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Abstract—This study is to obtain an acceleration signal with
a nice quality and apply it to a linear motion stage. The
accelerometers used in this paper are piezoelectric and
capacitive  accelerometers.  Since a  piezoelectric
accelerometer cannot measure low-frequency acceleration,
its application to servo systems is limited. On the contrary, a
capacitive accelerometer is able to measure low-frequency
acceleration. However, its output noise is significant, and its
dynamic bandwidth is small compared with the piezoelectric
accelerometer. This paper proposes a high-performance
accelerometer, which digitally integrates the salient features
of both capacitive and piezoelectric accelerometers. The
proposed accelerometer can measure both low- and high-
frequency acceleration. It is also applied to compensating
for load disturbance in a linear drive for performance
improvement.

Index Terms—capacitive accelerometer, digital integration,
motion control, piezoelectric accelerometer

. INTRODUCTION

In recent years, the application of accelerometers has
become ubiquitous. The studies [1]-[4] use acceleration
signals to facilitate velocity estimation, which improves
tracking performance of servo systems. Accelerometers
have been used to measure vehicle braking deceleration
for assessing road surface friction, based on a Raspberry-
Pi single-board computer [5]. Usually, accelerometers are
deployed to measure vibrations in a standard
experimental setup for structural condition monitoring or
damage detection [6]. As another examples,
accelerometers were used to enhance feedback control
laws, applied to motion control of a linear motor and a
robotic arm [7], [8].

Many kinds of accelerometers have been proposed for
practical applications. Among all the accelerometers, the
two most popular, commonly used accelerometers are
capacitive MEMS (micro-electromechanical system) and
piezoelectric accelerometers [9]. Due to the rapid
development of MEMS technology, capacitive
accelerometers are low-cost and have high sensitivity.
Generally speaking, the higher the bandwidth of the
capacitive accelerometer, the larger the output noise.
With similar output noise, capacitive accelerometers have
much less bandwidths than piezoelectric accelerometers.
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The piezoelectric accelerometer possesses a broad
frequency response. However, it cannot measure low-
frequency acceleration, so it cannot be used in general
motion control systems. In [10], the shortcomings of
capacitive and piezoelectric accelerometers are improved
by combining a capacitive accelerometer with a
piezoelectric accelerometer using analog circuits. In this
paper, a digital approach is used to fusing these two
accelerometers. Compared with the analog
implementation [10], the digital approach reduces
implementation complexity and also provides flexibility
in sensor design. In this paper, the proposed digital design
is presented, and experimental results on a linear stage
are reported to investigate effectiveness of the proposed
approach.

Il. DIGITALLY INTEGRATED ACCELEROMETER

As described in the previous section, a capacitive
accelerometer has the disadvantage of low bandwidths
whereas the piezoelectric accelerometer has the
disadvantage of being unable to measure nearly static
acceleration. An analog integrated accelerometer has
been proposed in [10] to obtain a high-performance
accelerometer for servo applications. Fig. 1 demonstrates
the structure of the analog integrated accelerometer,
where a. and a, respectively represent the capacitive and
piezoelectric accelerometers’ outputs. Moreover, H(S)
and L(s) respectively denote analog high- and low-pass
filters, in which there is a design constraint, H(s)+L(s)=1.
As shown in Fig. 1, the capacitive accelerometer’s output,
a., passes through an analog low-pass filter, whose break
frequency must be higher than the minimum
measurement  frequency  of  the  piezoelectric
accelerometer. On the other hand, the piezoelectric
accelerometer’s output, a,, is subjected to a high-pass
filter, whose cutoff frequency must be less than the
maximum measurement frequency of the capacitive
accelerometer, so that the two signals are combined to
form a complete acceleration signal. This paper proposes
a digitally integrated accelerometer. Fig. 2 depicts the
block diagram of the proposed digitally integrated
accelerometer, in which a; is the output of the proposed
accelerometer, ADC denotes an analog-to-digital
converter, and L(z) is a digital low-pass filter. Compared
with the analog integrated accelerometer, the proposed
accelerometer reduces the required analog circuit,
simplifies implementation complexity, and also improves
design flexibility.
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Fig. 1. Structure of the analog integrated accelerometer [10].
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Fig. 2. The digitally integrated accelerometer.
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Fig. 3. Search for the optimal cutoff frequency of the low-pass filter.
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Fig. 4. Frequency response of the designed low-pass filter.
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Fig. 5. Frequency responses of various accelerometers.
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Design of the digital low-pass filter is the key to the
proposed accelerometer. In this study, an analog second-
order Butterworth filter, L(5s), is first determined, and L(z)
is then obtained by discretizing L(s) using bilinear
transformation with frequency prewarping. The cutoff
frequency of L(s) is determined to minimize the amount
of maximum magnitude deviation,

max|A (6)-[A,©)-LOAG-AG] ©

where Ac(s), Ay(s), and A(s) are respectively the transfer
functions of capacitive, piezoelectric, and desired
integrated accelerometers. The amount of maximum
deviation is calculated in Matlab, and the cutoff
frequency of L(s) is searched to give the optimal cutoff
frequency of 29.67 Hz, as shown in Fig. 3. After
discretizing the analog prototype, L(s), and prewarping
for preserving the optimal cutoff frequency, it gives:

