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Goals and prerequisites

Goals
The objectives of this lecture are

• to present in a straightforward manner the physical phenomena
responsible of the electrostatic transduction;

• to describe these phenomena through coupling equations linking the
electrical quantities (U,i) and the mechanical quantities (F ,v);

• to translate these equations into analogue electrical schemes.

Prerequisites

The following should be already known

• basic notions of electrostatic condensers,

• eletroctechnics,

• electrical-mechanical analogies.
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Charge of a capacitor

Constant voltage U0 applied to the capacitor.

U0

i

Rc

C0

When switched on, electrons accumulate on the negative electrode: charge −Q.
On the positive electrode, lack of electrons represent an accumulated charge +Q.
The process slows down and eventually stops when voltage u(t) at the capacitor ends
equals that of the source: u(∞) = U0.
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Capacitance of a capacitor
Capacitor: 2 fixed, planar electrodes area S, separated by a dielectric with thickness
d0.

Figure: Planar capacitor

Inter-electrode distance: d0

Dielectric material

(permittivity: ε) Electrode area: S

Ratio between accumulated charge Q and voltage U0 across the capacitor’s eletrodes
is the electrical capacitance C0 of the capacitor:

C0 =
Q

U0
(unit: Farad).

Capacitance depends on the geometry (electrodes area and thickness of the dielectric
in between) and on permittivity ε. For a plane capacitor, C0 is given by:

C0 =
εS

d0
.
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Electrostatic Force

The opposing electrodes being charged with opposite charges, an electrostatic force
appears:

Fe =
1

2

1

C0d0
Q2 =

1

2

1

εS
Q2

Distance inter-électrodes d0

Diélectrique de permittivité ε

Électrode de surface S

Figure: Planar capacitor
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The electrostatic transducer
Electrostatic transduction relies on variable capacitance, e.g. with a mobile
electrode. Polarisation ensures opposite charges on the electrodes.

Two-way transduction:

• a voltage across the electrodes appears, because of a change in the distance
between the electrodes (sensor mode)

• the electrostatic force induces a movement of the mobile electrode (actuator
mode)

U0

Rc

Moving electrode

Fixed electrode

	
	
	
	
	
	

⊕
⊕
⊕
⊕
⊕
⊕

Negative charges

Positive charges

Figure: The electrostatic transducer
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Electrostatic sensor (microphone)

Mobile electrode moves due to an incoming sound wave: inter-electrode
distance varies.
The capacitance then also varies, inducing either the voltage across electrodes
to vary (constant charge), or the accumulated charge to vary (constant
polarization voltage). This varying voltage/charge is related to the vibration
of the mobile electrode, itself related to the incoming sound pressure.

Figure: 1” Brüel & Kjaer electrostatic microphone. Left: protection grid was
removed, so that the moving electrode is apparent. Right: mobile electrode was
removed, so that the fixed electrode is apparent.
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Electrostatic actuator (loudspeaker)

A varying voltage across the electrodes induces a variation of the accumulated charge.
The electrostatic force then varies, and the mobile electrode moves.
This vibration produces a pressure wave: a sound is emitted, related to the electrical
voltage signal across the electrodes.

Figure: Quad electrostatic loudspeaker
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Electrostatic coupling: sensor

External load imposed on the mobile electrode.
Mobile electrode moves: strain ξ(t).
Capacitance C(t) varies as:

C(t) = ε
S

d0 − ξ(t)
=
εS

d0

1

1− ξ(t)

d0
thus the voltage across the electrodes varies as:

u(t) =
Q(t)

C(t)
=

Q(t)

C0
− 1

C0d0
Q(t)ξ(t)

with C0 =
εS

d0
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Electrostatic coupling: actuator

Varying voltage imposed across the electrodes.
The accumulated charge Qc(t) changes. The resulting electrostatic force
varies as:

Fe(t) =
1

2

1

εS
Q2(t)
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Nonlinearity of the coupling
Equations describing the transduction are non linear:

u(t) =
Q(t)

C0
− 1

C0d0
Q(t)ξ(t)

Fe(t) =
1

2

1

εS
Q2(t)
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Figure: Nonlinearity of the electrostatic transduction: Fe(t) ≥ 0 and Fe(t) oscillates
with frequency 2f .
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Linearisation of the actuator (1/2)

The capacitor is polarised, using a dc bias voltage Up, on top of the ac
component: u(t)↔ Up + u(t)

The inter-electrode distance is: d(t) = d0 − ξ(t).

