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Abstract

The growing integration of distributed renewable resources is pushing medium-voltage
distribution grids toward hybrid AC/DC configurations, whose topology-dependent vulner-
abilities, including harmonic resonance, sub-synchronous & converter-control interactions
(SSCI/CCI), AC/DC interface faults, and protection miscoordination, remain poorly ad-
dressed. This paper develops a vulnerability mapping framework for hybrid MVAC/MVDC
systems that combines multilayer network topology modelling, multi-source harmonic-
domain analysis using frequency coupling matrices, and Backward-Forward Sweep power
flow. The relationship between topology, resonant-mode count, and SSCI phase-margin
coupling is derived analytically from the admittance matrix. The framework is applied to
12 configurations across four topologies, using phasor-domain simulation with electromag-
netic transient (EMT) verification of fault and converter cases. The results show that, for
an XLPE 95 mm? DC cable, the dominant resonance falls below 200 Hz for feeders longer
than about 12.6 km; Monte Carlo analysis places this crossing at 10.0-14.2 km (5th-95th
percentile). At 60% renewable penetration, four configurations (C5, C8, C9, C12) exceed the
unity resonance-vulnerability threshold, and the meshed DC-side grid-forming configura-
tion (C8) violates the 30° phase-margin limit. Because the penetration at which this limit is
lost ranges from 20% to 85%, grid-forming deployment should rely on configuration-specific
impedance and phase-margin assessment rather than a universal threshold. Overcurrent
relays misoperate in 31-61% of DC pole-to-ground faults, reflecting a mismatch between
magnitude-based protection and DC fault signatures under high-impedance grounding.
A long short-term memory (LSTM) classifier trained on 468 simulated scenarios achieves
94.4% accuracy on 120 held-out scenarios under noise-free conditions, but its RVI, SVI,
and FPSS accuracy fall to 42.5-50.8% when the meshed topology class is withheld, so each
topology class must be represented in the training data.

Keywords: hybrid networks; harmonic analysis; sub-synchronous control interaction;
converter-control interaction; architectural vulnerability; power system analysis;

protection coordination

1. Introduction

Medium-voltage distribution networks are facing a fundamental shift in their structure
due to the incorporation of large-scale distributed sources such as photovoltaic (PV) power
generation, battery energy storage, EV infrastructure, and loads associated with data centers,
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all of which operate at DC voltages. The combined pressures have led to a movement
towards hybrid MVAC/MVDC architectures in which the AC and DC portions of the
network share the same geographical area and are linked via voltage-source converters
(VSCs). The advantages of using DC segments include the elimination of losses due to
reactive components in underground cables, direct interfacing of PV sources and battery
storage systems without the need for inversion stages, and improved power-flow control
that is not possible with purely passive AC transformers [1-4].

In New Zealand'’s context, high renewable penetration targets, geographically dis-
persed generation, and long rural feeders create conditions favorable to hybrid
architecture [5]. The power-electronic interfaces that make hybrid AC/DC networks at-
tractive also introduce four inter-related dynamic vulnerabilities unfamiliar to AC dis-
tribution engineers: harmonic resonance amplification, whereby the high shunt capaci-
tance of DC cables lowers the network resonant frequencies into inverter control frequency
bands [6,7]; sub-synchronous control interaction (SSCI) and its above-fundamental coun-
terpart, converter-control interaction (CCI), low-frequency forms of harmonic resonance
whereby grid-forming inverter control dynamics interact with DC-network resonances in or
near the sub-synchronous band; DC fault propagation, whereby capacitor discharge currents
reach high values on the microsecond scale, do not have a natural zero crossing, and propa-
gate across AC/DC boundaries both physically and through control mechanisms [8]; and
finally protection coordination failure, whereby relay design, based on AC faults, fails when
DC system modifications change the fault current environment [6]. The four mechanisms
are interrelated, and each mechanism will be discussed with the purpose-designed quanti-
tative tools: admittance matrix derivation of topology-dependent resonance; multi-source
frequency coupling matrix extension of harmonic domain analysis; Backward-Forward
Sweep power flow solver verified to 0.013%; phasor-domain fault simulation supported by
EMT checks; and a machine-learning classifier for real-time vulnerability classification.

