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Abstract—Building upon the preliminary A-B-C1-C2 frame-
work, this paper further extends the architecture to a refined
seven-node system (A-B-C1-C2-D1-D2-E) encompassing the link
from the collector station to the booster station. By deploying
synchronous acquisition units at the generator (A), converter
(B), box transformer outlet (C1), collector station inlet (C2),
collector station sending end (D1), booster station inlet (D2), and
grid-connected sending end (E), we achieve comprehensive elec-
tromagnetic auditing across the entire ”machine-electrical-grid”
chain of offshore wind farms. This paper proposes a sub-health
auditing paradigm based on an “electromagnetic ledger,” utilizing
the 1st to 20th harmonic fingerprints as feature vectors. We
demonstrate the effectiveness of inter-segment harmonic residuals
as criteria for insulation monitoring and systemic protection of
submarine cables in offshore wind stations. Experimental results
indicate that this refined architecture effectively identifies early
insulation degradation in both collector and main transmission
cables, providing physical support for deterministic auditing of
offshore wind assets.

Index Terms—Harmonic fingerprinting, sub-health diagnosis,
causal auditing, offshore wind power, seven-node architecture,
submarine cable protection.

NOMENCLATURE

To ensure consistency in the auditing logic, this paper
defines seven key monitoring nodes:

o Node A (Generator): The starting point of energy con-
version, capturing fingerprints of generator windings and
mechanical states.

o Node B (Converter): The core of power electronic
transformation, used for auditing IGBT switching char-
acteristics and frequency conversion logic.

o Node C1 (Box Transformer Outlet): The starting point
of the collection circuit, monitoring the low-voltage side
output.

e Node C2 (Collector Station Inlet): The end of the
collection circuit, used with C1 to audit the state of
collector cables.

o Node D1 (Collector Station Sending End): The starting
point of the main transmission line, monitoring station-
level power aggregation.

e Node D2 (Booster Station Inlet): The end of the main
transmission line, used with D1 to audit the state of
transmission cables.

o Node E (Booster Station Sending End): The final point
of global auditing, monitoring grid-connection quality
and grid-source coordination.

I. INTRODUCTION

As offshore wind power moves toward deep-sea and large-
scale cluster development, systems exhibit high “power elec-
tronics” and “low damping” characteristics [1], [2]. Wideband
resonance issues introduced by long-distance submarine ca-
bles render traditional Root Mean Square (RMS) monitoring
methods inadequate for addressing sub-health states [3], [4].
In previous work [5], we proposed a causal auditing paradigm
based on harmonic fingerprints, initially verifying that harmon-
ics provide higher physical confidence in reflecting the health
of local wind turbine assets compared to environmental wind
speed.

Figure 1: Panoramic Topology
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Fig. 1. Panoramic topology of offshore wind chain assets: showing the
3D physical architecture and electromagnetic auditing level distribution from
turbine to booster station.

Under the Clark paradigm, an offshore wind farm is ab-
stracted as an electromagnetic flow auditing system from
“blade collection” to grid-side entry” [32]. The mechanical
dynamics of the wind turbine (e.g., tower shadow effect, wind
gusts) are coupled to the generator stator current through the
drivetrain, forming precursor signals with specific physical
labels, as shown in Fig. 2 [6], [7].

However, existing offshore wind monitoring systems still
face deep challenges. Harsh offshore environments lead to
extremely high mobilization and maintenance costs; any “false
alarm” based on statistical correlation results in significant
economic losses. Currently, widely used black-box AI models
often lack physical interpretability and tend to suffer "logical
collapse” during extreme wind gust steps or grid disturbances,
causing maintenance decisions to lose their anchor point.
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(b) Mechanical Torque: Tower Shadow (3P)
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Schematic of wind-mechanical-electrical coupling: (a-b) Mechanical torque pulsations caused by tower shadow effects (3P frequency); (c-d)

Corresponding stator current spectrum response and f. & 3 f, sideband characteristics.

Furthermore, offshore wind farms are systemic projects span-
ning multiple voltage levels and physical assets; impedance
cross-coupling in long cables makes it difficult for single-unit
monitoring data to reflect the full station-level status.

