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Abstract : This paper considers the design issues re-
lating to the practical implementation of analog adap-
tive filters to the area of sensor compensation, of which
there is little reported work in the literature. Recently,
we have demonstrated the effectiveness of analog adap-
e techniques in sensor response correction through
simulation [1]. The case is illustrated by showing how
the response of a load cell can be improved to speed up
the process of measurement. The load cell is a sen-
sor with an oscillatory output in which the measur-
and contributes to the response parameters. Thus, a
compensation filter needs to track variation in mea-
surand whereas a simple, fized filter is only valid at
one specific load value. To allow a practical imple-
mentation of the adaptive techniques, a novel piecewise
linearization technique is proposed in order to vary a
floating voltage-controlled resistor in o linear manner
over a wide range. Practical results are presented, thus
demonstrating the feasibility of the proposed techniques.

Keywords : Analog Adaptive Filter, Sensor, Load
Cell, Response correction.

Introduction

Load cells are used in a variety of industrial weighing
applications such as vending machines and checkweigh-
ing systems. Since information processing and control
systems cannot function correctly if they receive inac-
curate input data, compensation of the imperfections
of sensors is one of the most important aspects of sen-
sor research. Influence of unwanted signals, non ideal
frequency response, parameter drift, non-linearity, and
cross-sensitivity are the five major defects in primary
sensors [3]. In the new generation of sensors, called
intelligent or smart sensors, the influence of these im-
perfections has been dramatically reduced by using sig-
nal processing techniques, which have resulted from ad-
vances in the field of digital systems.

Some sensors such as load cells have an oscillatory out-
put, which needs time to settle down. Dynamic mea-
surement refers to the ascertainment of the final value
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of a sensor signal while its output is still in oscilla-
tion. It is therefore necessary to determine the value
of the measurand in the fastest time possible. One
example of processing that can be done on the sen-
sor output signal is filtering to achieve response correc-
tion. Several methods have been reported addressing
this problem. Software techniques for sensor compen-
sation are reviewed in [2]. Digital adaptive techniques
have been used in [13] for load cell response correction.
An artificial neural network has been proposed for dy-
namic measurement which needs a learning phase [14].
Other methods such as employing a Kalman filter [6]
and estimation with recursive least square (RLS) proce-
dure [10] have also been applied for dynamic weighing
systems. Almost all the above reported methods are
based on digital signal processing techniques, which
need analog-to-digital convertors and powerful signal
processors.

Although digital techniques have been used efficiently,
the aim of this paper is to investigate the possibility
of using analog adaptive techniques for sensor response
correction. The potential benefits of analog adaptive
techniques compared to digital methods include higher
signal processing speeds, lower power dissipations, and
smaller integrated circuit areas. It should be noted
that most applications of analog adaptive techniques
have focused on communications and digital magnetic
storage [4] and there has been little or no work on ap-
plication of analog adaptive techniques to intelligent
sensors which is the main focus of this paper. In [1],
we have developed models for the sensor and compen-
sation filter. These models are discussed briefly in sec-
tions 2 and 3. In section 4, for practical implementation
of the models, a new piecewise linearization method is
proposed and also experimental results are presented.

2. Sensor Response Correction

The primary sensor is considered as a system with
transfer function G(s). The general principle for elim-
inating the transient time is shown in Fig.1. A filter
having the reciprocal characteristic of the sensor is cas-
caded with it. Therefore, the transfer function of the
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Figure 1: General principle of load cell response cor-
rection

whole system is “unity” which means that any changes
in the input transfer to the output without any distor-
tion.

The response of a load cell can change for different
measurands. For example, the characteristic of a load
cell changes when a load is applied to it because the
mass of the load contributes to the inertial parameters
of the system. Therefore the transfer function of the
filter should change accordingly. In other words, a fixed
filter can be used only for one specific load value.
Previous work has shown that the load cell can be mod-
elled as a 2™¢ order system [13].

