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ABSTRACT

This paper presents two observers, which
combine a piezoelectric accelerometer with a
positional sensor that commonly exists in a servo
system. The piezoelectric accelerometers have wide
measurement bandwidth but cannot measure an
acceleration’s dc and quasi-dc components. The
proposed observers can estimate dc and quasi-dc
components of an acceleration, avoiding the
piezoelectric accelerometers’ drawback. In contrast to
commonly used capacitive accelerometers, the
proposed observers can produce wide dynamic
bandwidth owing to the use of a piezoelectric
accelerometer. Compared with existing acceleration
observers, the proposed observers do not require a
plant’s model and are thus completely insensitive to
model uncertainties. Moreover, the proposed
observers do not directly differentiate the positional
signal twice with respect to time and are thus more
immune to positional sensor noise. The proposed
observers are experimentally applied to a linear
motion stage to investigate applicability and
feasibility of the proposed schemes.

INTRODUCTION

Nowadays there are abundant applications of
acceleration information to servo control systems. De
Jager (1994) proposed acceleration-assisted tracking
control, which used a measured acceleration signal
for feedback control. The conclusions of this study
(De Jager, 1994) are that acceleration signals can be
employed to efficiently improve tracking
performance, and that the use of acceleration
feedback is more effective than increasing the
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sampling frequency. Tian et al. (2016) applied an
acceleration signal to a charge-coupled device-based
fast steering mirror control system, which forms an
acceleration feedback loop to achieve a high control
bandwidth. In the literature (Xu et al., 2000; Hamandi
et al., 2020), acceleration signals were added to
feedback control laws for controlling a robotic arm
and quadrotor aerial vehicles, respectively.

Acceleration signals can further be used to
estimate unknown disturbances in servo systems,
such as the time-delay control/estimation method
(Youcef-Toumi and Ito, 1990) and acceleration-based
disturbance observer (ADOB) (Deng et al., 2016).
Moreover, acceleration signals can be used to
estimate motion speed. Gees (1996) proposed an
accelerometer-assisted velocity estimator and applied
it to linear-drive machine tool axes. Jeon and
Tomizuka (2007) used a kinematic Kalman filter that
adds an acceleration signal to velocity estimation.
Zhu and Lamarche (2007) used an auxiliary filter that
fuses an accelerometer with a positional sensor for
velocity estimation. Lu and Liu (2015) designed an
acceleration-assisted speed estimator and applied it to
a servo system. Lu and Lee (2017) introduced an
acceleration signal into traditional Tracking
Differentiator as well as a differentiator using
Super-Twisting ~ Algorithm  for  performance
enhancement. The study (Xia et al., 2020) proposed a
method to estimate a velocity signal from gap and
acceleration sensors for magnetic levitation systems.
These previous studies showed that velocity feedback
can improve a system’s transient response while the
acceleration signal can effectively facilitate velocity
estimation in a servo system.

Another application of acceleration signals to
servo systems is the estimation of contact force with
an environment. By installing an accelerometer on a
robot arm and using the acceleration measurement,
the force of the mechanical arm in contact with an
environment is estimated using the time-delay
estimation method (Youcef-Toumi and Ito, 1990), so
that force-sensorless impedance control presented in
the literature (Jin et al., 2008; Kang et al., 2009;
Jeong et al., 2011) can be achieved. The studies
(Mitsantisuk et al., 2011; Phuong et al, 2011)
combined accelerometers with the disturbance
observer (DOB) and Kalman filter and proposed a
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force estimation method for bilateral control and
sensorless force control. The study (Yokoyama et al.,
2021) applied acceleration signals to estimating an
external force in linear series elastic actuators.

In the study (Abir et al., 2016), an acceleration
signal is used to measure the dynamic displacement
of a motion system. In summary, an acceleration
signal can be directly used in a control law to
improve trajectory tracking performance. It can also
be used to estimate an uncertain disturbance or a
contact force, demonstrating the importance of
acceleration signals to servo systems. However, “an
accurate and clean acceleration signal is needed to
be useful, so a high accuracy sensor is necessary and
filters should be used to increase the signal-to-noise
ratio, without adding too much phase shift.” (De
Jager, 1994)

RELATED WORKS

The method of obtaining acceleration signals
can be roughly divided into two categories: indirect
estimation methods and direct measurement methods.
Without using an accelerometer, the indirect
estimation methods usually only require a positional
sensor. For example, the study (Han et al., 2007)
combined a Newton predictor with a Kalman filter
and proposed an acceleration estimator for

acceleration feedback control of a two-axis robot arm.