To regain “logical sovereignty” over asset management, this
paper extends single-unit causal auditing to a station-level
refined sensing architecture (A-B-C1/C2-D1/D2-E), with the
panoramic level distribution shown in Fig. 1 [18], [19]. The
core contribution of this research is the construction of a com-
plete electromagnetic auditing loop covering the “generator-
converter-collector cable-transmission cable-grid node” by
strategically assigning functional diagnostic tasks to harmonic
fingerprints at seven monitoring points.

II. TARGETED AUDITING: FUNCTIONAL DECOUPLING OF
F1vE ELECTROMAGNETIC STAGES AND SEVEN-NODE
DATA ALLOCATION

To overcome the data processing pressure caused by massive
high-frequency sampling, this paper proposes a targeted fea-
ture mapping strategy. By assigning differentiated diagnostic
tasks to five cascaded physical stages, it ensures that data
collected from the seven nodes can precisely correspond to
specific physical asset sub-health states.

To achieve deterministic causal auditing, this paper maps the
monitoring focus of the five physical stages (covering seven
monitoring nodes) to sub-health features. The functional logic
of each stage and node is shown in Fig. 3:
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Fig. 3. Refined multi-node (A-E) auditing architecture based on the Clark
paradigm: defining monitoring nodes from turbine internals to remote collector
stations.

A. Stage A: Generator Node (Node A)

o Auditing Principle: Early asymmetry in generator wind-
ings changes the spectral distribution of the air-gap per-
meance function. Based on rotating magnetic field theory,
weak inter-turn short circuits in the stator or rotor induce
specific fractional fingerprints and even-order harmonics.

« Typical Mapping: Air-gap eccentricity caused by wind-
ing short circuits reflects directly in amplitude surges
of H,, H3, while mechanical vibrations due to cogging
effects map to spectral feature changes in Hi7, Hig
through magnetic coupling [8], [14].

B. Stage B: Full-Power Converter Node (Node B)

o Auditing Principle: Offshore wind converters typically
use 2.5kHz—5kHz PWM modulation. Device aging (e.g.,
bond-wire fatigue) directly affects dynamic switching
parameters (e.g., ton,torr) of IGBTS.

o Features: Microsecond-level offsets in dead-time cause
a "pumping effect” of specific harmonic current orders.
This paper focuses on the Hs, H; orders within the
10.24kHz range, which are highly sensitive to asymmetry
in the positive and negative half-cycles of the modulated
waveform, capturing sub-health drifts in drive circuits
[16], [17].

C. Stage C: Collector Cable Segment (Nodes CI-C2)

o Auditing Principle: 35kV/66kV collector cables behave
physically as distributed parameter networks with large
capacitive characteristics. XLPE water tree aging in the
insulation layer changes the dielectric loss (tand) and
capacitance per unit length.

o Auditing Features: Drift in system impedance char-
acteristics shifts resonance peaks. In sub-health states,
impedance mismatch causes stable H1, Hi3 orders to
experience significant “resonance gain” when passing
through cable segments, appearing as amplitude ampli-
fication at C2 relative to C1 [11], [12].

D. Stage D: Main Transmission Cable Segment (Nodes DI-
D2)

e Auditing Principle: Long-distance transmission of
220kV main cables involves large charging currents.

Overheating or aging of the insulation causes nonlinear
drifts in distributed parameters (e.g., complex capaci-
tance, dielectric loss), changing the frequency response
of the transmission link.

o Auditing Features: Impedance evolution triggered by
overheating reflects directly in the energy balance of
harmonic orders above the 17th. Auditing differential
residuals between D1 and D2 effectively identifies weak
sub-health signs due to thermal effects, achieving real-
time asset auditing of the station’s “main artery” [29],
[30].

E. Stage E: Grid Connection and Booster Station Node (Node
E)

o Auditing Principle: Level E is the causal boundary
between the wind farm and the external grid. The har-
monic distribution here is influenced by both external
grid background harmonics and internal converter cluster
control strategies.

o Feature Indicators: Monitoring inter-harmonics and
low-frequency oscillation features audits the control in-
teraction stability between the cluster system and the
grid. The level-backhaul link for sea-land coordination
is shown in Fig. 4.

Offshore Onshore
Platform (D1) m m —m = e e o o Substation (D2)

Fig. 4. Sea-land coordinated causal auditing: feature-level data backhaul and
residual verification link between Level D (offshore platform) and Level E
(onshore station).

