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Displacement Measurement
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at the measurement of displacement——linear or angular—is fundamental
neasurements. Many measurements, such as force, strain, pressure, temperature, Jey
urement of displacement in the ultimate analysis.

ducers can be broadly classified into the following categories:

It is sometimes said th

toall1
etc. boil down to the meas

The displacement trans

Pneumatic

Electrical

Optical

Ultrasonic

Magnetostrictive

Digital

. Of course, the common method of measuring displacements is using mechanical devices
like scaleg—simple or Vernier, measuring tapes, micrometers, spherometers, etc But these
self-sufficient devices are so common that it is pointless to discuss them here7 We' will discuss
only those transducers which can be used as components in an instrumentati.on system.

SO WO

6.1 Pneumatic Transducers

The mostl : 05 1
stly used pneumatic transducer, called the nozzle-flapper transducer is an important

Nozzle-flapper Transducer

Consider the arr: o : :
ol past o res‘:?ffiiz;nltngill?;’vltlulﬁl Fli. 6.%). A gas at a fixed pressure p; flows through
- : = ' e. An obstructi . p
nozzle. Owing to the pr ction, called flapper! Jose to the

he presence of the flapper, there wi pper- is placed close

pressure of the gas i per, there will be a back pressur 11 alter the
gas in the volume between the restriction and thepnoszszli;e E(l)l Eg Wl}i al;ressur E
y o |

trans‘ducel S 1 2
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’ piece of something attached on one side only, that
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“See Section 5.2 at page 130 | o "
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Fig. 6.1 Schematic diagram of nozzle-flapper transducer.

Clearly, the distance between the nozzle and the flapper will determine the pressureé Po
which means, p, can be calibrated in terms of the displacement z; of the flapper. An
approximate relation between p, and z; can be derived as follows.

If Oy is the discharge coefficient (see Section 11.2 at page 447 for definition)
ds is the diameter of the supply orifice
p is the density of the fluid
then, assuming that the fluid is incompressible, the mass flow rate G through the supply
orifice is given by
md2
4

C;’s = Cd ( ) 2p(ps - po) (61}
The flow from the nozzle spreads over a cylindrical volume of height z; and diameter d,
which is the nozzle diameter. Therefore, the mass supply-rate through the nozzle G,, is given

by
Gn S Cd(ﬂdnwi) V 2ppo (62)

neglecting the ambient pressure which is small in comparison to p, and assuming the same
discharge coefficient for the flow through the nozzle. Under equilibrium condition G5 = G,
Then from Egs. (6.1) and (6.2), we have

d2
Zs VPs —Po = dnwi\/p—o

Po 1
= — =
pe 1+ (16227/d3) 63)
lfwe put py = ? and zy = %%, Eq. (6.3) turns out to be
_ 1
PN = 131623, (6.4)

A plot of py s, xy is shown in Fig. 6.2.

Ehe operating point is chosen to keep the output pressure the same for equal displacement
e € flapper on either side of its main position. Normally, the variation of py is nearly linear
\yeen 0.15 and 0.75. In industries, the supply pressure ps is usually 20 psig (1.33 kg /sz)
ICh means, Do varies between 3 and 15 psig. .

of t
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Fig. 6.2 Plot of px vs. zn as given by Eq. (6.4

). The operating area is between points (0.144, 0.75)
(0.6, 0.15) as shown in the diagram.

and

As low a displacement as 0.1 mm of the flapper produces an

output pressure p, as may be seen from Example 6.1. This high se
popular in mechanical Instrumentation. However, because of the

of the transducer, ation as a sensitive null dete

appreciable change in the
nsitivity has made it rather
approximately linear range

it finds more applic ctor in a servosystem rather

than a final readout device.

