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a b s t r a c t
This paper focuses on the design issues of a thermo-acoustically driven low-cost linear alternator for
the SCORE project. SCORE (www.score.uk.com) aims to improve the quality of life around 2 billion poor
people in the rural communities of the developing countries. The advantage of the double Halbach array
permanent magnet moving coil alternator structure over traditional loudspeaker as a linear alternator
is presented. The theoretical analysis of the linear alternator at different coil conﬁgurations with the
rectiﬁer circuit is explained and analysed with the ﬁnite elements simulation results. The simulation
results show that the double coil structure with the smaller number of coil turns would be suitable for
this project. The experimental results of the double Halbach array prototype which has been built and
tested are discussed and compared with the simulation results.
© 2012 Elsevier B.V. Open access under CC BY license.

1. Introduction
Around 2 billion people in the world live in rural communities in
developing countries without electricity [1–3]. Most of the women
in these communities cook their food for around 4 h per day over
an open 3 stone ﬁre and the smoke produced is extremely bad
for their health. A Stove that does not produce smoke and generates electricity has been shown to be beneﬁcial to them [4,5].
The SCORE Stove concept is to generate electricity from a cooking
stove using a well-known thermo-acoustic principle [6–17]. Heat
produces sound which is then converted to electricity using a linear alternator. The electricity can be stored in a battery for later
use in such applications as lighting, charging mobiles phones or
radios. Most of the commercially available linear alternators are
piston type generators (used in free piston Stirling Engines) which
are not suitable for the SCORE project in terms of cost and size
[18–21]. Being targeted at the poor, low cost is a key element in
the design, and conventional mass produced low-cost loudspeakers working in reverse can be used. Their efﬁciency is rather poor
at 50%, and the suspensions are made from materials with high
damping and limited mechanical stability [22]. However changing the design rules can preserve the low cost element and make
considerable functional improvements when used as an alternator. Whereas a loudspeaker requires good linearity and deﬁned
electrical impedance to preserve sound quality over a large frequency range, a linear alternator is a ﬁxed frequency device that

∗ Corresponding author. Tel.: +44 11 58466890.
E-mail addresses: chitta.saha@nottingham.ac.uk, chittajd@yahoo.com
(C.R. Saha).
0924-4247 © 2012 Elsevier B.V. Open access under CC BY license.
doi:10.1016/j.sna.2012.01.042

can tolerate non-sinusoidal waveforms and requires high efﬁciency
operation.
The SCORE linear alternator has a target cost of £4 [4] with
a magnet assembly target of £3.30 for a 150 W unit. By utilising
NdFeB permanent magnets in a Halbach array [23], considerable
functional improvements can be made whilst preserving the low
cost mass-produced manufacturing process. At the time of writing, a magnet supplier has estimated the price of NdFeB in very
large quantities as around £70/kg, the maximum affordable magnet
mass is therefore 0.047 kg. This paper addresses the design issues
of the linear alternator for the SCORE project to meet the target cost
and power. The next section introduces the cylindrical shape double Halbach array moving coil alternator design can be constructed
without any additional magnetic material, such as soft iron or Siiron laminations. It is well known that Halbach array magnetic ﬂux
can be enhanced on one side and cancelled on the other side and
the fundamental advantage of the Halbach array machine is already
explained in [24,25]. Fig. 1(a) shows a linear Halbach array which
enhances ﬂux density on one side with a low ﬂux on the opposite side. Fig. 1(b) shows two Halbach arrays with the enhanced
sides facing each other so that ﬂux is highly concentrated in the
gap. Losses in the circular, co-axial double Halbach array alternator
as shown in Fig. 5 are from the coil internal resistance only. Being
moving coil placed in the gap of maximum ﬂux density, there is no
conventional core loss and eddy current loss since the laminations
or back iron do not exist and the moving element is lighter compared to a traditional moving iron or moving magnet machine. The
following section describes the theoretical issues of the alternator coil design to understand the fundamental concepts of voltage
and efﬁciency when used with a battery rectiﬁer circuit. 2-D ﬁnite
element simulation results of the double and multiple moving coil
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Fig. 2. Schematic of a loudspeaker type alternator.