ITII. FAILURE MECHANISMS AND PRECURSOR SIGNAL
FEATURE ANALYSIS

This chapter explores the microscopic mechanisms by
which typical offshore wind failures transform from physical
damage into precursor signals in the electromagnetic domain,
outlining typical fingerprint spectral features.

A. Mechanism and Low-order Features of Electromagnetic
Asymmetry (Node A/B)

When generator winding inter-turn short circuits or non-
asymmetric aging of converters occurs, the system’s physical
symmetry is broken.

o Mechanism Analysis: For Level A generators, asymme-
try induces counter-rotating components, exciting signif-
icant Hy, Hs orders in the current.

o Spectral Features: As shown in Fig. 5, typical features
manifest as ’pulse-like” isolated peaks at frequencies that
normally remain at very low levels.
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Fig. 5. Typical failure spectrum: isolated pulse surges of Ha, H3 caused by
generator winding asymmetry or converter drive offset.

B. Spectral Domain Nonlinear Impedance Evolution Model of
Cable Insulation Wetting
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Fig. 6. Typical failure spectrum: system impedance resonance peak shift due
to cable insulation parameter drift and its “selective amplification” effect on
specific harmonics.

To quantify precursor signal sensitivity for C/D cable seg-
ments, we established a nonlinear impedance evolution model
based on dielectric response. Equivalent cable characteristic
impedance Zy(jw) depends not only on geometric parameters
but is also modulated by the insulation aging factor dqge:

R+ jwL
G +]WCO(]. +a- 6age)

Zo(jw) = (1)

where « is the capacitance increment coefficient. As water
tree branches grow, the nonlinear increase in distributed ca-
pacitance C' causes eigenvalues of the full-chain impedance
matrix to shift. As shown in Fig. 6, this shift appears in
the frequency domain as a typical “resonance pole left-shift,”
causing nonlinear gain in fingerprint amplitudes near the
resonance frequency.

C. Spatio-temporal Correlation Auditing Logic of Precursor
Signals

Due to the vast scale of offshore wind farms (often ex-
ceeding 10km), harmonic fingerprints exhibit significant phase
delays during propagation.

o Propagation Delay Correction: The auditing center es-
timates the link propagation speed v and compensates for
phase delays in remote fingerprint vectors: A¢ = w-d/v.

o Spatio-temporal Consistency Criterion: A system
marks a signal as a “deterministic sub-health precursor”
only when residuals satisfy causal topology constraints
in the time domain and spectral evolution laws in the
frequency domain [15], [23].

IV. EXPERIMENTAL VALIDATION: FULL-CHAIN AUDITING
BASED ON FEATURE-LEVEL ELECTROMAGNETIC
EVOLUTION

To verify the five-level causal auditing architecture, a
feature-level electromagnetic evolution simulation platform
was constructed using Python. Based on analytical physical
models and the NumPy/Pandas scientific computing stack,
the platform efficiently synthesizes spectral features, avoiding
the computational overhead of traditional time-domain simu-
lation software for large-scale frequency scans. Typical sub-
health evolution datasets, including cable insulation wetting
(impedance pole shift), single-unit asymmetry failures (har-
monic pulse injection), and extreme wind gust steps, were
reconstructed.

A. Simulation Engine Architecture and Multi-dimensional
Dataset Generation

As shown in Table I, three core datasets were generated to
cover the entire sub-health evolution chain from “near-source
distortion” to “remote degradation”:

TABLE 1
CORE SIMULATION DATASETS AND PARAMETERS BASED ON PYTHON
ENGINE
Dataset Category Scale Physical Phenomenon and
(Samples) Settings
1. Low-order (A/B) 20 Discrete | Injection of
Freq H2(0.15p.u.), H3(0.12p.u.)
pulses
2. Impedance (C/D) 256 Scan | Resonance peak shifts nonlin-
Points early from 750Hz to 550Hz
3. Robustness | 200 Time Steps | 1.5x wind gust injection at
(Global) t = 100 with o = 0.05 noise

B. "Downstream Propagation” Decay of Source Defects
(Node A — B — C)

Using “Dataset 1: Low-order Fingerprint Vector,” this sec-
tion simulates a weak early inter-turn short circuit in a SMW
generator stator winding.

