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Abstract

Polarity reversal changes not only the instantaneous electric field in a needle-plane air
gap but also the subsequent field—particle coupling through the charged-particle distribu-
tion established before reversal. For a configuration in which the grounded needle and
grounded lower plate share the same return path, it remains unclear to what extent this
local history-dependent state is transferred to the complete grounded conductor and its ex-
ternally measurable current. Here, a two-dimensional axisymmetric electrostatic model (ES)
and a drift-diffusion-reaction-Poisson-discharge-fluid model (EDIS) were established for a
50 mm needle-plane air gap. Positive-to-negative (P2N)/negative-to-positive (N2P) rever-
sals and history-retained /history-reset (H/R) controls were used to separate the effects of
reversal path and pre-existing charged-particle state. Over the tested 02t reset-hold range,
the representative near-tip electron density in H remained approximately 15-16% higher
than that in the corresponding R case, whereas the H/R conductor-integrated response of
the complete common-ground assembly was indistinguishable at the present numerical
resolution. Outer-domain analysis further showed that for the representative 15 kV case
in the 300 mm reference domain, the EDIS and ES common-ground integrated responses
differed by approximately 3.3%. Experimentally, P2N and N2P reversals were repeated at
5,10, and 15 kV, yielding 120 events. The main common-ground current pulse increased
with voltage magnitude and maximum voltage slew rate, and the median event-level
Pearson correlation with signed dV/dt was approximately 0.989. Different capacitance-
baseline constructions yielded central residual-integral levels of approximately 18-19%;
after multiplicity correction, the 15 kV fixed-window absolute integral was the direction-
sensitive terminal metric with the strongest statistical support. Under the investigated
conditions—a nominal 0.5 mm tip radius, 50 mm gap, approximately 3 ms reversal time,
and weak-discharge regime—the reversal path and particle history primarily reorganize
the near-tip charged-particle state, whereas the dominant scale of the common-ground
transient remains closely associated with the applied-voltage variation and the capacitive
response of the system.

Keywords: needle-plane air gap; polarity reversal; space charge; displacement current;
grounded electrode

1. Introduction

A needle—plane air gap produces a strongly nonuniform electric field within a confined
region because of the small radius of curvature at the needle tip. It is therefore widely used
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to investigate corona inception, space-charge evolution, streamer propagation, and external
electrical responses [1-4]. Under steady DC conditions, positive- and negative-polarity
discharges differ in electron supply, attachment, photoionization, secondary-electron emis-
sion, and space-charge distribution [4-7]. When the applied voltage reverses polarity,
the electrons and positive and negative ions formed before reversal do not disappear
instantaneously. Consequently, the post-reversal local state may depend not only on the
instantaneous voltage, but also on the voltage trajectory and the charged-particle state
inherited from the preceding stage.

Previous studies have commonly characterized polarity-dependent behavior using
the electric field, particle density, discharge morphology, propagation velocity, or current
pulses near the needle tip. Although these quantities describe local discharge processes,
they cannot be directly equated with the current measured in the common grounding
conductor [8-13]. The measured current is a system-level response that may contain
displacement current generated by changes in electric displacement, induced current
associated with space-charge motion, collection current produced when charged particles
reach an electrode, and contributions from device parasitics, switching coupling, and the
dynamic response of the measurement chain [7,14-17]. Thus, even substantial changes in
the electron density or space charge near the needle tip may produce only a limited relative
change in the integrated conductor charge or in the measured common-ground current.
This local-to-system distinction is particularly relevant to the driven-upper-plate/common-
ground needle-lower-plate configuration used here because high-field protrusions such
as grounded rods, lightning rods, and wind-turbine receptors exposed to thunderstorm
background fields may likewise develop localized corona and space charge, whereas the
externally monitored quantity is determined by the complete grounding or down-conductor
path [18-20].

In repetitively pulsed and repetitive discharges, the memory effect generally refers
to the influence of residual electrons, ions, metastable species, residual conductivity, or
surface charge from a preceding discharge on a subsequent discharge [21-25]. In numerical
studies, the contribution of the pre-existing charged-particle state can be isolated by retain-
ing or resetting the particle distributions while keeping the subsequent voltage function
unchanged. The reset case used here is an idealized numerical control and does not repre-
sent an experimental operation capable of instantaneously removing all charged particles
from the gap. The P2N/N2P comparison simultaneously involves the reversal direction,
the voltage trajectory, and the polarity history, whereas the H/R comparison is used for a
fixed reversal direction to assess the influence of the pre-existing charged-particle state.

Recent numerical studies of thunderstorm-field polarity reversal have shown that
corona charge established during the preceding voltage stage can influence the subsequent
opposite-polarity discharge [10], while investigations of positive and negative corona from
grounded rods have demonstrated that the polarity and magnitude of the background
field affect the local corona state [6,12]. In parallel, studies of repetitively pulsed and
repetitive discharges have established that residual electrons, ions, space charge, or surface
charge can modify a subsequent discharge [21-24]. These bodies of work provide the
physical basis for polarity effects, reversal history, and discharge memory. However, for
the common-ground configuration considered here, a specific cross-scale question remains
unresolved, i.e., whether near-tip differences induced by the reversal path or by a pre-
existing charged-particle state are transferred with a comparable relative magnitude to the
charge integrated over the complete grounded conductor and ultimately, to the externally
measurable common-ground transient.

To address this question, the present study combines three observational levels within
the same needle—plane configuration: the near-tip electron/space-charge state, the charge
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integrated over the grounded conductor formed by the needle and lower plate, and the
experimentally measured common-ground current. Specifically, we (1) establish two
numerical levels, ES and EDIS, to distinguish the structural capacitive reference from the
grounded-boundary response obtained when charged-particle transport is included; (2) use
paired P2N/N2P and H/R cases to examine the effects of reversal path and pre-existing
particle state, respectively; (3) test the stability of key numerical observables against mesh
refinement, time-integration settings, and outer-domain size; and (4) combine synchronized
voltage/common-ground-current measurements from 5 to 15 kV with repeated-event
statistics to assess the dependence of the terminal response on voltage slew rate, voltage
excursion, and reversal direction.

2. Materials and Methods
2.1. Model Configuration

A two-dimensional axisymmetric needle—plane air-gap model was established, as
shown in Figure 1. The upper plate was the driven electrode, whereas the needle was
located at the center of the lower plate and electrically connected to it so that both formed
a common-ground assembly. The shortest axial distance from the needle tip to the upper
plate was 50 mm. The needle height was 20 mm, and both the needle-body radius and
the nominal tip radius were 0.5 mm. The experimental electrode and the numerical model
used the same nominal geometry. Before and after each group of tests, the needle tip and
adjacent metal surfaces were inspected for visible pitting, erosion, or mechanical damage;
the needle was replaced if macroscopic changes that could alter the local field distribution
were observed. The physical upper-plate radius was kept at 200 mm. Numerical outer-air
radii of 200, 250, and 300 mm were used to assess the effect of the artificial outer boundary
on conductor-integrated quantities; the physical electrode dimensions, local tip geometry,
and common-ground integration boundary were unchanged among the three models.
Air was specified at 300 K and 101,325 Pa, with N, and O, volume fractions of 0.80 and
0.20, respectively.
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Figure 1. (a) Two-dimensional axisymmetric geometry and electrical topology of the driven upper
plate and common-ground needle/lower-plate assembly; the tip-to-upper-plate gap is 50 mm, and
the nominal tip radius is 0.5 mm. (b) Normalized P2N and N2P voltage-reversal trajectories; 6 = —3,
0, and +3 denote the representative pre-reversal, zero-crossing, and post-reversal states, respectively.
The vertical dashed lines in (b) indicate the representative states at 6 = —3, 0, and +3.
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A mirrored polarity-reversal voltage with a magnitude of 15 or 25 kV was applied to
the upper plate:
t — trev
Viop () = sVmtanh (fe) (1)

Trev

where Vp, is the voltage magnitude, ey is the voltage zero-crossing time, and Trey ~ 1.36 ms
is the characteristic time of the reversal. The corresponding 10-90% voltage transition time
is t_10-90 ~ 2.99 ms. For s = —1, the voltage changes from positive to negative polarity
(P2N); for s = +1, it changes from negative to positive polarity (N2P). To compare different
cases at equivalent stages of the reversal, the dimensionless time is defined as

0 —_ t— trev (2)

Trev

The dimensionless times 6 = —3, 0, and +3 were selected to represent the pre-reversal,
zero-crossing, and post-reversal states, respectively. At 6 = £3, | Viop | ~ 0.995 V. For
the matched instantaneous-voltage comparison, the P2N and N2P states were selected on
opposite branches of the reversal trajectory.