Example 6.1

Calculate the variation of the output pressure for a noz

pressure is 20 psig, restriction and nozzle diameters are

zle-flapper transducer when the supply
is £0.05 mm.

both 0.5 mm and the flapper movement

Solution
Given: d,, = d, = (.05 cm,

Ps = 20 psig
pNIynin - 0.15 AlSO

and ; = +£0.005 cm. We Know, px|max = 0.75 and

(0.05)(0.005)
N =0
= (0.05)7 = =01
Therefore, from Eq. (6.4)

the output pressure variation is given by

Apg = (pN|max - pN'min) : #
YN

20
= (0.75 - 0.15) . = 10.1 sig
( J O) Tm 10.34 psig
Example 6.2

A pneumatic displacement own in Fig. 6.3 operates on the principle that the ﬂo“i
through the orifices of diameters Dy and D, is governed by the separation distance & betwee!
the outlet and the workpiece.
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] .
i Ambient pressure I
—_— = X |-

Orifice Workpicce

Fig. 6.3 Example 6.2

() ().l)l,lu,m an expression for the pressure ratio R = p2/p1 as a function of the diameter ratio
of & 1(:‘1,.w0 orifices. Assume, ambient pressure po = 0 and the discharge coeflicients for
the orifices to be equal.

AH ) 14 AYATA) ) y L . N ’ o Y2

(b) Find the (ll.spldf(,(,m(,nl..s [or the pressure ratios of R = 0.4 and R = 0.9, il the orifice
diameters are Dy = 0.5 mm and Dy = 1.0 mm.

Solution
(a) Modifying 15, (6.3) suitably, the relation is given by

Bl = Dt

(b) From the above equation, we get the expression for the required displacement, as

(1-R)D} \/le.’ D

q o= A P

16RD2x? R ADy
0.6 (0.5)% ,
For It = (.4 €L o= \/(TZ, . —(M/-l»iL = 0.076 mm

0.1 (0.5)2 ,
For 1t = 0.9 = \[-)‘—) . -( y ) = 0.021 mm

6.2 Electrical Transducers

Here our aim is to convert displacement 1o an clectrical format. An clectrical circuit consists

basically of three variable passive components, namely resistance, inductance and capacitance,
Al three of them can be utilised to construct devices for transducting displacement,

Resistive Transducer: Potentiometer

ommon parlance, i8 widely used as a transducer.
provided with a movable contact. The motion of
helical which is a combination of the two

t
Che foraits . G 1 »
he. familiar potentiometer, or pot in €

hmi(:nlly, it. consists of a resistance element,
jonal, or

the . e -
¢ contact, can be translational, rotat
Ortn e . oy 1 ‘

e motions (Fig. 6.4).
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Fig. 6.4 Schematic representations of potentiometers: (a) translational, (b) rotary, and (c) helica),

Construction

Potentiometers are generally constructed in three forms  single slide wire, wire-wound, and

cermet.

Single slide wire. ‘The only advantage that the single slide wire offers is the stepless variation
of resistance is as the wiper travels over it. But since the length of the wire is limited by the
desired stroke in a translational device and by the diameter in a rotational one, this type of
potentiometer is limited to rather small values of resistance. Although the resistance per unit
length can be increased by decreasing the area of cross-section of the wire, it is done only at
the expense of its strength and resistance to wear.

Wire-wound. In this case the resistance wire is wound on a straight or circular card or &
mandrel (Fig. 6.5), depending on the type of the device—translational or rotational—used.

smssss,

/ /

(a) (b)

Fig. 6.5 Wire-wound resistance elements on: (a) straight insulating card and (b) circular insulating card

The wire-wound construction produces a stepwise increase in resistance (Fig. 6.6) as Fhe
wiper moves from one turn of the wire to another, thus imposing a restriction on the resolutlo_n
of the transducer. For example, if there are 400 turns on a 20 mm long card, the resolution B
20 + 400 = 50 um. In fact, the practical limit of winding is 20 to 40 turns /mm which restricts
the resolution to 25 to 50 um. For rotational devices the resolution R can be figured out from
the relation
" 360 x 1072
G mnD
shere D is the diameter of the potentiometer in metres and 7 is the number of turns/ If‘m'i
It may be noted in this context that a higher resolution demands thinner wires whic
‘means a higher total resistance. Thus resolution and resistance are interdependent:

R =
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Fig. 6.6 Stepwise increas - -
& Stepwise increase of resistance of wire-wound potentiometers.