Lye) |, dvle)

(m +mo) - — dt

+hkey®)=F@) (1)
Where m is the mass being weighed, my is the effective
mass of the sensor, ¢ is the damping factor, k is the
spring constant, and F'(t) is the force function. The
Laplace transfer function of this sensor is

1
G(S) — Y(S) — m+mo — A
F(S) s?+ m:mos + m-fmo 2+ %QS + wg

@)

This shows that m affects all inertial parameters of the

sensor such as gain factor, A, quality factor, @, and
natural frequency, wyp.

Eq. 2 yields a pair of complex conjugate poles a + jb

where
- 3)
2(m +myg) (

and

‘ k e
’= \/(m+m0)  4(m+mo)? @

Thus the zeros of the adaptive filter, which are the poles
of the sensor can be obtained.

In general, assume w is defined as a vector that con-
tains all of the parameters of adaptive filter i.e.

1 (5)

The elements of w can be calculated for different val-
ues of the measurand. To emphasise that w depends
on m, it can be written as w(m). m is unknown in the
first instance when a new measurement begins. There-
fore the parameters of the adaptive filter can not be
set to appropriate values in order that the filter be-
haves as an inverse system. Hence, an adaptive rule
is required to modify the parameters of the adaptive

w:[w1w2w3 .o
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filter according to the value of measurand. This rule is
a crucial element but there is not a straightforward so-
lution for it. Usually, in classic adaptive techniques, an
adaptive algorithm, such as least mean squares (LMS)
method, updates w to minimize a cost function. How-
ever, Eq.(2) shows that, for a load cell, the suitable fil-
ter has a pair of conjugate zeros, 212 = a £ jb, which,
a and b can be considered as the parameters of adap-
tive filter and the relationship between them and load
can be modelled as in Eqs.(3) and (4). The real-time
measurement operation is shown in Fig.2.

b
Adaptive Filter

Figure 2: Block diagram of adaptive load cell response
correction

In this block diagram m has been substituted with y,
the output of the whole system, which is proportional
to m. Initially the zeros of the filter are set to arbitrary
values. Then the output y is calculated. This new
value of y is used to calculate the zeros of the filter
once again. Repeating these steps results in a rapid
approach to obtain the steady state value of y.

So far the zeros of the 2°¢ order compensation filter
have been examined. In order that the analog filter can
be realised, it is necessary to add at least two poles to
the filter. The values of these poles can be determined
practically. For simulation purposes, these poles are se-
lected by trail and error so that the output of the filter
quickly reaches its steady-state value with minimum
oscillation. The transfer function of the compensation
filter is

c k
— (m + mo) s? + mtmg > + m-+mo
H(s) =5 s2 + 600s + 106 ©)

The transfer functions of the load cell (Eq. 2) and its
compensation filter (Eq. 6) are biquadratic functions.
There now exists a wealth of theoretical and experimen-
tal information on the design of fixed or non-adaptive
analog biquads [5]. The problem is how to make a bi-
quad adaptive and it is necessary to have only one filter
component to track changes in m without any influence
on the other parameters such as damping factor, ¢, and
the spring coefficient, k.

3. Overview of Sensor and Compensation
Filter Models

In [1], we have shown that how biquadratic filters can
be used effectively to model the behaviour of the sensor
and compensation filter. For instance, compensation
filter model is depicted in Fig.3. To make this biquad
adaptive, as described in the block diagram of Fig.2,
the filter’s zeros have to be changed by the output of
the biquad. It is possible to use a voltage-controlled
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resistor in the compensation filter instead of Rg which
models (m + mg) in Eq.(6). Rs has to be split into
a fixed resistor equal to mgy and an additional resistor
proportional to m. Since m is the mass being weighed,
in the sensor model it is equivalent to stimulating volt-
age (V;) and in the compensation filter model it should
be directly proportional to filter output voltage.

Re

Ré

Figure 3: Compensation filter model

For simulation purposes, the analog behavioural mod-
eling facility in PSpice can be used. This is achieved
by using the G component(a voltage-controlled current
source) and ”TABLE”, which allows the user to enter
different resistors for different voltages.

From experimental data for a particular load cell [14]
the damping factor ¢, spring constant k, and the effec-
tive mass of the load cell myg, are 3.5, 2700 Pa, and 0.5
kg, respectively. These numbers are used to determine
the components values in the models.