7.112x107°22 +1.422 x10™* 2 +7.112 x107°
72-1.9760z +0.9763

Fig. 4 shows the frequency response of the determined
optimal low-pass filter. As shown in Fig. 5, the digitally
combined accelerometer is devised to improve both the
bandwidth of the capacitive accelerometer and the low-
frequency response of the piezoelectric accelerometer. Its
frequency response is close to that of the capacitive
accelerometer at low frequencies and also to that of the
piezoelectric accelerometer at high frequencies.

L(z) = @

I1l. EXPERIMENTAL SYSTEM

A. Linear Motion Stage

Fig. 6 shows the experimental system that is a linear
motion stage. The precision linear module consists of a
ball lead screw (HIWIN KK6010P-600A1-F0O) and a
servo motor (HF-MP43), and the load is placed on the
KK6010P stage. The position measuring sensors include
an optical linear scale and a laser displacement sensor
(LDS). The optical linear scale is of Carmar’s WTB5-
0600MM, which is connected to the precision linear
module to detect the displacement of the load on the lead
screw. The LDS is of MTI Instruments’ LTC-025-04-SA,
and it is used for absolute position measurement.

/’; -
Fig. 6. Experimental system.
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Fig. 7 shows the schematic of the experimental system.
The optical scale provides the A- and B-phase signals to
the quadruple frequency circuit implemented in the
FPGA. The quadruple frequency circuit increases
accuracy of position measurement by 4 times to 5 um. To
have the same initial position for each experiment, the
LTC-025-04-SA LDS with a resolution of 0.5 um is used
to adjust the initial position of payload. The piezoelectric
accelerometer used in this experiment is 333B50 from
PCB Piezotronics Inc., with an output sensitivity of 1000
mV/g, a peak-to-peak measurement range of 15g, and a
measurement frequency range from 0.15 Hz to 3500 Hz
[11]. In this paper, the desired transfer function of the
integrated accelerometer, A;(s), is assigned to be of first
order and have unity dc gain and an edge frequency equal
to the upper band-edge frequency of the piezoelectric
accelerometer. The capacitive accelerometer used in this
experiment is a two-axes ADXL325 accelerometer from
Analog Devices Inc. Its sensitivity is 174 mV/g, the peak-
to-peak range is also 15g, and the maximum bandwidth is
1.6 kHz [12]. Hence, the capacitive accelerometer is
modeled as a first-order transfer function, A.(s), having
unity dc gain and a cutoff frequency of 2rtx1600 rad/s.

The DSP reads the position count from the FPGA and
uses the Finite-Difference Method (FDM) [13] for
velocity estimation in the following experiments. The
interrupt frequency for the DSP interrupt service routine
is 10.986 kHz. For more details about the experimental
system, please refer to [14].

B. Controller Design
The dynamic model of the experimental system is

identified using a dynamic signal analyzer (DSA) and is
described by:

MyX + ByX = G(u +d) (3)

where G=41600, my=28.1271, B,=23.1598, d denotes an
unknown disturbance, x is the position of payload, and u
is the input to the plant. Consider a positional reference, r,
which is assumed to be twice differentiable. Moreover,
define the tracking error, e=x—r . Let a position
controller be designed as:

u=G*{Bx+m[F-M (Be+Ke)l-d (4
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where M,, B,, and K, are respectively the desired mass,
damping, and spring coefficients, and d denotes a

disturbance estimate. Here, the disturbance estimate, d
is produced by an acceleration-based disturbance
observer (ADOB) [14].

The ADOB receives an acceleration signal from an

accelerometer and generates a disturbance estimate, d,
for disturbance compensation. In this paper, various
accelerometers are evaluated by sending their outputs to
ADOBs to generate corresponding disturbance estimates.
However, only one disturbance estimate at a time is used
for disturbance compensation to improve positional
tracking precision. The accelerometer that gives the best
positional tracking performance is considered superior to
others. To evaluate tracking performance, the following
performance indices [15] are defined:

IAE, = [ fe]dt, CI, :% [NECEEOL

1 _
Cl, =?j0 lu(t) - ()| dt (5)

where T denotes the final time in an experiment, g(t)
denotes the filtered position error, and T(t) is the filtered

control amount. The filter is designed using Matlab’s
butter function with a filter bandwidth of 50Hz, and the
filter is performed using the Matlab’s filtfilt function. In
the following closed-loop control experiments, the
following parameters are chosen: M,=m,, B,=2x25M,,
and K,=25°M,. Moreover, the filter in the ADOB is
chosen to be of first order and with a cutoff frequency of
15 Hz.
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Fig. 8. Responses of various accelerometers to a shock disturbance.

