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Abstract This work discusses and analyzes in detail the

operation of some structures of electrostatic generators that

can be used for energy harvesting from mechanical vibra-

tions or rotating movement, that do not require any active

control circuit for their operation. The structures use an

unstable generator based on Bennet’s doubler to bias

another similar generator, or just to bias one or two vari-

able capacitors, which form the main generator. Their

action is similar to electric generators based on electrets,

but they are purely based on variable capacitances. Theo-

retical analyses and experimental results are presented.

Keywords Energy harvesting � Electrostatic generator �
Low-power circuits

1 Introduction

In the last years, significant research has been done on the

use of microelectromechanical (MEMS) devices for energy

harvesting from mechanical vibrations. Very compact

electric generators seem to be possible in this technique,

using the same technology used in the construction of

capacitive accelerometers. It is also possible to exploit the

fact that at small distances (tens of lm) greater electric

fields are tolerable without sparking than at macroscopic

distances, resulting in generators with useful values of

energy density (output power per volume) [1]. Most of the

recently proposed generators are based on a single variable

capacitor [2], possibly using an electret for biasing [3].

Purely electrostatic generators based on a single variable

capacitor were described in many works, usually requiring

a DC/DC converter to extract energy from the devices, in

some cases with the operation depending on carefully

synchronized operation of the converter at certain instants

of the vibration cycle. As these small generators do not

produce much power, the powering of the control system

by the generator is a significant problem. Moreover, most

devices also require a battery for startup, taking energy

from it and returning it increased after a cycle of

operations.

In [4, 5] a different idea was considered, adapting the

idea of the ‘‘doubler of electricity’’ or ‘‘Bennet’s doubler’’

[6]. This simple electrostatic machine (see Fig. 1) com-

prises a moveable plate B that forms with two other plates

A and C complementary variable capacitors, with contacts

between the plates and to ground (by touching the plates)

made as shown in the two phases of operation. Plate A is

the output terminal, shown as the top plate of an electro-

scope. Supposing the plates initially charged with ±Q in

plates A and B, in phase /1 an inverted copy of -Q in plate

B is attracted from ground to plate C. In phase /2, this

charge is added to the charge in plate A, doubling it, while

the charge in plate B is doubled too with -Q coming from

the ground. Note that in phase /2 the potential at plate A is

not high, as shown in the electroscope, because of the high

capacitance between plates A and B. It fully appears only at

the next phase /1. Each repetition of the cycle ideally

doubles the charges. An electronic version of the doubler

can be built by replacing the connections by diodes,

eliminating the need of synchronized switching (Fig. 2(a)),

and using two complementary variable capacitors for the

plates.
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A storage capacitor or a battery can be directly charged

by the device, without need of a DC/DC converter or any

control circuit, as shown in Fig. 2(b). The doubler can also

be used by making it charge first a storage capacitor, as in

Fig. 2(a), and dumping periodically the accumulated

energy to the battery using a DC/DC converter. With a

capacitive load, and sufficient capacitance variation

(greater than 1.618:1 for complementary variation or

greater than 2:1 if Cb is fixed [4, 5]), the device is an

unstable circuit, producing an exponentially growing

voltage over the storage capacitor C1, starting from any

small residual or induced charge in the device. The volt-

ages and charges are multiplied by a factor z at each cycle,

which can be calculated as function of the capacitances Ca

and Cb at the two phases and of C1, ignoring losses and

other capacitances, as:

z ¼

C2
1 Ca1 þ Cb1ð Þ þ C1 Ca1Ca2 þ Cb1 2Ca2 þ Cb2ð Þð Þ

þCa1Cb1 Ca2 þ Cb2ð Þ
C1 þ Ca2 þ Cb2ð Þ C1 Ca1 þ Cb1ð Þ þ Ca1Cb1ð Þ

ð1Þ

Ca1 and Cb2 are small, and Ca2 and Cb1 big, corresponding

to the positions of the plates in Fig. 1. This work describes

some applications of the doubler where it is used in the

production of significant output power at low voltage over

a load, without need of active switching or of a control

circuit. The studied configurations are not necessarily

efficient in the energy conversion, and are normally inferior

in output power to configurations using energy accumula-

tion in a capacitor with periodical discharges using a DC/

DC converter. The absence of a controller, and the econ-

omy of the power required by it, however, may turn them

competitive. The following sections follow the same

organization and materials introduced in [7], with a

detailed theoretical analysis of the different situations

added.

