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Abstract

Spacecraft electrostatic discharge (ESD) can generate transient electric-field disturbances,
pulse currents, and electromagnetic coupling that threaten onboard electronics and mission
reliability. Localizing discharge sources in confined spacecraft spaces remains difficult
because conventional time-difference-of-arrival, radio-frequency, acoustic, and optical meth-
ods often require strict synchronization, large arrays, suitable propagation media, line-of-
sight conditions, or explicit propagation models. This study develops a spacecraft-oriented,
ground-validated electrostatic-induction sensor-array framework for three-dimensional
localization of transient discharge events. Different from conventional received-signal-
strength-based Apollonius localization, the proposed approach uses relative transient
electrostatic-induction response features, including root-mean-square value, envelope en-
ergy, and integrated energy, and calibrates their feature ratios into distance-ratio constraints
using a Power + offset mapping. These calibrated constraints are interpreted as Apollonius-
sphere constraints, and the source coordinate is estimated by nonlinear residual mini-
mization without relying on high-precision arrival-time picking. The method is evaluated
on a controlled one-cubic-meter confined-space laboratory platform with known sensor
geometry. Ten independent test positions show centimeter-level localization accuracy in
the present calibration domain. The envelope-energy representation performs best, with a
mean three-dimensional error of 7.01 cm, a median error of 6.94 cm, and a maximum error
of 10.05 cm. These results demonstrate the feasibility of the sensing–calibration–inversion
chain as a preliminary ground-based proof of concept. The reported accuracy should not be
interpreted as direct on-orbit performance because the present experiment does not include
vacuum, plasma, thermal gradients, spacecraft materials, metallic enclosures, or electronics
integrated for spacecraft onboard operation; further environment-specific calibration and
validation are required before practical spacecraft deployment.

Keywords: spacecraft electrostatic discharge; electrostatic induction sensor array; confined-
space localization; feature ratio; distance ratio; Apollonius sphere; transient electric field;
envelope energy

1. Introduction
Spacecraft operate in plasma and radiation environments characterized by ener-

getic charged particles, surface charging, internal dielectric charging, radiation exposure,
and large temperature variations. Under these conditions, local potential differences
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and strong electric fields may develop on external surfaces, dielectric components, ca-
ble harnesses, or internal structures, eventually triggering electrostatic discharge (ESD)
events [1–3]. Mitigation handbooks and spacecraft-charging standards identify charging
and discharge as persistent design concerns for spacecraft electrical and structural integra-
tion [4,5]. ESD events can generate fast current pulses, transient voltages, and broadband
electromagnetic disturbances. Through grounding networks, structural coupling, cable
harnesses, and sensitive electronic interfaces, these disturbances may cause data corruption,
unintended triggering, temporary functional degradation, or system-level anomalies [6,7].
Recent spacecraft-charging reviews and internal-charging risk studies further show that
charging-induced anomalies remain relevant for modern compact, high-power, and long-
life spacecraft [8,9].

For spacecraft anomaly diagnosis, discharge detection alone is often insufficient. A de-
tected transient confirms that an abnormal electromagnetic event has occurred, whereas
localization further narrows the fault from a spacecraft-level anomaly to a specific re-
gion, structure, or component. Such spatial information can support root-cause tracing,
grounding and shielding improvement, layout optimization, and ground reproduction
tests. Classical spacecraft-charging design guidelines mainly emphasize mitigation and
charging control, while recent studies have increasingly considered direct monitoring of
discharge pulses and charging states [10–12]. Therefore, a localization-oriented sensing
method is a useful extension of the existing mitigation-centered workflow. However, direct
localization of spacecraft discharge events remains challenging because installation volume,
mass, power, wiring resources, electromagnetic compatibility, and calibration opportunities
are all constrained, and the discharge behavior is strongly dependent on mission-specific
plasma, material, structural, and thermal conditions [13,14].

Existing discharge-localization methods provide useful references, but each has limita-
tions when transferred to compact spacecraft compartments. Radio-frequency, ultra-high-
frequency (UHF), and high-frequency current transformer (HFCT) methods are sensitive to
fast discharge pulses and have been widely investigated in high-voltage equipment [15–17];
nevertheless, metallic boundaries, shielding structures, cable harnesses, and multipath
coupling may complicate their use in confined spacecraft volumes. Time-difference-of-
arrival (TDOA), received-signal-strength (RSS), received-signal-strength-difference (RSSD),
and angle-based methods provide clear geometric constraints, but they generally require
accurate timing, sufficiently separated arrays, stable propagation assumptions, or reliable
path-loss models [18–21]. Acoustic methods require an appropriate propagation medium
and stable structural coupling path, while optical or fiber-optic methods are limited when
the discharge is occluded or not within the line of sight [22–24]. In addition, absolute-
amplitude or absolute-energy indicators are vulnerable to source-strength fluctuation,
channel-gain differences, and boundary coupling. These disadvantages motivate a com-
pact, calibration-based approach that avoids explicit arrival-time picking and uses relative
response information rather than absolute signal magnitude.

Electrostatic induction sensors are attractive for this purpose because they are struc-
turally simple, fast-response, miniaturizable, and suitable for sensing transient electric-field
disturbances [25–27]. Their use is also consistent with spacecraft-oriented electric-potential
and electric-field measurement studies that emphasize compactness, wide dynamic range,
and high-input-impedance sensing [14]. In response to the limitations discussed above,
this study proposes a feature-ratio–distance-ratio localization framework based on a
four-spherical-electrode electrostatic induction array. The contribution of this work is
not the Apollonius geometry itself, which is a known ratio-based localization concept,
but the construction of transient electrostatic-induction response features, the calibra-
tion of their multi-channel ratios into distance-ratio constraints, and the validation of
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the complete sensing–calibration–inversion chain in a controlled confined-space platform.
Compared with TDOA-based methods, the proposed framework reduces dependence on
high-precision arrival-time picking; compared with conventional RSS-based Apollonius
localization, it does not use a generic free-space path-loss law or absolute received strength,
but uses experimentally calibrated electrostatic-induction feature ratios that can absorb
fixed channel gain, array geometry, and boundary-coupling effects within a specified
calibration domain.

The scope of this paper is a ground-based proof-of-concept validation rather than
deployment-level qualification for operational spacecraft. The experiment is performed
in ambient laboratory conditions using a repeatable needle–plate transient source and a
one-cubic-meter confined-space platform. Therefore, the reported accuracy represents the
performance of the proposed method under the present geometry, boundary, and calibra-
tion conditions, and it should not be generalized directly to in-orbit spacecraft without
additional validation under vacuum, plasma, thermal, material, and structural conditions.
The remainder of this paper is organized as follows: Section 2 gives an overview of the
proposed localization framework. Section 3 presents the sensing model, feature-ratio
construction, geometric inversion, and environmental applicability boundaries. Section 4
describes the laboratory validation platform and calibration design. Section 5 reports the cal-
ibration and localization results. Section 6 discusses the technical contribution, limitations,
engineering implications, and future development. Section 7 concludes this paper.

2. Overview of the Proposed Localization Framework
The overall methodological chain is summarized in Figure 1. The framework begins

with a localized transient discharge event that produces a rapidly varying electric-field
disturbance in a confined volume. A four-channel spherical-electrode electrostatic induction
array then converts the spatially dependent electric-field disturbance into voltage responses
through high-impedance signal-conditioning circuits. Because the proposed method uses
relative features rather than arrival-time differences, the preprocessing block emphasizes
robust event detection, common onset alignment, baseline correction, and fixed-window
feature extraction rather than channel-dependent time-delay estimation.

