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A fully experimental modeling technique and a design optimization procedure are presented in this
paper for push-pull electret loudspeakers. Conventional electrical impedance-based parameter
identification methods are not completely applicable to electret speakers due to the extremely weak
electromechanical coupling. This prompts the development of an experimental technique for
identifying the electroacoustic parameters of the electret speakers. Mechanical parameters are
identified from the membrane velocity measured using a laser vibrometer. The voltage-force
conversion factor and the motional impedance are estimated, with the aid of a test-box method. This
experimentally identified model serves as the simulation platform for predicting the response of the
electret loudspeaker and optimizing the design. Optimal parameters are calculated by using the
simulated annealing (SA) algorithm to fulfill various design goals and constraints. Either the
comprehensive search for various parameters or the simple search for the optimal gap distance can
be conducted by this SA procedure. The results reveal that the optimized design has effectively
enhanced the performance of the electret loudspeaker.
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I. INTRODUCTION

Electret loudspeakers are the electrostatic loudspeakers
with precharged membranes. Electret loudspeakers offer ad-
vantages of compactness, light weight, excellent mid- and
high frequency reproductions, high electroacoustic effi-
ciency, waiver of externally bias circuit, etc.' Due to these
characteristics, the loudspeakers have promise in the appli-
cation to consumer electronics.

Electret configuration will result in slightly different
forms of voltage-force sensitivity and the associated nonlin-
earity from those of conventional push-pull electrostatic
loudspeakers. Nevertheless, one may equate the electret elec-
trostatic speaker with an external polarizing voltage. On the
surface, the two kinds of loudspeaker look alike. Their
equivalent electrical circuits are the same and the analyses of
their mechanical and acoustical parameters are identical.
However, where they differ is in the electromechanical force
conversion. A non-electret electrostatic has an external polar-
izing voltage supply, which creates a monopole charge on the
membrane. For an electret speaker this is difficult to achieve
because, in the absence of a supply, a monopole charge is
relatively unstable over time. Hence, electret speakers typi-
cally use membranes with conductive coatings, which carry
an induced charge of opposite polarity (dipoles) to that of the
membrane. This makes the analysis somewhat more compli-
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cated. It turns out that the two kinds of loudspeaker are
equivalent but not the same. In the case of the dipole electret,
it is like applying a polarizing voltage of an equivalent non-
electret speaker across the conductive coating and a virtual
electrode somewhere in the middle of the membrane, where
this virtual electrode contains all the membrane charge in a
concentrated layer. The electrical input capacitance of an
electret speaker is also different from that of a non-electret
type due to the presence of the electret membrane, although
the contribution this makes depends on the size of the air
gap 2

Electret materials have been studied by several research-
ers. Lekkala and Paajanen4 introduced a new electret mate-
rial, electromechanical film (EMFi), at the turn of the cen-
tury. Not before long, EMFi was applied to microphones,
actuators, and even loudspeaker panels.5 Cao et al® dis-
cussed the relationship between the microstructures and the
properties of the electret material, where the electret proper-
ties of the porous polytetrafluoroethylene (PTFE) were stud-
ied. It is found that the porous dielectrics can be good elec-
tret materials. Recently, Chiang et al” proposed the
nanoporous Teflon-fluorinated ethylene propylene film that
allows for higher charge density stored in the film with im-
proved stability. The nanoporous electret material was ap-
plied to flexible electrostatic loudspeakers.8 Their electret
diaphragms are made of fluoro-polymer with nano-meso-
micro-pores precharged by the corona method.