Notably, much of the extant literature on these failure modes is considered sepa-
rately. Harmonic analysis of standalone converters is thoroughly documented [9]; sub-
synchronous resonance in wind farms connected through series-compensated AC lines
has been thoroughly investigated [10]; and the protection of DC microgrids is actively
researched [11]. However, the architectural aspects of how the selection of network ar-
chitecture, renewable power integration method, controller hierarchies, and protection
zones jointly define the composite vulnerability profile across all phenomena have not yet
been considered.

The current work attempts to address this gap by introducing a framework to map ar-
chitectural vulnerabilities in hybrid MVAC/MVDC distribution networks. Three analytical
approaches form the basis of the introduced framework: the MLN topology modeling ap-
proach proposed by Cuppen et al. [5]; the generalized harmonic domain analysis proposed
by Schipper et al. [12]; and the steady-state power system analysis methodology proposed
by Schipper et al. [13]. Real-time operational vulnerability monitoring is accomplished
through the inclusion of a machine learning classification layer in the developed framework,
where three supervised learning models, such as gradient-boosted trees (XGBoost), multi-
layer perceptron (MLP), and long short-term memory network (LSTM), are trained on
468 labeled scenarios generated from 240 fault simulations, 48 harmonic-domain analyses,
and 180 normal-operation time-domain simulations. The main contributions of this paper
are as follows:

(i) Analytical link between topology and resonance/SSCI vulnerability: Starting from
the network admittance matrix, closed-form conditions are derived that relate the
topology (radial, ring, meshed, hybrid overlay) to the number and degeneracy
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of resonance modes, and to the coupling of SSCI phase margins among multiple
grid-forming sources.

(ii) Multi-source harmonic-domain analysis: The single-source harmonic-domain method
of [12] is extended to multiple distributed sources using full frequency coupling
matrices.

(iii) Four quantitative vulnerability indices with stated thresholds: RVI, SVI, FPSS, and
CCS are defined, with thresholds and their provenance. They are evaluated for
12 configurations, spanning 4 topologies, 3 source placements, and 4 control strategies,
across all 4 vulnerability classes simultaneously.

(iv) Design limits supported by sensitivity analysis: These include a cable-length criterion
for keeping the dominant resonance above 200 Hz (about 12.6 km at nominal param-
eters and about 10 km at 95% confidence for XLPE 95 mm? cable, and 9-21 km for
150-350 nF/km cables), tested with tolerance and Monte Carlo analysis.

(v) A simulation-trained vulnerability classifier: Conventional supervised models (XG-
Boost, MLP, and LSTM) are trained on 468 simulated scenarios to estimate the class of
all four indices from standard power-quality measurements. They are tested for out-of-
distribution, leave-one-configuration-out, and leave-one-topology-out generalization,
as well as robustness to measurement noise and communication dropout.

(vi) Five architectural planning principles distilled from these results: Compared with
the multilayer-network framework of [5], which describes, and with the harmonic-
domain [12] and steady-state [13] methods, which analyze individual power flow, the
present work combines these tools into a single framework that ranks complete hybrid
architectures across all four vulnerability classes.

The rest of the paper is structured as follows: Section 2 reviews literature background
and discusses the literature gaps to be targeted, Section 3 discusses the architectural design
space, Section 4 formulates the vulnerability taxonomy along with the corresponding
quantitative metrics, Sections 5-8 discuss the simulation approach and its outcomes for
each type of vulnerability, Section 9 discusses the ML classifier, Section 10 summarizes
the outcomes, states the scope and limitations, reports additional verification studies, and
draws architectural guidelines, and Section 11 concludes the paper.

2. Background and Related Work
2.1. MVDC Distribution

MVDC distribution systems’ engineering fundamentals are best understood through
CIGRE Technical Brochure 793 [6], which identifies the key unsolved problems as grounding,
protection, control coordination, and simulation methodology. Another benchmarking
source relevant to the topic is the Horizon 2020 EASY-RES project, which was dedicated to
the development of KPI-based performance assessments for ancillary services in a network
with a high level of renewable energy integration, which were tested on the CIGRE European
MYV benchmark (TB 575) and CIGRE LV benchmark networks [14]. Even though EASY-RES
has been designed specifically to enable ancillary services in an AC network, its reliance on
the same CIGRE benchmarking infrastructure makes its results comparable to those of this
work, which, however, covers hybrid MVAC/MVDC distribution systems.