Figure 1. Overall system and method framework for electrostatic-induction-array-based discharge
localization. The figure defines four stages: physical event generation, four-channel electrostatic-
induction sensing and preprocessing, feature-ratio construction with Power + offset calibration,
and Apollonius-sphere-based three-dimensional inversion. RMS denotes root-mean-square value.
The distance ratios d21, d31, and d41 are estimated from calibrated feature ratios relative to sensor 1.
The dashed note indicates that high-precision TDOA estimation is not required.

The feature-construction block converts the four transient responses into root-mean-
square (RMS), envelope-energy, and integrated-energy representations and then forms
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feature ratios relative to a reference sensor. During calibration, these feature ratios are
paired with the known geometric distance ratios of calibration positions and fitted by a
compact Power + offset mapping. The geometric-inversion block converts the calibrated
distance ratios into Apollonius-sphere constraints and estimates the discharge coordi-
nate by nonlinear residual minimization. Thus, the workflow consists of four explicitly
defined stages: physical event generation, multi-channel electrostatic-induction sensing,
feature-ratio calibration, and three-dimensional coordinate inversion. The dashed indica-
tion in Figure 1 emphasizes that high-precision TDOA estimation is not required in the
present framework.

3. Materials and Methods
This section describes the sensing principle, feature construction, calibration mapping,

and geometric inversion procedure used in the proposed localization framework. It also
clarifies the environmental factors that can affect the model and the boundaries within
which the present calibration-based method should be interpreted. The experimental
platform and validation design are reported separately in Section 4.

3.1. Electrostatic Induction Response of a Spherical-Electrode Array

A transient discharge event produces a rapid local electric-field disturbance. When a
metallic sensing electrode is placed in such a field, the free charge on the electrode surface
redistributes according to the external normal electric-field component, following the basic
electrostatic-boundary principles of conductors in external fields [28,29]. For an effective
sensing area Ae, the induced charge can be written in simplified form as follows:

Qk(t) ≈ εAeEn,k(t), (1)

where Qk(t) is the induced charge on the kth electrode, ε is the permittivity of the sur-
rounding medium, and En,k(t) is the normal component of the external electric field at the
electrode. The corresponding induced current is:

ik(t) =
dQk(t)

dt
≈ εAe

dEn,k(t)
dt

. (2)

Thus, an electrostatic induction electrode responds strongly to fast electric-field variations,
which is consistent with the pulse-like nature of discharge events and with classical induced-
current interpretations for moving or time-varying charge distributions [30,31].

For the localization problem, the detailed source physics can be simplified at the
observation scale. Point-charge, electric-dipole, and pulsed-current equivalent models
have different distance attenuation laws, but they share a common structure: the sensor
response is determined by a source time function and a location-dependent spatial coupling
factor [28,29]. Therefore, the measured voltage of the kth channel is expressed as follows:

uk(t) = Gk Ak(p)s(t) + nk(t), (3)

where Gk is the equivalent gain of the kth sensor and conditioning channel, Ak(p) is the
spatial coupling coefficient determined by the discharge position p, the sensor position,
and local boundary conditions, s(t) is the common source waveform for the same discharge
event, and nk(t) denotes measurement noise and unmodeled coupling terms. Equation (3)
indicates that the useful position information is embedded in the relative differences among
channels rather than in the absolute waveform of a single channel.
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3.2. Influence of Space Environmental Factors and Applicability Boundaries

Equation (3) is a compact observation model for the calibrated localization problem. Its
parameters are not universal constants: the spatial coupling coefficient Ak(p), the equiva-
lent gain Gk, and the unmodeled term nk(t) can be affected by the surrounding environment
and by local spacecraft structures. This point is critical for interpreting the present study.
The method proposed here is calibration-based; therefore, its validity depends on whether
the calibration geometry and environmental conditions are representative of the applica-
tion scenario.

Vacuum conditions mainly affect the discharge-formation mechanism and the avail-
ability of acoustic propagation paths rather than the quasi-static electrostatic boundary
relation itself. In a vacuum or rarefied environment, the discharge path, pulse duration,
released charge, and electromagnetic coupling route may differ from those of a needle–plate
discharge in air. The proposed feature-ratio method can reduce sensitivity to event-to-event
source-strength variation, but it cannot remove environmental changes that alter the spatial
coupling functions Ak(p). Therefore, a calibration obtained in ambient air should not be
transferred directly to an actual spacecraft configuration without environment-specific re-
calibration.

Surrounding charged particles and plasma can also influence localization. Ambient
plasma may modify spacecraft surface potentials, introduce sheath effects, and screen or
redistribute electric fields around surfaces. These effects may change both the baseline
electric-field state and the transient coupling path between a discharge source and the
sensing electrodes. In addition, spacecraft surfaces, dielectric materials, solar-array inter-
faces, cable harnesses, and metallic compartments can introduce local boundary coupling,
reflections, shielding, and parasitic capacitances. Such boundary effects are precisely why
the present method uses empirical feature-ratio calibration rather than a purely analytical
free-space attenuation law; however, the calibration must be repeated or updated for each
representative structural configuration.

Large temperature differences and thermal cycling can influence both the discharge
source and the measurement chain. Temperature-dependent dielectric properties, leakage
paths, cable impedance, amplifier bias drift, and mechanical deformation may change the
measured feature ratios. For deployment-oriented applications, the sensor array should
therefore be calibrated or compensated over the expected thermal range, and the uncertainty
budget should include temperature-induced gain drift, sensor-coordinate uncertainty,
and residual calibration error.

Consequently, the results of this study should be interpreted as a controlled laboratory
verification of the sensing–calibration–inversion chain. They support the feasibility of
using relative electrostatic-induction features for confined-space discharge localization,
but they do not establish direct on-orbit accuracy. A spacecraft-specific implementation
would require calibration and validation in representative metallic/dielectric structures
and, ultimately, in thermal-vacuum and plasma conditions.

3.3. Feature-Ratio Construction for Transient Discharge Responses

Direct use of absolute amplitude is not robust for spacecraft-relevant discharge local-
ization. The released charge, discharge path, waveform duration, and front-end coupling
may vary from event to event. In addition, fixed differences in sensor mounting, shielding,
and analog gain introduce channel-dependent biases. To reduce these effects, this study
uses relative features computed from a common analysis window.
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Let xk[n] be the preprocessed discrete signal of the kth sensor in the event window,
where n = 1, 2, . . . , N, and let ∆t be the sampling interval. Three windowed response
representations are considered:

FRMS
k =

√√√√ 1
N

N

∑
n=1

x2
k [n], (4)

FENV
k = ∆t

N

∑
n=1

|A{xk[n]}|2, (5)

FINT
k = ∆t

N

∑
n=1

x2
k [n], (6)

where A{·} denotes the analytic signal obtained through the Hilbert transform, and
|A{xk[n]}| is its envelope. The RMS representation describes the overall signal level,
the integrated energy represents the total squared-amplitude accumulation in the event
window, and the envelope energy emphasizes a smoothed transient-energy envelope. Be-
cause all four channels are sampled with the same ∆t, this constant factor cancels when
energy-type feature ratios are constructed. Therefore, the numerical implementation may
omit ∆t without changing any feature-ratio values.