It was not until recently that Mellow and Kirkkiinen™
conducted a rigorous theoretical analysis of electret loud-
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speakers. Transducers with single-ended and push-pull con-
structions are investigated in terms of the static force acting
on the diaphragm and the stored charge density. Bai et al."’
suggested a hybrid modeling approach combining experi-
mental measurement and finite-element-analysis (FEA) for a
single-ended electret loudspeaker. Experimental verification
reported in the work revealed that the single-ended loud-
speaker suffered from high nonlinear distortion problems.
This paper aims at three purposes. First, electret loud-
speakers in push-pull construction are proposed in order to
reduce the nonlinear distortions encountered in the single-
ended device. Second, a more accurate fully experimental
modeling technique is suggested to estimate the lumped pa-
rameters of the equivalent circuits without resorting to FEA.
Because the coupling between the electrical and mechanical
systems is extremely weak, the parameters of the mechanical
system are unidentifiable using the electrical impedance
measurement.'' " To overcome the difficulty, a test-box ap-
proach in conjunction with laser measurement is taken in this
paper. Third, on the basis of the preceding simulation model,
an optimization procedure using simulated annealing (SA)
algorithml“’16 is developed, aiming at optimizing design pa-
rameters of electret loudspeakers to maximize the sound
pressure level (SPL) output and the bandwidth as well.

Il. EXPERIMENTAL MODELING OF ELECTRET
LOUDSPEAKERS

A. Operating principles

A sample of a 493X 129 mm? electret loudspeaker is
shown in Fig. 1(a). In its push-pull construction, the loud-
speaker comprises a charged flexible membrane and two per-
forated rigid back plates with 52.1% perforation ratio. The
membrane is made of fluoro-polymer, which contains nano-
pores to enhance the charge stability and density.8 The mem-
brane is placed at the center between two electrode plates
spaced by 2.4 mm, as shown in Fig. 1(b). The construction is
also referred to as the push-pull configuration with a fully
floating membrane by Mellow and Kirkkiinen.” The mem-
brane is divided into six equal partitions (242 X 37 mm?) by
stainless steel spacers.

Due to high input impedance of the electret loudspeaker,
a transformer is used for impedance matching and e is the
output voltage of the transformer. The turn ratio is 138. The
net force f acting on the membrane can be estimated by3

7 &,&.1hSpo,, s:,s,‘,lthDa'ﬁ1
= e +
2e,d+e,,h)? P 2ey(e,d +e,,h)

8= e+ K5,

(1)

where ¢, and g, are the relative permittivities of the mem-
brane and the medium at the gap, respectively, g, is the
vacuum permittivity, & is one-half of the thickness of the
membrane, Sp, is the area of membrane, o, is the surface
charge density of the membrane, d is the gap between the
membrane and the electrode plate, and & is the displacement
of the membrane. The first term of Eq. (1) is due to the input
voltage, whereas the second term is due to the negative stiff-
ness resulting from the membrane attractions. The voltage-
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FIG. 1. (Color online) The push-pull electret loudspeaker. (a) Photo. (b) The
schematic of the loudspeaker construction.

force conversion factor ¢ and the negative stiffness « can be
. 3
written as

=, d = 2
7 . (2)
with K,=¢,,hSp0o,,/2¢,, and
K2 8r]h
=—, d>»— 3
K="3 . (3)

with K,=¢,1h%S 0% /28087,

B. Analogous circuits

The electret loudspeaker can be modeled with the analo-
gous circuit, as shown in Fig. 2(a). The mechanical imped-
ance and the radiation impedance are identified as a lumped
sum in the parameter identification procedure. That is, the
radiation impedance has been taken into account in the mod-
eling. In the electrical domain, the circuit is modeled with
the Thévenin equivalent circuit, where e;, is the voltage
source of the transformer input, i is the current, and Ry and
Ly are the electric resistance and inductance of the trans-
former. Cg is the static capacitance when the membrane is
blocked. In the mechanical domain, Z,, represents the open-
circuit mechanical impedance and u is the membrane veloc-
ity. In the acoustical domain, Z, represents the acoustical
impedance.
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FIG. 2. The electroacoustic analogous circuits of the push-pull electret loud-
speaker. (a) Electrical, mechanical, and acoustics systems. (b) Combined
circuit referred to the electrical system.