Fig. 1. (a) A ﬁve magnets single Halbach array (left) and (b) ﬁve magnets double
Halbach array (right) structure.

conﬁgurations is shown and discussed. Finally the experimental
result of the double Halbach array alternator which has been built
and tested is presented in order to see the comparison with the
simulation results.
2. Design consideration of the alternator
The output power and cost of the linear alternator is ﬁxed for
the SCORE project application and used as a basis for the electrical design. Magnet volume is deﬁned by the cost target but
the trade-offs between output power, operating frequency, coil
displacement and efﬁciency of the thermo-acoustically driven linear alternator need to be addressed. Fig. 2 shows the schematic
of a typical moving coil loudspeaker type alternator. The loudspeaker type alternator consists of a moving coil inside a static
magnetic ﬁeld where the voice coil is connected to the cone and
its suspension. Normally the cone is made from carbon ﬁbre, plasticized cloth or paper. The magnet assembly consists of front
plate, back plate, yoke pole pitch which are mainly made from
low cost iron material and a large ferrite magnet. The vent holes
allow the air displaced by the coil to pass to the outside. An
efﬁcient thermo-acoustic linear alternator (see later) requires a

high displacement, high velocity coil. This causes high air velocity through the vents and high aerodynamic losses. Increasing
the size of the vent holes reduces the magnetic path area and
ultimately compromises the electrical efﬁciency. By changing the
topology to a Halbach array as shown in Fig. 5, this limitation
is removed. However, it does mean that the waveform changes
polarity during the cycle and if the coil is allowed to move
outside the magnetic gap, non-sinusoidal waveforms result. As
discussed earlier this is not an issue for the linear alternator concept.
It is common practice to represent the mechanical and acoustic
components as equivalent electrical components. Fig. 3 shows the
equivalent electrical circuits for the physical model of the thermoacoustically driven electromagnetic linear alternator which has
already been highlighted in [6,9].
The generated voltage of the alternator is given by:
V=

d
dt

(1)

where  is the ﬂux linkage which depends on the magnet and coil
parameters and the gap between the magnet and coil. In the general
case (e.g. in the case of a Halbach array) the air gap ﬂux density (Br )
will vary with the position. For a uniformly wound coil of height
(hc ) centred on x = y, the induced voltage is given by
V=

lcu
hc



y+(hc /2)

Br (x) dx
y−(hc /2)

dy
dt

(2)

where lcu is the coil length, and Br (x) is the radial component of the
air gap ﬂux density. If the air gap ﬂux density (Br ) is constant over

Fig. 3. Equivalent electrical circuit of the thermo-acoustic driven electromagnetic linear alternator.
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the coil displacement (which is the normal loudspeaker case) then
voltage would be
d dy
dy
= Br lcu
dy dt
dt

V=

(3)

The input acoustic power is deﬁned by [7]
Pa =

1
U2
[p][U] cos  =
2
2S 2



2

Rm +

(Br lcu )
Rc + RL



(4)

where S is the cone effective area of the alternator, P is the pressure drop to the alternator, U is the volumetric velocity, Br lcu is the
force factor of the alternator, Rm is the mechanical resistance of
the suspension, Rc is the coil resistance, RL is the load and  is the
angle between pressure (p) and volumetric ﬂow (U). For sinusoidal
pressure variation, the generated electrical power (rms) would be
[9]
2

Pe =

2

1 (Br lcu ) 2
1 U 2 (Br lcu )
u =
2 Rc + RL
2 S 2 Rc + RL

(5)

where u = ωy is the peak velocity of the cone along the Y axis.
The rms load power is thus

Fig. 4. Normalised load power and efﬁciency of a typical alternator with resistive
load for Br lcu factor 4.5 T-m.

