Development of a multi-layer cylindrical rotating
electret generator with increased power densit
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Abstract. Electrostatic electret generator has attracted a lot of attention in recent years, but their
low power density cannot be ignored. Based on the existing research, this paper increases its power
density from two aspects, including in-plane and in-space aspects. In the plane aspect, through
simulation analysis, we can draw a conclusion that the output power can be increased effectively
by using the bipolar charging method. From the perspective of space, the power density can be
increased several times by connecting the output ends of the multi-layer generation structure. By
integrating the method into the electrostatic electret generator, the power output can be effectively
increased, which is suitable to the application of higher energy requirements in the specific field
and a certain application prospect.
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1. Introduction

In recent years, microelectronics technology and Internet of Things technology have been
developing rapidly. At the same time, 5G technology has gradually entered human society, and
more and more micro sensors will be in every corner of the human world. In the face of a large
number of wireless sensors with very low power consumption, the mode of a high-power grid
using traditional energy sources is obviously not suitable. So far, there is no good solution to the
problem of battery pollution and its longevity. To this end, the scientists propose the idea of small
energy harvesting to solve the large-scale power supply.

The definition of energy harvesting refers to the technology to convert relatively weak energy
(usually available energy such as light energy, mechanical kinetic energy, and heat energy, etc.)
into electrical energy, which is supplied to the back-end sensor for use. In the current research, the
mechanical energy collection method can be divided into three types according to its working
principle: electromagnetic energy collection, piezoelectric energy collection, and electrostatic
energy collection [1-12].

For electrostatic induction generators, the main mechanical energy collection methods are
changing the contact area and distance. For changing the spacing, vibration, compression, tension
and other modes of motion can be used. The open circuit voltage waveform with varying spacing
is usually in the form of a pulse, and the output pulse width is small. Most of them can only be
used as sensors. The change of contact area includes the sliding and rotating modes of the plane,
wherein the rotating mode can continuously output a stable open-circuit voltage so as to meet the
power supply of the sensor at the back end. Rotary electrostatic generators are mainly divided into
disk generators and cylindrical generators.

The characteristics of the rotary disk generator [13] are as follows: the rotary generator has a
disk structure, two disks are concentric, and the disks are divided into multiple sectors that can
rotate around the axis. When the two disks rotate relative to each other, due to the different
positions of the two disks, when the rotor rotates at a certain angle, each fan on the stator will
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induce charges due to relative movement. The characteristics of a cylindrical rotary generator [14]
are as follows: the rotating structure consists of a cylindrical shaft with a concentric fixed
cylindrical shell. The surface of the cylindrical shaft and the inner surface of the cylindrical shell
is affixed with a copper electrode grid processed by PCB. When the rotor rotates relative to the
cylindrical shell, the potential difference between the two plates will be generated due to the
different positions of the grid. Compared with the disk structure, the cylindrical structure can better
control the spacing, and because there is more surface area, the output electrode can induce more
charge, which makes the output performance and the output waveform more stable. The
characteristics of the above generation modes and structures are compared and analyzed. The
cylindrical rotary electrostatic generator is selected in this paper.

2. Device description

As shown in Fig. 1(a), we designed a cylindrical electrostatic generator based on an integrated
structural model. As is shown in Fig. 1(b-d), the model is divided into a fixed plate, cylindrical
rotor and cylindrical stator. The fixed plate is used for connection with the motor and the
cylindrical stator. The cylindrical stator contains two cylindrical layers for attaching metal grids;
The cylindrical rotor also contains two cylindrical layers for attaching the electret film. When the
rotor and stator are assembled together, a total of four layers of coaxial cylindrical shape are
arranged from the inside to out, with a total of three layers of power generation structure. We
designed the stator and rotor as a whole, which has the advantage of reducing the suspension
distance between the stator and the rotor. In order to ensure coaxiality, a bearing is added at both
ends of the stator to match with the rotor. The use of bearings makes the distance between layers
easier to control, but also makes the damping of rotation becomes smaller. As shown in Fig. 1(e),
we used FEP (Fluorinated ethylene) as electret material, taking the single-layer power generation
structure as an example. We pasted an electret film on the inside face of the outer cylindrical shell
and charged the film bipolar using corona polarization. The purple and blue parts in Fig. 1(e)
represent the positive and negative charge regions, respectively. At the same time, we paste metal
grids on the outer surface of the inner cylindrical stator, corresponding to the yellow area in
Fig. 1(e). Fig. I(f) shows the completed cylindrical stator structure.
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Fig. 1. a) Exterior and partial sectional view of the generator, b) vertical explosion diagram of the
generator, c) lateral explosion diagram of the generator, d) assembly drawing of the generator,
e) cross-section of three-layer power generation structure (from inside to outside:

Layer 1, Layer 2, Layer 3), f) Interdigital electrodes affixed to the inner surface of the stator

3. Working principle

For the bipolar model, we use corona polarization method to alternately charge the electret
film with positive and negative charges. The positive charge region on the electret film will induce
negative charges on the interdigital electrodes, and the negative charge region on the electret film
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will induce positive charges on the interdigital electrodes. Assuming that there are 4 charges in
each sector region after charging, the maximum differences of 8 charges can be reached in the
same sector region with the sliding of the freestanding layer. However, for the single charge
model, the same sector region can only have a maximum of 4 charge differences in a period. It is
not difficult to see that the charge transfer amount of the bipolar model is twice that of the unipolar
model, so using the bipolar model can effectively improve the surface energy density of the
electret generator.

