 filter to the sensor output signakn]. Recall that the
frequency / kHz compensation filter was chosen as a cascade of an
approximate inverse filter of FIR type and an FtRvpass

Fig. 1 Dimensionless magnitude response of the modeih@), - : . i .
compensation filter (c) and the model followed by t filter. U Ko [N]’ finally, denotes the variance-covariance

compensation filter (b). matrix of X, [n]. While the variance-covariance matrix

4. DYNAMIC ERROR COMPENSATION AND U; dates from the uncertainty of the estimates of the
UNCERTAINTY EVALUATION parameters of the dynamic model (1), the variance-
covariance matrixJ is caused by uncertainties of the

. ~ . . . Xjow [N]
Estimatesa[n] of the applied acceleration are obtalnedsensor output signal due to, e.g., noise. For Idetai the

from the available accelerometer output sign&in]  determination of these vectors and matrices we teffs].
according to
~ PPN Application of the filter in (2) can be carried datreal-
aln-no] = (g LX)IN], () time. Since typically a possible time delay introdd by

where n, accounts for a possible (small) time delaysome chosem, >0 is small, the estimates[n] in (2) of

introduced for the construction of the compensafiter "€ @pplied acceleration are available in real-ime

g[n], cf. [5]. The uncertainty associated with theseFurthermore, Whem>‘<|ow[n] is known as is, for instance, the

estimates is given by case when the sensor output signal is corrupteddoltive

stationary noise with known autocovariance (cf),[Shen

- ol n e the first and the last term on the right-hand siti¢s) can be

u?(8n - o)) = u?((§ OK) [n]) + * /3. (3)  calculated in advance, thereby providing a lowenrizbon

the uncertainties. The remaining quadratic fornf5jhmay

be calculated in real-time when the FIR filter ¢ been

chosen too large. In this case the proposed posepsing

could in principle be integrated into a measurenuavice,
thereby allowing dynamic error compensation and
uncertainty evaluation to be carried out during the

|A[n]| measurement.

1T el il oy R @)
< = j el“o! fs (el s)H(Jw)—]ﬁA(w) dw =y 5. RESULTS
271_’1

The second term on the right-hand side of (3) atou
for possible remaining dynamic errors and it resfrihm the
following approximate bound on the dynamic erfgn] :

We applied the compensation filter of figure 1 to
where H(jw) denotes the frequency response of mode$imulated accelerometer measurements. The measueme
ol § o —_ ) were simulated using two Gaussian accelerationd wit
(1), G(e'" ) that of the compensation filter, am(e) is  gpectra shown in Fig. 2. The accelerometer outitats
an assumed known upper bound on the magnituderapect were calculated using (1), and white noise was addéth
of a(t). The bound in (4) can be derived using Fouriestandard deviation 0.0001 times the maximum of the
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accelerometer output signal). A sampling frequerady
200 kHz was used. The time shiff in (2) was chosen as

ng =35. The linear-phase lowpass filter with cut-off

frequency 50 kHz was designed using the Kaiser ewind
technique. For the analysis, parameter estimateshef
model parameters slightly different than those used

simulating the measurements were taken, this difies

being in accordance with the chosen uncertaintfeshe

parameters; these uncertainties were set equahdeet
reported in table 2 in [2]. In order to apply theubd in (4),

we assumed the actual magnitude spectra of theunzees

as their available upper bounds.
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Fig. 2 Normalized spectra of long duration acceleratieft (|

curve) and broadband acceleration (right curvell tisethe
simulations.

In order to illustrate the benefit of compensatiove
considered a static analysis in addition. For thise
accelerometer output signal was simply rescaled5Ef
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Fig. 3 Normalized errors (dotted lines) of the estimated
acceleration with (upper figure) and without (loviigure)
compensation for the long duration acceleratiortiogr with
normalized uncertainties of the estimates (sofidd).

Fig. 3 shows typical example results obtained \aittal
without compensation for the long duration accdiera the
estimation errors appear to be of similar size tfer two
analyses. Note that the uncertainties well refteetsize of
the estimation errors in both cases. Normalizedrerand
uncertainties are shown which were obtained bydihg
errors and uncertainties by the maximum of the lacation
signal. Consider next in Fig. 4 the results for tiheadband
acceleration. In this case, the static analysiklgienly poor
results which is due to the large dynamic errorseng in
this analysis. But note that the (large) uncenjaagpears to
well reflect the size of the actual errors madethy static
analysis. Fig. 4 also shows the results obtainewr af
application of the compensation filter. For thisabsis, the
estimation errors are again small, and they arénefiécted
by the calculated uncertainties.
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Fig. 4 Normalized errors (dotted lines) of the estimated
acceleration with (upper figure) and without (loviigure)
compensation for the broadband acceleration togetitle

normalized uncertainties of the estimates (sofidd).

6. CONCLUSIONS

Post-processing is required to determine the agplie
acceleration from the output signal of an accelatem
when the spectrum of the acceleration has condibiera
amount in the high frequency region. Digital filtey is a
suitable tool for this task. The resulting filtered
accelerometer output signal needs to be alignet wait
uncertainty, and a procedure in line with the aotrre
guidelines in metrology has been given. The progose
algorithms could be suitable for real-time caldolatand
may be integrated into a sensor.
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