To distinguish the effect of the instantaneous voltage from that of the pre-existing
charged-particle state, history-retained (H) and history-reset (R) cases were defined. The
H case was integrated continuously from the pre-polarization stage through the reversal
stage and therefore inherited the electron, positive-ion, and negative-ion distributions
established before reversal. The R case used exactly the same subsequent voltage function
as did the corresponding H case, but the charged-species number densities were restored at
the prescribed reset time to the baseline values 77,9 = 1.0 x 10° m~3, npo=2.0 X 10° m3,
and n,0 = 1.0 x 10° m 3. Reset-hold times of 0, 17, and 27 were additionally examined,
while the subsequent voltage trajectory was kept unchanged. Thus, the H/R comparison
for a given reversal direction isolates the influence of the pre-existing charged-particle state,
whereas the P2N-R/N2P-R comparison at a matched instantaneous voltage evaluates
reversal-path dependence.

2.2. Electrostatic and Discharge-Fluid Numerical Models

An electrostatic model and a discharge-fluid model were used. The electrostatic model
provided a grounded-boundary reference without charged-particle transport or space-
charge feedback. No free charge was assigned in the air domain, and the electric potential
and field satisfy

V- (eVe)=0 (3)

E=-Vg (4)

where ¢ is the electric potential, E is the electric-field strength, and € = gy, is the permittivity.
The relative permittivity of air was set to 1.

The discharge-fluid model consisted of a coupled drift-diffusion-reaction-Poisson
system for electrons, positive ions, and negative ions and was implemented using the Elec-
tric Discharge interface in COMSOL Multiphysics 6.4 (COMSOL AB, Stockholm, Sweden).
Such fluid models have been widely used for numerical studies of needle—plane corona and
streamer discharges in air [1,4,9-11,26-30], while the software implementation followed the
Electric Discharge Module documentation [31]. The electrostatic model is denoted as ES,
and the discharge-fluid model established with the Electric Discharge interface is denoted
as EDIS. The continuity equation for charged species S is

ong
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The particle-number flux is
rs = ZsﬂsnsE - stns (6)

where 7, jis, and D are the number density, mobility, and diffusion coefficient of species s,
respectively; zs denotes the charge sign in the drift term, with zs = +1 for positive ions and
zs = —1 for electrons and negative ions; and S is the net production rate of species S.
The space-charge density is determined by the electron, positive-ion, and negative-
ion populations:
o=e(n —ne—n_) %

where e is the elementary charge magnitude. The electric potential in the discharge-fluid

model satisfies
V- (eVe)=—p (8)

The space charge generated by charged-particle transport and reactions therefore
modifies the local electric field, while the field in turn controls electron and ion drift and
reaction rates, resulting in a self-consistent field—particle coupling.

The EDIS model employs a drift-diffusion—reaction formulation under the local-field
approximation for three effective charged species: electrons, positive ions, and negative
ions. Electron transport coefficients and the impact-ionization and electron-attachment
coefficients are functions of the reduced electric field E/N, while diffusion is treated using
the Einstein relation. Comparable drift-diffusion-reaction-Poisson fluid formulations have
been widely used for needle-plane corona and streamer discharges in air [1,4,9-11,26-30].
The volume reactions include impact ionization, two-body electron attachment, three-
body electron attachment, electron—-positive-ion recombination, and positive-negative-ion
-1

,/

re-

S_l.

recombination. The positive- and negative-ion mobilities are 2.34 and 2.70 cm? V=1 s
spectively, with pressure scaling, and both recombination coefficients are 2 x 10~ cm
Electron mobility, impact-ionization coefficients, and electron-attachment coefficients are
taken from the E/N-dependent material functions used in the model [4,27,31]. Photoion-
ization is represented by a three-term Helmholtz approximation, with p, = 150 Torr,
Pq =30 Torr, and & = 0.06, following the work of Refs. [32-36]. Charged species on the
upper plate, grounded needle, and grounded lower plate are subject to the No Diffusive
Flux boundary condition [31]. The principal quantitative inputs are summarized in Table 1.

Table 1. Quantitative transport, reaction, photoionization, initialization, and electrode-boundary
settings of the EDIS model.

Parameter/Process Value or Expression Unit Source/Implementation
Gas state T=300K;p=101,325Pa; N,/O, =0.80/0.20 — Present model
Electron mobility tie = We(E/N)/max(1El,1Vm™1) m? V-1s71 E/N-dependent material

function [4,27,31]

Positive-ion mobility

pp =2.34(po/p), po = 1 atm

Present model; [4,27,31]

Negative-ion mobility

Hn =2.70(po/p), po = 1 atm

Present model; [4,27,31]

Diffusion Einstein relation — [4,27,31]

Impact ionization e+M — 2e + X*; x = an(E/N)N m-1 [4,27,31]

Two-/three-body attachment e+0O; =X ;e+0, +M = X" +M — ’[7422;?/1]]\])1\] + 13NN (E/ N)N?
Recombination Bep = Bpn =2 ¥ 1077 cm® 571 Present model; [4,27]
Photoionization Three-term Helmholtz; p, = 150 Torr; . [31-36]

pq =30 Torr; & = 0.06
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Table 1. Cont.
Parameter/Process Value or Expression Unit Source/Implementation
ne=1x10%m, =2 x 10%;
Initial /reset densities ¢ 9 p m~3 Present model
n,=1x10

Charged-species electrode BC ~ No Diffusive Flux —

Active on all three
electrodes [28]

2.3. Integrated Grounded-Electrode Quantities and Experimental Waveform Diagnostics

In the experiment, the needle electrode and lower plate were connected to the same
grounding conductor. Accordingly, the numerical integration boundary I'y included both
the needle surface and the lower-plate surface, but excluded the upper plate, outer-air
boundary, and symmetry axis. This conductor combination is referred to as the grounded-
electrode assembly. For the two-dimensional axisymmetric model, the corresponding
three-dimensional integrated charge is defined as

Qground(t) = 27-[/1_ T(D ’ n)dl ©)
8

where 7 is the radial coordinate, d/ is the boundary line element of the two-dimensional

axisymmetric model, and the boundary normal follows the outward normal of the model

domain. The numerical current derived from the time variation of the integrated charge of

the grounded-electrode assembly is defined as

dQground (f
Iground(t) = QgTd() (10)

Iground is the grounded-boundary displacement current derived from the temporal
variation of the electric-displacement flux over the grounded-electrode assembly.

The electrostatic model yields Qgs, whereas the discharge-fluid model yields Qgpis;
both are evaluations of the same common-ground quantity Qgounq defined by Equation (9).
Their signed relative discrepancy over the same reversal window is defined as

Feross = QE‘TZE;QES % 100% 11)

The quantity 7cross €valuates the change in the grounded-boundary integrated charge
caused by introducing charged-particle transport relative to the electrostatic reference.