It should be noted that the three quantities are not treated as fully independent physical
observables. Under a fixed analysis window length and sampling interval, the integrated
energy satisfies FINT

k = N∆t
(

FRMS
k

)2; consequently, its ratio is a squared scaling of the RMS
ratio. It is retained in this study as an alternative nonlinear scaling of the same windowed
response energy, allowing the calibration procedure to test whether amplitude-equivalent
or energy-scale ratios produce more stable distance-ratio estimates. The envelope-energy
representation is also energy-related, but it is computed from the analytic envelope and
is used to assess whether a smoothed transient-energy description is more robust to high-
frequency ringing, small window shifts, and local waveform distortion.

Taking sensor 1 as the reference, the feature ratio for sensor k is defined as follows:

R(F)
k1 =

Fk
F1

, k = 2, 3, 4, (7)

where F denotes one of the selected response representations. In this study, the raw ratio
Fk/F1 is used consistently for RMS, envelope energy, and integrated energy. No square-root
normalization is applied to the energy-type ratios, because the comparison intentionally
preserves the distinction between amplitude-equivalent scaling and energy-scale sensitivity
before empirical calibration. The corresponding distance ratio is defined as follows:

dk1 =
∥p − sk∥
∥p − s1∥

, k = 2, 3, 4, (8)

where sk is the known coordinate of the kth sensor. The feature-ratio–distance-ratio model
is then calibrated experimentally as follows:

dk1 = f
(

R(F)
k1 ; θ

)
, (9)

where θ denotes the fitted model parameters. This calibration absorbs the combined
influence of sensor geometry, near-field coupling, and fixed-boundary effects into an
empirical but physically interpretable mapping.
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3.4. Apollonius-Sphere Constraints and Three-Dimensional Inversion

Each estimated distance ratio defines an Apollonius surface, a geometry also closely
related to ratio-based and received-signal-strength-difference source-localization formula-
tions used in sensor networks and passive emitter localization [18–21]:

∥p − sk∥
∥p − s1∥

= dk1, k = 2, 3, 4. (10)

When dk1 ̸= 1, Equation (10) corresponds to a sphere. Its center ck1 and radius rk1 are:

ck1 =
sk − d2

k1s1

1 − d2
k1

, (11)

rk1 =
dk1∥sk − s1∥
|1 − d2

k1|
. (12)

For four non-coplanar sensors, the three independent constraints Ω21, Ω31, and Ω41 ideally
intersect at the discharge position. In the presence of noise and calibration errors, the three
spheres do not strictly intersect at a single point. In addition, when an estimated ratio
approaches unity, the corresponding Apollonius surface becomes weakly curved and its
explicit sphere representation is numerically less informative. The localization problem
is therefore solved directly through distance-ratio residual minimization rather than by
explicit geometric intersection:

p̂ = arg min
p∈D

4

∑
k=2

(
∥p − sk∥
∥p − s1∥

− d̂k1

)2

, (13)

where d̂k1 is the distance ratio estimated from the calibrated feature-ratio model, and D is
the bounded localization domain. In this study, a coarse-grid initialization followed by
Levenberg–Marquardt local optimization is used. This strategy combines global stability
with efficient local convergence for the low-dimensional inversion problem. The corre-
sponding Apollonius-sphere geometry is illustrated in Figure 2.

Figure 2. Schematic illustration of the Apollonius-sphere localization principle. Three independent
distance-ratio constraints, d21, d31, and d41, define the corresponding Apollonius spheres Ω21, Ω31,
and Ω41. Their ideal intersection gives the discharge position P, while in noisy cases, the final
coordinate is obtained by nonlinear residual minimization.
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4. Experimental Setup and Validation Design
4.1. Experimental Scope and Spacecraft Relevance

The experimental platform in this study is designed to provide a controllable, re-
peatable, and geometrically known environment for evaluating the proposed sensing–
calibration–localization chain. The validation focuses on the engineering process required
for discharge localization: localized transient excitation, rapid external electric-field distur-
bance, multi-channel electrostatic-induction response acquisition, feature-ratio construction,
distance-ratio calibration, and three-dimensional inversion.

This experimental scope is consistent with the development pathway of spacecraft
sensing and diagnostic technologies, which are commonly assessed first using controlled
ground test platforms before being extended to more complex spacecraft environments.
The needle–plate source provides a repeatable transient electric-field excitation, while the
cubic platform supplies a known confined-space geometry for evaluating the localization
algorithm. Although the source formation mechanism and environmental conditions are
simpler than those of an operational spacecraft, the experiment captures the measurement-
level problem addressed in this work: whether a compact electrostatic-induction array can
acquire spatially dependent transient responses and convert them into three-dimensional
source-location estimates.

4.2. Laboratory Confined-Space Validation Volume

The experimental domain is a cube with an effective side length of 1 m. This volume is
used as a controlled three-dimensional laboratory validation domain rather than as a one-
to-one physical model of a specific CubeSat. Representative small-spacecraft dimensions
are listed in Table 1 only to provide scale context [32–34]. A 1U CubeSat is much smaller
than the present domain, and even 6U–24U CubeSat configurations would require different
sensor placement, installation constraints, calibration positions, and boundary models.
Therefore, the present 1 m3 results should not be interpreted as a direct performance
estimate for all CubeSat sizes.

Table 1. Representative small-spacecraft dimensions and the laboratory validation domain. The table
is provided for scale context only; the 1 m3 platform is not treated as a direct geometric model of a
1U, 3U, or 6U CubeSat. Values are approximate external dimensions.

Platform Length (m) Width (m) Height (m)

1U CubeSat 0.10 0.10 0.11
3U CubeSat 0.34 0.10 0.10
6U CubeSat 0.34 0.20 0.10

PROBA-class microsatellite 0.60 0.60 0.80
This laboratory validation platform 1.00 1.00 1.00

The 1 m side length was selected for three practical reasons. First, it provides sufficient
geometric diversity in source–sensor distance ratios to evaluate the feature-ratio–distance-
ratio mapping and the stability of the three-dimensional inversion. Second, the volume is
large enough to place a repeatable needle–plate source, four sensing electrodes, and support
structures while maintaining known coordinates and avoiding near-contact saturation of
the front-end circuit. Third, it provides a conservative ground-test domain for verifying the
complete sensing–calibration–localization chain before reducing the array scale for more
compact spacecraft compartments. For a practical CubeSat or microsatellite implementation,
the localization domain, sensor spacing, calibration grid, and feature-ratio mapping must
be redesigned for the actual spacecraft geometry.
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The coordinate origin is defined at the center of the cube, and the bounded localization
domain used in the present laboratory validation is:

−0.5 m ≤ x, y, z ≤ 0.5 m. (14)

4.3. Discharge Source and Sensor Array

A needle–plate discharge source is used to generate localized transient discharge
events. The source consists of a DC high-voltage supply, a CB81 film storage capacitor,
and a needle–plate electrode pair. The nominal charging voltage is 4 kV, and the storage ca-
pacitance is 10,000 pF. The needle tip radius is approximately 0.1 mm, and the needle–plate
spacing is set to 1 mm. This configuration concentrates the high-field region near the needle
tip, improves the spatial repeatability of the discharge origin, and provides repeatable
transient electric-field disturbances for validating the array localization framework.

