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A ECU #1: direct connection B ECU #2: synchronous switch

++ + +—

[ | 1 _—— = ——
|

+ + +
Generator

Generator ) Load

+++++~,—_l—o/‘ - + o+ttt o7 ']
' ‘ i ]FJ-CECU%
| | %1 |

+ +

Cecu

e : | !
Generator Load Generator ~Load

Figure S1. ECUs with different topologies.

(A) ECU #1: Direct connection, commonly referred to as the conventional generator.
(B) ECU #2: Synchronous switch.

(C) ECU #3: Synchronous switch with an external capacitor.

(D) ECU #4: Capacitor-switching (this work).
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Figure S2. Output performance of this work compared with that in the latest and

representative works (volumetric energy/power density).

The volume for the calculation of volumetric energy density refers to the difference

between the maximum expansion volume and the compression volume of the generator.
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Figure S3. Maximum achievable output of the generator with ECU #1 (direct

connection) under air breakdown limitation (d,/e; = 10 pm, x.x = 100 pm, S = 0.001

m?, sinusoidal excitation, 1 Hz).

(A) Maximum retainable charge density on the dielectric of the generator with different

load resistances.

(B) Maximum achievable

resistances.
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plots of the generator with different load

(C) Maximum achievable output energy of the generator with different load resistances.
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Figure S4. Maximum achievable output of the generator with ECU #1 (direct

connection) under air breakdown limitation, considering different load resistances (Ry),

different effective dielectric thicknesses (d./e;), and different maximum separation

distances (Xmax)-

(S=0.001 m?, sinusoidal excitation, 1 Hz).
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Figure S5. Maximum achievable 2 plots of the generator with ECU #1

(direct connection) under air breakdown limitation, considering different effective
dielectric thicknesses (d,/e;) and various maximum separation distances(xp.y). (With
optimal load resistance, displayed in linear coordinates).

(S =0.001m?, sinusoidal excitation, 1Hz).
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Figure S6. Maximum achievable 2 plots of the generator with ECU #1

(direct connection) under air breakdown limitation, considering different effective
dielectric thicknesses (d,/e;) and various maximum separation distances (Xyax). (With
optimal load resistance, displayed in logarithmic coordinates).

(S =0.001m?, sinusoidal excitation, 1Hz).
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Figure S7. Maximum achievable output of the generator with ECU #1 (direct
connection) under air breakdown limitation.

(A) Optimal load of the generator for maximizing the output.

(B) Corresponding maximum retainable charge density on the dielectric.

(C) Maximum achievable output energy of the generator.
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Figure S8. Maximum achievable output of the generator with ECU #2 (synchronous
switch) under air breakdown limitation. The results are obtained under the assumption

of that the load is sufficiently small.
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(A) Maximum achievable 2 plots of the generator.

(B) Corresponding maximum retainable surface charge density on the dielectric

(C) Maximum achievable output energy of the generator.

Note that the output of the generator with ECU #2 is independent of the thickness of

the dielectric without considering the edge effects.
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Figure S9. Maximum achievable output of the generator with ECU #3 (synchronous
switch with an external capacitor) under air breakdown limitation (d,/e; = 10 pm, Xax
=100 pm, S = 0.001m?). The results are obtained under the assumption of that the load

is sufficiently small.

(A) Maximum retainable charge density on the dielectric of generator with different
external capacitances (Cgcy).
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(B) Maximum achievable 2 plots of the generator with different external

capacitances (Cgcy).

(C) Maximum achievable output energy of the generator with different external

capacitances (Cgcy).
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Figure S10. Maximum achievable output of the generator with ECU #3 (synchronous
switch with an external capacitor) under air breakdown limitation, considering different
external capacitances (Cgcy), different effective dielectric thicknesses (d,/e;), and
various maximum separation distances (xy.x). The results are obtained under the

assumption that the load is sufficiently small.
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Figure S11. Maximum achievable 2

- X

plots of the generator with ECU #3

(synchronous switch with an external capacitor) under air breakdown limitation,

considering different effective dielectric thicknesses (d/e;) and various maximum

separation distances (xmax). (With optimal Cgcy, displayed in linear coordinates). The

results are obtained under the assumption that the load is sufficiently small.
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Figure S12. Maximum achievable 2 plots of the generator with ECU #3

(synchronous switch with an external capacitor) under air breakdown limitation,
considering different effective dielectric thicknesses (d/e;) and various maximum
separation distances (Xyax). (With optimal Cgcy, displayed in logarithmic coordinates).