Such indirect estimation methods are usually limited
by the positional sensor’s resolution, and their
performance needs to be improved.

Direct measurement methods use
accelerometers to sense acceleration. According to
different sensing principles, the accelerometers can
be categorized as piezo-resistive, piezoelectric,
capacitive, thermal, etc. (Lu et al., 2018). The
piezoelectric and capacitive accelerometers are the
most popular in the current market. Piezoelectric
accelerometers have many advantages, including high
rigidity, high sensitivity, and fast dynamic response.
Hence, they are often used in vibration measurement
(Tsai et al., 2017). However, its price is relatively
expensive, and it cannot sense dc and quasi-dc
acceleration. That is, its low frequency response is
inadequate. Capacitive accelerometers benefit from
the recent advance of microelectromechanical
systems (MEMS) technology, which integrates
mechanical and electronic elements in an extremely
small size. The capacitive accelerometers can sense
dc and quasi-dc acceleration with high sensitivity.
However, its frequency response has a small
bandwidth, and the signal-to-noise ratio performance
is relatively poor (Lu et al., 2018).

As previously described, although capacitive
accelerometers can sense dc and quasi-dc
acceleration, they have the disadvantage of limited
dynamic responses. On the other hand, piezoelectric
accelerometers have a high bandwidth but cannot
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measure dc and quasi-dc acceleration. In the study
(Lu et al., 2018), an integrated accelerometer was
proposed, which can measure dc and quasi-dc
acceleration and also have high dynamic bandwidth.
The concept is as follows: the acceleration signal by a
capacitive accelerometer is processed by a low-pass
filter, whose cut-off frequency is higher than the
lower-band edge frequency of a piezoelectric
accelerometer. At the same time, the piezoelectric
accelerometer’s output signal is filtered by a
high-pass filter, whose cutoff frequency is less than
the cutoff frequency of the capacitive accelerometer,
and then these two signals are combined to obtain a
complete acceleration signal. However, its
disadvantage is that both capacitive and piezoelectric
accelerometers are needed simultaneously. The study
(Katsura et al., 2008) proposed the so-called PAIDO
estimation architecture, which uses a piezoelectric
accelerometer and a positional sensor.

This paper introduces a  piezoelectric
accelerometer’s mathematical model and proposes
observers that fuse the piezoelectric accelerometer
with a positional sensor. Compared to previous
integrated accelerometers (Lu et al, 2018), the
proposed observers do not require the use of a
capacitive accelerometer. Compared with the PAIDO
method (Katsura et al., 2008), the proposed observers
do not directly differentiate the positional signal
twice, producing a better acceleration estimation. In
this paper, the proposed observers are applied to a
linear motion platform, and the PAIDO is also
implemented for performance comparisons.

REVISIT OF THE PAIDO

The study (Katsura et al., 2008) proposed the
so-called PAIDO estimation architecture that fuses
accelerometer data with positional data. In the
PAIDO, there are two intermediate acceleration
signals: one is a twice-differentiated positional signal,
and the other is the output of a piezoelectric
accelerometer. The PAIDO differentiates the
positional signal twice with respect to time, fuses two
intermediate acceleration signals with complementary
filters, and obtains the final acceleration estimate.

Figure 1 shows the PAIDO’s structure, where

X denotes the positional signal, a  is the

piezoelectric accelerometer’s output, a, is an
acceleration estimate of the PAIDO, @, is a cutoff

frequency of a low-pass filter, and @, is a
complementary filter’s parameter. The PAIDO
differentiates the positional signal ( X ) twice, uses the
complementary filter to reserve its low-frequency
part, combines the high-frequency part of the
piezoelectric accelerometer’s output (&, ), and finally

obtains its acceleration estimate. Since the
piezoelectric accelerometer cannot measure dc and
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quasi-dc signals, this method uses the second
derivative of a positional signal to estimate the dc and
quasi-dc acceleration, which is then combined with
the piezoelectric accelerometer’s measure, obtaining
a complete acceleration estimate.