The sensing array consists of four polished spherical electrostatic induction electrodes
with a diameter of 2 cm. The electrodes are arranged at four non-coplanar vertices of the
cubic domain to improve three-dimensional observability and avoid degeneracy in the
distance-ratio constraints. The coordinate origin is located at the center of the 1 m3 cube.
The sensor-center coordinates used in both calibration and localization are:

s1 = (0.5,−0.5,−0.5) m, s2 = (−0.5,−0.5,−0.5) m,

s3 = (−0.5, 0.5,−0.5) m, s4 = (−0.5,−0.5, 0.5) m. (15)

This geometry provides three independent distance-ratio constraints relative to sensor 1
and ensures that the four sensing points are non-coplanar.

The experimental platform and the corresponding laboratory scene are shown in
Figure 3. The schematic panel clarifies the relative positions of the cubic frame, four spheri-
cal sensors, the needle–plate discharge structure, the high-voltage source, the grounding
path, and the oscilloscope. The photograph further shows the physical 1 m3 frame, the sen-
sor supports, and the discharge-source arrangement used in the validation experiment.

(a) Experimental setup schematic (b) Actual experimental scene

Figure 3. Experimental platform for validating the proposed localization framework. (a) Schematic
arrangement of the 1 m3 confined-space platform, four electrostatic induction sensors, needle–
plate discharge source, high-voltage source, grounding path, and acquisition system. (b) Actual
laboratory scene of the confined-space validation platform, showing the physical frame, sensor
supports, and discharge-source arrangement.

4.4. Signal Conditioning, Acquisition, and Sensor Consistency

The induced signal generated by a spherical electrode is weak, transient, and associ-
ated with a high source impedance. For spacecraft-oriented instrumentation, such sensing
circuits must also be considered together with electrical-interface and electromagnetic-

https://doi.org/10.3390/aerospace13070629

https://doi.org/10.3390/aerospace13070629


Aerospace 2026, 13, 629 10 of 25

compatibility constraints [35,36]. The signal-conditioning chain therefore includes a high-
input-impedance front-end stage, AC coupling for baseline stabilization, and a secondary
voltage-amplification stage. In the prototype system, an INA116 instrumentation amplifier
is used for high-impedance buffering and differential extraction, with a first-stage gain of
approximately 3.5. The INA116 output is AC-coupled through a 1 nF capacitor and a 2 MΩ
resistor to suppress DC offset and low-frequency drift. An OPA4277 precision operational
amplifier is then used for secondary non-inverting voltage amplification with a gain of
approximately 11, giving an overall voltage gain of about 38.5. The acquisition system
samples the four channels synchronously at 1.25 GSa/s.

Before localization experiments, channel consistency is evaluated by injecting a
100 kHz, 1 V peak-to-peak sine signal into the four channels under identical test con-
ditions. The measured output peak-to-peak values are 220.84 mV, 216.62 mV, 216.77 mV,
and 218.37 mV. The relative standard deviation is approximately 0.90%, indicating that
the fixed amplitude inconsistency among channels is small compared with the discharge-
induced spatial response differences.

Table 2 summarizes the engineering specifications that can be clearly identified from
the current laboratory prototype. The present setup includes bench-top high-voltage and
acquisition instruments; therefore, the mass and power consumption of the complete exper-
imental setup are not representative of a miniaturized onboard spacecraft unit. To avoid
overstating deployment readiness, the engineering interpretation in this paper is limited to
the compact sensing principle and to the feasibility of the calibration-based localization
chain. A practical spacecraft-oriented implementation would require miniaturized low-
power front-end electronics, an integrated acquisition unit, radiation and thermal design,
electromagnetic-compatibility verification, and mission-specific environmental validation.

Table 2. Engineering specifications and deployment-related interpretation of the current prototype.
Values describe the laboratory validation system unless otherwise noted.

Item Current Prototype Value Deployment-Related Interpretation

Sensing
element

Four polished spherical
electrodes, 2 cm diameter each

The sensing heads are compact and
structurally simple; spacecraft
integration still requires packaging,
insulation, and mounting design.

Array
geometry

Four non-coplanar sensing
positions over the 1 m3

laboratory domain

The geometry is selected for
observability in the laboratory
platform; practical spacecraft arrays
must be scaled and recalibrated for
the actual compartment.

Signal
conditioning

INA116 high-input-impedance
front end, AC coupling,
OPA4277 secondary
amplification, total voltage gain
about 38.5

Demonstrates the required
high-impedance transient sensing
chain; component selection and
power optimization remain
necessary for an onboard
spacecraft implementation.

Acquisition

Synchronous four-channel
acquisition at 1.25 GSa/s using
external laboratory
instrumentation

Supports algorithm verification; an
onboard unit would require a
compact digitizer or event-driven
transient recorder.
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Table 2. Cont.

Item Current Prototype Value Deployment-Related Interpretation

Power con-
sumption

Not quantified for a
miniaturized onboard unit in the
present study

The present external instruments
dominate system power and are not
representative of an integrated
spacecraft-oriented
electronics module.

Mass and
package size

Not quantified for a packaged
onboard module in the present
study

The mechanical frame and external
instruments are for ground
validation only; future work should
quantify the packaged sensor
module and acquisition electronics.

4.5. Event Detection, Onset Determination, and Baseline Correction

The transient response contains a rapidly varying oscillatory waveform. If the max-
imum derivative sample is directly used as the event anchor, the anchor may fall inside
the already developed discharge response rather than at the physical onset. In that case,
a pre-anchor baseline window may contain early discharge components and bias the subse-
quent energy features. To avoid this problem, a robust two-stage preprocessing procedure
is adopted. The derivative maximum is used only for coarse event localization, whereas
the final feature window is aligned to a separately detected discharge onset.

First, a coarse event index is obtained from the four-channel joint derivative energy:

E∆[n] =
4

∑
k=1

(xk[n]− xk[n − 1])2, (16)

and
npeak = arg max

n
E∆[n]. (17)

Here, npeak denotes the sample with the strongest multi-channel derivative response. It is
not regarded as the discharge onset, but only as a coarse indicator of the event region.

Second, a quiet pre-event segment is automatically selected before npeak to estimate
the local background level. In the implementation used in this study, a 100-sample sliding
window is searched within the interval from npeak − 450 to npeak − 20. The selected quiet
segment minimizes a combined amplitude- and derivative-variation score. For the kth
channel, the background mean µk, the robust amplitude scale σk, and the robust derivative
scale σ∆,k are estimated from this quiet segment using the median absolute deviation when
applicable. At a sampling rate of 1.25 GSa/s, the 450-sample backward search length,
20-sample exclusion interval, and 100-sample quiet window correspond to approximately
360 ns, 16 ns, and 80 ns, respectively.