The results are obtained under the assumption that the load is sufficiently small.
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Figure S13. Maximum achievable output of the generator with ECU #3 (synchronous
switch with an external capacitor) under air breakdown limitation. The results are
obtained under the assumption that the load is sufficiently small.

(A) Optimal Cgcy of the generator for maximizing the output.

(B) Corresponding maximum retainable surface charge density on the dielectric.

(C) Maximum achievable output energy of the generator.
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Figure S14. Maximum achievable output of the generator with ECU #4 (capacitor-
switching) under air breakdown limitation (d/e; = 10 um, xax = 100 um, S = 0.001 m?).
The results are obtained under the assumption that the load is sufficiently small.
(A) Maximum retainable charge density on the dielectric of generator with varying
external capacitances (Cgcy).
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(B) Maximum achievable 2 plots of the generator with varying external
capacitances (Cgcy).
(C) Maximum achievable output of the generator with varying load resistances with

varying external capacitances (Cgcy).
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Figure S15. Maximum achievable output of the generator with ECU #4 (capacitor-
switching) under air breakdown limitation, considering different external capacitances
(Cgcu), different effective dielectric thicknesses (d./e;), and various maximum
separation distances (x.x). The results are obtained under the assumption that the load

is sufficiently small.
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Figure S16. Maximum achievable 2 plots of the generator with ECU #4

(capacitor-switching) under air breakdown limitation, considering different effective
dielectric thicknesses (d,/e;) and various maximum separation distances (Xyax). (With
optimal Cgcy, displayed in linear coordinates). The results are obtained under the

assumption that the load is sufficiently small.
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(capacitor-switching) under air breakdown limitation, considering different effective

dielectric thicknesses (d,/e;) and various maximum separation distances (Xyax). (With

optimal Cgcy, displayed in logarithmic coordinates). The results are obtained under the

assumption that the load is sufficiently small.
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Figure S18. Maximum achievable output of the generator with ECU #4 (capacitor-
switching) under air breakdown limitation. The results are obtained under the
assumption that the load is sufficiently small.

(A) Optimal Cgcy of the generator for maximizing the output.

(B) Corresponding maximum retainable surface charge density on the dielectric.

(C) Maximum achievable output energy of the generator.



© '© ‘© P ———
i
%. :’>). %’. Somm = 17mm
o 1000F o 1000 o 1000 b i
E E E L
> > >
D 500 D 500 D 500
[ (7] [
c c c
) @ @
5 5 5 di/e; = 200 ym
(=% =% (=%
=Ty . . N " ) 3 ol . L ) L L = TN 5 . . R R
o 107?107 10® 10 10 10° 1 o 1072 107 10® 10 10 102 1 o 1072 107 10 10° 10 10° 1
2 2
Cecuy (Fm™) Cecu (Fm™)
D E F

g
g
g

:
g
:

d/g; = 2000 um
d//e; = 1000 pm

d./e; = 500 um

Output energy (mJ m2 cycle")

Output energy (mJ m™ cycle™)
Output energy (mJ m? cycle'1)

o
=)

0

107" 107 10® 10 10* 10 1 107 107 10® 10° 10 10% 1 1072 107 10% 10°* 10 10° 1
-1 -2 -2
Cecy (Fm™) Cecy (Fm™) Cecuy (Fm™)

Figure S19. Maximum achievable output of the generator with ECU #4 (capacitor-
switching) under air breakdown limitation, considering different external capacitances
(CECU), different effective dielectric thicknesses (dr/er), and various maximum
separation distances (xmax). The results are obtained without considering the edge
effects and under the assumption that the load is sufficiently small. (For larger dielectric
thickness and separation distances)
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Figure S20. Maximum achievable output of the generator with ECU #4 (capacitor-
switching) under air breakdown limitation. The results are obtained under the
assumption that the load is sufficiently small. (For larger dielectric thickness and
separation distances)

(A) Optimal CECU of the generator for maximizing the output.