Wires of nickel-chrominm (nichrome), nickel-copper (constantan), silver-palladivnn or sowe
other precious metals are used as resistive elements, their dinmeters varying between 25 and
50 pm. 1o avoid surface oxidation, they are annealed ina reducing n‘l\nu‘mpl\wrv.

On the other hand, hard alloys like phosphor-brouze, heryllinm-copper or other precious
metal alloys are used to construet wipers and are shaped in such a way that they slide with
minimum friction and al the same time maintain afivi contact with the winding.

cermet. I’recious metal particles fused into a coramic hase constitute coermet, This has many

advantages such as:
. Stepless variation ol rosistance oflering a very high resolution
9. Large power ratings beeause it is not casily fusible
3. Low cost
4. Moderate temperature coeflicients

5. Utility in ac applications

Apart. from these, hot moulded carbon, carbon films, thin wetal s are also used to

construct. potentiometers.

Characteristics

While choosing a potentiometer for an application, 118 necessary to cousider the following

characteristics:

weited with deorace voltage and the input-output

Loading effects. 'I'hc resistance cloment is ¢

relation is ideally linear.
But in practice the voltage measuring arrangement londs the output and as a result the
telation is far from linear as will be ovidle
From Fig. 6.7(n) it 18 cloar that resistat
Here, 2, is the total longth of the potentionme

potentiometer. The cireuit in Fig: 6.7(n) can

~ or. The circuit & e b ] o P T A T

50 that its Thevenin equivalent looks like Iig. 6.7(¢). .“‘ s ‘(,lt a from l; ig. ()'{(('),t“:ml' t.l'u

Thevenj : ; o R, of the |)()t.vnt.innwlm cirenit is K (1=K) Ry and the Thevenin
venin equivalent resistance fto

; N e 2 s the actual input voltage.
“Quivalent. input voltage B! is K Eiy ¢ A l

mt from the following analysis,

e of the length @y = (/) Ry = KRy, say.
Lor wire and Ry is the total resistance of the
be redrawn to the form shown in Fig. 6.7(b)

where 1
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Fig. 6.7 Potentiometer loading effect: (a) circuit arrangement, (b) re-drawn circuit, (c) Thevenis

equivalent circuit, and (d) characteristic curves.
Thus. if E, is the output voltage, we have

E, 1 K -

E;, R, ) R, A
! 1+ 1+ LK (1 - R)—=
"R, TRU-K)E

In actual practice, R,, # ~ and. therefore. the characteristics curve is nonlinear. Table 6.1

as well as Fig. 6.7(c¢) will give an idea about the error caused by the loading effect.

Table 6.1 Error caused by loading of the potentiometer

R,/Rm 1.0 0.1 <0.1

Maximum error (%) 2 1.5 15(R,/Rm)

Power rating. The typical available power rating is 5 W at room temperature, The maximutt
excitation voltage can be calculated from the relation

(E‘l)umx =V PR,, volt
where P is the rated power in watts.

Linearity and sensitivity. For high sensitivity, the output voltage £, and for that matter il.'E‘":
voltage E, should be high. But the maximum value of E; is determined by the rvsist.an(:t‘:”
the potentiometer R, and its power rating. The value of R, has to be kept low in compzu;‘“ﬁ‘
to the resistance of the measuring instrument R,, to achieve linearity. This roquironwnt,,t lll-ll
is in conflict with the desire for high sensitivity. Typical values of sensitivity are 200 mV /m
for translational or 200 mV /deg for rotational devices. .

The advantages and disadvantages of potentiometric displacement transducers are g%
Table 6.2.

r(\u in
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Table 6.2 Advantages and disadvantages of potentiometers

/

Advantages Disadvantages
1. Inexpensive and simple to set up. 1. Mechanical loading owing to wiper friction-
9. Rather large displacements can be 2. Electrical noise from the sliding contact.
measured.
3. Sufficient output to drive control circuits. 3. Wear and misalignment owing to friction.
4. Frequency response and resolution limited 4. Quick manipulation generates heat and
for the wire-wound, but unlimited for others. associated problems.
e
Example 6.3

The output of a potentiometer is to be read by a 10 kQ voltmeter. holding non-linearity to
1%. A family of potentiometers having a thermal rating of 5W and resistances ranging from
1009 to 10k in 100 §2 steps are available. Choose from this family the pot that has the
greatest possible sensitivity and meets other requirements. What is the sensitivity if pots are
single-turn (360 °) units?