Third, normalized multi-channel amplitude and derivative activities are constructed
as follows:

A[n] =
1
4

4

∑
k=1

(
xk[n]− µk

σk

)2

, (18)

D[n] =
1
4

4

∑
k=1

(
xk[n]− xk[n − 1]

σ∆,k

)2

. (19)

The corresponding activity thresholds are defined as the larger value between a robust
threshold estimated from the quiet-segment activity and a dimensionless lower bound of 4
for the normalized activity score:
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TA = max
{

median(AQ) + 6 MAD(AQ), 4
}

, (20)

TD = max
{

median(DQ) + 6 MAD(DQ), 4
}

, (21)

where AQ and DQ denote the amplitude and derivative activities in the selected quiet
segment. The lower bound of 4 is not a voltage threshold; it is an empirical normalized-
activity floor used to avoid unrealistically low thresholds when the quiet segment has very
small fluctuations. A combined activity score is then calculated as follows:

S[n] = max
(

A[n]
TA

,
D[n]
TD

)
. (22)

A sample is considered active when S[n] > 1.
Finally, the discharge onset nonset is obtained by a backward search before npeak.

The first sample is selected when the activity remains above the threshold for five consec-
utive samples, while the preceding 30 samples contain no more than two active samples.
This rule suppresses occasional noise-triggered crossings and provides a common onset
for all four channels. Because the proposed method uses feature ratios rather than arrival-
time differences, a unified multi-channel onset is used for all sensors to avoid introducing
artificial channel-dependent window shifts.

Baseline correction and feature extraction are then performed with respect to nonset.
The baseline mean is computed from a 100-sample segment ending five samples before the
detected onset:

B =
[
nonset − Ngap − Nbase, nonset − Ngap − 1

]
, (23)

where Nbase = 100 and Ngap = 5, corresponding to approximately 80 ns and 4 ns, respec-
tively. After channel-wise baseline subtraction, the feature window is defined as follows:

W = [nonset, nonset + Nfeat − 1], (24)

where Nfeat = 150, corresponding to approximately 120 ns. RMS, envelope energy, and inte-
grated energy are calculated within this common onset-aligned window. This preprocessing
strategy prevents early discharge oscillations from entering the baseline estimate and pre-
serves a consistent time support for the feature-ratio calculation. The key experimental,
acquisition, and signal-processing parameters are summarized in Table 3.

Table 3. Key experimental, acquisition, and signal-processing parameters of the prototype system.

Category Parameter Value and Role

Experimental
system Domain size 1 m × 1 m × 1 m confined-space platform

Discharge source Needle–plate transient source, charged at 4 kV
with a 10,000 pF storage capacitor

Source geometry Needle tip radius of approximately 0.1 mm and
needle–plate spacing of 1 mm

Sensor array Four spherical induction electrodes with 2 cm
diameter, arranged at non-coplanar vertices

Acquisition
chain Signal conditioning High-input-impedance buffering, AC coupling,

and secondary voltage amplification
Sampling rate 1.25 GSa/s synchronous four-channel acquisition
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Table 3. Cont.

Category Parameter Value and Role

Signal
processing

Coarse event
localization Maximum of four-channel joint derivative energy

Onset detection
450-sample backward search, 100-sample quiet
window, 20-sample pre-peak exclusion,
and robust MAD-based activity threshold

Onset criterion Five consecutive active samples after a 30-sample
quiet check with at most two active samples

Baseline and
feature windows

100-sample baseline segment with a 5-sample
protection gap; 150-sample onset-aligned
feature window

4.6. Calibration and Localization Test Design
4.6.1. Calibration Experiment Design

A calibration experiment is conducted before unknown-position localization. Forty
known discharge positions are selected in the 1 m3 domain to cover the usable localiza-
tion volume, including both interior and near-boundary regions, and to provide diverse
source–sensor distance-ratio combinations. The positions are not concentrated around
any single sensor. Locations extremely close to a sensing electrode are intentionally ex-
cluded, because such configurations can drive the front-end response toward saturation
and no longer represent the intended linear or quasi-linear feature-ratio calibration regime.
The calibration set therefore prioritizes broad spatial coverage within the unsaturated
measurement range rather than including physically possible but diagnostically uninfor-
mative near-contact discharge cases. At each position, the needle–plate source is triggered
under the same nominal voltage and the four-channel transient responses are recorded syn-
chronously. For each event, preprocessing is applied, the selected response representations
are extracted, and the feature ratios relative to sensor 1 are computed. The true geometric
distances from the discharge position to the sensor centers in Equation (15) are calculated
from the known coordinates, giving the corresponding distance ratios.

The calibration dataset therefore contains paired samples of the following form:{
R(F)

k1 , dk1

}
, k = 2, 3, 4, (25)

for each known discharge position and each selected feature. Thus, the 40 calibration posi-
tions provide three independent ratio–distance pairs relative to sensor 1 for each response
representation. These experimentally obtained ratio–distance samples are used to fit the
feature-ratio–distance-ratio mapping in Equation (9). The fitted curves reported for the
experimental panels in the subsequent fitting results therefore represent the experimental
calibration-data trend for each response representation.

4.6.2. COMSOL-Assisted Spatial Response Analysis

A COMSOL electrostatics model is used as an auxiliary tool to examine the spatial
continuity of the response-ratio relation under the same geometric configuration. The model
is implemented in COMSOL Multiphysics 6.2 using the Electrostatics interface of the
AC/DC module. It includes the four spherical electrodes at the same coordinates as
the experiment, the needle–plate source assembly, and an expanded surrounding air
domain. To reduce artificial truncation effects from the external boundary, the effective
1 m3 observation domain is embedded in a spherical air domain with a radius of 1.5 m.
The air relative permittivity is set to 1, and the needle, plate, and spherical sensing electrodes
are treated as highly conducting metal domains represented by aluminum material.
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The needle electrode is assigned a 4 kV potential, while the plate electrode is grounded.
The spherical sensing electrodes are treated as conducting domains, and their surface-
charge responses are used for relative electrostatic-coupling comparison rather than for
absolute charge output prediction. The needle–plate assembly is moved as a rigid source
structure during the parametric position scan so that the local high-field geometry remains
consistent with the experimental discharge source. The center coordinate of the source
assembly is scanned within the cube-centered domain:

x, y, z ∈ [−0.5, 0.5] m, (26)

with a uniform scan interval of ∆x = ∆y = ∆z = 0.1 m, corresponding to a regular
grid of 11 × 11 × 11 = 1331 candidate source-center locations over the validation vol-
ume. This 0.1 m interval is used to sample the dominant spatial trend of the electrostatic
response–ratio relation rather than to construct a high-resolution localization lookup table.
The electrostatic problem was solved in the quasi-static configuration for each sampled
source position in batch form, and the induced-charge ratios were stored for subsequent
fitting and visualization. The mesh is refined around the needle tip, the needle–plate gap,
and the spherical-electrode surfaces, while a coarser mesh is used in the far air domain to
balance field-resolution accuracy and computational cost. For each scanned source position,
the surface charge density on each spherical electrode is integrated over the electrode
boundary to obtain the total induced charge. The four induced-charge responses are then
converted into relative response quantities and processed using the same feature-ratio
construction as the experimental data.

Figure 4 shows a representative COMSOL electrostatic-potential distribution obtained
for one sampled source position. The result illustrates the strong potential concentration
near the needle–plate source and the rapid spatial attenuation of the electrostatic field in
the surrounding air domain. This field distribution provides a qualitative visualization
of the near-field coupling environment from which the sensing-electrode induced-charge
ratios are extracted.

Figure 4. Representative COMSOL electrostatic-potential distribution for one sampled needle–plate
source position. The potential is concentrated near the source region and decays over the surrounding
computational air domain. This result is used as a qualitative visualization of the electrostatic coupling
field in the auxiliary simulation rather than as a direct transient plasma-discharge waveform.