3. Double Halbach array alternator structure

2

PL =

1 2
(ωyBr lcu )
4Rc RL
i RL =
2
8Rc
(Rc + RL )2

(6)

The normalised load power can be deﬁned by
PL
(ωyBr lcu )

2

=

1
RL
2 (Rc + RL )2

(7)

If the alternator voice coil displacement is limited to y due to
suspension constrain then the maximum output power would be
2

Pmax =

(ωyBr lcu )
, when RL = Rc
8Rc

(8)

It can be seen from Eq. (6) that the load power depends on
velocity and the magnet and coil parameters. The velocity or
displacement of the cone depends on the effective area of the suspension. For a ﬁxed displacement of the suspension, to increase the
generated electrical power the only option is to increase the fre2
quency and/or (Br lcu ) /Rc factor. A higher frequency increases the
velocity as well as voltage for the ﬁxed displacement but decreases
thermo-acoustic efﬁciency of the system; conventional practice for
low pressure air thermo-acoustic engines (TAE) is to limit the frequency to less than 120 Hz due to acoustic and regenerator losses
[26].
The efﬁciency can be deﬁned by using Eqs. (4) and (6)
2

ae =

PL
(Br lcu ) RL
=
2
Pa
Rm (Rc + RL )2 + (Br lcu ) (Rc + RL )

(9)

The maximum efﬁciency
max =

ˇ



2+ˇ+2



(10)

1+ˇ
2

2

when RL = Rc 1 + ((Br lcu ) /Rc Rm ) and ˇ = (Br lcu ) /(Rc Rm ).
It can be seen from Eq. (9) that the efﬁciency depends on magnet and coil parameters and the suspension loss of the system.
Fig. 4 shows the calculated normalised load power and efﬁciency
vary with the load resistance, as shown for a typical linear alternator using the force factor (Br lcu ) 4.5 T-m. Fig. 4 has been plotted
using typical generator parameters such as frequency (100 Hz), displacement (18 mm), mechanical suspension loss (1 N s/m) and coil
resistance (0.4 ). The maximum efﬁciency and maximum theoretical power occur at different load resistance. Maximum power
is typically limited by the ability of the coil to dissipate its heat
loss, so it is usual to operate with load resistances higher than the
maximum power case.

The basic Halbach array consists of a coaxial pair of three cylindrical permanent magnets [23,24] as shown in Fig. 5. Fig. 6 shows
the cross sectional view and dimension/orientation of the basic
Halbach array magnets. The outer and inner Halbach array will be
magnetized such that the magnetic ﬁeld is entirely inside the outer
cylinder and outside of the inner cylinder. The air gap ﬂux density
between the magnet and coil of the double Halbach array is significantly higher than the single permanent magnet and the pumping
loss smaller due to larger hole of the inner magnet. The machine is
also lighter compared to a traditional back iron machine.
4. Analysis of linear alternator with battery
Since the ultimate goal is to supply power to battery, a rectiﬁer
circuit is necessary to convert the ac generated voltage to dc. The
Halbach array has a reversal of air-gap ﬂux density between the
magnets and coil which require a set of (at least 2) discrete coil to
exploit the available ﬂux. The lower the alternator resistance (Rc )
the higher the efﬁciency. Both double and multiple coils conﬁgurations have been investigated. Multiple coils can be connected in
parallel through individual rectiﬁers to reduce the in-circuit electrical resistance by minimizing the amount of coil not active in the
magnetic ﬁeld. Fig. 7 shows the schematic of alternator multiple
coils conﬁguration with the rectiﬁer circuit. Square or round wire
can be used, with square giving better efﬁciency due to lower resistance in a given coil footprint. The coil resistance of the wire-wound
coil is expressed by
Rc =

2
2
cu Nl
cu lcu
cu lcu
=
=
Awire
2rcoil kcu Acoil
2rcoil kcu hcoil tcoil

(11)

where N is the number of turns, l is the coil mean length, rcoil is
the coil radius, kcu is the copper ﬁlling factor, cu is the copper
resistivity, hcoil is the coil height, tcoil is the coil thickness and Acoil
is the coil cross sectional area.
Delivered load current from n number of coils can be calculated
using the equation
Ii+ (t) =

n

Vi (t) − Vd − Vbattery
i=1

Rc

n

Vi (t) − Vd − Vbattery

Ii− (t) = −

i=1

Rc

(12)

(13)

182

C.R. Saha et al. / Sensors and Actuators A 178 (2012) 179–187

Fig. 5. A three cylindrical magnet double Halbach array structure: (a) isometric view (left) and (b) side view (right). Red represents magnetic north and blue south. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

where Vi (t) is the peak generated voltage, Ii+ (t) is load current from
positive peak generated voltage, Ii− (t) is load current from negative
peak generated voltage, Vd is the diode forward voltage and Vbattery
is the battery voltage.
The average generated power and average load power can be
deﬁned by