Figure 2(b) shows the combined circuit as the mechani-
cal and acoustical systems are reflected to the electrical sys-
tem, where the motional impedance Z,,,, is defined as

Zs+ 827,
Zoo = A, )
¢
Cp\™!
st=ZM_ ]wy 5 (5)

where Z,,, is the short-circuit mechanical impedance and w is
the angular frequency. To measure the electrical impedance,
we need an experimental arrangement, as shown in Fig. 3(a).
The input voltage from the signal generator e, is 1.5 V and
the current-sampling resistor R is 100 (). The electrical im-
pedance of the loudspeaker is given by

e,G1Gy—e
spk=4g%R7 (6)
R

where G, and G, denote the effective gains of the amplifier
and the transformer, respectively, and ey is the voltage drop
across the resistor R. The thus measured electrical impedance
of Fig. 3(b) resembles that of a capacitance due to weak
electromechanical coupling 10

|Zg] = (wCp)™". (7)

It follows that only the static capacitance C can be extracted
from the electrical impedance measurement

Cp=(|Z)™". (8)
For the sample in Fig. 1, the Cr was found to be 1.86 nF.

C. Parameter identification

In Fig. 2(b), as the inductance Ly of the transformer
output end is connected to the electret loudspeaker, which
behaves like a capacitance due to the aforementioned weak
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FIG. 3. (Color online) The electrical impedance measurement of the push-
pull electret loudspeaker. (a) Experimental arrangement. (b) The electrical
impedance versus the motional impedance.

coupling, the combined electrical system becomes a second-
order low-pass system. Figure 4 shows the frequency re-
sponse of the unloaded transformer, which is nearly constant
throughout the range 20-20 kHz. As the electret loudspeaker
is connected to the transformer, the frequency response be-
comes a low-pass function with cutoff frequency wg
=8736.4 Hz as follows:

Output Voltage of Transformer
10 .

Loaded, measured
——- Loaded, simulated |
.......... Unloaded, measured |

Voltage (v)
>
T
L

10 L L Lol L Ll L L Lol L L
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FIG. 4. (Color online) The comparison of the measured and simulated out-
put voltage responses of the loaded and unloaded transformers.
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FIG. 5. The electroacoustic analogous circuits of the push-pull electret loud-

speaker. (a) Combined circuit referred to the mechanical system. (b) The
weakly coupled approximation.

1
e
CELES2 + CERES +1

H(s)eiq(s) = in(s)

espk(s)

= ( )2 | ein(S), (9)

Op g

where H(s) is the transfer function between ey, and e, O
is the quality factor, and s=jw is the Laplace variable. The
effective inductance and resistance at the output end of the
transformer can be calculated by

Rp=(QpwrCp)™". (11)

At the resonance frequency, the real part of the transfer func-
tion in Eq. (9) is zero. It follows that the quality factor can be
calculated by

|H(wa0)|=|_jQE|=QE~ (12)

For the sample in Fig. 1, the quality factor Qy=0.6845, the
inductance Lp=0.178 H, and the resistance Rp=14.3 k(},
respectively. In Fig. 4, the measurement (solid line) and the
simulation (dashed-dotted line) of ey are in good agree-
ment. The cutoff frequency is measured according to the
phase switching principle.

As mentioned previously, the mechanical parameters are
unidentifiable with the electrical impedance measurement.
We need to devise a method based on direct mechanical mea-
surement. To this end, the electrical and acoustical systems
are reflected to the mechanical system, as shown in Fig. 5(a).
For simplicity, we approximate the combined acoustical im-
pedance and the mechanical impedance to be a second-order
system. The lumped parameters R,;, M, and C,, denote the
resistance, the mass, and the compliance, respectively, of the
combined impedance.
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FIG. 6. (Color online) The membrane velocity measurement of the push-
pull electret loudspeaker. (a) Experimental arrangement. (b) The comparison
of the velocity responses of the loudspeaker, with and without the test box.

