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Chapter 5

Analog Sensors and Transducers



typical	sensing	process

2

senses	measurand converts	into		
useful	form e.g.,	low-pass	9ilter



Different	types	of	motion	transduction
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Resistive	transducers

4

potentiometer
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RL

input	impedance	of	the	device	
that	measures	θ.	

vo	is	the	voltage	
applied	to	the	device	
that	measures	θ.	

Rotary	Potentiometer
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Figure	5.5(b)	A	rotary	potentiometer	with	a	resistive	load.		

measurand	
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Rotary	Potentiometer
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Figure	5.6		Electrical	loading	nonlinearity	in	a	potentiometer.		
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Figure	5.5(b)	A	rotary	potentiometer	with	a	resistive	load.		

Options	for	managing	the	loading	nonlinearity:	
•	Choose	a	display	device	with	suf9iciently	high	RL	
•	Calibrate	the	display	device	to	account	for	the	nonlinearity

Increasing	

R
L/R

C

measurand	
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Practically	an	electrical	insulator	where	no	light	projects	on	it.		
Develops	a	resistance	Rp	where	light	projects	on	it.
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Figure	5.7



8

Variable-Inductance Transducers

•Principle of operation: A voltage is produced in response to changes in a magnetic field 

caused by physical motion

•Benefit: no physical contact 

•Examples

•Linear variable displacement transducers

•Rotational variable displacement transducers

•Mutual induction proximity sensors

•Resolvers

•Permanent-magnet transducers 
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(a)

(b)

(c)

Figure	5.10

vref		=	AC	Voltage
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vref		=	AC	Voltage

vo		=	AC	Voltage

Operating	Principal	
AC	voltage	in	primary	coil	generates,	
by	mutual	induction,	an	ac	voltage	of	
same	frequency	in	secondary	coil.

(a)

(b)

(c)

Amplitude	of	vo	with	sign	
determined	by	whether	
the	vo	waveform	leads	or	
lags	the	vref	waveform.

Figure	5.10
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Figure	5.15
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Figure	5.16	



self-induction	proximity	sensor
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The	rotor	is	attached	to	the	object	
whose	angular	position	θ	is	to	be	
measured.	

The	induced	voltage	in	this	pair	of	
windings	is	

			vo1	=	a	vref	cos	θ
where	a	is	a	constant	determined	by	
geometric	and	material	properties.

The	induced	voltage	in	the	other	pair	
of	windings	is	

				vo2	=	a	vref	sin	θ

The	stator	(9ixed	portion	of	the	
sensor)	includes	two	pairs	of	
windings	placed	90			apart.	

o

Figure	5.17	

Resolver



15

Product is 
high-frequency

compared to cos θ

should	be	vo1

Provided	the	carrier	frequency	ω	is	at	least	10	times	the	maximum	frequency	of	interest	in

cos(θ)

sin(θ)
θ

1



16

Rectilinear velocity sensor:

Angular velocity sensor:
         (tachometer)

From Physics:
The velocity of a coil of wire
in a magnetic field induces a 
voltage across the coil that is 
proportional to the velocity. 

Permanent Magnet DC Transducers

Velocity	v	of	Moving	Coil	
(measurand)

								vo

								vo
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DC	voltage	vf	results	in	
current	if	that,	via	the	9ield	
windings	(Lf),	generates	the	
magnetic	9ield	in	which	the	

rotor	turns.

Resulting	vo(t)	is	used	
to	determine	ωi	(t).

Measurand is the angular 
velocity, ωi, at the input 

port.

Rotor	windings:	coil	of	wire	
that	moves	with	angular	

velocity	ωi	in	a	magnetic	9ield

Figure	5.20

magnetic	9ield	from	Lf

Under	what	conditions	does	this	device	function	as	an	ideal	tachometer:	vo	=	K𝜔i?

Note:	most	tachometers	consist	of	more	than		
one	coil,	“commutated”	so	that	each	is		
connected	only	at	a	short	interval	during	which		
its	rotation	angle	produces	maximum	voltage

DC	Tachometer
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Motor transformer equations:

Assumption:  vf  is constant

Newton’s law applied to rotary inertia:

   
J dωi

dt
= Ti−Tg−bωi

Loop equation for output side:

  
vo = vg−Raio−La

dio

dt

    

vrotor = Kωrotor ⇔ vg = Kωi

irotor =−
1
K

Trotor ⇔ Tg = K io

⎨ ⎩⎧ ⎪⎪ ⎪ ⎪ ⎨ ⎩⎧

ME	374	
Notation

Sec.	5.5.1.2	
Notation

    

vrotor = Kωrotor ⇔ vg = Kωi

irotor =−
1
K

Trotor ⇔ Tg = K io

   

Vo(s)
Io(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥=

K + (Las + Ra )(Js + b)/K −(Las + Ra )/K
−(Js + b)/K 1/K

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
Ωi(s)
Ti(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎨⎩⎧Substitute Tg = K io ,
to get Io(s) equation
below.

Then use result to
eliminate io from
above equation to 
get Vo(s) equation
below.

⇒

magnetic	9ield
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τe  =  La/Ra   (Electrical time constant) τm  =  J/b    (Mechanical time constant)

   

Vo(s)
Io(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥=

K + (Las + Ra )(Js + b)/K −(Las + Ra )/K
−(Js + b)/K 1/K

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
Ωi(s)
Ti(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

   

Vo(s)
Io(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥=

K +
La

Ra

s +1
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

J
b

s +1
⎛
⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟

Ra b
K

−
La

Ra

s +1
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

Ra

K

− J
b

s +1
⎛
⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟

b
K

1
K

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

Ωi(s)
Ti(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥⇔

    

Vo(s)
Io(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥=

K + τes +1( ) τms +1( ) Ra b
K

− τes +1( ) Ra

K

− τms +1( ) b
K

1
K

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

Ωi(s)
Ti(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥⇔

⇒
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τe  =  La/Ra   (Electrical time constant) τm  =  J/b    (Mechanical time constant)

    

Vo(s)
Io(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥=

K + τes +1( ) τms +1( ) Ra b
K

− τes +1( ) Ra

K

− τms +1( ) b
K

1
K

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

Ωi(s)
Ti(s)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

    
≈

Ra b
K

 at frequencies < min 1
τe

, 1
τm

⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟     

≈
Ra
K

 at frequencies <
1
τe

⇔

vo  ≈  K ωi

provided the highest frequencies in ωi and Ti are 
small compared to min(1/τm, 1/τe) and 1/τe, 
respectively.

Typically K >>  Ra  b and K >>  Ra, in which case

ωi	
Column

Ti	
Column

A tachometer!
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Variable-Capacitance Transducers

x

A	=	common	(overlapping)	area	of	plates

k

k	=	dielectric	constant	
(depends	upon	properties	
	of	medium	between	plates)

  
C =

k A
x

Parallel-plate capacitor:

iC =
dqc
dt
=
d(Cvc)
dt

+

−

vc iC

Measurand	can	be	
any	one	of	these.			Fix	
two	of	the	three,	then	
measure	C	to	deduce	

the	third.

⇔ qc(t)=C(t)vc(t)= iC(λ)dλ−∞

t
∫