The charge Q also exhibits dc and ac components: Q(t) = Qp + Qa(t),
as well as the capacitance:

C(t) = C0
1

1− ξ(t)

d0

by linearization:

C(t) ≈ C0

(
1 +

ξ(t)

d0

)
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Linearisation of the actuator (2/2)

Considering that u(t)� Up and ξ(t)� d0, the electrostatic force reads:

Fe(t) =
εS

2

[Up + u(t)]2

[d0 − ξ(t)]2

' εS

2

[Up + u(t)]2

d2
0

[
1 +

ξ(t)

d0

]2

'
C0U

2
p

2d0
+

C0Up

d0
u(t) +

C0U
2
p

d2
0

ξ(t)

Red = dc component (polarisation). Blue = linearised ac component.
Dc force = change in rest position.
Keeping only the ac components:

Fe = Γs u +
Γ2
s

jωC0
v

with Γs = C0Up/d0 the electrostatic coupling coefficient.
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Linearisation of the sensor

We recall the relationship between C(t) and ξ(t) (very small compared to d0):

C(t) ≈ C0

(
1 +

ξ(t)

d0

)
The charge Q(t) reads:

Q(t) = C0Up + C0u(t) +
C0Up

d0
ξ(t) +

C0

d0
ξ(t)u(t)

Keeping first order terms only:

Q(t) ' C0Up + C0u(t) +
C0Up

d0
ξ(t)

Differentiating w.r.t. time:

i(t) ' C0
du(t)

dt
+

C0Up

d0
v(t)

Or, with complex notation:

i = jωC0u + Γsv
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Representing the electrostatic coupling
Global view of electrostatic transduction with two equations: Fe = Γs u +

Γ2
s

jωC0
v

i = jωC0u + Γsv

Or as a schematics, we get:

C0

i

u Fe

−C0/Γ2
s

−v

1 : Γs

(actuator convention)
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Example: electrostatic microphone (1/3)

The microphone membrane may be modelled with a single degree of freedom
mechanical resonator (Rms , Mms ,Cms) with area Sd , subject to a pressure force
Fp = Sdp. This force is added to the electrostatic force, according to the sign
convention.

Fp + Fe =

(
Rms + jωMms +

1

jωCms

)
v

 −Fe = −Γs u −
Γ2
s

jωC0
v

i = jωC0u + Γsv

C0

i

u −Fe

−C0/Γ2
s

v
Cms Mms Rms

Fp

1 : −Γs
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Example: electrostatic microphone (2/3)

On the electric side, the microphone is connected to a conditioning device, or
a preamplifier, comprising a permanent polarization Up, decoupled from the
sensed sound pressure signal.
A resistance R0 and a decoupling capacitance Cd allows filtering the DC
voltage Up on the electric side, and a parasitic capacitance Cp is created
between the microphone body (same potential than the mobile membrane)
and the fixed back armature.

H A C Tilmans

Figure 9. An equivalent circuit representation of the electromechanical transducer system shown in figure 1. The circuit
enclosed by the dashed box represents the transducer of figure 4 (see also figure 5(a)).

Figure 10. The condenser microphone. (a) A schematic diagram; (b) the incremental signal Thévenin equivalent circuit; (c)
a detailed equivalent circuit illustrating the interaction between the variables in the three signal domains of interest, i.e.,
electric, mechanical, and acoustic.

