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Capacitors and Capacitance =B

AUSTRALIA

* A capacitor is a passive electrical or electronic component that
can store energy in the form of an electric field.

_ _ Q Charge (in coulomb, C)
Capacitance (in farad, F) C =—
voltage difference between the

two plates (in volts, V).

« V can be expressed in terms of the work done on a positive test

charge g when it moves from the positive to the negative plate:

force (in newton, N) ———— g4
I/ = — = Ed+ the distance between two plates

q t
electric field (in volt per meter, V- m™1 or

newton per coulomb, N - C-1) between two
parallel plates,
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Capacitors and Capacitance =B
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Commonly used capacitors have a capacitance range from 1 pF to 1000 pF.
The voltage—current relationship of a capacitor is expressed by

V(t) = %f I(t)dt

. . . 1 1
Capacitors in series: — = ) —

Capacitors in parallel: C,, = X C;
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Capacitive Sensor o
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Capacitive sensors are variable capacitors,

that is, their capacitance changes during the Parallel-(flat) plate capacitor
sensing process. e
Capacitance is a function of geometry, d@m"d&“ c- HEA
dielectric constant, plate materials, and plate
configuration. Ratio A/d is called the geometry factor for a parallel-plate capacitor.
Cylindrical (coaxial) capacitor
T 3 2neqeh
"I " In(ry/ry) o7y

Ratio 27th/In(ry/r,) is the geometry factor for a cylindrical capacitor.
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- Dielectric constant ¢, is the ratio of the permittivity of a substance ¢, to the permittivity of free
space g (i.e., & = &y/gp).

« ltis an expression of the extent to which a material concentrates electric flux, or the ability of
a material to store a charge under an applied electric field.

» &, has the range of 2 ~ 20 for most dry solid materials and often higher for liquids

RDP of Common Materials at Room Temperature

Material RDP, g, Material RDP, g, Material RDP, &,
Air, vacuum 1 Paper 35 Mica 6

Clay 1.8-2.8 Silica glass 3.7 Rubber 7
Teflon 2 Silicon dioxide 39 Marble 8

Soft rubber 2.5 Nylon 4-5 Silicone 11-12
Wood 2.7 Porcelain 4.4 Alcohol 16-31
Silicone rubber 2.8 Diamond 5.5-10 Fresh water 80

Ice 34 Glass 5 Sea water 81-88
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Parallel-Plate Capacitive Sensors S
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» The simplest capacitive sensor consists of two parallel metal plates separated by a distance d

» To eliminate the fringe field or edge effect of the electrodes, the guard electrodes are added
and kept at the same potential as the sensing electrode.

» The capacitance of a parallel plate capacitor can be found from

Eo&rA
d
Sensing
AN /electrode /Guard
| electrode
,";r,’i::::+::!!::::::‘1\\!'“
1
CScnsor=1l|::::d::Er:::::::ll
? RAAJIIE gl

‘\ Reference
electrode
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* Any variation in the dielectric constants ¢,., the plate area A, or the
plate spacing d will cause a change in capacitance C.

(a) Spacing varialion (k) Arca varialion (¢) Dielectric constant
varialion
O O 0 i 0 D
i
i d
{ ilrﬁ I .’lﬂ ]
—s
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Spacing Variation Based Sensors e,
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An inverse relationship exists between the spacing d and the capacitance C.

This gives a large change in capacitance value with a small spacing change, but it
also displays the nonlinearity.

A bridge or signal conditioning circuit is often required to compensate for this
nonlinearity.

Compared to other capacitive sensors, spacing-variation-based sensors are
generally more sensitive, but only suitable for a small displacement range (usually
the spacing variation is less than the electrode size and in the range of micrometers).

Area-based capacitive sensors, on the other hand, are less sensitive, but suitable
for a larger displacement range.

11
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» Spacing-variation-based sensors can have single-plate, dual-plate, or multiplate designs.

* In the single-plate design, the sensing plate (or probe) functions as one electrode, while
the target, made of a conductive material, functions as the second electrode.