(B) Corresponding maximum retainable surface charge density on the dielectric.

(C) Maximum achievable output energy of the generator.
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Figure S21. Comparison of the maximum achievable output of the generator with
various ECUs.

(A) ECU #1: Direct connection, commonly referred to as the conventional generator.
(B) ECU #2: Synchronous switch.

(C) ECU #3: Synchronous switch with an external capacitor.

(D) ECU #4: Capacitor-switching (this work).
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Figure S22. Short-circuit output charge curves of the charge-excitation generator under

different applied voltages on Ce..
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Figure S23. Schematic diagram of micro-discharge phenomenon induced by high

applied voltage.
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Figure S24. Output charge of the charge excitation generator with different C..
(A) Output charge versus applied voltage on C,, for various values of C..

(B) Relationship between output charge and C,. at V.. = 600V.
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Figure S25. Schematic diagram of the connection between the charge excitation
generator and the ECU featuring capacitor switching strategy
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Figure S26. Alignment adjustment setup for the generator and its capacitance at

different separation distances.

(A) Schematic diagram of the alignment adjustment setup for the generator, mounted

on a linear motor.

(B) The capacitance of the generator at different distances after alignment calibration.
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Figure S27. Experimental setup for measuring the maximum achievable output of the
generator.

(A) Schematic diagram of the experimental setup.

(B) Timing chart illustrating the on-off states of the switches and the motion of the

generator.
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Figure S28. Image of the (A) fabricated generator, (B) ECU featuring capacitor-

switching strategy, and LC passive buck converter.
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Figure S29. Simplified model of ECU #4, applicable when the maximum separation

o

distance of the generator is less than the Cgcy transition distance.
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Figure S30. Maximum achievable output voltage and charge of the generator under the

maximum separation distance of 100 um.
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Figure S31. Maximum achievable output voltage and charge of the generator under the

maximum separation distance of 200 um.
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Figure S32. Maximum achievable output voltage and charge of the generator under the

maximum separation distance of 300 um.
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Figure S33. Maximum achievable output voltage and charge of the generator under the

maximum separation distance of 500 um.
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Figure S34. Maximum achievable output voltage and charge of the generator under the

maximum separation distance of 1 mm.
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Figure S35. Maximum achievable output voltage and charge of the generator under the

maximum separation distance of 2 mm.
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Figure S36. Comparison of the generator’s maximum achievable output under different

maximum separation distances.
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Figure S37. Volumetric energy density of the generator under different maximum

separation distances.

Here, the volume for the calculation of volumetric energy density refers to the
difference between the maximum expansion volume and the compression volume of

the generator.
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Figure S38. Working process of the charge-excitation generator through the external

pump.
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Figure S39. Output characteristics of the generator after the synchronous switch.

(A) Image of the contact switch with an enlarged view of the erosion trace due to

random air breakdowns.

(B to G) Output voltage after the contact switch with the load resistances of 2MQ,

200kQ, and 2kQ, respectively, along with their enlarged views.

Based on the voltage divider rule and output voltages on the load resistance, the contact

resistance of the switch due to the erosion ranges from approximately 500 to 1000 Q.

Additionally, regardless of the load resistance value, random air breakdowns and

mechanical bounces consistently occur within the first 5 ms of the closure time.
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Figure S40. Calculation method for the stored energy in a single working cycle.
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Figure S41. Dimensions of the electrodes of the charge-excitation generator.
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Table S1. Comparison of performance of the electrostatic generators.

Maximum Pulse DC Area . VYolumetric Volumetric
Electrode . . Area density . .
No Size separation  Output Output density (DC) density density Ref.
distance Energy Power (Pulsed) (Pulsed) (DO)