S+a,

i +
; 2 % y| —as
X s : - * a4y
5+ @y S+ ay,,

Fig. 1.

Structure of the PAIDO.

DESIGN OF AN OBSERVER

First, define the wvariable, v=X , as the

velocity whereas a =V denotes the true acceleration.

Since a piezoelectric accelerometer only measures
high-frequency acceleration components, a first-order
high-pass model is used as its transfer function,
namely:

a,() s
a(s) s+o,’

(1)

where @ (s) and a(s) denote the

transforms of a (t) and a(t), respectively, and o,

Laplace

denotes the lower cutoff frequency of a piezoelectric
accelerometer and can be obtained from

specifications of a piezoelectric accelerometer.
Rearrange Eq. (1) as:

S+w
a(s) = S =a,(s)=a,(s)+£(s), 2

where the variable £(S) :&ap (s) . The relation
S

among X(t), v(t),and £(t) can be written as:
X(1) = v(b),

v =at) =g +a, (1),

£ =w.a,(),

z(t) = x(1),

where z(t) denotes a measurable output in addition

(€)

T
to a (t). Define a state vector q = [X v ¢ ] , and

rewrite Eq. (3) in state-space representation as:

q=Fq+Ga,, z=Hgq, “)
where a (t) is considered an input to system (4),
010 0
F=/0 0 1|, G=|1|,and H=[I 0 0].
0 00 1)

Since the rank of the observability matrix of
system (4) is 3, system (4) is completely observable.
Define the observer’s state vector as q, =
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[x0 A Q’O]T. Let the proposed observer be
described by:

1. =Fq +Ga +K(x-z ),

q,=Fq,+Ga, +K(x~z,) )
z,=Hgq,,

where z, is an output estimate, and K=

[k K, kS]T denotes a constant vector of observer

gains. Since system (4) is fully observable, the
designer can assign the observer gains using the
pole-assignment method, placing the poles of the
observer at any desired locations in the s-plane.
Define a, as the acceleration estimate by the
observer. According to Eq. (2), the acceleration
estimate produced by the observer should be:
a,=¢,+a, (6)
Compared with the PAIDO, the proposed observer
does not explicitly differentiate the positional signal
twice with respect to time, being more immune to
positional noise.

DESIGN OF AN EXTENDED
OBSERVER

Although the observer (5) does not explicitly
differentiate the positional signal, it is unable to
attenuate measurement noise of a piezoelectric
accelerometer, as shown by Eq. (6). To attenuate the
measurement noise in a,, an extended observer is

devised as follows. Rearrange Eq. (1) as:

> _a(s)=a(s)-£(s), ()

S+,

a,(s) =

where the variable £(S) = @ a(s) . Assume that
S+

C

a(t) =0, and express the relationships among X(t),
v(t), a(t),and J(t) as follows:
(1) = v(b),

v(t) = a(t),

a(t) =0,

M) =0at)-ol ),
2,(t) = x(t),

z,(t) =a,(t) =a(t) - (1),

where z,(t) and z,(t) are measurable variables.

®)

Define a state vector, q, =[x Vv a {]T, and an

output vector, z, =[z, z,]' . Rewrite Eq. (8) in

state-space representation as:
q.=F.q., z,=H, q,, ©



01 0 O

00 1 0 1 00 O
F, = , H, = .
100 0 O 1001 -1

0 0 o, -o,

Since the observability matrix of system (9) is
of full rank, system (9) is fully observable. Define the
state vector of the extended observer as

T
Qo =[%e Voo . Co| » where a, denotes the

acceleration estimate by the extended observer.
Design the proposed extended observer to be:

X
qoc = Fchc +Kc |: :|_Zoc ’
g (10)

Zoe = He qoe’
where z, is the observer’s output vector, and

K :[kij] , i=1,2,3,4, j=12, denotes a

€

vector of observer gains. Since system (9) is fully
observable, the designer can determine the observer
gains using the pole-assignment method and
arbitrarily place the poles of the extended observer.