⎡

⎤



n

⎣ 1 |Vi (t)Ii+ (t)| dt + 1 |Vi (t)Ii− (t)| dt ⎦
Pe =
i=1

T

T

T

T

0

⎡ T
⎤

T
n

1
1
⎣
PL =
|Vbattery Ii+ (t)| dt +
|Vbatteryi Ii− (t)| dt ⎦
i=1

T

0

(15)

0

Electrical efﬁciency
e =

(14)

T

PL
Pe

(16)

5. Simulation results and discussions

0

Fig. 6. Schematic of the double Halbach array. (a) NdFeB magnet dimension and
orientation. (b) Simulated 2 mm height 10 coils (top) and 7.5 mm height double coil
structure alternator.

The geometry in Fig. 6 with L = M = N = 5 mm square magnetic
sections meets the cost target, so the ﬁrst iteration was simulated
with these sizes. Later iterations simulated the 2-D magnetic static
case to investigate the air-gap ﬂux density of different cross sectional areas of double Halbach array NdFeB magnet structure. The
variation of gap ﬂux density (Bx ) is plotted along the Y axis as
shown in Fig. 8. It can be seen from this graph that magnets with
larger cross sections provide higher peak ﬂux density and the curve
width becomes wider compare to smaller cross sectional magnet.
Fig. 9 shows the variation of air-gap ﬂux density (Bx ) along the
Y axis with the variation of central magnet length M with ﬁxed
L = N = W = 5 mm top and bottom magnets. The graph shows that
M = 4 mm and M = 5 mm offer the same peak ﬂux density and similar ﬂux width. The graph also shows that the ﬂux density is not
constant over the displacement and is close to sinusoidal in shape.
The value of ﬂux density is negligible more than 10 mm away from
the central axis. Optimisation of the number of coils to match a ﬁxed
voltage load such as a 12 V lead acid battery was carried out using
L = M = N = W = 5 mm magnet. A 2-D ﬁnite element transient simulation (FET) was carried out with different number of coil turns.
It can be seen from the gap ﬂux density in Fig. 9 that the peak
ﬂux density appears ±3 mm away from the axis centre. In order
to generate high voltage, the coils should be placed in this high
ﬂux density region when at rest. The upper section of Fig. 6(b)
shows a cross section through one side of the magnet with results
of the simulated ﬂux lines for 10 off 2 mm high coils between the
top and the bottom magnet. The lower section of Fig. 6(b) shows
the same section for dual 7.5 mm coils. The coil structure is 1 mm
thick and has a gap 0.375 mm from each side of the magnet, giving a magnetic gap of 1.75 mm. Table 1 summarizes the alternator

C.R. Saha et al. / Sensors and Actuators A 178 (2012) 179–187
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Fig. 8. Variation of ﬂux density (Bx ) along the Y-axis of different square size magnets.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)

Fig. 9. Variation of ﬂux density (Bx ) with the variation of central magnet length for
the ﬁxed (L = N = W = 5 mm) size top and bottom magnet. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
the article.)

Fig. 7. Schematic of the alternator with the rectiﬁer circuit and the battery load.

parameters. Simulation has been done for 18 mm peak sinusoidal
movement from central axis at 100 Hz frequency and using the
same wire cross sectional area of the coil. Fig. 10 shows the corresponding voltage shape of different coil heights for the double
coil arrangement. Fig. 11 shows the corresponding voltage shape
Table 1
Alternator parameters used in simulation.
Parameters

Dimension

Magnet length: L = M = N (mm)
Magnet width: W (mm)
Coil outer radius (mm)
Coil thickness (mm)
Gap between magnet and coil (mm)
Per turn coil height (mm)
Number of turns (N) of 2 mm, 5 mm,
6.5 mm, 7.5 mm and 9 mm coil height
Coil resistance () of 2 mm, 5 mm,
6.5 mm, 7.5 mm and 9 mm coil height

5
5
40
1
0.375
4
8, 20, 26, 30 and 36
0.066, 0.17, 0.22, 0.25 and 0.3

Fig. 10. No-load voltage of the different height double coils and L = M = N = W = 5 mm
magnet alternator. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of the article.)
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Fig. 11. No-load voltage of 2 mm coil height 10 discrete coils L = M = N = W = 5 mm
magnet alternator. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of the article.)

