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Figure	5.23
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Z1
Z2
=
Z3
Z4
⇒ vo = 0

   
Zi =

1
Ci s

Z2→ Z2+δZ

With	the	amplitude	and	
frequency	of	vref	constant,	the	
change	in	the	amplitude	of	vo	
will	be	inversely	proportional	

to	the	change	in	the	
capacitance	C2.

!!  
⇒ δvo =−

vref
Z1(1+Z4/Z3)

δZ

under	balanced	bridge	condition,

Z2	is	inversely	proportional	to	C2

Figure	5.24

Capacitance Bridge (Sec. 5.6.1.1)
varies	similarly	to	sensor		
due	to	changes	in		
temperature,		humidity,	etc.

(vref −v)/Z1+(vo−v)Z2 = 0

(vref −v)/Z3+(0−v)Z4 = 0

zero	current	into	op-amp	inputs	gives:	

⟹
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iCref (t) = Cref
dvCref
dt

At	node	A:

Figure	5.27	
Linearizing	ampliBier	circuit	for	a	capacitive	
transverse	displacement	sensor.

iCref

iC

Output
vo 

Excitation
voltage

vref

C = K/x 

+

−A

Opamp

Cref 

iC(t) =
d(C vC )
dt

iCref (t) + iC(t) = 0

iCref (λ) + iC(λ)⎡
⎣⎢

⎤
⎦⎥ dλ0

t

∫ = 0⇒

iCref (λ)dλ + iC(λ)dλ0

t

∫0

t

∫ = 0⇒

(1)

(2)

(3)

From	(3),	using	(1)	and	(2),

Cref dvref + d(Cvo )0

t

∫0

t

∫ = 0

Cref vref (t)−vref (0)⎡
⎣⎢

⎤
⎦⎥ + C(t)vo(t)−C(0)vo(0)⎡

⎣⎢
⎤
⎦⎥ = 0

From	(4),	provided	vref	(0)	=	vo	(0)	=	0,

⇒

(4)

Cref vref (t) + C(t)vo(t) = 0

⇒ vo(t) = −
Cref vref (t)

C(t)

the	“charge	balance	equation	for	node	A”	in	Sec	5.6.2

vo(t) = −
Cref vref (t)

K
x(t)⇒ vo(t)	is	proportional	to	x(t)!!

=
d(Cvo)
dt

= Cref
dvref
dt

Circuit	to	linearize	response	of	a	capacitive		
displacement	sensor

problem:	change	in	capacitance	due	to		
displacement	𝛥x	is	nonlinear	in	𝛥x:



Current = C ∗ Rate of change of voltage

  
ic =

dqc
dt     

⇔ qc (t) = ic (λ)dλ
−∞

t
∫

  
ic = C dvc

dt     
⇔ vc (t) =

1
C

ic (λ)dλ
−∞

t
∫

4

Piezoelectric Sensors

Capacitor fundamentals:

iC

+

−

vc+ − −++ +++− −+ −−+++−
− − −++ − − + − −− + − +−−

Current = Rate of change of charge

    

Net charge on capacitor = Net positive charge on positive plate −  Net positive charge on negative plate
= C vc

! qc= qc    

Net charge on capacitor = Net positive charge on positive plate −  Net positive charge on negative plate
= C vc

! qc



+ − −++ − −++ −− +
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Some	substances	generate	an	electrical	charge	and	an	associated	potential	difference	when	they	
are	subjected	to	mechanical	stress	or	strain.		This	piezoelectric	effect	is	used	in	piezoelectric	
sensors.	

Conversely,	piezoelectric	materials	deform	when	subject	to	a	potential	difference.		This	is	the	
reverse	piezoelectric	effect.		It	is	used	to	create	piezoelectric	actuators.

The Piezoelectric Effect

−−+−+ − −+ −+− −

strain

Piezoelectric Material

strain

q = C  v v
+

−

metal	plate

metal	plate
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Sensitivity of Piezoelectric Crystals

Charge Sensitivity:

Assuming that C is a constant
       q = Cv  ⇒  δq = Cδv
and it can be shown that 
      Sq = kSv 

where k is the dielectric constant for the crystal.

Sq !
∂q
∂ f
=
Δcharge
Δforce

   
=
∂q

A∂p
=

Δcharge
A×Δpressure

Sv !
∂v
d∂p
=
Δvoltage
Δpressure

per unit crystal thickness

Voltage Sensitivity:

A = common plate area

+ − −++ − −++ −− +
−−+−+ − −+ −+− −

f  (force)Piezoelectric
         crystal

q = Cv v
+

−

q( f )

ff1

Slope =
!! 

∂q
∂ f f= f1

q = Cv v
+

−

+ − −++ − −++ −− +
−−+−+ − −+ −+− −

p  (pressure)Piezoelectric
         crystal

}Derivation	is	a	forthcoming	homework	problem

d
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Table	5.5		Direct	Sensitivities	of	Several	Piezoelectric	Materials