The simulation is used to examine the spatial structure of the electrostatic coupling
relation under the same array geometry and boundary configuration as the experiment.
Its role is to support the interpretation of the response–ratio trend and to provide auxiliary
electrostatic response samples for fitting and visualization. It is not used as a transient
plasma-discharge waveform model.
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4.6.3. Model Fitting and Feature Selection

Three response representations are compared: RMS, envelope energy, and integrated
energy. This comparison is not intended to imply that all three features are mutually
independent physical measurements. RMS and integrated energy are mathematically
linked under a fixed window, while envelope energy provides a smoothed energy-envelope
representation of the same transient response. They are compared as alternative feature
scalings for the empirical feature-ratio–distance-ratio calibration. For each representation,
the training samples are formed by pairing the measured feature ratios with the correspond-
ing geometric distance ratios. The candidate functions are restricted to compact monotonic
mappings that can be interpreted as empirical attenuation laws, including a pure power
law, a power law with an additive offset, single-exponential and double-exponential forms,
and a reciprocal-type mapping. Model selection is not based on visual curve agreement
alone. Instead, the fitting residual, coefficient of determination, model complexity, and cor-
rected Akaike information criterion (AICc) are considered together. For a model with k
fitted parameters and n samples, AICc is calculated as follows:

AICc = n ln
(

SSE
n

)
+ 2k +

2k(k + 1)
n − k − 1

, (27)

where SSE is the residual sum of squares. A smaller AICc indicates a better balance between
fitting accuracy and model parsimony.

The same candidate-model screening strategy is applied to the feature-ratio–distance-
ratio datasets before the final calibration form is fixed. A representative comparison using
the simulated RMS dataset is included in the Results section to document the model
selection rationale in the main text without adding repetitive candidate-model panels.
Considering the representative AICc comparison, the observed residual behavior during
calibration, the compact three-parameter structure, and the stability of the fitted curves
within the bounded domain, the power law with an additive offset, hereafter referred to
as the Power + offset model, is adopted as the calibration form. Therefore, the calibrated
feature-ratio–distance-ratio mapping is written as follows:

d̂(F)
k1 = aF

(
R(F)

k1

)bF
+ cF, (28)

where R(F)
k1 is the feature ratio for response representation F, d̂(F)

k1 is the estimated dis-
tance ratio, and aF, bF, and cF are the fitted coefficients for that response representation.
The additive offset represents the finite asymptotic distance-ratio level in the bounded
experimental domain and prevents the mapping from being forced to approach zero at
large feature ratios.

Using the Power + offset model, the experimental training fits for RMS, envelope energy,
and integrated energy give coefficients of determination of R2 = 0.9068, 0.9393, and 0.9081,
respectively. These values summarize the calibration quality of the three response represen-
tations in the experimental fitting dataset. The envelope-energy representation provides the
highest fitting consistency, indicating that the smoothed energy envelope better preserves
the stable spatial attenuation trend while reducing sensitivity to high-frequency ringing
and local waveform distortion. RMS is computationally simple but more sensitive to the
ratio between effective signal duration and background noise within the fixed window.
Integrated energy represents a windowed energy-scale form of the RMS response; because
it is proportional to squared RMS for a fixed window, its role in this comparison is to test
whether energy-scale nonlinear feature ratios improve or degrade the calibrated mapping.
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4.6.4. Independent Localization Test and Evaluation Metrics

After calibration, ten independent discharge positions are used for localization testing.
These positions are not used in model fitting. For each test event, the four-channel response
is preprocessed, features are extracted, feature ratios are converted into distance ratios,
and the nonlinear objective in Equation (13) is minimized to estimate the discharge position.

For a test point with true coordinate pi = [xi, yi, zi]
T and estimated coordinate

p̂i = [x̂i, ŷi, ẑi]
T, the three-dimensional localization error is:

ei = ∥p̂i − pi∥2. (29)

The mean three-dimensional error is:

ē =
1

Ntest

Ntest

∑
i=1

ei. (30)

5. Results
5.1. Four-Channel Transient Responses

The four-channel baseline-corrected responses show clear transient waveforms after a
localized discharge event. Although the overall waveform is driven by the same source
event, the amplitude and energy distribution differ among the four sensors. These spa-
tially dependent differences provide the observation basis for feature-ratio localization.
Figure 5 shows a representative processed discharge waveform after robust onset detection,
protected pre-onset baseline correction, and onset-aligned feature-window selection.

Figure 5. Processed transient discharge signals recorded by the four electrostatic induction sensors
after robust onset detection and baseline correction. The protected baseline window, the detected
discharge onset nonset, the feature window W, and the derivative-energy peak npeak are indicated in
the figure. The derivative-energy peak is used only for coarse event localization, whereas the detected
discharge onset defines the start of the common feature window used for feature-ratio calculation.
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5.2. Calibration of Feature-Ratio–Distance-Ratio Models

The calibration samples show a stable nonlinear relationship between the feature ratio
and the distance ratio. To make the model-selection process explicit while keeping the
main text concise, the candidate-model comparison is illustrated using a representative
simulated RMS dataset. Five monotonic candidate models are evaluated: pure power law,
Power + offset, single exponential, double exponential, and reciprocal forms. As shown
in Figure 6, the Power + offset model achieves the minimum AICc for this representative
dataset, maintains a compact three-parameter structure, and shows a low residual level
without the excessive complexity of the double-exponential alternative. This representative
comparison provides the explicit model selection evidence presented in this manuscript
and motivates the subsequent use of the Power + offset function as the calibration form.

The dominant mapping structure is consistent across the experimental and COMSOL-
assisted fitting results, although the fitted parameters differ because the experimental
data include discharge fluctuation, analog-chain nonidealities, and boundary coupling.
In Figure 7, the upper panels present the experimental feature-ratio–distance-ratio fitting
results for RMS, envelope energy, and integrated energy, while the lower panels present the
corresponding simulation-data fitting results. Together, these fittings support the use of an
experimentally calibrated Power + offset mapping rather than a purely analytical free-space
attenuation law.

Figure 6. Representative model comparison for selecting the feature-ratio–distance-ratio calibration
function using the simulated RMS dataset. Here, R denotes the feature ratio, d denotes the geometric
distance ratio, and AICc denotes the corrected Akaike information criterion. (a) Fitting curve
of the selected Power + offset model. (b) Residual distributions d − d̂ of the evaluated models.
(c) Model selection scores expressed as ∆AICc + 1, where the minimum-AICc Power + offset model
has ∆AICc = 0. Adding 1 enables logarithmic-scale visualization. This representative result indicates
that the selected model provides a favorable balance between fitting accuracy and model complexity.
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Figure 7. Feature-ratio–distance-ratio fitting results for the RMS, envelope-energy, and integrated-
energy features. Solid curves denote the fitted Power + offset mapping d̂ = aRb + c, where R is the
feature ratio and d̂ is the estimated distance ratio. In the upper panels, markers denote experimental
fitting data; in the lower panels, markers denote simulation samples. The envelope-energy feature
provides the highest experimental fitting consistency among the three response representations.