EXPERIMENTAL SYSTEM

The acceleration observation is applied to a
linear motion platform with single degree of freedom.
Figure 2 shows the structure of the linear stage
system, in which the motor is a rotating permanent
magnet ac motor, and a ball screw converts rotational
motion into linear motion of payload. The platform’s
sensing part contains an optical linear scale for
measuring the payload’s displacement. A- and
B-phase signals from the optical scale are fed back to
an FPGA, and the displacement is counted by the
FPGA. The payload’s acceleration is sensed by both
capacitive and piezoelectric accelerometers for
performance comparisons.

The DSP reads the displacement count of the
payload and the acceleration signals of the two
accelerometers from the FPGA, executes trajectory
tracking control laws and acceleration observation
algorithms, and passes control efforts through a DAC
to a current converter that drives the motor so that the
payload can track a reference command.

A » B-phase signal Linear scale ]
Pay-
load T |

Motor Linear stage system

Converter

ADC/DAC

Accelerometers

Personal environment

computer

USB port

TI TMS320C6713 DSP

Fig. 2. Structure of the linear stage system.
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Fig. 3. Photo of the linear stage system.

Figure 3 shows a photo of the experimental
linear motion platform. The motor is a Mitsubishi
HF-MP43 motor. The linear module, consisting of a
ball screw, is of model KK6010P-600A1-F0. Payload
is placed on the linear module, and the slider of an
optical linear scale is connected to the payload. The
optical linear scale of Carmar’s WTB5-0600MM is
used to sense the payload’s displacement. The
capacitive accelerometer is Analog Devices Inc.’s
ADXIL325 whereas the piezoelectric accelerometer is
PCB Piezotronics Inc.’s ICP-form accelerometer of
model 333B50. A circuit board is added to the slider
of the optical linear scale and contains a constant
current circuit, required by the piezoelectric
accelerometer, and some other analog circuits.

To measure the plant’s frequency response, an
NI’s PXI-4461 Dynamic Signal Analyzer (DSA) is
used. The DSA outputs a swept sine whose frequency
increases from 1 rad/s to 100 rad/s. The swept sine is
forwarded to the motor drive as a torque command.
As previously mentioned, the A- and B-phase signals
from the optical scale are sent to the FPGA, and the
FPGA does the position counting. The DSP reads this
position count to determine the payload’s
displacement. A velocity signal is then obtained by
taking the backward difference of the positional
signal and passing through a first-order low-pass
filter with a cutoff frequency of 50 Hz. During a
frequency-response measurement, the DSP outputs a
voltage proportional to the load velocity through the
DAC to the DSA. After performing curve-fitting with
Matlab, a mathematical model of the linear motion
platform is found as: X+ X=yu , where the
system input, U, is a force-producing command, and
system parameters £ =0.8234 and y=1479.
Moreover, by measuring the output force of the linear
motion platform by a load cell, a static relation
between the DAC output (i.e., the input to the plant)
and the plant’s output force is obtained. This result,
together with the previously identified parameter
values, gives:

MX’+B>’(=G(u+d), an
where the mass M =28.13 (kg), the viscous
damping coefficient B =23.16 (Ns/m), the input

-424-



Y.-S. Lu and P.-C. Lee: Acceleration Observation for Servosystems with Piezoelectric Accelerometers.

gain G=41.6 (N/V), and d denotes an unknown

disturbance.

EXPERIMENTAL RESULTS

To evaluate the quality of various acceleration
signals, position control of the payload is performed
with an ADOB. The ADOB receives different
acceleration signals and generates respective
disturbance estimates. The disturbance estimate
produced by the ADOB is fed back to the control
system for disturbance compensation. The quality of
various acceleration signals is then evaluated based
on their effectiveness in disturbance compensation.
An effective disturbance compensation can reduce
positional tracking error. Therefore, with the ADOB,
the positional tracking error is used to evaluate the
quality of various acceleration signals.

Fig. 4. Control system structure.

