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Abstract—Measurement of piston displacement is a common
problem for any pneumatic or hydraulic device, like shock-
absorber. Direct measurements are not always feasible because of
mechanical constraints; most recent techniques rely on magnetic
phenomena, introducing considerable complexity. In an attempt
to achieve an economical and feasible solution, an intrinsic capac-
itive sensor is developed. Such sensors measure the capacitance
between piston and cylinder, which is directly proportional to
displacement. It is developed an oscillator stage to measure the
unknown capacitance. The oscillator’s output is acquired by a
microcontroller, conditioned and transformed into the estimated
displacement. This paper focuses on the design methodology of
the measurement stage, highlighting tradeoffs and optimizations.
The sensor was developed for an automotive application in a
commercial shock absorber: however, it can be extended to other
devices where proper electrical isolation between cylinder and
piston is provided. Mathematical models and experimental results
are reported compared to a commercial position sensor.

Index Terms—Capacitive sensors, Displacement measurement,
Pistons, Position measurement, Shock-absorbers

I. INTRODUCTION

HE problem of measuring the position of a piston rod,

inside a cylinder, arises in many hydraulic or pneumatic
devices, in the automotive field this mechanics is present in
the shock-absorber, Fig. 1. Measuring the displacement of
the shock-absorber allow dynamics controls, e.g. headlight
adjustment. Various types of sensors have been developed.
String transducers must be mounted inside the cylinder, po-
tentiometers can be placed inside or outside: they complicate
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Fig. 1. Automotive Shock-Absorber simplified scheme

the mechanical design and maintenance and they are sub-
jected to wear. Optical and microwave position sensors are
contactless but must be mounted inside the cylinder and have
reliability issues [1]-[3]. Induction and magnetic sensors are
more reliable and less invasive contactless technologies [4].
Induction sensors usually work by placing an outer coil on
the cylinder and using a ferromagnetic material for the piston
rod. The piston changes the coil’s inductance with its position;
however, having the entire cylinder covered with a coil could
be expensive and uncomfortable, especially when the size
increases. Moreover, eddy currents limit the dynamic range of
the sensor, limiting the excitation frequency used [5]-[8]. [9]
uses a magnet and a strip of hall-effect sensors on the cylinder
as an alternative for small cylinders. However, a sensor strip
along the direction of displacement is always required.



If the outer cylinder is made of non-ferromagnetic material,
i.e. aluminium, it is possible to attach a permanent magnet to
the piston and measure its field with a linear array of magnetic
sensors placed on the cylinder: a non-ferromagnetic stainless
steel rod is expensive, and the mechanical design and the
mounting process are more complex. [10] proposes a sensing
technique that detects the radial magnetic field associated
with the end of a soft iron rod with some external fluxgate
sensors and an external winding to produce the excitation.
LVDT (Linear Variable Differential Transformer) sensors are
made by a primary coil with an AC excitation placed on the
cylinder, followed by two secondary coils in series wrapped
in the opposite direction; in this case, the ferromagnetic rod
creates a voltage on the secondary winding depending on the
rod position; these coils are usually embedded in the cylinder
structure [11]. Their drawbacks are the sensitivity to the
temperature, the fact that the cylinder structure becomes more
complex, and the rod material must have high permeability,
but they are reliable. Recently [12] reduced the dimension
of the excitation coil and the pick-up coils by introducing a
conical rod, moving the cylinder winding complexity to the
rod that must have some degree of accuracy in manufacturing
the cylindrical shape. In any case, all the technique that relies
on the sensing of the magnetic field can be disturbed by any
external field coming from the environment. Eventually, [13]
proposes some algorithms to correct the estimation produced
by integrating a MEMS sensor placed on the rod, which
does not require any particular modification of the mechanical
assembly. However, after reaching a new set-point, a compen-
sation phase is required to remove the integration error.

Here, a capacitive sensor is investigated to compute the
displacement by measuring the capacitance between the cylin-
der and the piston rod. This approach reduces the costs: no
coil, magnets, or sensor arrays are required. The mechanism
piston-cylinder is a cylindrical capacitance by definition, and
the geometry of the system itself is used to generate the
measured capacitance. This approach has been no novelty
since a patent submission in 1985 [14], whereas more recently,
another relevant patent was published in 2009 [15], however,
in general, the literature lacks of contributions about the
correct design of this kind of solution, its feasibility and the
accuracy of the measurements. Only recently, [16] published
an article on a capacitive sensor for a biomedical device, and
[17] proposed a similar technique for measuring shafts, either
using some commercials’ IC or development board as sensing
circuit.