5.3. Localization Accuracy of Independent Test Points

The independent localization test demonstrates that the proposed method can re-
construct discharge positions in the 1 m3 domain. The distance-ratio estimates used for
inversion are obtained from the selected Power + offset calibration model for each response
representation. Table 4 summarizes the localization performance of three feature choices,
where MAE denotes the mean absolute error along each coordinate axis and SD denotes
the standard deviation of the three-dimensional error. In addition to the mean three-
dimensional error, the median, maximum, and standard deviation of the three-dimensional
error are reported to characterize the error distribution over the ten independent test points.
The envelope-energy representation provides the lowest mean, median, and maximum
three-dimensional errors in the current dataset.

Table 4. Localization performance of three feature models for ten independent test points.

Feature MAE-x
(cm)

MAE-y
(cm)

MAE-z
(cm)

Mean 3D
(cm)

Median
3D (cm)

Max 3D
(cm)

SD 3D
(cm)

RMS 5.6 2.4 5.2 8.92 8.64 14.70 3.09
Envelope energy 2.2 3.9 4.3 7.01 6.94 10.05 2.67
Integrated energy 5.5 3.4 4.9 8.49 9.38 11.92 2.72

The detailed envelope-energy localization results are listed in Table 5. These values
show that the estimated positions generally preserve the correct spatial quadrant and
relative distribution of the true test points. Larger errors occur near boundary or high-z
regions, where the array geometry and boundary coupling reduce the sensitivity of the
distance-ratio constraints.
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Table 5. Envelope-energy localization results for ten independent test points.

No. True Position (cm) Estimated Position (cm) 3D Error (cm)

1 (23, −34, −17) (21, −28, −13) 7.48
2 (−21, 27, 19) (−26, 28, 17) 5.48
3 (43, 12, −28) (38, 12, −24) 6.40
4 (−11, −47, 33) (−13, −38, 29) 10.05
5 (5, 40, 5) (5, 39, 6) 1.41
6 (−39, −7, −36) (−37, −2, −33) 6.16
7 (33, 37, 21) (33, 30, 27) 9.22
8 (−35, 13, −6) (−31, 14, −3) 5.10
9 (14, −13, 49) (13, −10, 40) 9.54
10 (−10, −22, −47) (−9, −16, −40) 9.27

Figure 8 compares the true discharge positions with the reconstructed positions ob-
tained using the three response representations and summarizes the corresponding three-
dimensional localization errors over the ten independent test points. Compared with RMS
and integrated energy, the envelope-energy feature reduces the mean three-dimensional
localization error by 21.4% and 17.4%, respectively, in the present ten-point test dataset.

Figure 8. Localization results for the ten discharge test points. (a) Three-dimensional comparison
between the true discharge positions pi and the estimated positions p̂i obtained using RMS, enve-
lope energy, and integrated energy. (b) Three-dimensional localization error comparison, where
ei = ∥p̂i − pi∥2. The dashed horizontal lines denote the mean localization errors of the corresponding
feature groups, and the envelope-energy result is emphasized because it gives the lowest mean
three-dimensional localization error in the present test dataset.

5.4. Error Characteristics

The error distribution is not purely random. For boundary points, the estimated
coordinates tend to contract toward the interior of the array. This center-contraction
trend is more visible for the integrated-energy representation, which preserves an energy-
scale version of the RMS response and may amplify the influence of residual ringing and
background components in the fixed window. The RMS representation is computationally
simple but can be affected by local waveform distortion and the ratio of signal duration to
background duration. By contrast, the envelope-energy representation uses the analytic
envelope to describe the smoothed transient-energy evolution and is less sensitive to high-
frequency oscillation and small window shifts. This explains its better overall performance
in the present experiment.
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6. Discussion
6.1. Experimental Verification and Methodological Significance

The 1 m3 confined-space experiment verifies the feasibility of the proposed sensor-to-
localization chain under controlled geometry and repeatable transient excitation. The re-
sults indicate that a localized discharge-induced electric-field disturbance can be captured
by a four-electrode electrostatic induction array, that relative response features retain spa-
tially dependent information, that feature ratios can be transformed into distance-ratio
constraints through calibration, and that the resulting Apollonius-sphere residual problem
can recover three-dimensional source coordinates with centimeter-level accuracy in the
present laboratory platform.

The experimental results also clarify the role of feature scaling in the localization
process. RMS and integrated energy provide amplitude-equivalent and energy-scale de-
scriptions of the same fixed-window response, whereas envelope energy introduces a
smoothed representation of the transient energy evolution. Among the evaluated represen-
tations, envelope energy provides the most consistent calibration and the lowest localization
error. This behavior is physically reasonable because the envelope-based quantity reduces
sensitivity to high-frequency ringing while retaining the dominant spatially dependent
transient-energy distribution. This suggests that, for electrostatic-induction responses
in confined geometries, the spatially informative component is better represented by a
smoothed transient-energy envelope than by instantaneous amplitude or window-wide
squared accumulation alone.

6.2. Distinction from RSS-Based Apollonius Localization

The proposed method should be distinguished from traditional RSS-based Apollonius
localization. In a typical RSS localization problem, the received signal strength is related to
source–receiver distance through an assumed or calibrated path-loss law, and the resulting
strength ratios are used to construct geometric constraints. In contrast, the present method
does not use a communication-style RSS path-loss model or absolute received field strength.
The measured quantities are transient electrostatic-induction responses generated by a
discharge-induced electric-field disturbance. The input to the localization model is not the
raw amplitude of one channel, but the ratio of windowed electrostatic-induction features
extracted from synchronized transient responses.

The Apollonius-sphere formulation is therefore used only as the geometric inver-
sion tool after the feature-ratio–distance-ratio relation has been obtained experimentally.
The technical contribution lies in combining compact electrostatic-induction sensing, ro-
bust onset-aligned feature extraction, empirical feature-ratio calibration, and nonlinear
three-dimensional inversion for confined-space discharge localization. This distinction is
important because the calibration can absorb fixed channel gain, local boundary coupling,
and array geometry within the calibrated domain, whereas a generic free-space RSS attenu-
ation law would be unreliable in confined metallic or dielectric spacecraft-like structures.

6.3. Applicability to Spacecraft Environments and Current Limitations

The present experiment is intended as a spacecraft-oriented preliminary verification of
the electrostatic-induction sensing and localization method, not as a complete reproduction
of an operational spacecraft environment. It provides a controlled configuration in which
source position, sensor geometry, and acquisition conditions are known, making it suitable
for evaluating the feature-ratio calibration and inversion procedure. In practical space-
craft applications, however, the local boundary conditions may include metallic cavities,
dielectric materials, cable harnesses, plasma interactions, vacuum conditions, radiation
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exposure, and thermal cycling. These factors may alter electrostatic coupling paths and
must be included in subsequent environment-specific calibration and validation.

Several limitations should therefore be emphasized. First, all experimental results in
this study were obtained under ambient laboratory conditions using a needle–plate source
in air. The discharge-formation mechanism, source waveform, and coupling path may differ
under vacuum, plasma, and spacecraft-material conditions. Second, the 1 m3 platform is a
controlled validation domain rather than a direct geometric analog of a particular CubeSat.
A 1U or 6U CubeSat implementation would require a smaller and differently arranged
sensor array, a new calibration grid, and a spacecraft-specific boundary model. Third,
the current validation uses forty calibration positions and ten independent test positions.
This dataset is sufficient for preliminary feasibility verification but not for demonstrating
full robustness across all spacecraft structures, discharge types, and environmental states.
Fourth, the method is empirical-calibration-dependent: geometry, boundary effects, sensor
characteristics, and part of the analog-chain response are absorbed into fitted parameters.
This feature is useful for complex confined structures, but it also means that the fitted
model should not be transferred outside its calibrated domain without revalidation.