Solution

To hold linearity to 1%, R, = R,,/15 = 666.7Q. Pots available in this range are 600 0
and 700 Q. To ensure a high sensitivity we should choose 700 (2, but then the nonlinearity
goes above 1%. So, we have no alternative but to choose the 600 2 pot. With this pot. the
maximum excitation voltage is v/5 x 600 = 54.8 V, and, therefore, the required sensitivity is
54.8/360 = 152 mV /degree.

Example 6.4
In a potentiometer transducer, the potentiometer has a total resistance of 24 kQ for a total

wiper travel of 120 mm. During a measurement the wiper moves between 20 mm and 60 mm
over the potentiometer.

(a) If the voltmeter of 15 k€2 is used to read the output voltage of the transducer. find ourt
the error due to the loading effect at the two measuring points.

(b) If the error due to the loading effect in the above instrumentation is to be kept within
+ 3%, what should be the resistance of the voltmeter?

Solution
(a) The wiper travels between 20 mm and 60 mm. The resistance R between these points is

40
R= 155>

Let the excitation voltage be E. Therefore, the voltage V across R is

V = —8—E = L =~ (0.3333E V
24 3
Now, the 15 k() resistance of the voltmeter lies parallel to R. Their combined resistance R, is
15 x 38

- =5.21T kQ
€ 154+8 :
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Fherefore, the voltage V. developed across 12, is

521710 ,
% il 0.24591, V
(24 — 8) + 5.217
Note: This result can be obtained by putting K = x,/x 40/120 1/3, R, = 24k
R = 15 k8 in Eq. (6.5).

Fherefore, the error # in the measurement is

(0.3333 — 0.2459) 17 .
e M 100 = 26.20%

(h) To keep the error within 3%, if V., is the voltage to be developed across the comby

F0NTe,

resistance of 1t and the unknown resistance 12, of the measuring voltmeter, we have

(“ :;:5‘)‘) = V,j,, )//'
om0

‘)

S 3 % ( "'::;:;
Ihis gives Vs = 0.33330 — 2% UeCH00 5 = 0.3233FE V
100)
. ..,
S0 0.3233F = ———F
16 -+ /{I,‘:r

16 0.3233
oF Ry = ———2%9% _ 76442 k)
05933 ’

Now
811,
R =—TE
“ 8 + lf'm,.'/;
e I = Bl 8% 7.6442 2 172 k)

T 8—71. 8 —7.6442
Example 6.5

A potentiometer is nsed 1o measure the displacement, of a hydraulic ram. The potentiometer
is 25 ¢ long, has a total resistance of 2500 ohms and is operating at 4 W with a voltag?
source. It has linear resistance-displacement, characteristics. Determine

(a) Sensitivity of the potentiometer in volts/cm (withont loading effect)

(b) Loading crror in the measurement of displacement at actual input displacement of 15
cm, when the potentiometer is connected to a recorder having a resistance of 5000 ohms-

Solution
Given, L = 25 e, IR, = 250052, P =4 W. Therefore, current, in the circuit is
y ’ 3

P 4
7%, = V00 = 01 A

V = 2500 % 0.04 = 100 V

and excitation voltage is




l)ldl)](u,(, ('l“ j](',l‘,l“ ) (3] '
m -

it 100
(a) Sensitivity = o = 4 V/em.