Due to weak coupling (¢=0), Rz¢* and Lp¢* can be
neglected, leading to the simplified circuit of Fig. 5(b). Solv-
ing the circuit yields the expression of the membrane veloc-
ity u as follows:

_ CMS
B MMCMsz +RMCMS + 1
)
1 Qu Wy
=— 3 de;y, (13)
el

— ] +——|+1

w 0,\ o
where the compliance Cj; is the series combination of C}’V,
and the negative compliance —Cpg/ d)2, wy is the fundamental
resonance frequency, and Q, is the quality factor. The mem-
brane velocity can be measured by a laser vibrometer, as
shown in Fig. 6(a). In the following, we concentrate on only
the fundamental mode and ignore higher-order modes. From
the velocity measurement, the fundamental resonance fre-
quency w, can be located and the quality factor correspond-

ing to the fundamental resonance can be estimated as fol-
lows:

u

¢ein
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0= ——. (14)
Wy — W

where the w, and w; are —3 dB points in the velocity re-
sponse.

Given the wy=1/VMy,C,,, it is impossible to determine
the respective values of the compliance C); and the mass M,
based on one measurement. To overcome the difficulty, a
test-box method with volume 5.51 1 is employed to obtain
another velocity measurement. The result of the membrane
velocity measurement is shown in Fig. 6(b). The fundamen-
tal resonance frequency is increased from 315 to 500 Hz due
to the acoustical compliance of the test box. The additive
acoustical compliance C,p and the additive mechanical com-
pliance AC,, due to the test box can be calculated as

Viox
Cpp= 2, (15)
pc
C
ACy=-35". (16)
SD

where Vi, is the volume of the test box, p is the density of
air, and c is the velocity of sound. Thus, based on these two
membrane velocity measurements, the mechanical param-
eters can be determined as

2
cM=[<@> —I]ACM, (17)

@y
My = (wosz)_] ) (18)
Ry = (000,Ch) 7", (19)
ol )
C,'V] =—, (20)
Ce
Cy+ E

where wgp is the fundamental resonance frequency of the
velocity response when loaded with the test box and ACy, is
the additive mechanical compliance due to the test box. Fi-
nally, the voltage-force conversion factor ¢ can be deter-
mined by letting w=wy in Eq. (13) as follows:

= Ratl@o). (1)

€in

where u(w,) is the peak magnitude of the membrane velocity
response at the fundamental resonance frequency. Using the
formula, ¢ is found to be 1.88 X 10™* for the sample in
Fig. 1.

D. Numerical and experimental investigations

Experiments were conducted to validate the preceding
model of the electret loudspeaker. The experimental arrange-
ment for measuring the on-axis SPL is shown in Fig. 7(a).
According to the standard AES2-1984 (12003)," a 2475
X 2025 mm? baffle is used in the measurement. The 132.6
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FIG. 7. (Color online) The on-axis SPL measurement of the push-pull elec-
tret loudspeaker. (a) Experimental arrangement. (b) The comparison of the
measured and the simulated on-axis SPL responses.

Vrms swept-sine signal is used to drive the loudspeaker in
the frequency range 20-20 kHz. The microphone is posi-
tioned 1 m away from the loudspeaker.

Figure 7(b) compares the on-axis SPL responses ob-
tained using the simulation and the measurement. The simu-
lated response (solid line) is in good agreement with the
measured response (dashed line), albeit discrepancies are
seen at high frequencies due to un-modeled flexural modes
of membrane. It should be borne in mind that, in the preced-
ing model, only the fundamental mode is modeled in the
analogous circuit and high-order modes are neglected.

It can also be observed from Fig. 7(b) that the SPL re-
sponse starts to roll off at approximately 8 kHz due to the
inductance of the transformer as predicted. Furthermore, in
Fig. 3(b), the motional impedance obtained using the model
is much greater than the electrical impedance, rendering the
former an open circuit in Fig. 2(b). This is the evidence of
weak coupling.

For assessing the nonlinear distortion of the electret
loudspeaker, total harmonic distortion (THD) is calculated
from the measured on-axis SPL response.18 In Fig. 8, the
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FIG. 8. (Color online) The comparison of the measured THD of the electret
loudspeaker between the push-pull and the single-ended configurations.

measured THD of the electret loudspeaker in push-pull con-
struction is compared with that of the single-ended construc-
tion, which was investigated by Bai et al."® The average
THD of the push-pull configuration is below 6% in the range
140-20 kHz, while the THD of the single-ended configura-
tion can reach as high as 17%. Evidently, the push-pull con-
figuration has effectively addressed the nonlinearity problem
of the single-ended configuration.

lll. PARAMETER OPTIMIZATION OF ELECTRET
LOUDSPEAKERS

The preceding model of electret loudspeaker serves as a
useful simulation platform for optimizing the loudspeaker
parameters. In the following, a procedure based on the simu-
lated annealing (SA) algorithm'*™'® is exploited for the de-
sign optimization.