Accordingly, the localization errors reported in this study should be interpreted as perfor-
mance values for the present experimental geometry and calibration conditions. They demon-
strate that the method is feasible as a ground-based sensing–calibration–inversion chain and
provide a technical basis for spacecraft-oriented discharge-monitoring research. They do not
establish direct on-orbit performance or readiness for spacecraft deployment.

6.4. Engineering Implications for Spacecraft Discharge Monitoring

The proposed method has potential value for spacecraft engineering applications be-
cause it combines simple sensing heads with a calibration-based geometric inversion frame-
work. The spherical electrostatic induction electrodes are compact and structurally simple,
and the method relies on relative energy features rather than explicit TDOA estimation,
thereby reducing the requirement for high-precision arrival-time picking. The feature-ratio
calibration can incorporate fixed sensor-gain differences, array geometry, and boundary-
coupling effects into an empirical mapping, which is useful when analytical propagation
modeling is difficult.

At the same time, the present prototype should not be regarded as a ready-to-deploy
onboard system. The laboratory setup uses bench-top high-voltage and acquisition equip-
ment, and the mass, size, and power of the full experimental system are not representa-
tive of spacecraft hardware. A deployable version would need miniaturized high-input-
impedance front-end electronics, event-triggered transient acquisition, low-power oper-
ation, electromagnetic-compatibility design, radiation and thermal assessment, and me-
chanical packaging compatible with spacecraft integration. Potential applications after
such development include discharge source tracing in spacecraft ground qualification tests,
localized monitoring near high-voltage solar-array interfaces, dielectric structures, cable
harnesses, and other ESD-susceptible regions.

6.5. Comparison with Representative Localization Strategies

Table 6 compares the proposed method with representative discharge localiza-
tion strategies reported in the partial-discharge, sensor-localization, and received-signal-
strength-difference literature [17–21,24]. The proposed approach is not intended to replace
established RF, acoustic, optical, or TDOA-based methods. Instead, it provides a comple-
mentary option for compact, reduced-timing-dependence confined-space monitoring when
a calibrated electrostatic induction array can be installed.
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Table 6. Qualitative comparison of representative discharge localization strategies for confined-
space spacecraft-oriented monitoring. The proposed method is a calibrated electrostatic-induction
feature-ratio method rather than a conventional absolute RSS localization method.

Method Strength Key Limitation

TDOA Direct geometric interpretation
Requires accurate timing, high
sampling rate, and known
propagation velocity

RF/UHF/HFCT Sensitive to fast discharge pulses
Affected by multipath, shielding,
metallic boundaries,
and array placement

Acoustic Less sensitive to electromagnetic
interference

Requires a suitable propagation
medium and stable structural
coupling path

Optical or
fiber-optic

Direct detection when the
discharge is visible

Limited by line-of-sight,
occlusion,
and installation complexity

Conventional
RSS or absolute
ampli-
tude/energy

Simple signal processing and
ratio-based geometric
formulation

Sensitive to source strength,
channel gain, propagation
model, and boundary coupling

Proposed
electrostatic-
induction
feature-ratio
method

Compact sensing heads, reduced
TDOA dependence,
and calibrated relative transient
features

Requires geometry-specific
calibration, environmental
validation, and miniaturized
electronics before deployment

6.6. Future Vacuum-Immersed System Development

Future work should extend the present proof-of-concept verification toward a vacuum-
immersed and spacecraft-structure-representative system. The first step is to build a sealed
or thermal-vacuum-compatible discharge test configuration in which the discharge source,
sensing electrodes, cables, and front-end electronics can operate under controlled pressure
and temperature. The second step is to introduce representative boundary structures,
including metallic panels, dielectric samples, cable harnesses, grounding paths, and solar-
array-interface analogs so that the calibration can include the dominant coupling paths
expected in spacecraft compartments. The third step is to test the method under controlled
plasma or charged-particle background conditions where sheath effects, surface-potential
variation, and electrostatic screening can be assessed.

Several challenges are expected in this development. Vacuum operation may change
the discharge inception process and pulse waveform, making it necessary to separate source-
formation effects from localization errors. Plasma and charged-particle environments may
change the baseline potential distribution and the effective coupling between the source
and sensors. Thermal gradients may introduce gain drift, cable-impedance variation,
dielectric-property changes, and mechanical deformation of the array geometry. Metallic
cavities may shield or redirect the electric field, while dielectric surfaces may accumulate
charge and introduce memory effects. These factors require an uncertainty budget that
includes sensor-coordinate error, calibration residuals, feature noise, environmental drift,
and boundary-coupling uncertainty. Future work should also optimize sensor number,
placement, and array geometry and develop low-power integrated electronics for compact
spacecraft monitoring.
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7. Conclusions
This study developed a spacecraft-oriented electrostatic-induction sensor-array frame-

work for three-dimensional localization of transient discharge events in confined spaces.
A four-spherical-electrode array was used to acquire transient electric-field responses,
and relative response representations were constructed to reduce sensitivity to source-
strength variation and fixed channel differences. RMS, integrated energy, and envelope
energy were compared as alternative feature scalings rather than as fully independent
observables. Candidate-model screening indicated that the Power + offset mapping was a
suitable compact feature-ratio–distance-ratio model for the calibrated domain. The cali-
brated mapping transformed multi-channel responses into Apollonius-sphere constraints,
and nonlinear least-squares inversion provided the discharge coordinate estimate.

The method was evaluated on a 1 m3 controlled confined-space laboratory platform
with known sensor geometry. The envelope-energy representation achieved the best overall
localization performance among the tested features, with a mean three-dimensional error of
7.01 cm, a median error of 6.94 cm, and a maximum error of 10.05 cm for ten independent
test points. These results demonstrate the feasibility of the proposed sensing–calibration–
inversion chain for reduced-timing-dependence discharge localization under the present
laboratory conditions.

The limitations of this study are also clear. The present validation was conducted in
ambient air with a needle–plate source and did not include vacuum, plasma, spacecraft
materials, metallic enclosures, thermal gradients, or electronics integrated for spacecraft
onboard operation. The 1 m3 domain is a controlled validation volume rather than a direct
physical model of a specific CubeSat or microsatellite. Because the method depends on
empirical calibration, the reported localization accuracy should not be transferred directly to
other spacecraft geometries or environments without recalibration. Future work will focus
on vacuum-immersed testing, representative metallic and dielectric boundary structures,
plasma and thermal effects, uncertainty-budget construction, optimized sensor placement,
and miniaturized low-power electronics for spacecraft-oriented deployment validation.
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Abbreviations
The following abbreviations are used in this manuscript:

ESD Electrostatic discharge
TDOA Time difference of arrival
RMS Root mean square
RSS Received signal strength
RSSD Received-signal-strength difference
AoA Angle of arrival
MAE Mean absolute error
SSE Residual sum of squares
AICc Corrected Akaike information criterion
UHF Ultra-high frequency
HFCT High-frequency current transformer
LM Levenberg–Marquardt
EMC Electromagnetic compatibility
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