« Traditionally, a capacitive sensor system has the probe driven and the target grounded.

« High-performance displacement sensors usually use small sensing surfaces and they are
positioned close to the targets (0.25~2mm).

* In a dual-plate design, the sensor has two parallel-plate electrodes. When the moving plate
experiences a force, pressure, or vibration, the distance d will change, causing a change in

capacitance.

NEREEE
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- Frobe
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Spacing Variation Based Sensors e,
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« Sometimes, temperature change can also affect d due to the thermal
expansion of the plates and/or dielectric media. This can be compensated by
applying the differential capacitance technique that uses three plates.

« By adding the third electrode, twin capacitors are formed: C; (between the
top and middle plates) and C, (between the middle and bottom plates).

* Proper wiring and adding an amplifier circuit can make a sensor’s output
voltage proportional to ¢; — C,, C,/C,, or (C;—C,)/(C{+C,) to compensate for
temperature/humidity variation and small changes in dielectric constants.

» Both spacing-variation- and area-variation-based sensors have the three-
plate configurations. g ®)

Fixed plate

.
I Moving plate Maoving plate

Fixed plate — | plate
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Spacing Variation Based Sensors e,
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« To improve a sensor’'s measurement range, accuracy, sensitivity, stability,
and signal-to-noise ratio, a multiplate configuration can be used, which could
be a replication of the single-plate system many times or a replication of
three-plate system many times.

« The figure shows a multiplate capacitive sensor that is
often seen in a capacitive acceleration, vibration, and m =

Moving

displacement measurements. | T’ Motion

Il

B
N—
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acceleration
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« The capacitance of a flat plate capacitor is proportional to the area of the
plate A.

« As one of the plates slides transversely, the overlapped area changes,
causing the capacitance changes linearly.

» This change is usually converted into a voltage change.

« Often used for noncontact displacement measurement, especially when the
movement is larger than the electrode dimension

 If the movement is less than the electrode size, the spacing-variation-based
sensors are most suitable.

17
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« Can be designed in one-pair or multi-pair plate configurations for either linear
or rotary motion detection.

« A multi-plate structure improves a sensor’s sensitivity and measurement
accuracy, while requiring larger space and more expensive.

(a) (b) (c)
Fixed plates Fixed plates

- Rotary plate
Moving plates

Fixed plate
e

ssmswssswesssss Voving plate
« >
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A linear relationship exists between dielectric constant &, and the capacitance C
the larger the ¢,., the bigger the C.
Capacitance changes may depend on

— the sensor’s dielectric constant;
— the target material’s dielectric constant

Dielectric-constant-variation-based capacitive sensors are widely used to detect

— motion or proximity of nonconductive objects (e.g., dust, paper, plastics, and cloth),
— chemical-substance
— biocells.

They can also measure RH, force, and pressure.

20
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* Dielectric-based capacmve sensors have two basic designs.

: > have two electrodes and one > have two electrodes but no dielectric media
dielectric media in the sensor \ /> relies on the target’s material to interfere with
» often seen in capacitive force, i | the electric field of the sensor to change
pressure, chemical, and humidity i | capacitance
sensors . » The two metallic electrodes can be positioned
» the permittivity of the dielectric | | like an “opened” capacitor
material changes when a sensoris | . » The change in capacitance depends on the
subjected to a force, pressure, | i target material and the distance to the target.
chemical gas, or water vapor. | . » This type of sensor is often used to detect
| | motion or proximity of nonconductive materials.
_\ Elecuﬂd@
Dielectric material Electrodes =7 E g Target dielectric
—_—— : ,' : material
Electrode |===-"~
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« Usually a change in a sensor’s dielectric constant is due to

— the dielectric material alters its density when a force or pressure is applied to the
dielectric media

— the dielectric material absorbs moisture i Typical response curve of an
: : : : - HS 1100 capacitive humidity
— the dielectric media reacts with a target material.

Sensor.