(b) Actual input displacement 7 = 15 .
cm. Therefore, resistance across z is

15

R, = 55 ¥ 2500 = 15000

and actual voltage across R, is
F .
V,=15%x4=60V
The recorder has been ¢ ,
0 connected parallel to R,. Their combined resistance is

1500 < 5000

1500 £ 5000 = 11938542

Hence the total resistance of the circuit is now

(1153.85 + 1000) = 2153.85 )

Therefore, Py - 60 £ R = 8
, Voltage across R, = 51F3.87 % 1153.85 =32.14 V
. 60 — 16.(
Loading error = —)17(1)—)—[ % 100 = 46.4%,
)

Inductive Transducers

Inductive transducers can be of various types. We will consider only three, namely

1. Linear variable differential transformer

2. Rotary variable differential transformer

3. Synchros

Linear variable differential transformer (LVDT)

tial transformer (LVDT) is the most commonly used variable
al device designed to produce an

nsformer and an iron

The linear variable differen :
inductance transducer in industry. Tt is an electromechanic
ac voltage output proportional to the relative displacement of a tra

core, as illustrated in Fig. 6.8.
Displacement
4,_”—’

C |

Transformer Iron core of the transformer
Fig. 6.8 Basics of LVDT.
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The basic construction of the LVDT is shown in Fig. 6.9. It consists of one primary winjy,

and two secondary windings. Secondary windings are identical in respect of their Numbg, of
tarns and their placement, on both sides of the primary winding. A sinusoidal voltage B G
amplitude 1 to 15 V and frequency 50 Hz to 20 kHz can be used to excite the primary thOUgh
I'Viat 2 kHz to 10 kHy, is common. A movable core of high 1 produces signals Proportiopg)
Lo its displacement by changing the mutual inductance between the coils. Nickel-iron alloy,
slotted longitudinally to minimise eddy current loss, is normally used to construct the core,

Primary winding

Movable core

_____

Ist
secondary secondary

Fig. 6.9 Construction of LVDT.

When the core is in the middle position, a sinusoid

al voltage of equal amplitude appears
across the two secondaries (Fig. 6.10).

Fig. 6.10 Core in null position and the corresponding voitages.

And if the sccondaries are connected in serieg opposition, as is normally the case, these
voltages cancel cach other to produce a null voltage (Fig. Ol L)

With the displacement of the core on either side of the null, the combined voltage of the
sccondaries increases linearly, undergoing a 180° phase-shift while passing through the null
(Fig. 6.12), The output loses its linecar relationship with displacement beyond some limits and
this property restricts the range of the LVDT. The normal range is from +10 pum to £10 mm-
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e

Series opposition

e |
0 connection of the
¢ l secondaries

¢ %\ e,k
I > \/ > K —>

Core above null Core below null

Fig. 6.11 Series opposing connection of secondaries and voltages for different core positions.
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Fig. 6.12 Magnitude of output voltage for core displacement of an LVDT.

Circuit analysis. A simplified analysis of the circuit also reveals that the amplitude linearly
varies with the difference in mutual inductances. When the secondary is open circuited, the

equation for the primary can be written as
di,,

== (6.6)

iplty + Ly
where symbols have their usual meaning. On Laplace transformation Eq. (6.6) yields

(SLT) + Rp).[p - El
_ Ei — Ei/Rp
sL,+ R, Tps+1

or Ip

whor . . p— a0 g e 1 - 00 ar 3 .

th"lc Tp = L,/ R,. Now, if es and ey are voltages gener atfad in the secondary coils owing to
heir mutual inductances of coefficients M; and Ma, equations for the secondaries and their
Aplace transforms are

di di,

sl 4 €2 = ]\,[2-_L

dt dt

E,q] = SM]II) Es'_) == SA’IQIP

es1 = M
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AU

Therefore (A M, )/i///,/ /,

LBy = o = Ly = (M) - My)sl, 1y + |

Thus

Fu(s)  a(My M/,

19i(x) it 1|

whence

/'/‘,;(,I(U) ,[[U(/\/| Al{g)//f,, . I:}(A/l A:/"/)/W/{/,/,’/, /(’l/’
7"11‘(7.7/;’7) - Jwiy | \/(h/'//:)} [

where "
[
4/! = - l.anh ((,/'//,

2
[ - j KLt suppe
In Eq. (6.7) the expression preceding, /b reprogents i stnplibiele pabion of L1 ,H’lp i ;;y};!
s : ‘ R g P00 s, it
the input.  Since w, I3, 7, and the inpal, anplibude wee constants lor n piyve iy, Lh

amplitude of the oulpul A, can be writlon ng

/‘u -, [\(A/] - /\/'A) = l\"‘/'

where K and K/ are constanty and o
The value of (M — My) keopy
certain point and then it shar,

i Lhe digplacemont,,

on inereaging, witly (e displacement, of L core s ber
g Lalling a5 the core mioves past-one of Lhe secondmos,
Excitation frequency. [or o good dynamic response ol an LV D',
must be much higher han fhe core-movement froguencie,
them in the amplitude modulated ol