1 0.00325 m? Smm 25 W 9.0uW @ 1Hz  10.8mJm?  2.8mWm?Hz'  2.16Jm?®  0.56 Wm? Hz' }goelt;l'
2 0.0096 m? 3mm 933w 67.60W@ 1Hz  97mJm?  69mWm2Hz!  323Im?® 23 Wm3Hz! Ch;%% ;t al.
3 0.0032 m2 Smm 83.6 W 251.9pW @3.3Hz 26.1mIm?  23.9mWm2Hz!  522Jm?®  4.78 Wm3 Hz! f;?ﬂ;g;ogt
4 0.002 m2 9mm 138.8 W 30.07uW @3.3Hz 694mIm?2  37.09mW m2Hz! 7.70m?3  4.12 Wm3 Hz! le‘;)ggj‘l'
5 0.001 m? 2mm 130 927uW@ IHz  130mIm?  927mWm2Hz!  65im® 4635 W m® Hz! Gg‘(’);’fl'
6 001 m? 9.6mm 14m]  110mW@ 1Hz  142mJm?  110mW m2Hz'  1479Jm?3  11.46 W m Hz'! WZ‘B%TE al.
7 0.00072 m? 2mm 1325w 733uW@ 1Hz  184mIm? 101.8mWm?2Hz' 92Jm?®  50.9 W m? Hz' G‘;gze;al'
8  0.001 m? 100pm  289pd  1S2pW@ 1Hz  289mJm?  152mWm2Hz' 2890 m® 1520 Wm3Hz!'  This work

Note. The calculation method of volumetric energy density refers to the difference between the maximum expansion volume and the compression volume

of the main generator, where the electrode size is 0.001m?, and the maximum separation distance is 100 pm.
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Table S2. The default parameters of the generator.

Parameters Value
Effective dielectric thickness (d,/¢;) 10 um
Mechanical Area Size (A) 0.001 m?
Maximum separation distance (Xmay) 100 pm
Operation frequency (f) 1 Hz
ECU #1  Maximum retainable charge density (o,,)  294.44 uC m?
Optimal load (Ryp) 100.873 MQ
ECU#2  Maximum retainable charge density (oy,) 74.93 uC m
Electrical Load resistance 0.1Q
ECU#3  Maximum retainable charge density (o,,)  208.04pC m2
Optimal external capacitance (Cgcy-opt) 316.74 pF
Load resistance 0.1Q
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Note S1
A simple proof that the input and output energy of an electrostatic generator are

equal in steady state.

&)
i
" . e
@ Eln E1 (X) T Load @ EOUt
o— 0

@ E2 iii. switch and capacitor
+ + L
Electrostatic Energy conditioning
generator unit (ECU)

Figure S42. Schematic diagram and the energy conversion process of electrostatic

generator system.

The schematic diagram and energy conversion process of the electrostatic generator
system is shown in Figure S42. Within one working cycle, the mechanical energy input

into the generator equals the work done by the charges on the moving upper electrode

1 2
—£E(x) -«
e?

against the electric field force (), represented by the area of th plot. Part

of this input energy is stored in the energy storage components of the system, such as

the capacitor of the dielectric film of the generator (@) or the capacitors within the
energy conditioning unit (®); while other portions is consumed by the load (@) or

dissipated through wires and other components (). The input energy within one
working cycle satisfies the following equation:

E. =AE

m store

+ Ediss + Eout

where Ej, is the energy input into the generator, AEg,,. is the energy stored in the

system, Eg 1s the dissipated energy, and E, is the energy obtained by the load.

Generally, the operation of the generator goes through two states: transient state and

steady state. In transient state, the energy stored in the system varies with the working

cycles, and AEg,.. 7 0. In this case, the energy input into the generator does not equal
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to the energy consumed by the system, and the maximum amplitude of the output

voltage in this state varies among each cycle. Then, when the system goes into the

steady state, the stored energy in the system is saturated and reaches stable, and A Erc

= 0. Thus, the energy input into the generator system equals its energy output, and the
output voltage becomes periodic and stable. Generally, the energy dissipation in the
circuit is much smaller than the energy obtained by the load. Thus, if we neglect the
energy dissipation in the circuit, the energy input to the generator and the output to the

load are equal in the steady state.