2.2. Harmonic Analysis in Converter-Dominated Networks

The harmonic analysis of converter-dominated power systems is conducted within
the harmonic-domain formulation first introduced by Arrillaga et al. [15,16], in which
nonlinear elements are modelled as Norton equivalents using frequency-coupled matrices.
This method was further developed by Schipper et al. [12] to account for devices exhibiting
memory effects, such as magnetic hysteresis in transformers. The formulation has not yet
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been extended to networks with many harmonically excited elements that interact through
the impedance network, as required for hybrid MVAC/MVDC systems.

2.3. Sub-Synchronous Control Interaction and Impedance-Based Stability

The sub-synchronous control interaction (SSCI) problem was first identified for type-3
wind farms operating on series-compensated AC transmission lines [17], where SSCI arises
from the coupling between the rotor-side converter dynamics and the electrical resonance
introduced by series capacitors. Sun [18] proposed an impedance-based stability criterion
for grid-connected inverters that extends Middlebrook’s input-filter criterion, and it has since
been applied to VSC-HVDC and MMC-HVDC systems [19,20]. A lot of development has
occurred since then; in particular, computational platforms have been developed to perform
impedance-based stability analysis for hybrid AC/DC systems [21-24], and numerous
publications have addressed multi-converter and grid-forming inverter configurations [25].
However, the interaction mechanism in the hybrid MVAC/MVDC system differs significantly
from that in the classical SSCI scenario, as DC cable capacitance becomes a new source
of resonance. At the same time, the inverter control loops, with bandwidths of tens to
hundreds of hertz, replace the rotor-side converter current controller in interactions with
the resonance.

The extension of impedance-based analysis to multi-inverter hybrid systems with vari-
ous control schemes is not addressed in the existing literature. Recently, some developments
have been achieved in the field of grid-forming stability analysis and multi-inverter dynam-
ics analysis, such as a comprehensive study on transient stability enhancement techniques
for grid-forming converters [26], a multi-loop droop control stability analysis with current
limiters [27], and a comparative study on grid-forming and grid-following dynamics in
combination transmission-distribution systems [28].

2.4. DC Network Protection

DC grid protection faces an essential problem. Fault currents generated by cable and
converter capacitances reach their peak within microseconds and lack any zero-crossing
point, thereby requiring a technology capable of responding at speeds several times those of
AC protection [29-31]. Co-ordination across boundaries, where a fault in one zone should
not lead to unnecessary tripping in another, requires communication-based approaches
more advanced than conventional radial feeder protection. The latest developments in this
field include a protection concept for MVDC networks with network reconfiguration [32],
a review of fault detection techniques in MVDC networks [33], and a setting-less, threshold-
less fault detection technique for the DC grid [34].

2.5. Machine Learning for Vulnerability Assessment

The application of machine learning algorithms in power system fault classification,
stability evaluation, and harmonic source localization [35-39] has been explored; however,
their use for architectural-level vulnerability assessment in hybrid AC/DC systems has
not been sufficiently examined. This work provides insight into the ability of machine
learning algorithms to classify the vulnerability state of a hybrid MVAC/MVDC system,
considering harmonic, oscillatory, and fault-propagation aspects, using only standard
power-quality measurements. Recent surveys on machine learning applications in power
system protection and emergency control [40,41] provide a broader methodological context
and transfer learning approaches for online assessments of security and stability [42,43].
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3. Architectural Design Space for Hybrid MVAC/MVDC Networks
3.1. Topology Architecture

According to the multilayer network (MLN) framework [5] by Cuppen et al., the
network structure can be classified into elementary layers (voltage levels and types), nodes
(sets of bus equipment), and edges (intra-layer conductors and inter-layer converters).
Four topologies are described here. The radial DC topology places one AC/DC converter
at the head of the DC feeder, with renewable energy and loads connected in a radial
configuration. This kind of simplicity in topology provides a well-defined protection zone,
unidirectional power flow, and a single resonant frequency determined by the feeder’s total
inductance and cable capacitance. The major problem with this type of topology lies in
the system’s architectural dependence on the head-end converter. In a DC Ring Topology,
the DC network is connected to two AC/DC converters, providing redundancy by creating
two paths and thus eliminating the risk of total isolation in the event of a converter failure.
The availability of two converters, each with a different impedance response due to different
control policies, determines the network’s resonant frequency.