In this article, a feasible solution, from an industrial point
of view, is presented, focusing on the design methodology
and optimization. This intrinsic capacitive sensor is applied
and tested on an automotive shock absorber, but that can be
used in any piston-cylinder mechanism that features two main
characteristics:

1) the cylinder and piston are made of conductive material.

2) the connection between piston and cylinder is made

with a non-conductive material (i.e. they are not short-
circuited).

This technology is designed for this application because the
impact on the mechanical design is marginal and does not
require introducing any particular element in the design (like
windings or an array of sensors) that is crucial in an appli-
cation with high production volume and the influence on the
product’s cost must be as lower as possible.

The following article is organized as follows: an overview of
the equivalent capacitance model; a brief description of circuits
to measure an unknown capacitor; the working principle
and the mathematical modeling of the non-idealities of the
chosen topology, and the design optimization together with the
acquisition chain, last sections are dedicated to experimental
results and conclusions. ’

II. SHOCK ABSORBER CAPACITANCE MODEL

The piston-cylinder mechanism is a capacitor by definition,
two metal armors with a dielectric in between; the system’s ge-
ometry defines the measured capacitor. The total capacitance,
knowing the mechanical design, can be separated into different
parallel capacitors with a defined geometry. The simplified
model of a shock absorber Fig. 2 is used to highlight all the
possible sources of capacitance between piston and cylinder:
some are displacement dependent, Cs(x), C3(x), C4(x), while
others are fixed, C, C5, and represent the point of contact
between two elements and are usually separated by plastic
materials in order to reduce friction. The total capacitance
is given by (1). Substituting into (1) the equations for the
capacitor with parallel and cylindrical surfaces, we obtain (2),
which describes the relationship between displacement and
capacitance, which appears nonlinear. Fig. 3 shows the relation
between position and capacitance of (2). With the given me-
chanical dimensions, the largest contribution to the capacitance
is given by the cylindrical capacitance between piston and
cylinder, Cs(x), and as long as the shock absorber is not fully
compressed, the (2) can be simplified as (3). The sum of the
fixed capacitances, Cy = C; + Cs, can be experimentally
computed by measuring the capacitance in full extension,
and it is around a few hundred pF'. The derivative of (3)
provides information on the precision obtained in measuring
the position given the precision in measuring the capacitance
(4): assuming the same values for which Fig. 3 was made, the
precision of £ 1 mm in the position measurement requires an
error on the capacitance of £ 0.4 pF'. Moreover, (4) shows
that this correlation depends only on the ratio between the
radius of the piston and cylinder and the dielectric constant of
the oil.

C(z) = C1 4 C5 + Ca(x) + Cs(z) + Cy(x) (D)
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Fig. 2. Simplified shock absorber scheme to point out the capacitance
equivalent model. z is the displacement; r1, 72, 73, r4, [, {1 are mechanical
dimensions; C1, C5 are fixed; Ca(z), C3(z), Ca(x) are displacement
dependent; the cylinder is full of oil that works as dielectric. "+ and ”-”
represent the capacitor’s terminals.
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Fig. 3. Analytical capacitance-displacement characteristic: comparison be-
tween full model and simplified. Assuming r1 = 22 mm, r2 = 32 mm,
rg = 31.bmm,rqy = 24 mm,l = 160 mm,l; = 10 mm and as
relative dielectric constant of the oil € = 2.2; the point z = 0 show the
value of the fixed capacitance Cp
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III. CIRCUITS TO MEASURE CAPACITANCE

AC = Az “)

In this section, the main circuits to measure an unknown
capacitor are reported.

A. RC Circuit

The unknown capacitor, C(z), is excited by two comple-
mentary switches; a voltage divider generates a threshold fed
to a comparator alongside the capacitor’s voltage, Fig. 4.
Measuring the low time of the output square wave, t;, the
capacitance is estimated (5).

tq
Clx) = &)
Riln (7\4,122(“))
Ry
A
O Vin
v

Fig. 4. Constant Voltage - RC Circuit

B. Constant Current Circuit

The unknown capacitor, C(x), is excited with a triangular
wave. A current monitor across resistor R; produces an output
proportional to the capacitor current. A subtractor stage is used
to remove the voltage offset, coming from the capacitance
independent from the displacement shown in the previous
section, Fig. 5. The capacitance value is given by (6), where
Vout (High) is the high level of the output of the subtractor
stage, A; is the gain associated with the current monitor, and
dV;,/dt is the slope of the input triangular wave.