The analysis is as follows: Define three states for convenience, as shown in Fig. 2(a). In state 1,
the interdigital electrode overlaps with the fan-shaped area of the electret. Due to the principle of
electrostatic induction, an equal amount of charge with opposite polarity to the electret charge is
induced on the electrode. In state 2, the negative charge region overlaps with the two electrode
regions at the same time and generates electrostatic induction. Therefore, positive charges of
different amounts on the two electrodes are accompanied by the charge flow between the
electrodes, thus forming a current. In state 3, when the fan-shaped area of the rotor and stator is
completely overlapped again, the charge difference reaches the maximum, and the open-circuit
voltage reaches the maximum without induced current.
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Fig. 2. a) Power generation process under bipolar model, b) simulation of power generation principle

If the number of layers can be continued to increase within the thickness of the layers, the
power generated by the generator in a large volume will be much higher, that is to say, the energy
density will be increased. Set the number of layers as N, the open circuit voltage of multi-layer
structure as Viyiti—iayer» and the open circuit voltage value of single-layer structure as
Vsingle—iayer» Which can be expressed as:

Vmulti—layer = Vsingle—tayer X N. 1)

And the output power can be expressed as:
Wmulti—layer = Wsingle-tayer X N?Z. )

At the same time, by combining the bipolar model with the multi-layer structure, the bipolar
charging mode can increase the open circuit voltage twice on the plane, so the open circuit voltage
of the multi-layer structure can be expressed as:

Vbipolar—multi—layer = Vunipolar X 2N. (3)

And the output power can be expressed as:
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Wbipolar—multi—layer = Wsingle-layer X (ZN)Z- (4)

In this way, surface power density and volume power density have been increased.

COMSOL software was used to simulate the bipolar model, as shown in Fig. 2(b). A paranoid
voltage is placed on each of the two plates and an electric field is generated around the plates.
When a plate slides parallel to the field, the charge induced on the electrode will change from
+Qmax to 0 and then —Qmax. As can be seen from Fig. 2(b), there are wedge-shaped transition
regions between the positive and negative charges, indicating that the interdigital electrode's
voltage is constantly changing as it moves.

4. Output performance

In order to test the electrical output, we connect the output ends of the three-layer power
generation structure together. As is shown in Fig. 3(a), the open-circuit voltage is tested at different
rotational speeds and a curve of the approximately linear relationship is obtained. While the speed
increases, the open circuit voltage also increases. The linear degree of the curve is about 98.5 %
after a one-time fitting.
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Fig. 3. a) Open circuit voltage at different speeds, b) open circuit voltage at different layers,
c¢) output power at different layers, d) power density at different layers

Fig. 3(b) shows the result of the open-circuit voltage test. The impedance is set at 100 MQ and
the speed is 300 r/min. As the number of layers increases, the open-circuit voltage also increases.
The peak open-circuit voltage of a single-layer can reach 100 V, two layers can reach 250 V, and
three layers can reach 350 V (calculated as the average waveform). In case of the spacing between
layers is not controlled equally, there are some single spikes in the waveform in the figure.

Fig. 3(c) shows the test result of output power. The power of the innermost layer is measured
and its power is 0.1 mW. Connected with the two-layers power generation structure, its power can
reach 0.63 mW, which is 5 times higher than the first layer, and connected with the three-layers
power generation structure, which can directly reach 1.2 mW.

Fig. 3(d) shows the measurement result of physical mass density at the same volume. The outer
diameter of the device is 0.05 m, the height is 0.06 m. By means of testing and calculation, it can
be obtained that the power density of a single-layer can reach 10.62 mW/m?, the power density of
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the two-layers can reach 66.9 mW/m? and the power density of the three-layers can reach
130 mW/m?. Moreover, the physical density of the unit is increased by 11 times.
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Fig. 4. Impedance measurement and application: a) impedance matching test, b) voltage curve for charging
the 2.2 pf capacitor, c) platform construction: rectifier of the output AC and subsequent application,
d) further test: use the rectified DC to light 30 LED lights under the condition of 997 r/min

Fig. 4(a) shows the results of impedance matching. It can be seen that the optimal load
resistance is about 30 MQ and the maximum output power is about 1.7 mW. After that, the
capacitor (2.2 uF) is charged by the output power, as shown in Fig. 4(b). Adjust the motor speed
to 300 r/min and connect the output terminals of single-layer, two-layers and three-layers,
respectively, for charging test. When charging to 12V, the charging time is gradually shortened as
the number of layers increases. Connecting to the three-layers output takes only 7 seconds to
charge to 12 V. Fig. 4(c) shows the experiment platform, which mainly includes the generator,
rectifier circuit, LED, etc. Fig. 4(d) shows the energy supply experiment for LED, etc. It can be
seen that 30 LED bulbs can be successfully lit after the AC output from three layers passes through
the rectification circuit.

5. Conclusions

In conclusion, a cylindrical electret generator is developed in this paper. In order to solve the
problem of the low energy density of electrostatic induction generator, the surface power density
is increased by using the method of bipolar charging. By employing the multi-layer power
generation structure, the volume power density has been increased. By using the bipolar charging
method, the open-circuit voltage can be doubled theoretically, and the output power can be
increased nearly by 4 times. With the multi-layer power generation structure, the output power
density can be increased by 11 times with each additional layer.
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