« Capacitive humidity sensors, for o J
example, require a dielectric material s m——— —
that easily absorbs and releases f?-: i:g Measurement frequency: 10 kHz._~
moisture based on the surrounding RH g 10 1
(relative humidity). 5 - //’/

« The commonly used dielectric materials = 165l
for humidity sensors are glass, ceramic, M = W @ 8@ ® B 5 10
or silicone. Relative humidity (%)

_____________________________________________________________________ 2_2__'
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* The three design principles of CCSs:
— Iinner electrode movement,
— dielectric media movement, and 2megerh
— dielectric constant variation.

(a) Electrode (b) (c)

movement
Dielectric
Dielectric constant
I media variation
movement
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_ 2meperh

« The moving electrode (usually the inner one) causes the overlap height h of
the cylindrical plates to change, resulting in a change in capacitance C.

« Alinear relationship exists between the overlap height h and the capacitance
C : the bigger the height h, the larger the capacitance C.

24
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« Parallel Plate/Spacing Variation Based Sensors

— Capacitive proximity sensors based on spacing variation sense "target" objects due to the
target's ability to be electrically charged.

— The figure shows a capacitive sensor formed by a human (a conductive target) and a
single sensing plate. The capacitance increases when the human gets closer to the metal
plate. By measuring this capacitance, the distance between the human and the sensing
plate can be estimated.

dh Single-plate scnsor
mtermal capacior plie fj ;( el plate sensal
1 P \ bt 11
pacitor plal [-'f }__ B
L 1 \
(1511 — ———— \ N,
i ———— _— 'I i -+
I". '|__| — \ \'-.:'
rel e | 8 - \
9 1 | b
DC supply J | — [ I I ik ,"' s
l EE i wir g T (/ (
T 1 ] H {dielecnric ) I .
; L 1 | LRI . .L Ill Il'
- ) | t Y
DC output b - J ]
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« Parallel Plate/Dielectric Constant Variation Based Sensors
— Most capacitive proximity sensors are probe types with a typical internal layout.
— The sensing surface is often formed by two concentric ring electrodes.

— When an object nears the sensing surface and enters the electrostatic field of the
electrodes, it alters the amount of electric flux reaching the second electrode and causes
the capacitance to increase.

— As the target moves away from the sensor, the capacitance decreases, switching the

sensor output back to its original state.
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« The larger the dielectric constant of the 100
target material, the bigger the
capacitance change, and the easier it is
to detect the target.

O
o

oo
o
I,

\

o
o]
—]

[
[=]
—]

(V]
o
—

rated sensing distance (%)
(4]
o

]
o
[ —

Detectable distance in percentage of the

pd
o

0

0 10 20 30 40 50 60 70 80
Dielectric constant €,

Relationship between a target material’s
dielectric constant and the rated sensing
distance for the Siemens proximity sensor.
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« Parallel Plate/Spacing Variation Based Sensors, Dielectric Constant Variation
Based Sensors

touch-sensitive button

o

@/Finger
_"-..h"\\"- | /

* AN [ -::',” Dielectric

copper—a NN ey mei? la
PCB material \"I | I| I “”i-"' =
(e.g., FR4) T
to touch-sense controller
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* Finger as an dielectric

— the finger’s interaction with the capacitor’s
electric field represents an increase in the
dielectric constant and hence an increase in
the capacitance (similar to proximity sensor).

* Finger as a conductor

— the finger becomes the second conductive
plate of an additional capacitor (similar to
proximity sensor).

ground

-
virtual ground

32
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Capacitive Detect Detection = R

« Parallel Plate/Spacing Variation Based Sensors
— Because capacitive sensors have much higher sensitivities to conductors than non-
conductors, they can be used to detect the presence or absence of metallic parts in
completed assemblies.
— As shown in the figure, if a cap is missing, the capacitive sensor can detect it.

Q ﬁ C-.'l]-.l
TR
Convevor

This document is available free of charge on StUDOCU-Com

Downloaded by wasel ghanem (wasel.ghanem@gmail.com)

33


https://www.studocu.com/en-au?utm_campaign=shared-document&utm_source=studocu-document&utm_medium=social_sharing&utm_content=5-capacitive-sensors

Capacitive Pressure Sensor SR

AUSTRALIA

« QOver half of the sensors used in the chemical industry are capacitive
pressure sensors.