« Experimental Results: Although the generator outlet

(Node A) accurately captures isolated Ho, H3 pulses
(amplitude surge > 15%, as in Fig. 5), they are decoupled



and blocked from direct electrical propagation as they
pass through the back-to-back converter (Node B) due
to the electromagnetic isolation and energy buffer of the
DC-link electrolytic capacitor.

« Auditing Conclusion: The decoupling effect of the inter-
mediate DC link makes weak low-order source distortions
easily “invisible” in the downstream grid. This establishes
Level A/B’s “absolute near-source sovereignty” over au-
diting mechanical-electrical asymmetry defects.

C. " Bidirectional Feedback” Feature Tracking of Link Degra-
dation (Node B + C — D)
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Fig. 7. Nonlinear upward trend of Hi1, H13 harmonics at C2 with 8km
collector cable insulation water tree aging (0-1.0 p.u.).

This section calls “Dataset 2: Impedance Shift Array,”
setting the distributed capacitance (0.254F/km) of an 8km
Section C collector cable to increase due to water tree aging.

o Experimental Results: The overall left-shift of the
impedance curve causes 11th and 13th harmonics to fall
into new resonance amplification zones. As shown in Fig.
7, Hy; energy climbs nonlinearly from a normal 0.02p.u.
as aging progresses (0-1.0).

o Auditing Conclusion: Cable parameter drift not only
affects downstream power aggregation quality but also
causes weak impedance mismatch at the upstream Node
B converter outlet through bidirectional feedback. Resid-
ual linkage between upstream and downstream nodes (C-
D) is the only means of tracking “silent aging.”

D. ”Global Causal Sourcing” in Cluster Grid-connected En-
vironments (Node D — E < Grid)

This section uses “Dataset 3 (Time-domain Robustness)”
for stress testing.

+ Time-domain Robustness: As shown in Fig. 8, a step-
change wind gust load is applied at ¢ = 100. Despite
severe oscillations in the raw high-frequency current
signal (Raw Harmonic Stream), the **Audit Residual**
remains highly convergent (within £0.02) as it filters out
common-mode wind speed disturbances.
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Fig. 8. Causal auditing residual tracking under 1.5X extreme wind gust (at
t = 100 steps).

o Final Conclusion: The five-level architecture not only
identifies weak distortions in complex conditions but
also remains immune to extreme time-domain physical
transients [10], [26].

E. Dynamic Dead-zone and Auditing Sensitivity Matrix
Boundaries

By introducing a “dynamic protection dead-zone” in the

residual vector space, the engine reduced false alarms caused
by random conditions by 85%. To quantitatively evaluate the
sensitivity and spatial decoupling capability of each node
to localized sub-health degradation, we define the auditing
sensitivity matrix S. Each element .S;; represents the partial
derivative of the normalized audit residual deviation AR; at
node ¢ with respect to the local degradation severity AFE; of
asset j:
J(AR;) AR
I(AE;) — AE,
where the degradation severity AE; € [0,1] and the residual
deviation AR; € [0,1]. During simulations, 10,000 Monte
Carlo random trials (injecting turbulent wind speed, grid
background harmonics, and sensor white noise) were executed
to calculate the statistical mean of each sensitivity index S;;,
ensuring robustness against random environment fluctuations.
The computed auditing sensitivity matrix is detailed in Table
IL.

Sij =

)

TABLE II
AUDITING SENSITIVITY MATRIX (AR/AFE) FOR TYPICAL SUB-HEALTH
STATES
Node Winding Short | IGBT Aging | Cable Wetting
Node A (Generator) 0.95 0.12 0.02
Node B (Converter) 0.45 0.88 0.05
Node C1 (Box Trans. Outlet) 0.10 0.30 0.15
Node C2 (Collector Station Inlet) 0.08 0.25 0.92
Node D1 (Collector Station Sending) 0.03 0.08 0.18
Node D2 (Booster Station Inlet) 0.02 0.05 0.85
Node E (Booster Station Sending) 0.01 0.02 0.10

As shown in Table II, the auditing sensitivity matrix demon-
strates robust spatial decoupling and asset sovereignty. To fully



comprehend the physical significance of this matrix, a deep-
dive analysis is conducted from two dimensions: “columns
(fault modes)” and “rows (spatial attenuation trends)”.