For a local quantity x, such as electron number density, space charge, or local electric
field, the bounded relative difference between P2N/N2P or H/R cases is defined as

2(x1 — xp)

A= —— =
|X1’+‘JC7_|+€

(12)
where ¢ is a small positive number introduced to prevent division by zero. For the
conductor-integrated common-ground quantity, the effects of mesh discretization, time
integration, and solver settings are evaluated separately through the direct relative change
of the same observable. For a calculation j in which only one numerical setting is changed,
we define ) ;

G) _ ’Qg(;jr)ound - Qg::)l)lnd

Q (ref)
Qground

) x 100% (13)
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where Qérreofl)m 4 is the common-ground integrated quantity obtained with the reference
0)

groun
numerical setting. Mesh discretization, the BDF maximum allowed step, relative tolerance,

numerical setting, and Q 4 is the same quantity obtained after changing only one

and outer-air-domain size are evaluated separately; perturbations from different numerical
sources are not collapsed into a single uncertainty index. The principal settings and their
effects on Qgroung are summarized in Table 2.

Table 2. Numerical settings and sensitivity checks for the conductor-integrated grounded-

boundary quantity.

Item Setting/Perturbation Quantitative Result
Mesh M0/M1/M2 2666/2807 /2875 triangular elements MO — M1: 0.0208%; M1 — M2: 0.0160% in Qground
Degrees of freedom M1: 10,987; M2: 11,277 Reported for refined meshes
Near-tip minimum element 2.5/1.25/0.625 pm M0/M1/M2
Time integration Adaptive BDF; maximum order 3 Internal step controlled by solver
Maximum-step sensitivity Trev/10 = Trev /20 No detectable Qgound change at adopted reporting precision
Relative tolerance 5x107%* —1x10"* Qground change < 107%%
Nonlinear/linear solver Three segregated groups/MUMPS Same solver sequence across compared cases
Outer-air radius 200/250/300 mm Outer-domain dependence assessed at 15 kV

Note: The arrow (—) denotes a change from the reference setting to the refined setting used for the
sensitivity check.

The experimental diagnostics were calculated from the corrected current I.orr(t). The
absolute peak current, fixed-window absolute current integral, peak time, peak-time offset,
and full width at half maximum were defined as follows:

ka - maXtG[tl’tz] |ICOI'1‘(t)| (14)

)
Quin = [ Heone(£) (15)

1
tok = argmax|Ieorr ()] (16)
telty,ta]
Atpeak = tpeak — tzero (17)
Lok

|Icorr(tL)| = ‘Icorr(tR)| = % (18)
FWHM = tg —t (19)

Here, t,ero is the zero-crossing time of the measured voltage. The FWHM for both
P2N and N2P was calculated from the absolute current waveform. Qi quantifies the
cumulative transient response within a fixed time window and is not equivalent to a signed
net charge transfer.

To construct the fitted displacement-current baseline, the apparent capacitance for
each event was estimated by least squares over the main-response fitting window [t¢, tg]:

tr
I Lene()) A gy
Copp = 2 (20)
TP g2
5]
d
ID,fit(t) = Capp% (21)
Ires(t) = Icorr(t) - ID,ﬁt(t) (22)
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The residual integral fraction after subtraction of the fitted displacement-current

baseline is defined as
)

[ Tres (t)|dt

Fres = 27 x 100% (23)
S Heore (t) At
t

Because C,pp was obtained by fitting the voltage and current waveforms of the same
event, fres quantifies the deviation of the measured common-ground current from the
best-fit displacement-current-type waveform.

2.4. Experimental Setup

The experimental system consisted of positive and negative DC high-voltage sup-
plies (Sugian Boher High Voltage Power Supplies Co., Ltd., Suqian, China), a custom-
built polarity-reversal switch, a current-limiting protective resistor, a custom-fabricated
needle—plane electrode assembly, a high-voltage divider (Wuhan Guodian Xigao Electric
Co., Ltd., Wuhan, China), a Rogowski coil (Rocoil Limited, Harrogate, UK), a digital storage
oscilloscope (Tektronix, Inc., Beaverton, OR, USA), and a data-processing computer. The
upper plate was connected to the polarity-reversal switch through the protective resistor.
The needle electrode and lower plate were electrically connected and grounded through the
same conductor. The Rogowski coil was installed around this common grounding conduc-
tor, and its output represented the total transient current passing through the measurement
point of the grounded-electrode assembly.

The high-voltage-divider output was connected to oscilloscope channel CHI to record
the upper-plate voltage V(t), while the Rogowski-coil output was connected to CH2 to
record the current in the common grounding conductor. Before formal testing, the ampli-
tude response and timing response of the high-voltage divider and Rogowski-coil channels
were calibrated. Both channels were sampled synchronously by the same oscilloscope, and
their relative delay was corrected using a common calibration signal. All waveforms were
referenced to the zero crossing of the measured CH1 voltage.

Tests were performed at voltage magnitudes of 5, 10, and 15 kV. P2N denotes reversal
of the upper-plate voltage from +Vp, to —Vp,, and N2P denotes reversal from —Vp, to +V .
The polarity transition time was approximately 3 ms. Each combination of voltage magni-
tude and reversal direction was repeated independently 20 times. The fixed-window ab-
solute current integral and peak-time offset were calculated using Equations (15) and (17),
respectively. The same alignment method, integration window, filter bandwidth, and
feature-extraction rules were applied to all tests.

All events were processed using the same analysis pipeline. The zero crossing of
the measured upper-plate voltage on CH1 defined t = 0, and the CH2 baseline offset was
corrected over the stable pre-event interval from —6.0 to —4.5 ms. Both channels were
sampled synchronously at 1 MS/s. The voltage slew rate was obtained using a third-order
Savitzky—-Golay procedure with a nominal 101-point window; 51- and 201-point windows
were used for filter-sensitivity checks.

For each event, C_app was determined by the zero-intercept least-squares form of
Equation (20) over the fitting interval from —2.5 to +3.5 ms, excluding the main-response
core from —0.25 to +1.25 ms. The residual integral defined by Equation (23) was evaluated
over a fixed window from —3.0 to +4.0 ms. The nominal delay correction of CH2 relative
to CH1 was 5 ps, and 0, 5, and 10 ps were used to test sensitivity to the delay treatment.
The same baseline, filtering, fitting, integration, and delay-correction rules were applied to
every voltage magnitude and reversal direction.
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The arithmetic mean and sample standard deviation of the 20 repeated tests in each
group were calculated as

(24)

(25)

For each of the six voltage—direction groups (n = 20), group estimates are reported
together with 95% confidence intervals. P2N/N2P comparisons were evaluated using
Welch’s tests, with Hedges’ g reported as the standardized effect size, and the Holm
procedure was applied across the predefined direction comparisons. For the 15 kV fixed-
window absolute integral, which retained statistical support after multiplicity adjustment,
a bootstrap 95% confidence interval for Hedges’ g is additionally reported.

3. Numerical Results
3.1. Comparison of History-Reset Cases at the Same Instantaneous Positive Voltage

Figure 2 compares the near-tip field distributions for the 15 kV P2N-R and N2P-R
cases at the same instantaneous positive voltage. P2N-R was sampled at § = —3 and
N2P-R at 8 = +3; the upper-plate voltage at both instants was close to +V,. The two states,
therefore, enable comparison of how different reversal paths affect the local charged-particle
distribution under the same instantaneous applied voltage.