2 The biased directly connected doubler

The use of bias at the node between the variable capacitors

was already mentioned in [5], for the directly connected

battery charger and for the doubler with capacitive load. A

simple way to generate the required negative bias is to use

another doubler with the diodes inverted. This auxiliary

device can be smaller than the main device, as its output

charge is not consumed, except for leakage. The resulting

structure is shown in Fig. 3. An avalanche diode D5 is used

as a shunt regulator to limit the bias voltage (otherwise it

may grow until the breakdown voltage of the parts). C1 is

used just to keep the voltage at node 3 approximately

constant, and can be omitted without significant

differences.

The unstable doubler used for bias quickly charges itself

in a few tens of cycles, producing the bias voltage Vb in

node 3, the negative of the avalanche voltage of D5. Fig-

ure 4 shows an example of the waveforms in the biased

doubler.

With the voltages at nodes 3 and 5 assumed fixed, Cc has

no function, as it takes charge from the battery in the

transition to /2 and returns it in the transition to /1. In /1

the voltage at node 4 is e41 = -Vd due to the voltage drop

Vd in diode D6. The transition to /2 fist goes to point x (see

Fig. 5), where e4x = Vo ? Vd. As the charge in Cd does not

change, Cd has the value:

Cdx ¼ Cd1

Vb þ Vd

Vb � Vo � Vd

ð2Þ

Completing the transition to /2, D4 conducts and

transfers a charge Q4 to Vo. The voltage over Cd follows the

equation:

Q
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Fig. 1 Bennet’s doubler charging an electroscope
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Fig. 2 Electronic doubler charging a capacitor (a) or a battery (b)
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Fig. 3 Directly connected doubler with another doubler for bias
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vCd2 ¼ vCdx
Cdx

Cd2

þ 1

Cd2

Q4 ð3Þ

As vCd2 ¼ vCdx ¼ Vb � Vd � Vo, the average current

delivered to Vo for operation at a frequency f is:

�iD4 ¼ fQ4 ¼ f Cd2ðVb � Vd � VoÞ � Cd1ðVb þ VdÞð Þ ð4Þ

In the next transition to /1, the same charge is trans-

ferred to Cd through D6. For example, consider the doubler

used in the experiments in [5], with 10–100 pF capacitance

variation, biasing a new device built with 33–330 pF

variation. For operation at 25 Hz, V0 = 5 V, Vd = 0.6 V,

and Vb = -120 V, the predicted average current is

0.88 lA. A precise simulation of the circuit in Fig. 3,

shown in Fig. 4, even without C1 to smooth out Vb, results

in *0.89 lA.

3 Biased variable capacitors

The variable capacitor Cc in Fig. 3 can then be eliminated

with little difference in the operation. With the second

doubler so simplified, the polarity of the bias voltage can

be positive, with D5 inverted. The wasted current through

D5 can be then sent to the output, increasing a bit the

charging current. The modified circuit, essentially just a

biased variable capacitor generator [8], is shown in Fig. 6.

Assuming C1 large enough to keep e3 constant, the

waveforms for this case are shown in Fig. 7. The situation

is similar to the first case, with the voltage over Cd in the

transition from point y to /1 following the equations:

vCd1 ¼ vCdy
Cdy

Cd1

þ 1

Cd1

Q4

Cdy ¼ Cd2

V 0
b þ Vd

V 0
b � Vo � Vd

ð5Þ

As vCd1 ¼ vCdy ¼ V 0
b � Vd � Vo the current through D4

is calculated as (6), with Vb
0 being the avalanche voltage of

D5 added to Vo.