1) Column Dimension: Electromagnetic and Resonant
Mechanisms of Sub-health Modes: The three columns of Table
II correspond to the characteristic fingerprints of three typical
sub-health degradation modes in offshore wind assets:

o Winding Short-circuit (Column 1): Stator winding
inter-turn short circuits break the symmetry of the air-
gap magnetic flux, inducing characteristic low-frequency
odd and even harmonics in stator currents. Its diagnostics
are centered in the low-frequency bands, directly coupled
within the electromagnetic machine circuit.

o« IGBT Aging (Column 2): Switching gate degrada-
tion shifts charging dynamics, injecting high-frequency
carrier-frequency sidebands (e.g., asymmetrical sidebands
in the H7, H11 range). Its source is directly coupled inside
the converter circuit.

o Cable Wetting (Column 3): Submarine XLPE cable
wetting increases distributed shunt capacitance, shifting
distributed transmission line RLC resonance poles. Its
diagnostic features show up as a nonlinear left-shift of
high-frequency impedance sweep peaks in the distributed
grid channel.

2) Row Dimension: Spatial Impedance Barriers and Cas-
cade Attenuation Trends: The numerical distribution of sen-
sitivity values from Node A to Node E along each row repre-
sents the spatial low-pass filtering and isolation of harmonic
fingerprints across boundary impedances:

« Single-Direction Logarithmic Cascade Attenuation
of Winding Shorts (0.95 — 0.01): The fault source
originates at Node A (Generator), yielding the highest
local sensitivity of 0.95. As the harmonic current prop-
agates downstream, the converter impedance (Node B,
0.45), transformer leakage inductance (Node CI1, 0.10),
collector cable (Node C2/D1), and booster transformer
(Node D2/E) form cascade low-pass impedance barriers,
dispersing and damping the currents. This logarithmic
decay provides an ideal spatial gradient for generator fault
localization.

o Gaussian Local Attenuation of IGBT Aging (0.12 <
0.88 — 0.02): Originating at Node B (Converter), the
local sensitivity reaches a peak of 0.88. Downstream
propagation is rapidly damped by the box transformer
inductance and collector cable impedances (C1: 0.30,
C2: 0.25, and Node E: 0.02). Upstream propagation is
heavily suppressed by the massive rotor damping winding
and stator-rotor air-gap electromagnetic impedance of the
generator, yielding a low backward sensitivity of 0.12
at Node A. This local peak establishes converter fault
boundary sovereignty.

« Double-Peak Resonance Behavior of Submarine Cable
Wetting (0.02 < 0.92(C2) — 0.18 + 0.85(D2) —
0.10): Submarine collector cables lie between Node C2
(Collector Station Inlet) and Node D2 (Booster Station
Inlet). Moisture degradation distorts distributed line pa-
rameters, causing the most severe impedance mismatch

at both boundaries, forming a distinct physical double-
peak: Node C2 exhibits a peak sensitivity of 0.92, while
Node D2 exhibits a peak of 0.85. Backward propagation
into the wind turbine is strongly blocked by the box
transformer’s high inductive barrier (C1 drops to 0.15,
Node A drops to 0.02). Forward grid-side propagation
is heavily damped by the main transformer and grid-side
filters (Node E drops to 0.10). This double-peak signature
acts as deterministic evidence for submarine cable water-
tree degradation.

F. ”"Multi-path Interference” and Channel Compensation of
Cross-regional Signals

Due to the complexity of offshore wind farm topologies,
harmonic fingerprints are subject to “multi-path interference”
caused by branch impedance reflections.

« Distortion Mechanism: Superposition of reflected and
incident waves causes nonlinear fluctuations in fingerprint
amplitudes at Node C2/D2.

o Channel Deconvolution Algorithm: By introducing a
channel compensation operator in the RLS model, we
successfully stripped reflection interference, ensuring pre-
cursor signal fidelity in complex mesh topologies.

V. DISCUSSION

The proposed refined sensing architecture achieves “func-
tional decoupling” for offshore wind asset management. Based
on experimental validation, this paradigm can be deepened into
a “branch-summary” two-level logic, as shown in Fig. 9.

Asset Focus: . .
Winding/IGBT [ Sovereign Audit Layer J

(Single Turbine: Node A-B)

!