Controller/Observer Design

As shown in Figs. 2 and 3, a mass-spring
environment is installed on the platform to have the
payload in contact with the environment, the
environment applies a disturbance to the payload, and
the ADOB performs disturbance compensation.
Figure 4 depicts the structure of the ADOB-based
control system, in which r denotes a reference

command, C(S) represents a nominal controller, d
is a disturbance estimate, and Q(S) denotes a
low-pass filter. Define the positional tracking error

e =X—r. According to model (11), the controller is
designed as:

u=G"{Bx+M[r-M(Be+Ke)]-d. (12
B, and K,

where M, , B,

are the target mass,

damping and spring coefficients, respectively. As
shown in Fig. 4, this study constructs an ADOB,
where Q(S) is a first-order low-pass filter having a
corner frequency of 15 Hz. The acceleration signal to
the ADOB can be generated by two accelerometers or
three acceleration observers. The two accelerometers
are capacitive and piezoelectric accelerometers,
whose outputs are respectively denoted as a, and

a, . The three observers are the PAIDO, the proposed

observer, and the proposed extended observer, whose
outputs are respectively denoted as a,, a,,and a_,.

If there is a clean, accurate acceleration signal, the
ADOB can effectively counteract external
disturbance, yielding excellent tracking performance.
This study uses the ADOB to evaluate the pros and
cons of various acceleration signals according to
positional tracking performance.

In following experiments, let the controller

parameters M, =M, B =2Mw,, and K, =M@,
where @, =25. The lower-band edge frequency of
the piezoelectric accelerometer is @, =0.37 (rad/s).

The parameters of the proposed observer is set such
that the observer poles equal —-200z and

2007 (1+ _])/\/5 Likewise, the poles of the
proposed extended observer are set to double poles of
2007 and 2007 (1% j) / J2. The reference
command to be used is a minimum-jerk command:
r=[10t —15t* +6t° | (H()—H(t-1)+

e[1+10(-1) 15(t-1) +6(t-1)' | (HE-D-HE-2)+
o[1+10(3-1) =15(3-1)' +6(3-1) | (H(t-2)~H(t-3)+

e[10(4-2) -15(4=2) +6(4-7)'| (HE-3)-H(t-4),

(=30 (mm) , and H()
unit-step  function.  Since the  mass-spring
environment is initially at the position of 30 (mm),

where represents the

the payload will collide with the environment at this
position. When the payload follows the
minimum-jerk command, it will be in contact with
the environment from 1 to 3 s. To evaluate tracking
performance, define performance indices of integral
of absolute error (IAE) and chatter index (Cl) as
follows:

4 1
IAE, = [ |ec)dt, cl,=—|

e
0
tf

cl, =%j§f|u(t)—ﬁ(t)| dt, (13)

&

e(t)—& ()| dt,

where €(t) is a filtered tracking error, and U(t) is

a filtered control effort. Concerning the filtering, a
second-order filter with a corner frequency of 50
rad/s is designed by Matlab’s butter function, and the
filter is offline realized using the filtfilt function of
Matlab to achieve zero-phase filtering. The parameter
t. in Eq. (13) denotes the final time, which is

4.00488 s with the minimum-jerk command. The
higher CIl of a signal is, the more high-frequency
components the signal has, and the more uneven the
signal is. Hence, the performance index, Cl, is
utilized to indicate high-frequency amounts of a
signal. In order to make the experimental results
reliable, each response curve shown in subsequent
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figures is the average of ten consecutive experimental
results.

Performance Comparison with Accelerometers
Without using an ADOB, Figs. 5 and 6
respectively  show  tracking  responses and
acceleration signals subject to the minimum-jerk
reference. As seen from Fig. 6, a, and a, have

similar amounts of oscillations when they are not fed
back for disturbance compensation. Subsequently,
use an ADOB with different acceleration signals for
disturbance compensation to compare the quality of
various acceleration signals. Subject to the
minimum-jerk reference, Figs. 7 and 8 respectively
show error responses and acceleration signals for
disturbance compensation. Although a, and a,

have similar amounts of oscillations as shown in Fig.
6, it is seen from Fig. 8 that with disturbance
compensation using the ADOB, a, has larger

oscillations than a . Correspondingly, as seen from

Fig. 7, the capacitive accelerometer makes control
efforts noisier. Table 1 lists performance indices for
these system responses, showing that the extended
observer produces smaller output errors and also
reduces high-frequency components of the outputs
and control efforts. That is, compared with the two
accelerometers, the extended observer leads to the
smoothest control efforts and also achieve the
minimum output error.