40
B[ &
8of 0[
E wl s
= P
=X 40 a
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% 2 4 6 8 10 % 2 4 6 8 10
Time (s) Time (s)
D 100 E F
1st cycle 250MQ
. 8of == 2nd cycle 40
& — 3rd and after =
E f < =2
2 <. 20p =
oy 4o 3 2
o > of 8
@ 20p w
[l (3}
o -20r
1] 20 40 60 80 100 V] 2 4 6 8 10 1 2 3 4 5 6 7 8 9 10
X (um) Time (s) Working cycles

Figure S43. The energy transfers in a conventional generator within 10 working cycles.
(Surface charge density = -40 pC m2, electrode size = 0.001 m?, effective thickness of
dielectric = 10 um, maximum separation = 100 pm, load resistance = 250 MQ,
frequency = 1 Hz, sinusoidal stimulation).

(A) Schematic of a generator that directly connected with a load resistance.

()% -

. . 5%0 X
(B to E) The separation distance, transferred charge, 2 plot, and output voltage

of the generator, respectively.
(F) The input energy, output energy, and stored energy of the generator in a single

working cycle.

—& X
Taking a conventional generator as an example, the 2 0 plot, output voltage, the
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charge on the lower electrode, input energy, output energy, and the energy stored in the
capacitor of the dielectric film are calculated and shown in Figure S43. The initial
conditions of the calculation are settobe x =0 (t=0), Q=0 (t=0), and dQ/dt=10 (t=
0), and the upper electrode is driven by the sinusoidal excitation (Figure S43B). It can
be found that in the first working cycle, the generator is in the transient state. In this

state, the input energy is larger than the output energy, and the energy stored in the

capacitor of the dielectric film AEg,, is larger than 0, thus the output voltage is not
stable. Then, with the increase of the generator working cycle, the energy stored in the
generator’s storage unit gradually tends to stabilize, the energy deposited into the
storage unit in a single cycle AE. tends to 0, and the generator reaches the steady

state. Thus, the output voltage becomes stable and periodic, and the generator input

energy and the output energy are equal.
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Note S2
The calculation procedure of the maximum achievable output energy of the

generator with different ECUs under air breakdown limitation.

S2.1 Calculation procedure for maximum achievable output of the generator with

ECU #1

Figure S44. Schematic of the generator with ECU #1.

Step 1: Calculating the maximum retainable charge density (o,) of the generator at

steady state under air breakdown limitations.

The governing equation of the generator is:

Uinit Q ( + dr

£ Sg, £

a (s1)
Given an initial charge density on the dielectric ay,;, the motion of the upper electrode
of the generator x and the load resistance Ry, the output charge Q of the generator,
namely, the charge on the lower electrode, in steady state can be easily obtained. Then,
the electric field strength of the generator in the air gap during the separation process

(x = 0—Xmax) can be obtained with the obtained Q, as shown below:

Q

Oinit ~ 3

Egap(x) =

fo (82)

Then, the minimum ratio between the field strength of the generator and the air

breakdown threshold can be obtained as:

. ( E,(x) ) l0x ]
Tml-n =mmn|————|, X ,xmax

(S3)
where E, is defined by Paschen’s Law (Equation 3). Then, the maximum charge density
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that can be retained by the generator can be calculated as:

Om = Tmin X Oinit (S4)

Step 2: Calculating the maximum achievable output of the generator with air
breakdown limitations.
Using o, to replace oy, in Equation (S1), the maximum achievable output voltage,

1
—&oF (x)2 -x .
output charge, 2 ‘ plot, and output energy of the generator with the load of Ry

in the steady state can be obtained. By iteratively calculating the maximum achievable
output of the generator under all loads, the maximum achievable output of the generator

under the air breakdown limit with this ECU can be obtained.

S2.2 Calculation procedure for maximum achievable output of the generator with

ECU #2 and ECU #3

A B i
2 rj/ lle
R T __o/ . “.H__.-: _CEcu __::::: Cecu
i v | ’ z
X Egap = CECU 4

AL . 3 .—To’
-g v 1 q:'; —
—————— 444t g Cecu s— Cecu
O + j | ++ 4+ +

Figure S45. (A)Schematic and (B) working process of the generator with ECU #3.
The schematic diagram of the generator with ECU #3 and its working principle in
a single working cycle is shown in Figure S45. The external capacitor is connected with
the generator in parallel, and the synchronous switch opens during the separation and
contact processes and closes at the maximum separation state and contact state. For
simplicity, the load resistance here is considered to be sufficiently small, and the energy
in the generator and external capacitor can be fully transferred to the load during the
closure time of the switch. The calculation procedure of the output of the generator with
ECU #3 is shown below. As ECU #2 can be regarded as ECU #3 with Cgcy = 0, the
following calculation procedure also can be used to calculate the output of the generator

with ECU #2.
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Step 1: Calculating the maximum retainable charge density (o,,) of the generator under
air breakdown limitations.