* These sensors measure absolute, relative, and differential pressures, ranging
from 1 psi (pounds per square inch) to 5000 psi.

* Accuracies of 0.1-0.5% of full scale are common for capacitive pressure
Sensors.
« Capacitive pressure sensor can be based on
— Spacing Variation Based Sensors
— Area Variation Based Sensors
— Dielectric Constant Variation Based Sensors
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« Parallel Plate/Spacing Variation Based Sensors

— consists of a fixed plate and a flexible plate (diaphragm). When liquid or gas enters the
chamber, it presses the diaphragm, causing the spacing d and capacitance C to change.
Thus, the capacitance variation directly relates to the pressure variation.

35
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« Parallel Plate/Area Variation Based Sensors
— consists of multiple plates and is more robust than other types of pressure sensors
— One group of the electrodes is connected to the sensing diaphragm whose displacement
is proportional to the pressure, causing the overlap area changes and therefore the
capacitance change.
— The unit forms a capacitor whose variation in plate area is determined by the movement
of the diaphragm.

Capacitors

Capacitive pressure sensor with area
variation. (Modified based on original
drawing from VEGA Technique,
France.)

36
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 VEGABAR 82/83

VEGABAR 82

e

LE

‘i

i fj
VEGABAR 83

!

1 Housing lid with integrated display and adjustment
module (optional)

2 Housing with electronics

3 Process fitting with measuring cell

4 Cable gland
5 Connection cable
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 Parallel Plate/Dielectric Constant Variation Based Sensors

the structure of a pellicular pressure sensor (about 80 um thin) designed by ONERA
French Aerospace Lab, France.

The sensor can detect the change in &, between two electrodes when a dynamic force or
pressure is exerted on the plates.

The advantages of such pellicular sensors are their compactness, ability to detect micro
pressure, resistance to vibration, and high bandwidth (e.g., 50 ~ 200 kHz).

The primary disadvantage is that they are temperature sensitive.

Force or pressure

Dielectric 'L Electrodes

foil R P R R TR
RS E R AP

Adhesive
[nsulator — " layers

Substrate
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« Parallel Plate/Spacing Variation Based Sensors

If one plate of a parallel capacitor moves subject to acceleration or vibration, a capacitive
accelerometer or vibration sensor is formed.

The figure shows a capacitive accelerometer which contains a diaphragm and two plates
that sandwich the diaphragm

The deflection causes a ﬁ T —
capacitance shift between the
P lates. Diaphragm

» (free end) g | f Cabl —
Capacitive accelerometers e % el
generally have higher sensitivities Phadpaes | —.u-+ - [
than piezoelectric accelerometers. [ == ] las

| tan
Case ——
™~ Electronics
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 Parallel Plate/Dielectric Constant Variation Based Sensors

— The capacitive level sensor evaluates the capacitance changes (C — C;) due to the space
between two planar electrodes being filled with a liquid, where C, is the capacitance of
empty container,

— The total capacitance C is the sum of the two parallelly connected capacitances C; and
CZ: C — C]_ + Cz.
— (C — Cyp) is approximately proportional to the filling height h.

Planar electrodes

Container
—5— (¢ ’

I I | L

G Liquid
_'l [— g#1

H
£
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Capacitive Level Sensor = TN
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C; = gob(hpax — h)/d C, = gy&-bh/d Co = €obhmax/d

Capacitance C depends on level h

Planar electrodes

bh -
C = CO + 80(81- - 1) — i ( ¢, |~ Contatner
d I _'| I_ Aire =1
Level h can be expressed by - I ﬁ_ o | T
i g,#1 h
_ (C—=Cpd Acd l 4
- 80(87‘ —1)b - go(g,r — 1)b ol &
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Capacitive Level Sensor s