A. The SA algorithm

The SA algorithm is a generic probabilistic meta-
algorithm for the global optimization problem, namely, locat-
ing a good approximation to the global optimum of a given
function in a large search space. The major advantage of the
SA is the ability to avoid becoming trapped in the local
minima. In the SA method, each state in the search space is
analogous to the thermal state of the material annealing pro-
cess. The objective function G is analogous to the energy of
the system in that state. The purpose of the search is to bring
the system from the initial state to a randomly generated
state with the minimum objective function. An improve state
is accepted in two conditions. If the objective function is
decreased, the new state is always accepted. If the objective
function is increased and the following inequality holds, the
new state will be accepted:l(’

AG
P:exp(— ?) >y, (22)

where P is the acceptance probability function, AG is the
difference of objective function between the current and the
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previous states, T is the current system temperature, and 7y is
a random number, which is generated in the interval (0,1). In
the high temperature 7, there is high probability P to accept
a new state that is “worse” than the present one. This mecha-
nism prevents the search from being trapped in a local mini-
mum. As the annealing process goes on and 7 decreases, the
probability P becomes increasingly small until the system
converges to a stable solution. The annealing process begins
at the initial temperature 7; and proceeds with temperature
that is decreased in steps according to

Tiy1=aTy, (23)

where 0 < a<1 is a annealing coefficient. The SA algorithm
is terminated at the preset final temperature 7. In the electret
loudspeaker optimization, we choose 7;=1000, Ty=1X 1079,
and «=0.95. Next, two design optimization problems will be
examined. The first problem concentrates on only optimizing
the gap distance d between the membrane and the electrode
plate, whereas the second problem attempts to optimize four
design parameters: the gap distance d, the compliance Cj,,
the mass M,,, and the resistance Ry;.

B. Optimizing the gap distance

In the section, only the gap distance that is easiest to
alter in making a mockup will be optimized. If all other
conditions remain unchanged, the net attraction force acting
on the membrane and hence the SPL output will increase as
the gap is decreased. However, the gap cannot be reduced
indefinitely, or else, stick-up condition of the membrane and
the electrode plates can occur. Another issue is that the upper
roll-off frequency will also become lower (because of the
increased static capacitance) as the gap is decreased.

As we keep decreasing the gap to increase the attraction
force until the displacement of the membrane equals the gap
distance, we call this distance the critical gap distance. Only
dynamic distance needs to be concerned since, at the quies-
cent state, the static attraction forces due to resident charges
in the membrane are balanced with the push-pull construc-
tion. Membrane displacement can be obtained by integrating
the velocity expression in Eq. (13) as follows:

Kl 1 €in

RyQuwo( s \> 1 (s &>
e el
Wy Qu )
where ¢=K,/d” in Eq. (2) has been invoked. The collision
condition occurs when the peak value of the displacement

|8ax is equal to the gap distance d. This gives the critical
gap distance

5="= (24)
S

K 2 1/3
S (25)
Ry Q@0 \Q;, - 0.25

d'=

In the experiment, the driving signal is a 132.6 Vrms swept
sine. That corresponds to a critical gap distance 0.19 mm,
which also represents an upper bound of displacement for the
following optimization. Figure 9(a) compares the SPL re-
sponses for various gap distances (including the critical gap).
Clearly, the SPL is increased if the gap distance is decreased.
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FIG. 9. (Color online) The comparison of the on-axis SPL responses be-
tween the original and the optimal designs. (a) Results of optimizing only
the gap distance. (b) Results of optimizing four parameters including the gap
distance, the resistance, the mass, and the compliance.