Vout (High
Cla) = Ldvn) (6)
Ry A3
Instrumentation
Amplifier R3 ,,,,,,,,,,,,

Fig. 5. Constant Current Circuit

C. Dual Slope Circuit

The constant current circuit can be modified by replacing
the subtractor with an integrator, Fig. 6. When Sy and S5 are
”ON”, the integrator capacitor, C is charged, whereas when
S1 and Sy are "ON”, (] is discharged. Comparing the voltages



differences of the two phases of the charge and discharge on
the integrator capacitor gives (7), where A; is the gain of the
current monitor, t; is the discharging time of Ci, t, is the
charging time of C;. Q¢, (t,) is the charge of the unknown
capacitor C'(x) at the time ¢,.: this quantity can also be written
as Qc, (t) = C(x)V,(t.), and comes from the integration of
the current on the unknown capacitor. By measuring ¢ and
V.(t,) the capacitance is estimated as (8).

A1R1Qc, (tr) _ Vreftf (7)
R3Cl Rgcl
Vierty
Cz) = %L 8
(x) Vc<tr)A1R1 ( )

Instrumentation
Amplifier

Fig. 6. Dual Slope Integrator Circuit

D. Astable Multivibrator Circuit

The output of the operational amplifier charges the unknown
capacitor, its voltage is compared with two thresholds pro-
duced by the positive feedback of the operational amplifier
Fig. 7. A constant voltage V;,, generates asymmetric thresholds
so that the operational amplifier can be used with a single-
supply configuration. Setting Ry = R3 = R4 and neglecting
the non-idealities of the amplifier, the unknown capacitor can
be calculated as (9), where f(x) is the output frequency.

1
€)= B @in@ ®
R4 Rl

Fig. 7. Single Supply Astable Multivibrator Circuit

IV. ASTABLE MULTIVIBRATOR STAGE: DESIGN
METHODOLOGY

In this article, it is used the astable multivibrator topology.
This circuit is chosen over the other presented because of
its simplicity: it does not require switches or a waveform
generator, plus it has a single supply feature. These advantages
make it possible to create a smaller and cheaper sensor. A
working frequency of hundreds of kH z is required to have a
good dynamic response. The measure of the capacitance, and
hence displacement, is given by the astable output’s high and
low state time (10 - 11). Where V}, and V} are the two output
levels of the operational amplifier, Vth and V,, are the two
threshold voltages on the non-inverting input, which, using the
superposition principle, can be computed as (12 - 13).

Vo, =V,
t, = RyC(x)l t’) 10
1= Ry (x)n(VtZ—Vh (10)
ty = RoC(2)in (VJVZ> (1)
S Vi Vi

Ri||R3 > ( R4||R3 )
Vi = Vin (=8 ) oy ()
th <R4+R1||R3 h Ry +R4||R3 12)

_ R1||R3 ) ( Ry||R3 )
Ve, =Vl ——— |+ V| ————— 13
th (R4+R1||R3 ! Ry +R4||R3 (13)

The oscillation frequency is then given by the sum of the
time needed to reach the thresholds (14).

1
f@) = —+

The capacitor value can be computed substituting (12 - 13)
into (14):

(14)

1

- Vi ViV, v,
. f.ln th th g
RS Vi =Vi Vb =Va

C(x) (15)

In practice, to avoid overestimating the oscillation fre-
quency, non-idealities must be taken into account. The capac-
itor, C'(z), is not charged with a fixed voltage equal to V4, but
it is affected by the slew rate of the amplifier, as well as in the
discharge phase. Because of the slew rate, the capacitor voltage
exhibits an overshoot, Fig. 8: as long as the voltage output is
not less than the capacitor voltage, the capacitor continues
to charge, and vice versa. Therefore, the differential equation
describing the capacitor voltage is (16), whose solution is (17),
where s, is the slew rate of the operational amplifier, and

A = t/(ReC()).