Electron Number Density = Space-Charge Density Electric -Field Magnitude

(a) (b)
\ \\ ,

P2N-R. 6 =-3,
I top ehil m

[ |

9 9.03 9.06 —14x 10“ K 14x10711 95 105 3.6%108 6.3%10¢

log10(n,)/m= pLC 11173 E|/~Vm!
(d) (e)

N2P-R. 6 =+3, A
V. ~+V, b

top m

8.99 9.08 9.17 -2.4x10" D e 0 24x10°11 9.5x10° 36 x108 6.3x10°
= ~m=3
log10(n,)/m™ p/Crr V-m™!

[ |

Figure 2. Near-tip field distributions for two history-reset reversal paths at the same instantaneous
positive voltage at 15 kV: (a,d) electron number density; (b,e) space-charge density; and (c,f) electric-
field magnitude.

In Figure 2a,d, the high-electron-density regions are concentrated near the needle
surface and decay rapidly in the radial and axial directions. The electron number densities
in both cases are on the order of 10° m~3, and no continuous high-density channel extends
from the needle tip to the upper plate. The high-electron-density region is more spatially
continuous in P2N-R, whereas N2P-R exhibits stronger local nonuniformity near the needle
tip. Although the two cases have the same instantaneous voltage, they occupy different
stages of the trajectories leading to that voltage. P2N-R at 6§ = —3 corresponds to the
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positive-voltage stage before reversal, during which electron transport and production—loss
processes near the tip have evolved continuously under a positive field, giving a smoother
distribution. N2P-R at 6 = +3 corresponds to field reconstruction after reversal from
negative to positive polarity; electron drift, local ionization, attachment balance, and space-
charge feedback are being readjusted, which produces a more nonuniform high-density
region. Because the two reset cases use the same background charged-particle initial
values, the difference reflects the effect of the post-reset voltage trajectory on the near-tip
electron distribution.

Figure 2b,e show that space charge is likewise concentrated near the needle tip, while
most of the gap remains approximately electrically neutral. Adjacent positive and neg-
ative space-charge regions occur in both cases, but their ranges and local contours dif-
fer. The space-charge ranges are approximately +1.4 x 107'1 C m~3 for P2N-R and
+2.4 x 107" C m~3 for N2P-R, indicating that the reversal path changes the local electron
and ion distributions near the needle tip.

Figure 2¢,f show that, for both reversal paths, the maximum electric field is located
near the needle surface and decays rapidly with distance from the tip. The high-field
regions in P2N-R and N2P-R have similar spatial extents and overall contours, indicating
that the dominant near-tip field structure is comparable under the same electrode geometry
and instantaneous upper-plate voltage. By contrast, the electron-density and space-charge
distributions in Figure 2a,b,d,e retain clearly different local organizations. Under the
present conditions, the reversal-path effect is therefore expressed primarily through the
spatial distribution of charged particles near the needle rather than through a large change
in the dominant electric-field structure. The two history-reset paths thus exhibit comparable
principal field structures at the same instantaneous voltage while retaining distinct near-
tip electron and space-charge distributions, demonstrating path-dependence of the local
charged-particle state.

3.2. Local Space-Charge Memory with a Retained Pre-Reversal Charged-Particle State

Figure 3 compares the H and R cases for the 15 kV P2N reversal at the same geometry
and observation time, 6 = +3. The only difference between the two cases is whether or not
the charged-particle distribution from the preceding stage is inherited when the system
enters the current voltage stage. The comparison, therefore, isolates the influence of the
initial charged-particle state on the present local distribution.

In Figure 3a, the high-electron-density region in the H case forms a relatively continu-
ous thin layer along the needle surface and extends into the adjacent gas. In Figure 3b, the
electrons remain concentrated near the tip, but the high-density region is narrower and
more spatially discrete. Figure 3c shows that the H — R electron-density difference is mainly
positive at the needle surface and in the adjacent gas and reaches the order of 10° m~3; it
decreases rapidly outside the high-field region. Retaining the pre-existing charged-particle
state therefore increases the near-tip electron density at the observation time, while the
influence remains localized near the tip.

In Figure 3d,e, both H and R form adjacent positive and negative space-charge regions.
The nonzero space-charge region is more extensive in H, and the positive and negative
charge structures near the tip are more clearly separated. The H — R distribution in Figure 3f
contains both positive and negative regions, indicating that history retention changes the
magnitudes and relative positions of both positive and negative space charge rather than
shifting the net charge of the entire region in a single direction.

At the same subsequent voltage trajectory and observation time, the H/R difference
remains concentrated in the high-field region near the needle tip. Retaining the pre-reversal
charged-particle state modifies the electron number density and the relative distributions
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of positive and negative space charge in this region, indicating a distinct local history-
dependent charged-particle state in the model.

Retained-History State (H) Reset—Historv State (R)  Difference (H-R)

(©
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Figure 3. H/R comparison for the 15 kV P2N case at 6 = +3. The first column shows the history-
retained state H, the second the history-reset state R, and the third the H — R difference: (a,b) logarith-

mic electron-number-density distributions; (c) electron-number-density difference; (d,e) space-charge
density; and (f) space-charge-density difference.

3.3. Outer-Domain Dependence of the Grounded-Boundary Integrated Charge

Figure 4 examines the effect of the artificial outer-air-domain size on the conductor-
integrated common-ground response at 15 kV. Outer-air radii of 200, 250, and 300 mm were
considered. The physical electrode dimensions, common-ground integration boundary I'g,
local tip-mesh definition, comparison endpoints, and axisymmetric integration procedure
were kept identical; only the radius of the surrounding air domain was changed.

(a) ES-EDIS correspondence (b) Domain-resolved comparison
0.53 4 el O ES O EDIS
i a1 200 mm
0.52 o [r_cross| = 0.091%
—~ 7 300 mm
Lé 051 e o
n e 250 mm 2 [r_cross| = 3.284%
2 054 yd g 250 mm O [m}
Q 4 3
3 - £
0.49 4 e =
0.48 - R r_cross| = 3.321%
' g 300 mm o
0474 .*7200 mm ]
.7 250 to 300 mm: 1.10% relative change

T T T T T T T T
0.5 0.52 0.47 0.48 0.49 0.5 0.51 052 0.53
AQgg («C) [AQ | (uC)

Figure 4. Outer-domain dependence of the 15 kV grounded-boundary integrated response: (a) cor-
respondence between | AQgpis | and | AQgs | for outer-air radii of 200, 250, and 300 mm, with the
dashed line indicating the 1:1 relation; (b) | AQgs |, | AQgpis !, and the corresponding |7cross | at
each outer radius; AQ = Q(6 = +3) — Q(6 = —3). Square and circle markers denote ES and EDIS
results, respectively.
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As shown in Figure 4a, the 200 mm model yields | AQgs | and | AQgpis | of approx-
imately 0.4713 and 0.4708 uC, respectively. When the outer-air radius is increased to
250 mm, the corresponding values rise to approximately 0.5257 and 0.5084 nC; at 300 mm,
they are approximately 0.5266 and 0.5091 uC. Thus, ES and EDIS remain on compara-
ble conductor-integrated scales within the same computational domain, but the 200 mm
outer-air domain does not reproduce the global boundary-integral values obtained with
the enlarged domains.

In Figure 4b, |7oss | is approximately 0.091%, 3.28%, and 3.32% for outer-air radii
of 200, 250, and 300 mm, respectively. Increasing the radius from 250 to 300 mm changes

lAQgs | and | AQgpis | by only approximately 0.165% and 0.127%, respectively, while the

relative change in |7cross | is approximately 1.10%. Compared with the change from 200 to
250 mm, the sensitivity of the conductor-integrated quantities to the outer-domain size is
markedly reduced between 250 and 300 mm.

On the basis of this comparison, the 300 mm outer-air domain is used as the reference
for subsequent quantitative discussion of conductor-integrated common-ground quantities.
In this reference domain, the windowed charge change differs by approximately 3.3%
between EDIS and ES, indicating a few-percent-level modification of the global conductor
response when charged-particle transport and space-charge feedback are included. This
cross-model difference describes the change from ES to EDIS under an identical geometry
and integration definition; it is not equivalent to the conductive-current fraction in the
experimental terminal current.