The meshed DC topology extends the ring configuration to include multiple DC
buses and AC feeder connections, providing maximum flexibility, albeit at the expense
of significantly increased complexity in protection coordination and resonant-condition
analysis. The hybrid overlay topology involves placing DC segments within a preexisting
MVAC infrastructure by installing converters at carefully selected locations. This is the most
economically viable route in the near future, but retains the same resonant characteristics
as the existing AC network and the new DC cables.

3.2. Source Architecture

The spatial configuration of the connections between renewable sources and the con-
necting points plays a significant role in determining the harmonic interaction picture. In
situations when sources are connected only to the AC part of the grid, then the DC side acts
as the path of the power flow, and harmonic currents generated by inverters of renewable
sources pass through the impedance map of the network, which is created but not supplied
with electricity through the DC grid infrastructure. When sources are connected to the
DC bus, as in large PV farms and batteries, the current generated by switching interacts
with the DC grid’s cable capacitance, causing resonance effects distinct from those on the
AC side.

3.3. Control Architecture

The principal control approach is the primary factor determining vulnerability to os-
cillations. The grid-following inverters with control based on the phase-locked loop (PLL)
operate as current sources synchronized with the grid, producing harmonics primarily
determined by the switching frequency and LCL filter design. They provide a very low
intrinsic vulnerability in isolation, although they cannot generate network voltage with-
out synchronous control. The droop-controlled converters control their active/reactive
power by monitoring frequency and voltage differences, resulting in frequency-dependent
impedances at their terminals that can lead to resonance with the network under certain
conditions. More than one droop-controlled converter connected to the same DC-bus may
exhibit oscillatory behavior due to the DC-bus impedance.

Grid-forming inverters generate their own voltage references with low-impedance
(voltage-source) terminal characteristics. Typically, the outer voltage control bandwidths
for grid-forming inverters are 10-100 Hz and include the sub-synchronous resonance range
caused by MVDC cable capacitance. While grid-forming control is increasingly regarded as
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essential for 100% renewable power systems, it presents the most complex vulnerability
landscape among all approaches.

A fourth control-based variation, and one of increasing importance, is the dual-port
grid-forming (DP-GFM) control scheme, in which one single converter controls both the
AC and DC bus voltages in a coordinated fashion via its inner loops [44]. Dual-port
grid-forming converters exhibit a unique vulnerability due to interactions between the
two control loops, arising from the need for dual-voltage regulation. In Table 1, ‘Mixed’
control denotes grid-forming DC-side sources with grid-following AC-side sources.

Table 1. Twelve evaluated architectural configurations.

Config Topology Source Placement Control Strategy
C1 Radjial AC-side Grid-following
C2 Radjial DC-side Grid-following
C3 Radjial Mixed Droop
C4 Ring AC-side Grid-following
C5 Ring DC-side Grid-forming
C6 Ring Mixed Mixed
c7 Meshed AC-side Grid-forming
C8 Meshed DC-side Grid-forming
C9 Meshed Mixed Mixed

C10 Hybrid overlay AC-side Grid-following
cn Hybrid overlay DC-side Droop
C12 Hybrid overlay Mixed Mixed

3.4. Protection Architecture

The design of protection zones needs to consider three different types of fault current
characteristics: normal AC fault currents that include natural zero crossings, DC capacitor
discharge fault current with microseconds rise time and no zero crossings at all, and fault
contribution from the converters, being equal to 1.0-1.2 per unit of rated current only.
Different detection and interruption principles are required for each type. The placement
of protection zone boundaries relative to AC/DC converter installation locations is thus the
primary architectural factor affecting vulnerability to protection coordination. The inverter
current limiters, which limit the output fault current to 1.0-1.2 pu of the rated current over
a 5 ms period, are another important architectural design component, since they change the
source impedance as perceived by the upstream protective devices. As a result, fault current
signatures become indistinguishable from those of a heavy load, necessitating modelling of
the current limiter.

3.5. Evaluated Configuration Matrix

In this paper, 12 architectural configurations are evaluated. They form a subset of
the 48 possible combinations of four topologies, three source placements, and four control
strategies (grid-following, droop, grid-forming, and mixed), chosen so that each topology
is represented by three configurations spanning its design space. In each topology group,
source location and control system vary together rather than separately.
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4. Vulnerability Taxonomy and Classification Framework

Vulnerability in architectural design is the characteristic of a network topology that
reflects how prone the architecture is to undesirable operational outcomes across all
operational scenarios. The definition does not consider component reliability; rather,
it focuses on emergent behavior arising from the arrangement of components within
a specific topology and control structure. Four classes of vulnerabilities depend on different
physical mechanisms.