In the separation period (Figure S45 Bi), the switch opens, and the generator is
connected with Cgcy in parallel. As the separation distance increases, the charge from

the upper electrode flows into Cgcy. The electric field strength of the air gap during this

period is:
d. &S
& Crey
E, _(x)=—X
9 o 4 &S
—+——*x
& Cgey (S5)

To avoid air breakdown, Es,, must be less than the air breakdown threshold £,
Therefore, the maximum charge density that can be retained by the generator can be

calculated as:

X g0EL (%) |, x € [0,x,,,,]

&  Cgey (S6)

Step 2: Calculating the maximum achievable output of the generator.

In the initial state, the contact state (Figure S45 Biv), the charge on the dielectric surface
is balanced by the charge on the upper electrode. Then, the upper electrode moves
upward (Figure S45 Bi), the electric field strength of the air gap in the separation period

can be calculated as:

d. &S
Om & Cgcy
E = X -
P gy d, &S
—+ +x
& Cgey (S7)

When the upper electrode of the generator reaches the maximum separation position

(Figure S45 Bii), the switch closes and the output voltage on the load is:
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R Crey+ )
v SO’m Xomax » *max ?:
= e
out - sep CECUdr 805 iy
& Cpgey (S8)

Assuming that the load resistance is small enough, the output charge of the generator

during the closure time of the switch is:

r (S9)
Then, the switch opens, and the upper electrode moves downward (Figure S45 Biii).

The electric field strength of the air gap during this period is:

O_mdr So_m - Qout X dr b
+ v vy

&) &, Cecy £0S €,8,S &S (S 1 0)

When the generator reaches the contact state (Figure S45 Biv), the switch closes and

the output voltage on the load is:

t

STSOS

Qout dy Ryt
Se, erOSU
Cecy ¥ —5—
r (S11)

|4

out - con —

1 2
. —£E(x)" -x
Then, the maximum output of the generator can be calculated by the 2

plot based on Equation (S7) and (S10). For ECU #3, the key factor affecting the output
performance is the value of Cgcy. By iteratively calculating the maximum output of the
generator under all Cgcy values, the maximum achievable output of the generator under

the air breakdown limit with this ECU can be obtained.

S2.3 Calculation procedure for ECU #4 capacitor-switching.

i +
CECU
RL iv i @
D3
e S . R —
++ 4+ + D2
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Figure S46. (A)Schematic and (B) working process of the generator with ECU #4.

The working process of the generator with ECU #4 is similar to that with ECU #3,
as shown in Figure S46. The only difference between them is the connection of Cgcy.
For ECU #4, Cgcy is connected in parallel with the generator during the separation
period but is shielded during the contact period. In contrast, for ECU #3, the Cgcy
remains connected in parallel with the generator throughout the entire cycle. For
simplicity, we also assume that the load resistance is sufficiently low, meaning that the
generator’s output energy can be fully transferred to the load during the brief closure
time of the switch. In calculation, the diodes and the switch are treated as ideal ones.
The procedure for calculating the maximum achievable output of the generator under

air breakdown limitations is as follows:

Step 1: Calculating the maximum retainable charge density (o,,) of the generator under
air breakdown limitations.

During the separation period (Figure S46 Bii), the switch is open, and the generator
is connected in parallel with Cgcy, which is the same as the configuration for the
generator with ECU #3. Consequently, the equation for calculating the maximum
charge density that can be retained by the generator is the same as that used for ECU

#3, as shown below:

d, &S
o+
&  Cpey

d. &S

—+
& Cgey (S12)

+ x

0,, = min X 0By, x € [0,x,,4,]

Step 2: Calculating the maximum achievable output of the generator.