However, this comes at the expense of decreased bandwidth
due to increased static capacitance.

In order to find a compromise solution between the
original design and the design with the critical gap, the SA
algorithm is employed alongside the preceding simulation
model for finding the optimal gap distance. Two goals are set
up for the design optimization. It is hoped that the SPL in the
range 800-5 kHz is maximized while maximizing the upper
roll-off frequency, i.e.,

N
G = ]%]2 (SPL,.y(n))% f(n) e [800 Hz,5 kHz],
n=1

n=1,...,N, (26)
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TABLE 1. Parameters of the optimized design versus the original non-
optimized design.

Ry Cy My Gap
(N s/m) (m/N) (kg) (mm)
Original (1) 3.47 1.95x 1073 1.17 X 1072 1.2
Optimal (2) 4.0 1.03x 107 1.1X1072 0.55
2)/(1)% 115.44 528.21 94.83 45.83
G2 :fuc ’ (27)

where SPL,.,, is the current SPL response, n is the frequency
index in the range 800-5 kHz, and f,. is the upper —3 dB
cutoff frequency of SPL,,. The compound objective func-
tion Gy can be written as
G : X 1 (28)
=—+wX —,
TG G, G,
where w is a weighting constant (w=0.23 in the simulation).
In addition, the design variable (gap distance) and the asso-
ciated constraints are given in the following inequalities:

04 mm<d<2.0 mm,

With the SA procedure, the optimal gap distance is found to
be 0.86 mm, which enhances the average SPL by approxi-
mately 5 dB, as shown in Fig. 9(a).

C. Optimizing multi-parameters

In the section, we shall extend the preceding one-
parameter optimization to more comprehensive optimization
for four parameters: the gap distance, the resistance R, the
mass M, and the compliance C;,. Apart from the level and
the upper cutoff design goals, a third goal of the lower cutoff
is added to the objective function

G3 :f]c’ (30)

where f). denotes the lower —3 dB cutoff frequency of
SPL,..,- The compound objective function Gpy, reads

1 1
Gry=w; X — 4+wy, X — +Gs, 31
™ 1 G, 2 G, 3 (31)

where the weights w;=2400 and w,=150 000 in the simula-
tion. The design variables and the associated constraints are
given in the following inequalities:

0.698 N s/m =Ry, =69.8 N s/m,

14X 107 kg=M,; =143 x 107! kg,
195X 10 m/N = Cj, =1.95x% 10™* m/N,
04 mm=d=20 mm,

| 8l max(mm) < d(mm). (32)

The results of optimization using the SA algorithm are sum-
marized in Table 1. The design with optimized parameters is

Bai et al.: Modeling and optimization of electret speakers



simulated in Fig. 9(b). The lower cutoff frequency of the
optimal design (circled mark) has been decreased from 315
Hz of the original design to 150 Hz as the mechanical com-
pliance is increased by 528%. The average SPL is enhanced
by about 12 dB as the gap is decreased to 0.55 mm.

IV. CONCLUSIONS

A fully experimental modeling technique and an optimi-
zation procedure have been developed in this work for push-
pull electret loudspeakers. The experimental modeling tech-
nique relies on not only the electrical impedance
measurement but also the membrane velocity measured by
using a laser vibrometer. With the aid of a test box, the
voltage-force conversion factor and characteristics of mo-
tional impedance can be identified from the membrane ve-
locity. One of the most important contributions of the present
work is that it verifies the theory and proves the linearity of
the transduction. The experimentally identified model serves
as the simulation platform for optimizing the design param-
eters of the electret loudspeaker. The SA algorithm was ex-
ploited to find the parameters that yield optimal level-
bandwidth performance. Either only the gap distance or the
comprehensive search for various parameters can be opti-
mized by using the SA procedure. The results reveal that the
optimized design has effectively enhanced the performance
of the electret loudspeaker, as compared to the original de-
sign. In addition, a high-quality audio transformer with wider
bandwidth may further enhance the performance and ease the
optimization limitations. The search of such transformers is
included in the list of action items of future work.
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