Ve _ 1,
At RoC(z) 7

Ve) (16)
Vo(\) = e (Ve(to) + s, RaC () (e’\ A-1)+1)) A7

Moreover, there is a delay, Tijeiqy, between the time when
the voltage on the capacitor exceeds the voltage given by



the voltage divider on the non-inverting gate and the time
when the operational amplifier changes its output, Fig. 8.
This effect is associated with the time required to charge
the parasitic capacitance on the operational amplifier’s inputs
and the component’s group delay. In order to compensate
for this error, the slope of the operational amplifier charging
and discharging curve is evaluated and used to correct the
thresholds (18 - (19).

dv.
Vino, (C(@)) = Vi, + Tactay - (18)
t=0, V.(0)=V,,
_ _ dV,
V;fhm.(o(x)) = V;h - Tdelayditc (19)
t=0, V.(0)=V,t

th

Overshoot - Slew rate effect

Output voltage (1)

and Non-inverting input volta

|:_-__1'-|l

Tdelay
20 L
LH] 4 [

ta,, fle.,. Time (pts)

Fig. 8. Measured voltages on the non-inverting port, inverting port, and output
of the oscillator stage with C'(x) = 255 pF. The frequency measured by the
oscilloscope is around 239 kHz.

Thus the frequency is computed using the two corrected
times ¢1,,. and ¢y, (20) and (21), to take into account the
non-linearities: overshoot phenomena, response delay and slew
rate. The initial capacitor voltage is calculated using the
differential equation (16) as shown in (22) and (23). Also, the
final voltage reached by the capacitor it is calculated using
(18) and (19). At last, there is the parameter 7%, that is equal
to (Vh — W)/Sr.

t1,, (z) = RaC(z)In (V‘El((cc(f;;)_—@) + Ty (20)
ther
_ Vea(C(@)) — Vi
ta. () = R2C(x)in v, (C) Vi +T, (2D
Va(z) = V. <>\ = RQT(;’&%) Ve(A=0) = thw) (22)

(23)

The comparison between the ideal, the measured, and the
corrected frequency is represented in Fig. 9. The ideal equa-
tions cannot describe the behavior of the multivibrator stage
for the frequencies of interest; whereas using the corrections,
the match with the experimental observations improves.

600 \ .
-e-Corrected Formula,
_.500F -=-Ideal Formula 1
ra x Experimental
E 400 - 1
)
© 300+ -
= e
=
g 200 1 4
=" 1
S I
100+ . 1
1

5000

500 1000 2000
Frequency f (kHz)

0
100 200 300 10000

Fig. 9. Frequency-capacitance characteristics; squares (red): ideal formula;
circles (black): corrected formula; crosses (purple): experimental. Example:
with C = 250 pF, experimental oscillation frequency = 242 kH z; ideal
oscillation frequency = 1.525 M Hz; corrected oscillation frequency =
227 kHz.

In the case where the change in capacitance along the
stroke of the piston, is a couple of hundred pF, as suggested
in Fig. 3, it is possible to linearize the characteristic that
connects capacitance and frequency. The characteristic can
be linearized around the capacitance, C, which represents the
capacitance when the piston is positioned at half its stroke.
Combining the two linear functions: the position-capacitance
function, x = b;C + bs, and the capacity-frequency function,
C = a1 f + ag, we obtain the final input-output characteristic
(24) that connects position and measured frequency. Where
x is the displacement, f is the oscillation frequency, and the
coefficients are expressed in (25 - 28).

x = (biar)f + (by + brasz) (24)
()
b1 (25)
2mwe
Coln (22)
b2 = ome (26)
= — 1 @7)
dfer (C)
dC _
a5 — ¢ — Jerl©) 28)
dfer(C)
dC _
C

The term by 4 byas is an offset; the gain between frequency
and position is given by bya;. The coefficient b; depends
only on the mechanical quantities. The sensitivity between



frequency and position can be adjusted by changing the coeffi-
cient ay expressed as pF’ / kH z. By acting on a; it is possible
to increase the frequency range, A f, which corresponds to the
same AC, namely Az, Fig. 10. The increase in sensitivity is
paid for by a smaller range in which linearization is effective.

700 Low Sensitivity

High Sensitivity Characteristic.

600\ Characteristic. pt.B ]
ET.T pt.A Increased Linearization

3,5007 error due to higher ]

sensitivity

EAN

[

(=]
T

Capacitance (
(98]
S
S

[\

(=

(=]
T

___________ -

100 -

250

50 200
Frequency (kH z)

300

Fig. 10. Trade off between high and low sensitivity, the high sensitivity
characteristic presents with the same A C' a greater interval A f but on the
boundaries of the interval A C' the linearized characteristic presents a bigger
error, reducing the domain in which can be used.