In the initial state, the contact state (Figure S46 Biv), the charge on the dielectric
surface is balanced by the charge on the upper electrode. Then, the upper electrode
moves upward (Figure S46 Bi), the electric field strength of the air gap in the separation

period is:
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d £S

_Om 9 &  Cpey
P gy d. g,S
—+ +Xx
& Cgey (S13)

When the upper electrode of the generator reaches the maximum separation position

(Figure S46 Bii), the switch closes and the output voltage on the load is:

R Cpey+—)
v SO’m Xomax *max +?:
= Xe
out - sep CECUdr s 805 iy
& Cpgey (S14)

Assuming that the load resistance is small enough, the output charge of the generator

during the closure time of the switch is:

Qout = Sam X
& (S15)
Then, the switch opens, Cgcy is shielded, and the upper electrode moves downward
(Figure S46 Biii). The electric field strength of the air gap during this period is:

Um Qout

con — -

EO SSO (816)

When the generator reaches the contact state (Figure S46 Biv), the switch closes and

the output voltage on the load is:

t
enS
0
d R, (—)
0 L
X e d0

|4

out - con — QoutSE
0

1 2
) —£E(x)" -x
Then, the maximum output of the generator can be calculated by the 2

plot based on Equation (S13) 13 and (S16). For ECU #4, the key factor affecting its
output performance is also the value of Cgcy. By iteratively calculating the maximum
output of the generator under all Cgcy values, the maximum achievable output of the

generator under the air breakdown limit with this ECU can be obtained.

It should be noted that the fundamental reason for the enhancement in the
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generator’s output achieved by ECU #4 is that it combines the benefits of ECU #2 and
ECU #3. During the separation period, ECU #4 utilizes the external capacitor to
regulate the variation of Eg,, with separation distance, similar to ECU #3, which brings
Egqp in the separation period closer to the breakdown threshold. Conversely, during the
contact period, ECU #4 shields the external capacitor to ensure that E,,, remains

1 2
ESOE(x) -x

constant and nearly 0, similar to ECU #2. Finally, the area of the plot is

expanded, and the output of the generator is enhanced.
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Note S3

The proof of equivalence between charge excitation generators and conventional

generators
A TR o B  EEEER—o El—o
+ Coap + Cgap +
o Vout -So Vout & Vout C Vout
S -0 Cr S C ’ IQCE
a, & [T _ Q - db, £ T _  Cee -
. 7 s Lo Py <P e 5:I Iig (DLO
Conventional generator Charge-excitation generator

Figure S47. Schematic diagram and the Lumped circuit model of the conventional

generator and the charge excitation generator.

The schematic diagrams and equivalent lumped circuit models of the conventional
generator and the pump generator are illustrated in Figure S47.

1) For the conventional generator, its output voltage is given by:

So 1 1
Vout= -Q C_+

C.g ap r Cg ap.

(S18)

where o is the charge density on the dielectric, S is the area size of the electrode, Q is
the output charge of the generator, namely, the charge on the lower electrode for this
generator; Cg,p, and C, are the equivalent capacitances of the air gap and dielectric film,

respectively.

2) For the charge-excitation generator, its output voltage is given by:

Qe So 1 1 1
Vo= +——Q(—+—+ )

out
Cg ap CP CC@ CP Cgap

(S19)
Where C,. is the charge storage capacitor, Q.. is the charge injected into C,. from an
external charge source, Cg,, and C,, are the equivalent capacitances of the air gap and
the insulating film, respectively. Q is the output charge of the generator. Here, defining

q =0 - Qo, where Q) denotes the charge on the generator’s lower electrode in the contact

state and is given by
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CCE
QO = ch—
Cee T Cp (S20)
Taking the expression of O = g + Q, into Equation (S19), we can obtain

V.. =0 v 1 T
T 1 C o \Coo €y Cuap

(S21)
By setting

0. C
HHoy=—

S CetC,
Cee X C,

T C,+C,

(S22)
The Equation (S21) can be further simplified to:

v _ Sy 1 N 1
out — Cgap q CTO C

gap.

(S23)
whose form is identical to Equation (S18). Therefore, the output of the Charge

Excitation generator can be entirely equivalent to that of a conventional generator

through Equation (S22). Furthermore, neglecting edge effects and setting

(S24)

(S25)
where d is the effective thickness of the equivalent dielectric of the generator, and oy

is the equivalent charge density on the dielectric.
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