3.4. Sensitivity of the History-State Effect to Reset Timing

Figure 5 quantifies the sensitivity of the local H/R state difference to reset-hold time at
15 kV. For reset-hold settings of 0, 11, and 27, the representative near-tip electron number
densities in H are 1.1725 x 10%, 1.1715 x 10%, and 1.1746 x 10° m~3, respectively; the
corresponding values in R are 1.0127 x 10, 1.0142 x 10%, and 1.0169 x 10° m~3.

R-State P2N/N2P Bounded Relative Difference (b) H/R Bounded Relative Difference

(a)
15KV 7,

15KV B,y

25KV 7, e

25KV B,
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Near-tip electron number density, 7\ (10°m:

b
o

electric field

L] 15KV circle

25KV square

5 0
Bounded asymmetry, A

0.25 0.5

¢) Near-Tip Electron Density vs. Reset-Hold Time

°

1
Reset-hold time, #q /7
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(d) Relative H/R Electron-Density Difference
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1
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Figure 5. Quantitative comparison of reversal-path and history-state effects and their sensitivity to
reset-hold time at 15 kV: (a) signed bounded relative differences between the P2N-R and N2P-R states;
(b) signed bounded relative differences between the H and R states; (c) near-tip electron number
density for the H and R states at reset-hold times of 0, 17, and 27; and (d) the corresponding relative
H/R difference in near-tip electron number density. Teal, orange, and blue denote electron, space-
charge, and electric-field quantities, respectively; circles and squares denote the 15 and 25 kV cases.
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Using the same definition, the relative H/R differences in near-tip electron number
density are 15.8%, 15.5%, and 15.5% for the three reset-hold times. Thus, over the tested
0-2t range, changing the reset-hold time neither reverses the ordering H > R nor alters the
conclusion that H/R difference persists across the tested reset-time settings; the variation
in the relative difference is a sub-percentage point.

By contrast, the conductor-integrated common-ground quantities for H and R are
almost coincident under these conditions. Their direct difference lies on the numerical scale
of 10721-10720 C. We therefore interpret only that the global H/R common-ground inte-
grated responses are indistinguishable at the present numerical resolution. The quantitative
history-state sensitivity statement is restricted to the completed 0-27 reset-time range.

3.5. Grounded-Boundary Response over the 5-15 kV Voltage Range

To examine the voltage trend over the experimental range, the EDIS common-ground
boundary-integrated quantity of the H state was additionally extracted at 5 and 10 kV using
the same fixed-domain definition as that used in the 15 kV baseline case. The resulting

| Qepis | values at 5, 10, and 15 kV are approximately 1.57 x 1077, 3.15 x 107, and
4.72 x 107 C, respectively.

Over this voltage range, the conductor-integrated quantity increases approximately
in proportion to the applied-voltage magnitude, indicating that the dominant scale of the
global boundary response is controlled primarily by the applied-voltage excursion. This
5-15 kV comparison is used to assess voltage scaling, whereas the matched-domain analysis
at 200/250/300 mm in Section 3.3 evaluates outer-domain sensitivity for the representative
15 kV condition; the two numerical comparisons therefore serve different purposes.

4. Experimental Measurements and Statistical Analysis
4.1. Experimental Platform

The platform shown in Figure 6 comprises positive and negative DC high-voltage
supplies, a polarity-reversal switch, a current-limiting protective resistor, the needle—plane
electrode assembly, a high-voltage divider, a Rogowski coil, a digital storage oscilloscope,
and a computer. The needle electrode was connected directly to the lower plate through a
metallic conductive joint without an intentional insulating gap; both parts were connected
to the same grounding conductor, around which the Rogowski coil was installed. The
upper plate was connected to the polarity-reversal source through the protective resistor.

Driven Upper Plate Electrode

S . )
\I Current-Limiting Polarity-Reversal

Resistor\ Switching Unit
— . g J\ l/ Positive DC

\ High-Voltage Supply
High-voltage

egative DC
High-Voltage Supply

—7

Rogowski coil

omputer /

Figure 6. Experimental platform and synchronized measurement system for polarity reversal in the
needle—plane air gap.
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The high-voltage divider recorded the actual upper-plate voltage on CH1, while the
Rogowski coil recorded the transient current in the common grounding conductor on CH2.
The latter is therefore a terminal current through the complete common-ground return
path rather than a direct measurement of the charged-particle flux at the needle tip. The
numerical integration boundary I'y was defined using the same needle-plus-lower-plate
conductor set.

P2N and N2P reversals were performed at 5, 10, and 15 kV, with 20 repetitions
for each combination. The voltage changed from +Vp, to —Vp, or from —Vp, to +Vp,
respectively, within approximately 3 ms. The fixed time window, peak extraction, zero-
crossing determination, and FWHM calculation rules were identical for all 120 events.

4.2. Representative Voltage and Current Waveforms for P2N and N2P Reversals

Figure 7 presents the synchronized voltage and corrected common-ground-current
waveforms for P2N and N2P reversals at 10 kV. Figure 7a,b show continuous and monotonic
voltage reversal for both directions, with comparable slew rates near the zero crossing and
similar overall transition times. No pronounced voltage overshoot or zero-voltage dwell is
observed, providing comparable applied-voltage conditions for the current comparison.
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Figure 7. Synchronized voltage and corrected common-ground current for representative 10 kV
polarity reversals: (a) P2N voltage; (b) N2P voltage; (c) P2N current; and (d) N2P current. All traces
are referenced to the zero crossing of the measured voltage.

The two representative waveforms in Figure 7 are approximately mirrored in sign
and overall main-pulse morphology. The P2N example has a slightly larger absolute peak
and an earlier peak position, whereas the N2P example exhibits a broader trailing edge. A
single representative event, however, cannot establish whether these differences constitute a
reproducible direction effect. Figure 7 is therefore used to illustrate the typical synchronized
voltage—current morphology for the two reversal directions, while in Section 4.3, group-
level P2N/N2P differences are evaluated from all repeated events.

4.3. Effects of Voltage Magnitude and Reversal Direction on Transient Features

Figure 8 summarizes all 120 P2N/N2P events at 5, 10, and 15 kV, together with group
means and 95% confidence intervals. Both the absolute peak current and the fixed-window
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absolute integral increase markedly with voltage magnitude, showing that voltage level is
a primary determinant of the terminal-transient amplitude.

(a) Absolute Peak Corrected Current (b) Fixed-Window Absolute Current Integral
W P2Nevents/ mean + 95% CI
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Figure 8. All-event statistical distributions of common-ground-current descriptors for P2N and N2P
at 5, 10, and 15 kV: (a) absolute peak corrected current; (b) fixed-window absolute charge; (c) peak-
time offset; and (d) FWHM. Small symbols denote individual events, and large symbols/error bars
denote group means and 95% confidence intervals.

In Figure 8a, the mean peak currents show some offset between reversal directions;
however, after Holm correction across the predefined P2N/N2P comparisons, the peak-
current direction difference does not remain statistically significant at 5, 10, or 15 kV. The
directional difference in peak magnitude is therefore treated as a descriptive trend rather
than a general statistically supported effect.

In Figure 8b, Quin increases with voltage excursion. At 15 kV, the mean fixed-window
absolute integrals are approximately 2.807 uC for P2N and 2.646 pC for N2P; this difference
remains statistically supported after Holm correction (adjusted p = 0.000601, Hedges
g = 1.419, 95% bootstrap CI = 0.830-2.260). By contrast, the direction differences at 5 and
10 kV do not reach the same level of evidence after multiplicity correction.