�iD4 ¼ fQ4 ¼ f Cd1ðV 0
b � Vo � VdÞ � Cd2ðV 0

b þ VdÞ
� �

ð6Þ

It is the same current (4), since Vb
0 = -Vb ? Vo.
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Fig. 4 Simulated startup waveforms for the circuit in Fig. 3, without

C1. Bias voltage Vb at node 3, current in the battery i, and its average

value im
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Fig. 5 Ideal waveforms in the biased doubler
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Fig. 6 Variable capacitor biased by a doubler
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Fig. 7 Ideal waveforms in the biased variable capacitor
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The added current through D5 is the output current of the

biasing doubler feeding a voltage source Vb
0. An example

of the waveforms for this case is shown in Fig. 8, with Vb
0

of just 5 V, to allow observation of the effects of the diode

drop voltages. At the first /1, e1 = -Vd and e2 is at a

certain negative voltage e21. In the evolution to point x, e2

grows to the point where D2 starts to conduct, and

e2x = Vd. As charges are conserved during the transition:

Ca1ðV 0
b � e21Þ ¼ CaxðV 0

b � e2xÞ
Cb1ðe21 þ VdÞ ¼ Cbxðe2x � V 0

b � VdÞ

Cbx ¼
ðCb2 � Cb1ÞðCa2 � CaxÞ

Ca1 � Ca2

þ Cb2

ð7Þ

The voltage e21 can be calculated from these equations,

resulting in a complicated expression. For symmetrical

capacitance variation, Cb2 = Ca1 and Cb1 = Ca2, it reduces

to:

e21 ¼
Ca1VdV

0
b þ Ca2 Vd

2 � V 0
b

2
� �

Ca1V
0
b þ Ca2 V 0

b � Vd

� � ð8Þ

During the final transition to /2, a charge Q1 is trans-

ferred to Ca and Cb through D1 (iCa in Fig. 8) This same

charge is transferred to Vb
0 after point y. The equations that

describe the transition are:

vCa2 ¼ vCax
Cax

Ca2

þ 1

Ca2

Q1

vCb2 ¼ vCbx
Cbx

Cb2

þ 1

Cb2

Q1

vCax ¼ V 0
b � e2x ¼ V 0

b � Vd; vCbx ¼ e2x � V 0
b � Vd ¼ �V 0

b

vCa2 ¼ V 0
b � e22; vCb2 ¼ e22 � V 0

b � Vd

ð9Þ

Combining all the equations, the value of Q1 can be

found. The result for symmetrical capacitance variation

was shown in [5] (in a different equivalent way). The

current delivered to Vo through D5 is then fQ1:

�iD5 ¼ f

ðCa1ðVd � V 0
bÞ � Ca2V

0
bÞ

ðC2
a1V

0
b þ Ca1Ca2ðVd þ V 0

bÞ þ C2
a2ðVd � V 0

bÞÞ

� �

ðCa1 þ Ca2ÞðCa1V
0
b þ Ca2ðV 0

b � VdÞÞ
ð10Þ

With 10–100 pF capacitance variation, f = 25 Hz too,

and Vb
0 = 125 V, a current through D5 of 0.2523 lA is

predicted. Through the rectifier, the average current, from

(6), is 0.88 lA. The total predicted current is then 1.13 lA.

With the same parameters and C1 = 2.2 nF, a simulation

of this structure generates a charging current of *1.1 lA.

The increase due to the current through D5 is significant. C1

is necessary. Without it the voltage at node 3 varies sig-

nificantly, because Cd is much larger than Ca and Cb, and

the current drops to 0.54 lA. Equation (8) predicts

e21 = -4.97 V for Vb
0 = 5 V (Fig. 8) and e21 = -114 V

for Vb
0 = 125 V.

With a double complementary variable capacitor avail-

able, the other capacitor can be used too, almost doubling

the output current, with the addition of another rectifier, as

in Fig. 9. The currents through D4 and D7 are as in the

previous circuit and the current through D5 too. A total

current of 2.02 lA is then predicted. A simulation with the

same parameters results in this same current. C1 makes

little difference due to the symmetry.

4 Using just two variable capacitors

The doubler can also be built with Cb fixed, at the expense

of a smaller voltage multiplication factor per cycle in the

startup. The connections of a doubler with two comple-

mentary variable capacitors can be modified, with one of

the capacitors used in a biasing doubler with fixed Cb, and

the other used as a variable capacitor driving a rectifier.