The Th́evein voltagevT h is given by the open-circuit
voltage and the Th́evenin impedanceZT h is the impedance
seen at the electric terminals if all the independent
sources, here only the pressure generator, are set to
zero. However, the circuit is not at all convenient for
attaining a better understanding of, and for analysing and
optimizing, the microphone behaviour, as the shape of the
frequency response and the microphone’s sensitivity are
determined by the bias conditions, geometrical parameters,
and damping and dynamic characteristics of the specific
microphone structure, including the electrical, mechanical,
and acoustical parts. Damping for instance is due to the
air-streaming resistance of the air gap, and can be strongly
reduced by introducing acoustic holes in the backplate.
Also, a narrow gap is of importance to attain a high
sensitivity. The stray capacitanceCp between the metal
case (which is electrically connected to the front plate)
and the back plate results in a capacitive attenuation of

the transducer signal and thus a lowering of the sensitivity
[2]. None of these individual components or others are
reflected in the Th́evenin equivalent circuit. Therefore, a
more detailed equivalent circuit similar to the one shown
in figure 9 is required. For this purpose, the acoustic
signal domain must be included. The effort, flow, and state
variables in the acoustic domain are respectively given by
the acoustic pressurepa (N m−2), the volume velocityϑ̇
(m3 s−1), and the volume displacementϑ (m3) [2]. It can
be shown [2] that, for a system in equilibrium, equality
of the acoustic pressurespi at either side of an acoustic
junction applies, mathematically formulated as6pi = 0.
Further, the continuity law states that for the incident
volume velocitiesϑ̇i at a junction the following relation
applies: 6ϑ̇i = 0 [2]. At this point it is evident that
the latter two relations form the analogies to KVL and
KCL, respectively. In the example discussed here, the
mechanical and the acoustic domain are linked via the

166
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Example: electrostatic microphone (3/3)

H A C Tilmans

Figure 9. An equivalent circuit representation of the electromechanical transducer system shown in figure 1. The circuit
enclosed by the dashed box represents the transducer of figure 4 (see also figure 5(a)).

Figure 10. The condenser microphone. (a) A schematic diagram; (b) the incremental signal Thévenin equivalent circuit; (c)
a detailed equivalent circuit illustrating the interaction between the variables in the three signal domains of interest, i.e.,
electric, mechanical, and acoustic.

The Th́evein voltagevT h is given by the open-circuit
voltage and the Th́evenin impedanceZT h is the impedance
seen at the electric terminals if all the independent
sources, here only the pressure generator, are set to
zero. However, the circuit is not at all convenient for
attaining a better understanding of, and for analysing and
optimizing, the microphone behaviour, as the shape of the
frequency response and the microphone’s sensitivity are
determined by the bias conditions, geometrical parameters,
and damping and dynamic characteristics of the specific
microphone structure, including the electrical, mechanical,
and acoustical parts. Damping for instance is due to the
air-streaming resistance of the air gap, and can be strongly
reduced by introducing acoustic holes in the backplate.
Also, a narrow gap is of importance to attain a high
sensitivity. The stray capacitanceCp between the metal
case (which is electrically connected to the front plate)
and the back plate results in a capacitive attenuation of

the transducer signal and thus a lowering of the sensitivity
[2]. None of these individual components or others are
reflected in the Th́evenin equivalent circuit. Therefore, a
more detailed equivalent circuit similar to the one shown
in figure 9 is required. For this purpose, the acoustic
signal domain must be included. The effort, flow, and state
variables in the acoustic domain are respectively given by
the acoustic pressurepa (N m−2), the volume velocityϑ̇
(m3 s−1), and the volume displacementϑ (m3) [2]. It can
be shown [2] that, for a system in equilibrium, equality
of the acoustic pressurespi at either side of an acoustic
junction applies, mathematically formulated as6pi = 0.
Further, the continuity law states that for the incident
volume velocitiesϑ̇i at a junction the following relation
applies: 6ϑ̇i = 0 [2]. At this point it is evident that
the latter two relations form the analogies to KVL and
KCL, respectively. In the example discussed here, the
mechanical and the acoustic domain are linked via the

166

If we neglect the DC voltage and the decoupling circuit, the full circuit of the
electrostatic microphone can be drawn as:

C0

i
Cd

CpR0uout −Fe

−C0/Γ2
s

v
Cms Mms Rms

Fp

1 : −Γs
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