Figures 8c and 8d show the peak-time offset and FWHM, respectively. Both descriptors
exhibit direction-related offsets in their group means, but the P2N/N2P comparisons do not
remain statistically significant after multiplicity correction. Peak-time offset is particularly
sensitive to the determination of the voltage zero crossing, inter-channel delay, and local
high-frequency perturbations, and consequently shows greater within-group dispersion
than do the peak magnitude and Qyin.

Figure 8 therefore supports two levels of experimental inference: the peak magnitude
and Qin show robust amplitude scaling with voltage, while among the tested direction-
sensitive terminal quantities, the 15 kV fixed-window absolute integral has the strongest
statistical support. Directional differences in peak magnitude, peak timing, and FWHM are
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retained only as descriptive waveform features. The corresponding group-level P2N/N2P
statistical comparisons are summarized in Table 3.

Table 3. P2N/N2P statistical comparisons for 20 repeated events per condition; group values are
means [95% CI]J.

Voltage Metric P2N N2P Holm p Hedges g
5kV Peak current (mA) 0.383 [0.368, 0.398] 0.389 [0.357, 0.420] 1.000 —0.10
5kV Peak-time offset (us)  8.075[—31.062,47.212] 16.825[—11.150, 44.800] 1.000 —0.12
5kv FWHM (ms) 2.055[1.911, 2.198] 1.878 [1.634, 2.122] 1.000 0.40
5kV Qwin (C) 0.922 [0.907, 0.937] 0.892[0.871, 0.913] 0.218 0.76
10 kV Peak current (mA) 0.811 [0.746, 0.876] 0.734 [0.684, 0.784] 0.464 0.61
10 kV Peak-time offset (us)  21.088 [—4.005, 46.180]  31.700 [7.325, 56.075] 1.000 —0.20
10kV FWHM (ms) 1.867 [1.579, 2.155] 2.073 [1.919, 2.228] 1.000 —0.41
10 kV Qwin (LC) 1.857 [1.795, 1.920] 1.773 [1.716, 1.830] 0.394 0.65
15 kV Peak current (mA) 1.226 [1.155, 1.297] 1.115[1.043, 1.187] 0.276 0.71
15 kV Peak-time offset (us)  18.550 [2.844, 34.256] 26.263 [10.699, 41.826] 1.000 —0.23
15 kV FWHM (ms) 1.916 [1.738, 2.094] 1.993 [1.784, 2.201] 1.000 —0.18
15kV Ouwin (C) 2.807 [2.752, 2.862] 2.646 [2.597, 2.695] 0.000601 1.42

4.4. Repeatability of the P2N Common-Ground Current

Figure 9 shows 20 repeated P2N measurements at each of the three voltage magnitudes.
The left column retains all individual waveforms and the mean, while the right column
shows the mean and the standard-deviation band. Each waveform is aligned to the zero
crossing of its own measured voltage.

At 5 kV, all 20 events form a single negative peak of approximately 0.4 mA, with
consistent pre-peak rise, peak time, and post-peak decay. Outside the reversal interval, the
current returns stably to the zero baseline without a persistent DC offset.

At 10 kV, the absolute peak increases to approximately 0.8 mA, while the 20 repeated
tests retain a similar waveform structure. The absolute standard deviation near the peak
increases with the signal amplitude, but the ratio to the mean peak does not increase
appreciably, indicating that the larger current does not degrade waveform repeatability.

At 15 kV, the mean peak reaches 1.2-1.3 mA. The pre-peak and post-peak curves
continue to overlap closely, and no systematic shift of the main peak is observed. The
standard deviation is concentrated on the two sides of the peak where the waveform slope
is large, whereas the baseline and decay tail exhibit less scatter.

The pointwise standard deviation around the principal pulse reflects both amplitude
fluctuations and peak-time fluctuations. When the peak times of individual events differ
slightly, the rising and falling edges correspond to different current values at the same
sampling instant, broadening the standard-deviation band in the high-slope regions. The
band in Figure 9 therefore reflects both amplitude dispersion and temporal dispersion
among the repeated waveforms.

At all three voltage magnitudes, the P2N current retains a stable single-peak structure
and a similar normalized temporal profile. The repeated measurements therefore provide a
consistent within-group waveform basis for event-level feature extraction and subsequent
inter-group statistical comparison.

4.5. Voltage-Driven Scaling and Robustness of the Capacitive Baseline

Figure 10 compares the temporal and amplitude-scaling relationships between the
common-ground current and the polarity-reversal voltage change. The representative
normalized waveform shows a strong correspondence between the main I pulse and
signed dV/dt in both peak position and principal temporal extent. Across all events, the ab-
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solute peak current increases approximately with max|dV/dt|, whereas the fixed-window
absolute integral Q. in increases with the voltage excursion AV. Together, these scaling
relationships indicate that the dominant amplitude scale of the common-ground transient
is closely associated with the applied-voltage variation and the effective capacitance of

the system.
Individual Trials (n = 20) Mean and =1 SD
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Figure 9. Repeatability of the P2N common-ground current at 5, 10, and 15 kV: (a,c,e) 20 individual
measured waveforms and their mean; and (b,d,f) the mean waveform and standard-deviation band.
Thin curves represent individual measurements, the solid curve represents the mean, and the shaded
band represents +1 standard deviation.
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Figure 10. Voltage-driven scaling characteristics of the common-ground transient response: (a) repre-
sentative normalized corrected current and voltage-slew reference; (b) absolute peak current versus
maximum |dV/dtl; (c) fixed-window absolute charge versus voltage excursion; and (d) event-level
residual fraction by voltage and reversal direction.

To avoid conclusions based on a selected representative trace, Figure 11a evaluates the
Pearson correlation between the corrected common-ground current and signed dV/dt for
each of the 120 events over the fixed interval from —3 to +4 ms. The median is 0.989253,
the empirical 95% interval is 0.968014-0.995283, and the full range is 0.962748-0.995386.
These results demonstrate a reproducible event-level temporal correspondence between
the voltage-slew waveform and the common-ground current; the high correlation itself is
not used to uniquely identify the microscopic composition of the current.

Figure 11b shows the fitted C,pp distributions. At 15 kV, the median Capp values
are approximately 92.85 pF for P2N and 88.10 pF for N2P, substantially larger than the
approximately 17.55 pF structural capacitance of the finite numerical geometry. The ex-
perimental C,pp includes the high-voltage divider, polarity-reversal switching unit, cables,
connecting conductors, sensor, and other stray capacitances and is therefore treated as an
apparent parameter of the complete measurement system rather than as the finite-element
geometrical capacitance itself.

Figure 11c shows a residual median of 17.86% with the same-event baseline; the
median increases to 19.30% with the leave-one-out baseline and is 19.13% with the group-
level baseline. The empirical 95% intervals for the same-event and LOO constructions are
11.60-32.57% and 12.39-34.63%, respectively. These results show that the residual response
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is not eliminated by removing the same-event fit, although its magnitude is sensitive to the
baseline construction.
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1
#P2N events/median «N2P events/median] . «P2N * N2P
o ze Overall median=0989 = =
R 4 I: it 100 :
L0994 % ie B . :
‘4 = re - ) .
e - LB Y. v
90 ¢ m -
0.98 : 3 . s
. -

804 "
097 =

Pearson correlation coefficient
Apparent capacitance, Cl\ (PF)

0.96

10 10
Voltage (kV) Voltage (kV)

457 (c) Baseline-Construction Sensitivity (d) Processing-Parameter Sensitivity
. 20 '
5 [
- I re
F 36 = ) 1
> = . b= | !
g i é & | !
g . . - T 184 ool : !
& e (] ."x' ... ‘g;)h o l 4
& g ;:'" ;i ; : '
E ¥ ) 2
£l 3% . ] 1
£ 18 g f%‘ g I
S >3 s g !
z -', oy =2 |
& 1. B g 3
i& e 2 A =1 !
iy +

Same-event LOO Group-level Window Filter Delay

Figure 11. Robustness of the fitted capacitive baseline and residual analysis: (a) event-level Pearson
correlation between corrected common-ground current and signed dV/dt; (b) apparent-capacitance
distributions; (c) same-event, leave-one-out, and group-level baseline sensitivity; and (d) ranges of
median residual values under fitting/integration-window;, filter, and channel-delay perturbations.