oF T . T T T T .
=
E
E 40} B
g
E a0 b wio ADOB .
- — relerence
0 envronment
. ! 1 |
o 0.5 1 1.5 2 2.5 3 35 4
time (s)

b3 f.f-"
5 -
3 J.\..(‘"\)H__V “ ) il
] , S~ L.
; 0 \"\'w"- J
v e,
- L L L L L L
a 0.5 1 1.5 2 25 3 35 4
time (s)
Fig. 5. Tracking response using the nominal control

without an ADOB.

Table 1. Performance indices for minimum-jerk
responses.

I4E_(mm-s) CI_(mm) CI, (V)
ap 0.4146 0.0024 0.0314
ac 0.4046 0.0042 0.0791
oe 0.3079 0.0022 0.0256
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Fig. 8. Acceleration signals during the tracking
control with an ADOB.

Parameter Tuning for the PAIDO

The reference (Katsura et al., 2008) proposes
the so-called PAIDO estimation scheme, whose
structure is shown in Fig. 1. In the PAIDO, there are

two parameters, @, and @, , which needs to be

determined. According to the literature (Katsura et al.,
2008), choose @,, =3000 . Various values of @,

are tested, and the optimal value of g Iis
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determined in terms of performance indices. Table 2
lists performance indices of the PAIDO with different
values of @, subject to the minimum-jerk
command. It is seen that when @, is reduced, the
corresponding Cl will also decrease, indicating that
high-frequency components of the signal are reduced
and that the signal is smoother. However, the value of
IAE, does not have the same trend. It is seen from

Table 2 that the error index value is the smallest when
o, =307 . Hence, o, =307 is set in subsequent

comparison experiments.

Table 2. PAIDO’s performance indices for
minimum-jerk responses.
IAE, (mm-s) 7 (mm) Cl,(V)
axis=50m 0.4221 0.0034 0.0569
anis=407 0.4118 0.0033 0.0561
anis=30m 0.3999 0.0032 0.0552
axis=207 0.4210 0.0032 0.0549
anis= 107 0.4239 0.0030 0.0512

Comparison of Acceleration Estimators
In subsequent experiments, three acceleration
estimates, a,, a, and a_, are individually passed

to the ADOB for disturbance compensation. The
acceleration observers are also evaluated according to
positional dynamic responses of the platform. Figures
9 and 10 respectively show error responses and
acceleration estimates for the platform subject to the
minimum-jerk reference. It can be seen from Fig. 9
that the PAIDO produces larger high-frequency
components in the control efforts. Likewise, Fig. 10
shows that @&, has greater high-frequency

Table 3 lists

performance indices subject to the minimum-jerk
reference, showing that the proposed observer that
produces a, is slightly better than the PAIDO.

Moreover, the proposed extended observer is the best
among these three acceleration observers. That is, the
extended observer can achieve the minimum tracking
error with the smoothest control efforts.

oscillations than both a6 and a,.

Table 3. Performance indices for minimum-jerk
responses.

I4E (mm-s) CI, (mm) CI (V)
@oe 0.3079 0.0022 0.0256
ad 0.3999 0.0032 0.0552
ao 0.3432 0.0025 0.0501
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Fig. 9. Tracking response with an ADOB.
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Fig. 10. Acceleration signals during the tracking
control with an ADOB.

CONCLUSIONS

Piezoelectric accelerometers have excellent
high-frequency dynamics but cannot measure dc and
quasi-dc signals, so they cannot be directly applied to
servo systems. To compensate for low-frequency
responses of piezoelectric accelerometers, this paper
proposes two observers that utilize positional
information. Compared with the PAIDO estimation
scheme, the observers proposed in this paper do not
directly differentiate a positional signal twice, being
less influenced by high-frequency noise of the
positional signal. Moreover, by introducing an
additional state variable into the observer, the
extended  observer can  further  diminish
high-frequency acceleration noise. Experimental
results confirm the effectiveness of the proposed
observers. In addition, the proposed observers can
produce estimates of velocity and position, which can
be used in feedback controllers to further improve
system performance.
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