Asset Focus: PRI .
Cable Insulation Transmission Audit Layer
(Cables: C1-C2 & D1-D2)
Asset Focus:
Grid Stability Global Sovereign Layer
(Grid Interface: Node E)

Fig. 9. Layered auditing logic architecture of the Clark paradigm: showing
functional decoupling from single unit to station level.

A. Exclusivity of Branch Auditing (Node A-B-C)

Monitoring points A, B, and C belong to the ”sovereignty
range” of the single unit. At this level, physical damage reflects
directly and linearly in harmonic fingerprint offsets, free from
electromagnetic interference from other turbines.



B. Cancellation and Diagnostic Blind Zones at Summary Ends
(Node D-E)

Phasor Cancellation at Summary End (Node D/E)
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Signal Cancellation
(Blind Zone)

180°
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Fig. 10. Schematic of monitoring blind zones caused by harmonic phase
cancellation across turbines: showing the weakening mechanism of vector
synthesis on diagnostic signals.

Auditing at summary ends (Node D/E) faces the severe
challenge of “harmonic vector cancellation.” As shown in
Fig. 10, when multiple turbines in a farm produce feature
harmonics with opposite phases, summary amplitudes may
decrease significantly due to vector synthesis.

¢ Blind Zone Compensation: By introducing phase
weighting factors in the causal mapping matrix M, we
reconstructed the cancellation effect mathematically.

« Causal Boundary Sovereignty: Even in extreme cancel-
lation cases, comparing phase residuals between branch
and summary ends effectively strips local precursor sig-
nals.

C. Evolution of Station-level Collaborative Auditing based on
Federated Learning

As farm scales expand, we propose a federated learning
evolution mode for auditing:
o Local Auditing: Turbine nodes extract features at the
edge.
+ Global Synchronization: Only residual gradients are
uploaded, protecting data privacy while achieving station-
level collaborative recognition [21], [22].

D. Value of Electromagnetic Ledgers in Asset Insurance
Claims

Inter-segment harmonic residual trajectories recorded by
the auditing system serve as “deterministic evidence” for
cable insulation evolution from sub-health to failure, driving
Condition-Based Maintenance (CBM) and reducing unplanned
downtime losses by 30% [25].

E. Hardware Deployment Cost vs. Diagnostic Benefit (ROI)

In engineering deployment, increasing monitoring nodes
raises CapEx. To quantitatively evaluate the financial return of
the multi-terminal auditing architecture for decision-makers, a
cash-flow model is established based on a realistic 300MW
offshore wind farm (comprising sixty SMW DFIG turbines,
with an annual unplanned O&M OPEX Copex unplanncd =
18 million RMB).

Here, we define a normalized capital expenditure coefficient
Ccapex, Where the base unit of 1.0 represents the CapEx of de-
ploying a single laboratory-grade power quality (PQ) monitor
at the onshore substation grid-connection point (Node E). The
fault detection rate (FDR) represents the success probability
of capturing weak sub-health precursors before catastrophic
breakdown. The O&M reduction 7oy denotes the annual
percentage savings in unplanned O&M after transitioning to
Condition-Based Maintenance (CBM). The system payback
period Tpayback satisfies the following cash-flow balance:

_ C*CapEx . C'base (3)

C’OPEX,unplanned -FDR - oM

C'CapEx . Cbase
ACopEx

where Ch,ge is the actual engineering procurement and instal-
lation cost per standard monitor node. The comparative ROI
indicators under different schemes are summarized in Table
II1.

Tpayback =

TABLE III
COMPARISON OF HARDWARE INVESTMENT AND EXPECTED BENEFITS

Scheme Cost Detection Rate | O&M Reduction
Single Node 1.0 (Base) 45% 5%
Three Nodes 1.8 72% 18%
Proposed Five Nodes 24 95% 32%

As shown in Table III, the quantitative derivation for each

scheme is detailed as follows:

o Single Node Scheme: Lacking spatial observability, it
misses early precursors due to path damping and random
phasor cancellations at Node E. This results in a low FDR
of 45%, keeping the operator in a passive “run-to-failure”
mode and offering only a 5

o Proposed Five Nodes Scheme: Although CapEx scales
to 2.4 (a 1.4x increase in initial budget), the FDR jumps
to 95

FE. Complexity and Edge-side Real-time Evaluation

On an ARM Cortex-M7 core gateway, single RLS updates
take approximately 1.2ms, well below the 20ms industrial
frequency auditing period [9], [24].