IV. EXPERIMENTAL RESULTS

A. Open-Loop Experiment

The control effort in the open loop experiment is 0 V,
the load is still at its original position, and then a shock
disturbance is applied to the load at 0.02 s. Fig. 8 shows
the corresponding outputs of various accelerometers.
From the upper subplot of Fig. 8, it is seen that the
piezoelectric accelerometer’s output leads the capacitive
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accelerometer’s output at high frequencies. Moreover,
both the piezoelectric and the proposed accelerometers
have similar outputs at high frequencies. From the lower
subplot of Fig. 8, it is seen that the capacitive
accelerometer’s response is similar to the proposed
accelerometer’s output after about 0.08 s. It also
demonstrates that the piezoelectric accelerometer is
unable to measure low-frequency acceleration.
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B. Tracking Control Experiments

Consider two reference commands. They are a
sinusoidal reference, r=60sin(zt/4)(mm) and a
minimume-jerk reference,
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Fig. 9. Sinusoidal response without disturbance compensation.
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Fig. 10. Accelerometer outputs during a sinusoidal response without
disturbance compensation.
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Fig. 11. Sinusoidal responses with disturbance compensation.
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(6)
where ¢=30 (mm), and H(-) represents the Heaviside
function. Fig. 9 shows the sinusoidal response without
disturbance compensation. Fig. 10 shows corresponding
outputs of various accelerometers, demonstrating that
output responses of all accelerometers have similar
oscillations in this experiment without disturbance
compensation. Fig. 11 shows sinusoidal responses with
disturbance compensation based on the same ADOB.
Moreover, Fig. 12 shows corresponding outputs of
various accelerometers. It is seen that the capacitive
accelerometer’s output becomes much oscillatory
compared with the one in the experiment without
disturbance compensation shown in Fig. 10. Fig. 12 also
demonstrates that the proposed and the piezoelectric
accelerometers produce less oscillations than the
capacitive accelerometer. Table | gives performance
indices for sinusoidal responses with disturbance
compensation, showing that the proposed accelerometer

produces better performance than the other
accelerometers in terms of IAE and CI.
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Fig. 12. Accelerometer outputs during sinusoidal responses with

disturbance compensation.

TABLE |. PERFORMANCE INDICES FOR SINUSOIDAL RESPONSES WITH

DISTURBANCE COMPENSATION

Parameter IAE, (mm:-s) Cle (mm) Cly (V)
a, 0.3939 0.00618 0.0490
ac 0.4621 0.00642 0.1062
ai 0.3690 0.00561 0.0456
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Fig. 13. Minimum-jerk response without disturbance compensation.
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Fig. 14. Accelerometer outputs during a minimum-jerk response without
disturbance compensation.
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Fig. 15. Minimum-jerk responses with disturbance compensation.

Fig. 13 shows the response subject to a minimum-jerk
reference without disturbance compensation. Fig. 14
shows the corresponding responses of various
accelerometers, in which all three accelerometers
produces similar amounts of oscillations in their outputs.
Fig. 15 shows the minimum-jerk responses with
disturbance compensation based on the same ADOB. Fig.
16 shows the corresponding outputs of accelerometers.
Likewise, the capacitive accelerometer produces a more
oscillatory output than both the piezoelectric and the
proposed accelerometers. Table Il gives performance
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indices for those responses shown in Fig. 15, showing
that compared with the other two accelerometers, the
proposed accelerometer not only produces the smallest
tracking error and also gives the smoothest response.
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Fig. 16. Accelerometer outputs during minimum-jerk responses with
disturbance compensation.

TABLE Il. PERFORMANCE INDICES FOR MIN.-JERK RESPONSES WITH
DISTURBANCE COMPENSATION

Parameter IAE, (mm:-s) Cle (mm) Clu (V)
ap 0.4146 0.0024 0.0314
ac 0.4046 0.0042 0.0791
a 0.3376 0.0023 0.0281
V. CONCLUSIONS
This paper has proposed a digitally integrated

accelerometer that combines capacitive and piezoelectric
accelerometers using ADCs and digital systems. The
digitally integrated accelerometer simplified the required
analog sensor circuitry and also provides the flexibility in
sensor integration. Experimental results on a linear
motion  stage demonstrate that the proposed
accelerometer can give accurate tracking performance
using smooth control efforts compared with the
capacitive and the piezoelectric accelerometers.
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