To demonstrate the effectiveness of the models, the
simulation result for one sample load value ( m = 0.1kg
) is shown in Fig.4. For step excitation, the input volt-
age of the load cell model should be a step function
whose amplitude is proportional to m.

Tiew

Figure 4: Simulation result of adaptive compensation
for m = 0.1kg

4. Practical Implementation

In the sensor and compensation models, there is a float-
ing linear Voltage-Controlled Resistor (VCR) which must
be directly proportional to the controlling voltage over
a wide range because this resistor is equivalent to (mg+
m). In PSpice simulation [1], this VCR was modelled
using a voltage-controlled current source whose voltage
values and resistors were set by a theoretical table for-
mat, hence there was no restrictions. In practice, how-
ever, such component does not exist. The challenging
part of the practical implementation of the sensor and
compensation filter models is the realization of such a
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VCR. The properties of this VCR can be summarised
as follows:

o Resistor should be floating (none of its terminals
is connected to ground or power supply).

o Resistor should be linear (linear relationship be-
tween voltage and current).

¢ Relationship between resistance and controlling
voltage should be linear over a wide range, en-
hancing its practical application.

4.1. Voltage-Controlled Resistor

Junction Field Effect Transistors (JFET) have long
been used as voltage-controlled resistors (7, 11, 9, 8].
The channel resistance of the JFET can be controlled
by applying a variable voltage between its gate and
source. There are, however, two major problems:

1. Voltage across the channel should be small. In
other words, for large Vpg, the channel is a non-
linear resistor.

2. Channel resistance is inversely proportional to
gate voltage.

There have been some published papers that address
linearizing the relationship between the current and
voltage of the JFET (the first problem) [7, 12, 8, 11].
However, extensive literature search has shown that
there is very little or no work in the area of produc-
ing a resistor that varies with input voltage in a linear
manner. In this section, these two problems are ad-
dressed and a novel linearization technique is proposed
to solve the second one.

The relationship between drain current, Ip, and drain-
source voltage, Vpg, of a JFET in the triode or ohmic
region ( Vps < (VGS — VGS(off)) ) is

_ 2Ipss
Ip = VP?

(Ve — Vas)Vps — 0.5V3g) (7

which shows a nonlinear relationship between Ip and
Vps (a nonlinear resistance). For small values of Vpg,
the square term in Eq.(7) can be ignored and in this
case the drain-source resistance can be considered as
a linear resistance, which in practice limits the voltage
across the resistance to several hundred millivolts. Al-
though it is possible to linearize this resistance over a
wider range [7, 12, 8, 11], however, since in the analog
adaptive filter model, the voltage across VCR is very
small, (Vps)? in Eq.(7) can be ignored without signif-
icant impact. In this case, for Vs less than Vgg(ogys),
the channel resistance becomes:

RDS(on)
Rps = —— 8
DS (1 _ ‘(/Gps ( )
Where Rpg(on) = %% is the minimum resistance for

Ves = 0. Eq.(8) shows that Rpg is inversely pro-
portional to controlling voltage, Vgs. Eq.(8) can be
rewritten as

Ves, 1 Ves, 1 Vos

Rps = Rosen [LH(752)~5- (G2 4 52

3 .
7 A7 5 )2t

(9)
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Eq.(9) can be ag)proximated as a linear equation if
1. (%)2 << (3#2). This restriction is equivalent to
m << mg, which means that the mass being weighed
should be much less than the effective mass of the sen-
sor. However, in practice, typically m can be several
order of magnitude bigger than mg. To increase the ca-
pability of the compensation filter over a wider range,
we propose to introduce a nonlinear amplifier between
the output of the filter, which is controlling voltage
(Ve), and the gate of JFET (Fig.5).

Y

X Nonlinear
—>

Controlling voltage ‘Alnphfler To the gate of JFET

Figure 5: Nonlinear amplifier which provides the gate
voltage from Vo

The nonlinear relation between output, Y, and input,
X, of this amplifier can be obtained as follow. The
VCR needs to change linearly with Vi , ie.