Lhee escitation [redqiency
Tl i necessnry for cisitingishing
sipinl " The rule of (e Lty i Loy s,

Maximium COre-movemenl,

frecuency [
Fixcibotion froquency m

Residual voltage. Wherens (e oulpul,
the excitation voltage and stray capacitanee cotpl
result in a small by, non-zero vollage whicly
couditions this iy < 1% of Lhe full-geal
reducing this null whey it is objec

vollage al o)l DOsILION Tt ddonl]y o, hintmonies i

ing holweon priary secondnry uginlly
i callod e pengdual vollage,  Under il

Coubpb and riny fy quite necoptable, Methiods of
Lionable are avadluhle,

Wiring variation. Moy LVD'ls are wir

known as open wiring. Since (e number of o windings s unif
transformer, the voltage outpul i propog|
slides through the t ‘ansformer,

od g sliown iy Bl 601, Plyin wirlng, nernngerent o

Wy it nlong, the

donal (o thie fron cora displacernont whon the core
The corresponding oquntion ju:

® = Se,

where = is the displacement, of 1], iron core wih respoct (o (e Lentistorer, nd 4 o the
sensitivity of tle transformor,
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capacitive Transducers

Capacitive transducers can directly sense a variety of things—motion, chemical composition,
clectric field -and, indirectly, pressure, a,ccclemti‘on, fuid level, and fluid composition. The
technology is low cost and stable and uses simple conditioning circuits. Capacitive
displacement. detectors can detect 1078 m displacements with good stability and high speed
ander wide environmental variations.

Generally, parallel-plate capacitors are used as transducers. According to the theory, the
capacitance €' of such a capacitor is given by

= 2 farad (6.8)
T

where € = €g&, is the permittivity of the intervening medium (farad/metre)
a is the distance between the plates (metre)
A is the overlapping area of the plates (metre?)
Therefore, a variable capacitance device can be constructed by effecting variation in either
of
1. Distance x between the plates [Fig. 6.18(a)]
9. Lffective overlapping arca A between the plates [Fig. 6.18(D)]
3. Relative permittivity &, of the intervening medium between the plates [Fig. 6.18(c)]

We will consider them in that order.

(l) = ‘L ]
(a) (b)

Fig. 6.18 Three kinds of variation in capacitative transducers: (a) change in the gap, (b) change in the
area and (c) change in the permittivity.

Change in the gap x between the plates

Since capacitance varies inversely as , the plot of C vs. @ is a rectangular hyperbola. That

means
Sensitivit g dC constant
ensitivity = S = — = —
y dz

2
is not constant. This is rather inconvenient for measurements. In fact S decreases as z
increases.
Linearisation. The linearisation of the input-output relationship is usually achieved by
resorting to three different techniques:

lv By measuring the per cent change in capacitance

2. Using a charge amplifier

3. Measuring impedance

4. Differential arrangement
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reent changes of O aned 2 nre linearly relntod Provided, o
Lhe input-outpul. relabion ean e linearised ng

show, in
capncitors Coand ¢ nnd voltapes ¢p and e,

» 0 indicated in

[' 1l
1 = A G.1(
( ! (:l ( ))
[t
"Il
(",l,’
(I

( ~—
V"_H. = gy A
’Ilé\) . "/ e,

Fig. 6,19 Use of the op-

amp to linearise the
Now, because (o

input-output relation,
Op=nmp hag o virtunl pround at (he

input, 4 = iy, Hence,
‘ '/' '/:‘,,7(” ‘l, il 5 11
‘0 o ) [hecanse by == —i) (6.11)
¢ .
gy [nsing 1, (6.10)] (6.12)
£
(/'lﬁj .
e [using Fy, (6.8)] (6.13)
In Liq (6.13), sinee ol other factors nre Constant, the ougpuyy, voltage varies linearly with the
displncement,,