Figure 11d further examines perturbations of the fitting/integration window, filter
window, and channel-delay treatment. The corresponding residual medians span approxi-
mately 15.80-19.98%, 17.47-19.47%, and 17.71-18.19%, respectively. Accordingly, fres is de-
fined here as a processing-dependent non-baseline contribution relative to the fitted single-
capacitance baseline. It may contain contributions associated with charged-particle/space-
charge motion, together with measurement-chain transfer, switching coupling, channel
delay, filtering, and inadequacy of the single-capacitance model and therefore, cannot be
interpreted directly as a pure conduction-current fraction.

Taken together, Figures 10 and 11 show that the common-ground terminal response un-
der the present conditions has a pronounced voltage-slew /capacitance-controlled dominant
scale, while retaining a nonzero non-baseline component with finite processing sensitivity.
The experimental residual and the numerical ES-EDIS cross-model difference are defined
differently and are therefore used to describe deviations at different observational levels
rather than numerically equated as the same physical component.

5. Discussion
5.1. Difference Between Local Particle States and the Grounded-Boundary Integrated Response

The numerical and experimental results jointly reveal a pronounced dependence on
observational scale during polarity reversal. Figures 2, 3 and 5 show that the reversal path
and the pre-reversal particle history modify the electron and space-charge distributions
near the needle tip; in particular, the H/R reset-time comparison retains an approximately
15-16% difference in representative near-tip electron state over 0-2t. By contrast, the outer-
domain-checked conductor-integrated ES-EDIS difference for the representative 15 kV case
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in Figure 4 is approximately 3.3%, while the complete H/R common-ground integrated
responses are essentially coincident at the present numerical resolution.

This contrast arises from the different spatial definitions of the two observables. Elec-
tron density and space charge characterize the local particle state in the high-field region
near the needle tip and are highly sensitive to ionization, attachment, recombination, and
drift. Qground, by contrast, is the integral of electric-displacement flux over the entire needle
and lower-plate surfaces. Contributions induced by adjacent positive and negative space-
charge regions near the tip may also partially cancel when integrated over the complete
grounded conductor. Consequently, no simple proportional mapping exists between the
local charged-particle state and the conductor-integrated response.

The experimental results show a consistent hierarchy. The main common-ground-
current pulse increases with voltage slew rate and voltage excursion, while a central
non-baseline level of approximately 18-19% remains after subtraction of the fitted capaci-
tive baseline. This experimental residual and the numerical cross-model difference have
different definitions and cannot be compared as percentages; rather, both support treat-
ing local particle variation and the externally measured complete-conductor response as
observables at different scales.

5.2. Local Space-Charge Memory and Direction-Dependent Common-Ground-Current Features

During polarity reversal, the applied electric field changes direction on the Trey time
scale, whereas the electron, positive-ion, and negative-ion distributions established be-
fore reversal do not vanish synchronously at the voltage zero crossing. According to
Equation (7), the local net space charge depends on n, — n, — n, and, through Poisson
coupling, modifies the near-tip electric field while the different charged species continue to
evolve through their respective drift, diffusion, and reaction processes.

Electron transport and attachment occur on different characteristic time scales from
positive- and negative-ion migration and recombination [37]. The residual charge configu-
ration from the preceding stage can therefore produce different degrees of field screening
or field reinforcement as the post-reversal field is re-established. Consequently, even at
the same instantaneous |V |, P2N and N2P are not required to produce mirror-symmetric
electron and space-charge distributions. The near-tip particle reorganization shown in
Figures 2 and 3, together with the H/R sensitivity in Figure 5, provides numerical evidence
for this history-dependent process [18-22,29,32-34].

A second scale transition occurs between the local state and the terminal current. Con-
tributions from local positive and negative space-charge regions to the electric-displacement
flux over the complete I'y can be partially canceled, while the experimental terminal re-
sponse also contains the system capacitance and measurement-chain contributions. Local
direction/history differences can therefore produce direction-sensitive terminal deviations
without being transferred in the same relative proportion to current peak, peak time,
or FWHM.

The all-event statistics further delimit the evidential strength of this mechanistic in-
terpretation. P2N/N2P differences in peak magnitude, peak-time offset, and FWHM are
retained only as descriptive trends after multiplicity correction, whereas the 15 kV fixed-
window absolute integral is the direction-sensitive terminal quantity with the strongest
statistical support. We therefore interpret the P2N/N2P mechanism as a physically consis-
tent link between path /history-dependent near-tip charge reorganization and direction-
sensitive terminal response, without assigning any single peak or pulse-width difference
uniquely to one microscopic process.
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5.3. Distinct Roles of Reversal Direction, History State, and Voltage Magnitude

Reversal direction, particle history, and voltage magnitude represent three distinct
control dimensions. The P2N/N2P comparison changes the reversal direction, the sign of
dV/dt, and the voltage history by which a given observation state is reached. The H/R
comparison changes the initial charged-particle state while keeping the subsequent voltage
function unchanged. Voltage magnitude, in turn, changes both the near-tip high-field
strength and the capacitive response scale of the complete structure.

The P2N-R/N2P-R comparison shows that the instantaneous voltage alone does
not uniquely determine the local morphology of the near-tip electron and space-charge
distributions. The H/R comparison further shows that the charged-particle state inherited
from the preceding stage can modify the subsequent near-tip particle organization, while
its effect on the conductor-integrated quantity of the complete common-ground assembly
is substantially weaker than that of the local-state difference.

Increasing voltage magnitude simultaneously raises the local high-field intensity
and the experimental terminal-transient amplitude. The original 15/25 kV numerical
cases were used to compare local particle states at higher field strengths; the additional
5/10/15 kV fixed-domain results show that the common-ground integrated quantity in-
creases approximately in proportion to voltage magnitude, providing direct overlap with
the experimental 5-15 kV range. The shared 15 kV condition is used for the more detailed
numerical-experimental comparison below, whereas 25 kV is retained only as a higher-field
local-state condition.

Within the combined 5-25 kV range and weak-discharge conditions investigated
here, the numerical results do not exhibit a continuous high-density channel bridging the
50 mm gap, and the experimental waveforms do not show a sustained conduction plateau
independent of the reversal edge. The present discussion therefore concerns a non-bridging
polarity-reversal transient rather than streamer bridging or breakdown.

5.4. Correspondence Between Numerical and Experimental Results

The numerical model and the experiment provide complementary evidence at dif-
ferent observational levels. EDIS resolves internal quantities such as electron number
density, space charge, electric field, and the common-ground boundary-integrated response,
whereas the experiment records the upper-plate voltage and the current of the complete
common-ground return path synchronously. Numerical-experimental correspondence is
therefore established first through voltage dependence and conductor-level observables
rather than by equating model-internal particle densities with the Rogowski-coil current.

Under the common 15 kV condition, numerical-experimental correspondence is quan-
tified using normalized conductor-level waveform descriptors and timing parameters
rather than by relying on a separate waveform-overlay figure. The structural capacitance
obtained from the 300 mm numerical geometry is used to construct the ES conductor
reference, and the same descriptors are calculated against the experimental group-mean
waveform on the common dimensionless time coordinate 6. For P2N/N2P, the normalized
waveform correlations are 0.99937 and 0.99915, the NRMSE values are 0.03075 and 0.02455,
the normalized peak offsets are 0.0158 and 0.0313, and the FWHM ratios are 0.925 and
0.959, respectively. These quantities are summarized in Table 4 for direct inspection under
the common 15 kV condition.