RBycr=Ro(l1+a - Vo)=Ry(l1+a-X) (10)

where o is a proportional constant. The relationship
between Rpg of the JFET with its Vg is given in
Eq.(8) and it is required that this resistance changes
linearly with V. In other words, Egs.(8) and (10)
should be equal

RDS(on)
(1-v5

The value of Ry is not important, and it is assumed
Ro = Rps(on).- By manipulating Eq.(11), the input-
output relationship of the nonlinear amplifier is

_Vp-a'X
l14a-X

One possible implementation of Eq.(12) is shown in
Fig.6, which realize piecewise linear approximation of
this equation.

This circuit has n different gains for different intervals
(Veesi-1) <Y < Viesay):

Ry||Ry...||R;
Billf.. i%s (13

To calculate the gains, Eq.(12) can be approximated
by n straight lines, as shown in Fig.7, for n = 3.

The breaking points of this curve are Vgg(;) = Yo =
Viery (for i =1,2,...n). Corresponding inputs of
the nonlinear amplifier, X(;), can be calculated from
Eq.(12). This approximation is equivalent to n piece
of straight lines and hence needs an amplifier with n
different gains. Slopes of the piecewise lines, k(;), are
equal to the gains of amplifier, 4,;

= Ro(1+a- X) (11)

v 19\

\="/

Ay == for i=1,2,...n

ko = AYe _ Yo — Yoy
AXwy  X@ —Xa-n

Ay fori=1,2,...n
(14)
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Figure 6: Implementation of the proposed piecewise
linear approximation technique

X

Figure 7: Piecewise linear approximation of Eq.(12)

Where Yy = X() = 0.

Having used this piecewise linear amplifier to provide
the gate voltage, Fig.8 shows Rpg of the JFET with
changing V. To indicate the effectiveness of the pro-
posed technique, the ideal linear case and nonlinear
case are also depicted. This figure shows that Rpg can
be controlled linearly over a wide range (more than
three times Rpg(on)). In other words, the adaptive
compensation filter can be used for the values of m as
large as 3my.

Without linearization

X

Figure 8: Linearization of Rps using the proposed
piecewise linear technique



Figure 9: Complete practical analog adaptive compen-
sation filter

4.2. Experimental Results

The complete analog adaptive compensation filter us-
ing a JFET as the VCR and piecewise linear amplifier
to provide gate voltage is shown in Fig.9. The voltage
references in Fig.6 have been implemented with cascade
of single diodes.

For practical testing, a square wave excitation volt-
age was applied to the sensor circuit, and according
to the amplitude of the excitation voltage, the sensor
VCR (Rs) was changed manually. Figs.10 and 11 show
two sample inputs and outputs of the adaptive filter.
The input amplitude are 100 mV and 330 mV, which
are equivalent to m = 0.1kg and 0.33kg. Clearly the
practical results show that analog adaptive biquad fil-
ter (Fig.9), can be used to correct the response of the
load cell. It should be noted that there is good cor-
relation between simulation and experimental results
(Figs.4 and 10). To indicate the effectiveness of using
an adaptive filter, a fixed filter was also used for com-
pensation. When the excitation voltage is 330 mV, the
gate of JFET is connected to ground (i.e. only fixed
Rps(on) is in the filter circuit) and the input and out-
put of the filter are depicted in Fig.12, which shows
that the fixed filter is unable to perform the response
correction.

5. Concluding Remarks

This paper has shown that it is possible to perform
effective response compensation of sensors using ana-
log adaptive filter techniques. This has been demon-
strated with a reference to a load cell sensor. It has
been shown that the state-variable biquadratic filter
provides an accurate and flexible sensor and adaptive
compensation filter models. Simulation and experi-
mental results, showing the viability of the proposed
technique, were presented. The practical prototype
consisted of a novel piecewise linearization technique
for floating voltage-controlled resistor. We are cur-
rently developing switched-current techniques that al-
low the integrated fabrication of the analog adaptive
filter with digital CMOS compatible process. Switched-
current circuits have capability to work at low supply
voltages which is an interesting advantage specially for
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Figure 10: Input and output of the adaptive filter with
m = 0.1kg
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Figure 11: Input and output of the adaptive filter with
m = 0.33kg
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Figure 12: Input and output of the non-adaptive filter
with m = 0.33kg
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system-on chip applications.
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