Maonsuring impodance rat)ior

than the capneitance
the impedanee is given by

it another way of linearisation, Becaus

I 7 :
_X 4’ [ s S ._.,,_,__' .j._,_,____ ((). 14)
T WIC T fem

where f is the frequency of the exe

iting voltage,
i eurve in linear,

It is obvious from, Eq. (6.14) that the Xc V&
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ln & typical commercially available transducer, e; is a 50 kHz sine wave. The output 15

and fod toa de voltmeter calibrated directly in distance units.

1\\"1 ltil\i
6.20 is another technique

a differential arrangement of capacitors, as shown in Fig.

H:\\'i‘\‘: A
a linear transfer characteristic.

K Pl\‘d“\'"‘g
Us

L
TR s |
+ + 3+ ++++ +0
aM _0
E(, X == - — =
) '!-. X B P S % + .LJ_*_Q
! A -0
e sewesge]

Fig. 6.20 Differential arrangement of capacitors to linearise the output.

Here. a three-plate capacitor is used. keeping the end plates (L and N) fixed and allowing
the middle plate M to move. It can be shown that the voltage differential AFE has a linear
wolation with the displacement |x| of the movable plate M. At any instant,

Q ECin
E \[ = — L (615)
LM ™ Cum CrLn
Q ECLN
e = = 6.16)
MY Cun . Cax (
=4
CiN = E¥]

where Q is the amount of charge on any plate and d is the distance between two adjacent

plates.
When Misr
If M is displaced upwards by a distance . then
cA
d—zx

=4
Cyaw = d+x

where 4 is the area of the plates and d is the distance between L and M (or M and N) when
Plugging values from Egs. (6.17) and (6.18) in Egs. (6.15) and (6.16), we

icht at the midway. Cpag = Cax and therefore, the voltage differential is zero.

CLn = (6.17)

(6.18)

M is at the midway.

get
d—2
Exn=FE- 2d
d+=zx
Exx=E-—3
which give
E
AE =FEin — Baix = 77
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This arrangement, with appropriate instrumentation, can measure displacements between,
—R . 0,
107" mm and 10 mm with an accuracy of about 0.1%.

Effect of fringing flux. The variation in spacing z of parallel plates is often used f,,
displacement detection if z < [ or w where | and w are the length and width of the electrode

respectively. As long as the [ and w of the plates are close compared to the plate spacing, tp,
equations given above will produce more or less accurate results. But as the plate Spacing
increases relative to the [ and w of the plates, more flux lines connect from the edges ayg
backs of the plates’ This is called fringing. With fringing, the measured capacitance can b
much larger than calculated.

Fringing incorporates nonlinearity in the C vs. 7! relation. This effect may very largely
be eliminated by introducing what is called a guard ring as shown in Fig. 6.21.

Frinlging Frinlging Ef T ?
T f\ -
'\/'/i 'l l Y Y Y W @7 Y Y Y Y Y
U T ] IV
C
(a) ' (b)

Fig. 6.21 (a) Fringing of flux at the ends of plates of a parallel-plate capacitor. (b) Guard ring (B) to
eliminate the effect of fringing in a capacitor. B is at the same electrical potential with A.

One of the circular plates A of the capacitor is surrounded by a concentric annular plate B
in the same plane. The inner radius of B is slightly larger than the radius of A and a metallic
connection between A and B is made so that they will have the same potential. The other plate
C of the capacitor is placed parallel to A and B. It is obvious that the flux between the plates
will have edge effects on B, but that between A and C will be practically parallel. However,
some correction will be necessary to calculate the capacity of the arrangement because the
area of the plates should be A’ and not equal to that of A because of its connection to B.