AUSTRALIA

 Cylindrical/Dielectric Constant Variation Based Sensors
— The level of the dielectric media changes, causing the total capacitance C to change.
— The two capacitors C; and C, are in a parallel connection.
— Thus, the total capacitance C is

2meg(Mmax — h)  2megerh

C=C+C = nner
21 i 1n(r2/ 7'1) ln(rZ/ rl) ileCtrOde Metal tank—outer
e electrode
= ———[hpax + (& — 1)A] K
In (TZ /Tl ) - ' T Nonconductive
or C = Cy + ZE&r D \here ¢, = 20 'max whenthe | f ' fluid e,
ln(rz / T'l) ln(r2 / T'l) ho.. a0 T

tank is empty. l :

The level h of the dielectric material can be found by v 4 v

Jq d, =

B = (C — Co) In(ry/11)
 2mey(e, — 1)
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- Capacitive Level Sensor i

developed by VEGA (France) VEGACAP 62.63.64.66.69 2% ®? "

— The probe and vessel walls are
the capacitor plate.

— Due to the higher dielectric " S D
constant of the product compared (}fl L}fl +

to air, the capacitance increases
as the probe is gradually covered.

G =

Fig. 2: Level detection in non-conductive Squids

1 VEGACAP 62 leval swirch for full signaling/overfill protection

2 VEGACAP 66 level switch for empily signafing/dry run pratection
3 VEGACAP B2 level switch for level detechion - lateraily mourited
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AUSTRALIA

Capacitors and Capacitance

Sensing Principles and Characteristics
« Sensor Design and Applications
Electronic Interface Circuits
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* A capacitive sensor produces a change in capacitance.

* This capacitance change can be converted into a voltage change
by one of the following methods:
— RC decay,
— integration of current,
— oscillator frequency,

— AC bridge.
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Amplifier SR

AUSTRALIA

« Alow-impedance amplifier circuit can be used to detect plate spacing or area.

||
. C £0E A C
Vout Proportionalto A Vyyy = ——=—Vi;, = ——Vi, Vin O - - _
ou ou Cf l Cfd . 9 '.'_:.”
-
1
C,
. C C d V | 71
V. proportional to d Vo, o =_Jy —__I" y WO I— ‘
out out c in o, A in . Vo
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« The capacitances between the plates C;
and C, comprise a voltage divider circuit.

« Equivalent capacitance p
« The output voltage V,,; is

Vour = —Vin + 2V X

(1 — G
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AC BI‘I dge == JAMES COOK
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AUSTRALIA

« The output voltage V,,;; is

Cl - CZ | Cf
Vour = ———FVin Yin o o4 | |

Cr i
: —0 . Vuut
where C; and C, are the capacitances i N 5

between the plates. = T S al "
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AC Bridge

=~ JAMES COOK
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« For the balance condition:
Vg =Vp
» Therefore,
Zy Zy
sz v2, SZ.+2,
« Since impedance is a complex number,
{Re(zlzg) = Re(Z,Z,)
Im(Z,Z3) =Im(Z,Z,)

— le3 — ZzZ4

@)

B

A
A

1 Z,
,>\ ﬁl j:\
(D) D

s

N

« The complex impedance balance condition can also be expressed in polar form:

|Z1||Z3| — |Zz||Z4|
491 + 463 = 492 + 464
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Comparison Bridge

=~ JAMES COOK
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AUSTRALIA

« A comparison bridge measures an unknown capacitance or inductance by

comparing it with a known capacitance or inductance.

* Under the bridge balance condition:

Z]_Zx — Z224_ - R1 (RX +

[ R,R,
R, = R,
= - _RG
L Rs

1 =R R+1
joCy) % jwG,

()
\_E___J' E—u{
SN iy

\‘- Jr - o
% <
R, //'\ o \'\_ Unknown

’ capacitance

« By varying R; and R, to let the comparison bridge reach balance condition,
the unknown capacitance can be derived.
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e Sources:

— Winncy Y. Du, Resistive, Capacitive, Inductive, and Magnetic
Sensor Technologies, CRC Press, 2014/12/09, ISBN 978-
1439812440.
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