of the 10 coils 2 mm coil height. It can be seen from the graph
that the voltage is not sinusoidal due to the varying air-gap ﬂux
density.
5.1. Performance in battery charging application
The average load power and electrical efﬁciency of various coil
arrangements was calculated for different battery voltages using
Eqs. (15) and (16), respectively. The calculated load power and electrical efﬁciency has been plotted against the ratio of battery voltage
(Vbattery ) to generated peak voltage (Vi ) of the alternator as shown
in Fig. 12. In double coil arrangement it can be seen that 7.5 mm
height coil will deliver the highest power and efﬁciency compared
to other coils. However the electrical efﬁciency is increased with
the increasing load voltage which obviously delivers the low current at the expense of a reduction of power output and low power
loss of the coil. It can also be seen that all the coils deliver the maximum power when the voltage ratio Vbattery /Vi is close to 0.4 and

Fig. 13. Load power and electrical efﬁciency of the 7.5 mm height coil using 30 turns
at different positions. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of the article.)

a voltage ratio of 0.65 is required to achieve 70% electrical efﬁciency. Although the 2 mm coils offer higher levels of total power
output, a double coil arrangement is preferred from the cost point
of view. In order to understand the optimum position of the 7.5 mm
height coil, further simulations have been carried out when the coil
is placed ±0.75 mm, ±1 mm, ±1.5 mm and ±2.5 mm away from
the central axis to keep the gap 1.5 mm, 2 mm, 3 mm and 5 mm
between the coils respectively. The average load power and electrical efﬁciency of the 7.5 mm height coil for different positions
have been plotted with the variation of battery voltage (Vbattery ) to
peak generated voltage (Vi ) ratio as shown in Fig. 13. The graph
clearly indicates that the maximum power is transferred to load
when the voltage ratio is close to 0.4 and the optimum position of
the coil is between ±0.5 mm and ±0.75 mm away from the central
axis. Since the SCORE project requires a 150 W deliverable low cost
linear alternator and the ultimate goal is to charge the 12 V lead
acid battery, the double coil structure with a low number of coil
turns would be beneﬁcial.

6. Experimental results of the tested prototype

Fig. 12. Load power and efﬁciency with the variation battery load voltage to peak
generated voltage ratio of different height double coil and 2 mm coil height multiple
coils alternator. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of the article.)

In order to verify the theory, the moving coil double Halbach
array alternator has been built and tested. Fig. 6(a) shows the
schematic of the double halbach array NdFeB magnet dimensions
and its magnet orientation. The top and bottom magnets are radially magnetized and the middle magnets are vertically magnetized.
Since the radial orientation magnet is not commercially available,
NdFeB metal sheet has been purchased and cut into eight segments
using a wire eroding machine. Each segment was then magnetized in the radial direction. Afterwards all the segments are glued
together to form the radially magnetized magnets. Fig. 14 shows
the tested prototype ﬁtted into a PVC pipe and Table 2 explains
the magnet and coil parameters of the alternator. The coil former is
attached to the free end of the 16 segments trapezoidal shape suspension as shown in Fig. 15. The coil and suspension can vibrate up
and down linearly when an external force is applied to the alternator coil, the voltage will then be induced at the coil terminals.
The suspension has been made from low-loss steel spring material
which gives higher efﬁciency. The segmented suspension will allow
large excursions and the gap between segments has been blocked
using latex material to reduce the pumping loss of the system.

C.R. Saha et al. / Sensors and Actuators A 178 (2012) 179–187
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Fig. 14. Tested prototype of the double Halbach array alternator.

Fig. 15. Alternator: (a) suspension, (b) double Halbach array magnet, and (c) coil.