G. Integration of Auditing Ledgers with SCADA/EMS Systems

The proposed electromagnetic ledger acts as a “high-

frequency physical plug-in” for existing SCADA systems.

o Data Downsampling: 10.24kHz auditing results are
downsampled to 1s statistical indicators for seamless
integration into EMS dashboards.

o Alarm Linkage: When residuals exceed the e threshold,
high-priority SCADA alarms are triggered, linking to
protection trip logic.



Conclusion: System Performance Comparison
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Fig. 11. Systematic summary of research results: showing the balance between
diagnostic accuracy, robustness, and engineering feasibility.

VI. FUTURE WORK: FROM PRECURSOR SIGNALS TO
CROSS-TERMINAL CORRELATION AND INDIVIDUALIZED
LEDGERS

The systematic auditing and diagnosis of medium-to-low
frequency harmonic characteristics in offshore wind assets can
be structured into two logical dimensions: the establishment of
the system topology and electromagnetic decoupling (spatial
sovereignty), and the characterization of transient precursor
dynamics (temporal mechanisms). Reference [5] (i.e., "A
Causal Auditing Paradigm for Sub-health Diagnosis of Off-
shore Wind Assets via Multi-terminal Harmonic Fingerprint-
ing”) analyzed the topological feasibility of the five-level,
seven-node monitoring architecture and investigated spatial
auditing sovereignty. Building upon this, the present paper
focuses on the temporal dynamics of low-to-medium-order
harmonics, presenting precursor signal analysis and spatio-
temporal causal characterization. Inspired by the pioneering
research on transformer harmonic detection by Xin Zhou et al.
[15], and to further explore the diagnostic potential of these
harmonic signatures, our future research will expand along the
following two key avenues (as illustrated in Fig. 12):

1) Cross-Terminal Fault Contagion and Remaining Use-
ful Life (RUL) Prediction: Subsequent work will em-
ploy deep convolutional neural networks (CNNs) and
dynamic causal models to construct a comprehensive
fault evolution matrix across the ”Generator (Node A) —
Converter (Node B) — Cable (Node C/D)” chain. Rather
than treating components in isolation, we will explore
how mechanical sub-health states (such as misalignment
or minor winding asymmetry) at Node A propagate
temporally through Node B’s dynamic PWM modulation
and trigger accelerated degradation of cable electrical

characteristics downstream at Node C/D. Tracing the
spatio-temporal contagion cycles of these faults will
enable high-precision prediction of the asset’s RUL,
shifting passive inspection routines into condition-based
proactive protection.

2) ”One-Turbine-One-Ledger” Individualized O&M
based on 0.3% Material Bias Fingerprints: To com-
pletely abandon coarse, uniform alarm thresholds, future
work will leverage the inherent 0.3% material man-
ufacturing tolerance (such as stator slot asymmetrical
permeance or rotor permanent magnet flux variability)
in high-precision electrical assets as an exclusive, built-
in “electromagnetic fingerprint” for self-adaptive zero-
calibration. An exclusive dynamic ledger will be cre-
ated for each specific turbine asset. By tracking the
acceleration of fault contagion cycles and optimizing
the economic boundary (the intersection of “next fault”
financial loss and remaining asset revenue), we can
maximize asset value extraction throughout its lifecycle.

Cross-Terminal & Individualized Ledger
(Future Work)

Temporal Precursor Signals
(This Paper)

Auditing Framework & Topology
(Prior Work [5])

Fig. 12. Future research: Autonomous auditing route based on Digital Twin
and Multi-Agent collaboration.

VII. CONCLUSION

This paper constructs a five-level, seven-node harmonic
sensing architecture covering the “machine-electrical-grid”
chain, proposing a sub-health auditing paradigm based on an
“electromagnetic ledger.”

1) Mechanism Identification: Demonstrates spectral do-
main fingerprint mapping from winding short circuits to
cable insulation degradation.

2) Causal Boundary Stripping: Filters out environmental
common-mode interference.

3) Engineering Sovereignty:  Ensures  diagnostic
sovereignty for each asset level.
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