Example 6.7
Figure 6.22 shows a circuit with a variable air gap parallel plate capacitor as the sensing

element. Show that the circuit acts as a velocity sensor for very small displacements, and find
the proportionality constant between the voltage e, and the input velocity v. Nominal (zero
displacement) capacitance C' is 50 pF and the nominal (zero displacement) distance between

the capacitor plates zg is 5 mm.

— +

L——o
. e‘,
TE=100V I

Fig. 6.22 Variable air gap parallel plate capacitor (Example 6.7).
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ute? -4
wo know, € = — - where terms have their usual meaning. Therefore,
Bag PR T

dr d (:‘A") _ =AdC C'l'f_jg

& &\C) & Cd
T Ccdt
We also know. € .. Therefore
Vo also KnOWw. e
iC1dQ i

4 Edt E

E]—C— in Eq. (i), we get on rearranging

B3 -

otes current. Substituting the value of

where ¢ QeI ;T
EC dz

Z —_———_——

z dt

ECRdr  (100)(50 x 10712)(100 x 10*) dz _ 1.0 % 10-%v

eo=—iR=—"—"0= 0.5 dt
Example 0.8
L-J\_ - .
Firre 6.23(a) shows the variable displacement type capacitor sensor with push—pull
| “ 1Ry
L G=Gx6C
g gl
A —= = -
iy VR o
4 G=GxdcC l
1'
<,
[ 8] —

(b)
citor sensor (Example 6.8).

£ the permittivity and éd the input

(a)
Fig. 6.23 \/arizble displacement type capa

If A is the plate area, d the normal plate displacement,

.

ment. ‘ ' ' - . |
(a) Caleulate 6C/Co where C, is the nominal capacitance and §C the change in capacitance

1

L%

)

rresponding to 0d.
how that the output voltage is

IS}
92

Co 2(4d/d)
=t O [1 - (M/d)z]

when the push-pull configuration is connected as shown in Fig. 6.23(b).

L ey e LT
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Solution
We know, the capacitance C is given by

&
| >

("‘ —a
/() {ll

where terms have their usual significance.
Y ' ‘ st () WNIEE
(a) Owing to the displacement dd of the middle plate, € becom

A "A l /0
Cv=UThd T d 1 afdy ) (6dfd)

Thus,
6C, | e J

o T 1= djd) Go 14 (4d)d)

Note: Since O and Cy are connected in series, it s casy 10 600 Lhat the tots) r)m,p;;/:if,mnu:
between the end plates remains the same, irrespective of the moverment, of the contral
plate.

(b) The given circuif to which the push-pull capacitors are conected i’n Fig, 6.23(h) i5 4
charge amplifier, Because the voltage Vs connected in the opposite vy to the two
capacitors, the charge at the input to the op-mmp is

2(6d/d) ]

’ , 3 i ] ] V(r ————
VC =~V +VCy=-VCy |- O\ (adfd)?

= (bdfd) )+ (3dfd)
Now from Eq. (6.12), we get,
Ve _ VG _28d/d)

Co ~ -

OO = (bdfd)?

Change in the effective overlapping area A between the plates

» , ’ ’ . s p v 05
In the z-variation motion detectors as discussed ahove, when the displacement, is as large (l

2 v " ’ » » v TN I 4 P
the dimension of the electrodes, the accuracy of measurcinent, suffers from the vanishing sign’
level. The area variation measurcment, is then preferred,

Parallel-plate capacitor. For a parallel-plate capacitor, having two exactly equal r:;(:[,nm!,ll]“f'
parallel plates placed one on top of another, if the width of the plate is given by w and the
overlap length by I then the area of overlap is lw. Hence,
=2

i )
Now, if one of the plates is displaced along [, the area of overlap changes, But here, m:!mir,mt‘f,'}’
= dC/dl = ew/z = constant. That means, the C vs, [ plot is o straight, line and, therefor
no extra circuitry is needed to make the calibration linear, ' d

But strictly speaking, some nonlinearity is introduced owing to the fringing uﬂm:!, ”,l,f.
this feature restricts the precision of the measurement, This type of transducer i pita?”

I3

4 ; y inabl¢
asurement, of linear displacements between | cm and 10 cm, the maximim abtail
sian haine ahont 0 00R% which fu rubts eaticfuntory