The numerical structural capacitance is approximately 17.55 pF, whereas the median
experimental Cppp values are approximately 92.85 pF for P2N and 88.10 pF for N2P. This
difference is consistent with the different electrical boundaries of the model and experiment:
the finite-element model contains only the finite electrodes and air domain, whereas the
experimental circuit also includes connecting conductors, the voltage divider, the polarity-
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reversal switching unit, cables, sensors, and their associated stray capacitances. We therefore
compare normalized waveform/timing quantities and do not impose an artificial amplitude
scaling to force the experimental mA peaks to coincide with the numerical current.

Table 4. Quantitative 15 kV numerical-experimental comparison using normalized conductor-
level observables.

Direction Tshape NRMSE ABpeax FWHM Ratio  Cphum/Capp (pF)
P2N 20 0.99937 0.03075 0.0158 0.925 17.55/92.85
N2P 20 0.99915 0.02455 0.0313 0.959 17.55/88.10

This comparison evaluates the shape and timing correspondence of the conductor-level
response; it does not constitute direct experimental validation of the model-internal near-tip
ne or p. The experiment did not include emission spectroscopy, absorption spectroscopy, or
another independent optical diagnostic capable of quantitatively retrieving the near-tip
electron density. The particle states in Figures 2, 3 and 5 therefore remain model predictions.
The synchronized external voltage—current measurements test the hierarchy of terminal
responses rather than back-validate the absolute value of a local numerical field.

The 7shape values in Table 4 compare the 15 kV group-mean normalized waveform
with the ES conductor reference, whereas Figure 11a calculates an event-level Pearson
correlation between corrected common-ground current and signed dV/dt separately for
each of the 120 experimental events. The compared quantities and statistical levels are
different: the former measures numerical-experimental shape correspondence under the
common condition, whereas the latter characterizes the waveform-level capacitive relation
across experimental events. The two sets of correlation coefficients should therefore not be
interpreted as the same statistic.

5.5. Applied Implications and Validity Range

For weak-discharge monitoring under polarity-switching conditions, the present
results show that a large raw common-ground-current peak cannot be equated directly
with stronger local discharge. The synchronized voltage can first be used to establish a
Cefs dV/dt type terminal baseline, after which the fixed-window integral and repeatable
deviations from that baseline can be evaluated. This procedure helps distinguish the
main pulse dominated by the switching-capacitive background from weaker non-baseline
responses. The interpretation is consistent with measurements of weak corona currents
from grounded rods under thunderstorm background fields, where the distinction between
a grounded-terminal signal and the local corona state is likewise important [18,19].

For measurement systems and insulation diagnostics, the approximately 17.55 pF
numerical structural capacitance and approximately 88-93 pF experimental C¢ values
demonstrate that parasitic capacitances associated with the voltage divider, cables, switch,
connecting conductors, and sensor chain can substantially alter the terminal-transient
amplitude. Measurement topology and stray-capacitance conditions should therefore be
controlled before raw currents are compared across different insulation states or devices.

The reversal rate constitutes an independent validity parameter. For the tanh voltage
trajectory used here, the maximum voltage slew rate satisfies

= (26)

max Trev

dv
dt
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The corresponding first-order capacitive terminal scale can be approximated as

V,
ID,maX ~ Ceff — (27)

Trev

Thus, for fixed Vi, and Cegr, reducing Trey directly increases the dV /dt-related capaci-
tive transient. At the same time, a faster reversal leaves less time for the charged-particle
distribution established before reversal to redistribute. Because drift, attachment, ionization,
and recombination have different characteristic time scales, the conduction-to-capacitive
balance under microsecond- or nanosecond-scale reversal cannot be extrapolated directly
from the present approximately 3 ms data.

Geometrical parameters likewise modify this response hierarchy. A smaller tip ra-
dius generally enhances the local electric field and changes ionization conditions, while
changing the gap alters the mean field, charged-particle transport distance, and electrode
capacitance simultaneously. Discharge paths associated with grounded high-field struc-
tures such as wind-turbine receptors also exhibit pronounced geometrical and polarity
dependence [20]. In addition, practical voltage reversal in systems such as LCC-HVDC
insulation involves the same general issue, i.e., that the pre-reversal space-charge state
can influence the post-reversal field [38]; however, the solid dielectric, time scale, and
transport mechanisms differ fundamentally from those of the present air-gap model, so
this serves only as engineering context for polarity-reversal memory and is not used for
quantitative extrapolation. The conclusions of this study are restricted to the driven-
upper-plate/common-ground needle-lower-plate topology, nominal 0.5 mm tip radius,
50 mm gap, atmospheric-pressure air, combined 5-25 kV investigation range, approxi-
mately 3 ms polarity reversal, and weak/non-bridging conditions. Different tip radii, gaps,
high-voltage-needle/grounded-plane topology, microsecond /nanosecond reversal, and
strong corona/streamer/leader/arc regimes require independent validation.

6. Conclusions

A two-level numerical framework comprising electrostatic and EDIS models was
established for a 50 mm needle-plane air gap under bidirectional polarity reversal, and
synchronized voltage/common-ground-current measurements were performed at 5, 10,
and 15 kV. The numerical and experimental results support the following conclusions.

(1) At the same instantaneous positive voltage, P2N-R and N2P-R exhibit comparable
principal near-tip electric-field structures but path-dependent near-tip electron-density and
space-charge distributions. The H/R control further shows that, under the same subsequent
voltage function, retaining the pre-reversal charged-particle state produces a stable local
history-dependent state; over the 0-27 reset-time range, the representative near-tip electron
quantity retains an H/R difference of approximately 15-16%.

(2) The conductor-integrated common-ground quantity is sensitive to the artificial
outer-air domain. The representative 15 kV ES-EDIS differences for outer radii of 200, 250,
and 300 mm are approximately 0.091%, 3.28%, and 3.32%, respectively, with markedly
improved stability from 250 to 300 mm. Using the 300 mm domain as the reference for
conductor-integrated analysis yields a representative cross-model difference of approxi-
mately 3.3%. The complete H/R common-ground integrated responses are indistinguish-
able at the present numerical resolution.

(3) The common-ground current forms a reproducible single main pulse at 5, 10, and
15 kV, with amplitude increasing with voltage magnitude and maximum voltage slew rate.
Across all 120 events, the median Pearson correlation between corrected current and signed
dV/dt is approximately 0.989, indicating a reproducible temporal correspondence between
the main terminal waveform and the voltage-slew process.
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(4) The fitted capacitive-baseline analysis yields a nonzero residual response. Residual
medians are approximately 17.86%, 19.30%, and 19.13% for the same-event, LOO, and
group-level baselines, respectively, with finite but non-negligible sensitivity to the fitting
window, filtering, and channel delay. After multiplicity correction, the 15 kV fixed-window
absolute integral is the P2N/N2P direction-sensitive terminal quantity with the strongest
statistical support; directional differences in peak magnitude, peak timing, and FWHM are
retained only as descriptive trends.

(5) Taken together, the local particle state, conductor-integrated quantity, and common-
ground current show that polarity reversal can preserve a path/history-dependent charged-
particle organization near the needle tip, but this local difference is not transferred in the
same relative proportion to the complete common-ground response. Under the present
millisecond-scale, weak /non-bridging common-ground conditions, the dominant scale of
the terminal transient remains closely associated with the applied-voltage variation and
the capacitive response of the system.
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