The mechanical quality factor has been measured at free air
using Thiele parameters [27]



Qm = fn

(Zres /Rc )

(17)

f2 − f1

where, fn is the free air resonant frequency, Zres is the resonant frequency impedance, Rc is the coil resistance, f2 and f1 are the upper
and lower −3 db cut-off frequency. The measured mechanical qualTable 2
Magnet and coil parameters of the tested prototype.
Parameters

Dimension

Magnet length and width (mm)
Coil outer radius and thickness (mm)
Gap between magnet and coil (mm)
Coil width (mm)
Number of coil turns (N)
Each coil resistance ()
Free air resonant frequency (Hz)
Moving mass (g)

5 and 5
40 and 1
0.375
7.5
17
0.5
93
204

ity factor is 81 at 93 Hz resonant frequency which is signiﬁcantly
higher compare to a typical low cost commercial B&C 6PS38 [28]
loudspeaker’s mechanical quality factor (Qm = 11). The mechanical
resistance of the alternator suspension can be calculated using the
following equation:
Rm =

mωn
Qm

(18)

The suspension resistance (Rm ) of the tested prototype is
1.47 N s/m which is still high compared to a low cost B&C 6PS38
commercial loudspeaker (Rm = 0.6) due to the higher moving mass
and higher frequency of the alternator. In order to understand the
voltage and efﬁciency of the alternator, the experiment has been
carried out using a two microphone method [28]. The acoustic pressure and phase angle between the pressure transducer signals were
measured using PCB pressure transducers and a lock-in ampliﬁer.
The acoustic power absorbed by the alternator diaphragm has been
calculated using Eq. (3) of [29]
Pa =

1 AP1 P2
sin 
2 (2fd)

(19)
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ues. According to Eq. (8) the acoustic-electrical efﬁciency depends
on the motor parameters and the mechanical suspension loss. However the suspension loss could vary with the material properties,
applied frequency, and displacement of the suspension [30–35]. It is
necessary to optimise the magnet and coil parameters and the suspension needs to be made from the low loss reliable spring material
in order to achieve the high efﬁciency of the alternator. The low
suspension loss deﬁnitely provides high displacement as well as
high power and high quality factor of the alternator at resonant
frequency operation.
7. Conclusions

Fig. 16. Measured and simulated open circuit voltage of the alternator.

This paper presents the design issues of the linear alternator for
SCORE project and discusses the advantages of the double Halbach
array alternator structure over the commercial loudspeaker from
the cost and efﬁciency perspective. The theoretical analysis of the
linear alternator with rectiﬁer circuit is described. Finite element
simulation results of the double and multiple coils Halbach array
alternator structure have been shown and the simulation results
clearly indicate that double coil structure with the smaller number
of turns would be a suitable option for this project. The calculation results also show that Vbattery /Vn voltage ratio needs to be
more than 0.65 in order to achieve more than 70% electrical efﬁciency. The measured results of the tested prototype showed that
the quality factor of the alternator suspension is signiﬁcantly high
and maximum 57% acoustic-electrical efﬁciency was derived. The
experiment has been done from the low input driving power which
obviously gave the low excursion of the suspension and low output
power of the alternator. In future it is necessary to see the output
power and efﬁciency of the alternator with the battery load circuit
for ±18 mm displacement of the coil.
Acknowledgments

Fig. 17. Derived acoustic-electrical efﬁciency vs load.

where A is the area of pipe/diaphragm, P1 and P2 are the pressure magnitudes,  is the phase angle,  is the air density, and d
is the distance between the sensors. The alternator output voltage
and diaphragm displacement has been measured using a power
analyzer and a laser displacement sensor. The alternator has been
driven by the loudspeaker at a ﬁxed input voltage level (6 V) and
frequency (93 Hz) with the different input powers level. In order to
see the validation of the model, the measured open circuit voltage
(coil series connected) of the alternator has been compared with the
simulated voltage for different displacement. It can be seen from
Fig. 16 that the measured voltage agrees well with the simulated
voltage.
The output electrical power has been calculated from the measured voltage and current passing the load resistor; and the input
acoustic power has been calculated according to the pressure
amplitudes and phase angles from the two pairs of sensors for different load resistances. Efﬁciencies were derived from early Q and
resonant frequency measurements. Direct measurement of efﬁciency was not possible as the suspension developed progressive
cracking during testing causing losses due to fretting of the broken segments. This fretting is likely to account for the derived
efﬁciency 57% being lower than the calculated value of 70%. The
derived acoustic-electrical efﬁciency has been plotted against the
load resistance as shown in Fig. 17. The derived efﬁciency has been
calculated according to Eq. (8) using measured Bl, Rm , Rc and RL val-
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