In Fig. 11, a; is computed with respect to the resistor
network; on the x-axis is represented the value of the negative
feedback resistor, R, which governs the speed of the RC tran-
sient, while the y-axis shows the ratio of the positive feedback
resistors, Ri/Rs, responsible of the thresholds. R3 = Ry
was imposed to simplify the analysis. The high-sensitivity
characteristic in Fig. 10 is represented with a cross, pt. A, while
the low-sensitivity characteristic, with a circle, pt.B. Larger
values of a; are obtained for low values of the ratio R;/R;
and by increasing the feedback resistor Ro.

100

Ry /R;
)
(=)

Fig. 11. Coefficient a1 (pF'/kHz) as a function of the resistive network with
a fixed capacitance of 210 pF' and R3 = Ry; y-axis is in logarithmic scale.

Fig. 12 shows the dependence of the oscillation frequency
with respect to the resistor network: the increase in sensitivity
is matched by a decrease in the oscillation frequency, with a
possible effect on the sensor dynamics, and a reduction of the
available samples per second.

10 20 30 40 50 60 70 80 90
Ry (k)

100

Fig. 12. Output frequency (kH z) as a function of the resistive network with a
fixed value of capacitance of 210 pF' and R3 = Ry4; y-axis is in logarithmic
scale.

In Fig. 13, the coefficient a1 is computed with respect to
slew-rate, s,., and the delay, Tgeqy. The highest sensitivity is
obtained with a slight delay and a high slew rate, although
increasing the slew rate above a certain threshold becomes
irrelevant for the purpose of increasing sensitivity.

]00‘

0.5 1 1.5 2
Dl’!l?l-“p" I‘:fﬂ'!ﬂy (F’“")

Fig. 13. Coefficient a1 (pF/kHz) as a function of delay, Tgeiqy, and slew
rate, s,-, with a fixed value of capacitance of 210 pF'; y-axis is in logarithmic
scale.

V. ACQUISITION PIPELINE

In order to estimate the frequency, namely the displacement,
a double interrupt is set on both rising and falling edges and
using the clock counter. The frequency of the output signal
of the astable, f,s., is estimated as (29), where f. is the
microcontroller clock frequency, cnt. (k) is the current value
of the counter and cnt.j(k — 1) is the previous one.

fclk

Cntclk(k) - Cntclk(k — 1) (29)

fosc =

Triggering the interrupt on both rising and falling edges
allows a consistency check: if the two measurements are equal,
the mean of the two values is performed. Another mean over
7 samples is used to reduce the output frequency from the
hundreds of kH z range to hundred of H z range in accordance
with the communication bus frequency limit. Adding a rolling-
median and a low pass filter as additional conditioning is



possible, but experimental results suggest that there is not
any added value. Eventually, the conversion between fre-
quency and displacement is performed. This conversion is
done through the linearized function described before and the
parameters, gain and offset, can be adjusted during a tuning
procedure. A Fourier transform of the typical oscillation of a
shock absorber is shown in Fig. 14: the maximum dynamics is
around 20 Hz. This sets a constrain for the sensor’s dynamic
response, and it is used as a boundary on the sample time and
the value of j given the oscillation frequency measured. In this
article, the value of desired output frequency for acquisition is
set to 50 H z, and the sensor measurement is sent and acquired
via CAN bus.
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Fig. 14. Fast Fourier Transform (FFT) of a shock absorber displacement

VI. EXPERIMENTAL DATA AND SENSOR VALIDATION

Experimental validation is done in Marelli Ride Dynamics
facilities, first using a production test bench and later on a
demo car. Fig. 15 shows the vehicle equipped with the devel-
oped prototype and a reference sensor, Hella 60667364. The
reference sensor output is a voltage from 0 to 5 V' proportional
to an angle between —40° and 40°; it is mounted on the vehicle
to have a direct correlation between the measured angle and
the displacement of the shock absorber. Fig. 16 shows the char-
acteristic between the angle and the piston rod displacement.
The developed prototype measures 56x32x38 mm casing
included, Fig. 18; the connection to the rod and the external
cylinder are made with cables. During these tests, microcon-
troller with a clock frequency of 600 M H z was used; however,
we also tested lower clock frequencies without degrading
performance. The measurements are acquired through a CAN
bus. Fig. 17 shows linear characteristic between frequency
and displacement of the developed prototype; a displacement
variation of 60 mm corrisponds to a frequency variation of
6 kHz.
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