This structure is shown in Fig. 10. The value of Cb is not

critical. A value somewhat smaller than the maximum Ca

seems adequate, resulting in a fast startup of the charging

doubler. This structure is equivalent to the one in Fig. 6,

but with the variable capacitors of a single symmetrical

doubler used, eliminating the need of another smaller

doubler for bias generation. With both variable capacitors

assumed as identical and large, the current through the
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Fig. 8 Ideal waveforms in the biasing doubler with symmetrical

capacitance variation. V0
b = 5 V
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Fig. 9 Double variable capacitor biased by a doubler
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avalanche diode added to the output current is larger. The

analysis of this case differs a bit from the case where the

biasing doubler has symmetrical capacitance variation,

because e2x is still negative (see Fig. 11, where Vb
0 = 5 V

was used too for better visualization), and D2 is at the edge

of conduction after the transition to phase /2, where

e22 = Vd. This situation was also cited in [5]. The analysis

is simpler than in the previous case because e22 is known.

Following the mesh from Vb
0 to D3 through Ca and Cb at

the transition from point y to /1, where a charge Q3 flows:

V 0
b ¼ vCay

Cay

Ca1

� Q3

Ca1

þ vCby �
Q3

Cb

� Vd

vCay ¼ V 0
b � e2y ¼ ðV 0

b � VdÞ
Ca2

Cay

; vCby ¼ e2y þ Vd ¼ �V 0
b

ð11Þ

Q3 can be immediately obtained from these equations,

and the charging current through D5 is calculated as:

�iD5 ¼ fQ3 ¼ f
V 0
b

Ca2

Ca1
� 2

� �
� Vd 1 þ Ca2

Ca1

� �

1
Ca1

þ 1
Cb

ð12Þ

Just to complete the analysis, the voltage e21 can be

calculated for this case too by observing that in the tran-

sition between point y and /1:

vCb1 ¼ e21 þ Vd ¼ vCby �
Q3

Cb

ð13Þ

Using (13) and (11), e21 is found as (14):

e21 ¼ Ca1V
0
b þ Ca2ðVd � V 0

bÞ � CbðVd þ V 0
bÞ

Ca1 þ Cb

ð14Þ

With 33–330 pF variable capacitors and Cb = 220 pF,

(6) and (12) add to 0.88 lA ? 0.71 lA = 1.6 lA. A

simulation with the, required, C1 = 2.2 nF, results in about

this same value. Equation (14) predicts e21 = -9.96 V for

Vb
0 = 5 V (Fig. 11) and e21 = -255 V for Vb

0 = 125 V.

The energy conversion is inefficient due to the relatively

large power wasted in D5. Note that both currents, through

Ca and through D5, are always similar when the biasing

doubler and the variable capacitor generator use the same

variable capacitances. A more rational implementation of

this generator could use Ca smaller than Cd.

5 Experimental evaluation

All the structures were tested using as bias generator the

rotating doubler used in [5], implementing two comple-

mentary variable capacitors varying between 10 and

100 pF with one cycle per turn, and a new doubler with

capacitance variation of 33–330 pF with two cycles per

turn, shown in Fig. 12.

The device has four sets of six *7 9 7 cm fixed plates

interconnected diagonally that form two complementary

variable capacitors with five double plates in the rotor, with

maximum capacitances at both diagonal positions of the

rotor. The diodes are of the type used in microwave ovens,

which have very low leakage and capacitance, and can

safely operate up to the *3.5 kV that the device can reach

before sparking between the plates occurs. Their voltage

aCbC

1C

1 2 3

1D

2D3D dC

4 5

4D

5D

6D 0V

Fig. 10 Doubler with fixed Cb biasing a variable capacitor
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Fig. 11 Ideal waveforms in the biasing doubler with Cb fixed.
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Fig. 12 New experimental doubler
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drop is high, *5 V, but the doubler works perfectly well

with them. A DC motor can turn it at a few tens of cycles

per second. The proposed structures were tested with the

battery replaced by a 1 MX resistor (909.1 kX of load

counting the 10 MX oscilloscope probe) in parallel with a

100 nF capacitor, to simplify the measurement of the

output current. With this load, the obtained output voltage

is smaller than the 5 V assumed before, but the difference

in the generated current is small due to the much larger bias

voltages (with a 120 V avalanche diode). The measure-

ments in the following subsections were compared with

simulations of the same structures and with the deduced

formulas with good agreement.

5.1 Biased doubler

The 33–330 pF doubler was operated at 12.5 turns/second,

resulting in 25 cycles/second. The biasing doubler was

operated at a smaller speed (about 10 Hz) and not syn-

chronized with the other. Figure 13 shows the measured

output voltage, with average value of 0.7 V, corresponding

to 0.77 lA. An ideal simulation, which agrees with (4),

gives a slightly larger voltage, 0.79 V. There is some

uncertainty in the variable capacitance limits, and the

avalanche diode probably conducts significantly somewhat

before the nominal avalanche voltage in this very low

current application. There is also the effect of stray

capacitances and leakage, not considered in the analyses.

Similar concordances were obtained for the other struc-

tures. Figure 14 shows the startup of the system, with the

similarity to the ideal waveform in Fig. 4 observable. The

startup is slower than in Fig. 4 because the biasing doubler

was running more slowly.

To test the capability of the experimental setup, D5 was

removed and the speed doubled. The bias voltage climbed

to about 2.3 kV, limited only by sparking, and the output

voltage reached more than 30 V, at 33 lA, corresponding

to about 1 mW of output power.

5.2 Biased variable capacitor

With the circuit in Fig. 6, some extra current is obtained

with the current through D5 sent to the output. The bias

voltage is also slightly increased. Figure 15 shows the

output voltage with average value of 0.8 V, with 0.88 lA.

The irregular appearance is due to the operation of the

biasing doubler not synchronized with the operation of the

variable capacitor. Without the current through D5, the

voltage drops to 0.62 V. The circuit with two complete

doublers produces slightly greater current in this case, due

to the more uniform loading of the biasing doubler.

5.3 Biased double variable capacitor

Using both capacitors of the second doubler as variable

capacitors driving rectifiers, as in Fig. 9, the result is shown

Fig. 13 Output voltage of the biased doubler

Fig. 14 Startup of the biased doubler

Fig. 15 Output voltage of the biased variable capacitor circuit
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in Fig. 16. The output voltage is more than doubled in

relation to the single variable capacitor version, reaching

1.7 V at 1.9 lA. Without the current through D5, the output

voltage drops to 1.5 V. Again, the irregular voltage is due

to not synchronized operation of the two devices. It can be

observed that the variable capacitors charge the output at

each 20 ms, while D5 charges at each *60 ms.

5.4 Two variable capacitors

The circuit in Fig. 10 results in the output shown in

Fig. 17. The synchronized operation of the biasing doubler

and of the biased variable capacitor at 25 Hz can be

observed. The variable capacitor generates 0.7 lA, and the

current through D5 another 0.6 lA, that add to create the

observed 1.2 V, 1.3 lA at the load.

6 Conclusions

The possibility of using the unstable circuit of the electronic

electrostatic doubler as bias generator for another doubler or

just for variable capacitors was studied in detail and exper-

imentally demonstrated. In all cases tried the biasing dou-

blers did not require any explicit initial charge, starting from

electrical noise or external electrical interference (unavoid-

able in the experimental setup used, with the extremely high

impedance of the circuits), eliminating the need of batteries

or other devices for precharging. The capacitive generators

are highly efficient, with important losses only in the shunt

regulator that limits the bias voltage. Part of the wasted

energy can be used by routing the regulator current to the

output, with significant effect in the experimental realiza-

tions, because a relatively large biasing doubler was used.

All the structures are compatible with MEMS fabrication,

taking power only from mechanical vibrations. It remains to

be verified, however, if the obtainable insulation is high

enough for the unstable operation of the doubler, and if

reliable startup of the doubler can be obtained with small

structures without some explicit charge source for startup. In

any way, if a startup source is required, it is not critical, as

once started the doubler easily reaches any required biasing

voltage without further external input. The developed anal-

ysis of the structures was shown to be realistic enough to

predict the behavior of the devices with good accuracy.
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