4.1. Vulnerability Class 1: Harmonic Resonance Instability

Resonance vulnerability arises because the frequency components of distributed energy
sources fall within the same range as the system impedance’s resonant frequency. For passive
systems, the voltage magnification will be bounded. In contrast, for active systems with
inverter-interfaced distributed energy sources, the resonant overvoltage feedback to the
inverter creates a positive feedback phenomenon in which the bounded oscillations become
unbounded. The formula for calculating the Resonance Vulnerability Index (RVI) is shown
in Equation (1).

RVI (f) = |Znet(f) . Ysrc(f)lf RVI = maxe RVI(f) (1)

Resonance vulnerability index (RVI) is the size of the minor-loop gain without di-
mension defined through the network driving-point impedance and the aggregate output
admittance of the inverter source at each harmonic frequency, where Z,,,(f)[(}] is the

Thevenin equivalent driving-point impedance of the network viewed from the harmonic
Iirxj (f>
V()
inverter sources connected to this point at harmonic frequency f. Since the multiplication

injection point. In contrast, Y,,.(f) =

[S] is the effective aggregate admittance of the

of Z,,(f) . Y, (f) is dimensionless (2 x S = 1), the RVI criterion fits the minor-loop-gain
representation of the generalized Nyquist/impedance-stability criterion (Middlebrook;
Sun [18]; Xu & Fan [19]): the combined network-source system is guaranteed to be small-
signal stable, if the plot of Z,.,(f) . Y,,.(f) doesn’t encircle the point (—1, jO) in the complex
plane. RVI > 1 is a necessary, but not sufficient, condition for such an encirclement: instabil-
ity additionally requires the loop phase to reach —180° at a frequency where the loop-gain
magnitude exceeds unity. RVI is therefore read together with SVI, which captures the
phase condition.

4.2. Vulnerability Class 2: Sub-Synchronous and Converter-Control Interactions

Two related interaction regimes are distinguished in this paper. Sub-synchronous
control interaction (SSCI) denotes an interaction between converter controls and the network
in which the resonant frequency lies below the fundamental frequency (f < 50 Hz) in this
system. Converter-control interaction (CCI), also referred to here as an SSCI-type interaction,
denotes the same impedance/control mechanism: a network resonance coinciding with
a low phase margin of the converter loop, when the frequency lies above the fundamental
but inside the converter-control bandwidth. Both are specific forms of harmonic resonance
susceptibility and are assessed using the same phase-margin-based index (SVI). The concept
of sub-synchronous oscillation is generally defined in the context of power systems as energy
exchange between the electrical grid and generation/converter devices at a frequency below
the system’s fundamental frequency [45,46]. In a 50 Hz system, it covers all frequencies
below 50 Hz without a specific lower bound; field observations indicate that SSCI occurs
even at frequencies as low as 3.5-4 Hz [46]. The critical interaction band depends on
the configuration itself because it is defined by the specific values of total inductance and
capacitance (Equation (10)) and the VSC control bandwidths for each configuration, rather
than by a fixed range. For the nominal values of the VSC parameters, the interaction band
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falls within the approximate range of 5-45 Hz for the radial and ring configuration; for the
meshed configuration with grid-forming sources on the DC side (C8), the longer exposed
cable length and the additional parallel converter path shift the dominant control-interaction
resonance up to about 83 Hz. Because 83 Hz lies above the 50 Hz fundamental, this mode
is not a sub-synchronous interaction in the strict sense. It is a converter-control interaction
(CCI): it lies within the 10-100 Hz outer-loop range of grid-forming inverters and is driven
by the same impedance/control mechanism. It is therefore analyzed with the same SVI
metric and referred to as a CCI (SSCI-type) mode. An SSCI event manifests as a growing
oscillation in this band, visible as amplitude modulation of fundamental-frequency voltage
and current waveforms; in the frequency domain, it appears as sideband components at
50 £ f¢¢c; Hz. The SSCI vulnerability index (SVI) can be determined by the phase margin
of the open-loop transfer function of the source-network combination at the network’s
resonant frequency, as shown in Equation (2).

SVI = 1— PM(f,,.)/180° (2)

where PM(f,,,) is the phase margin at the resonance frequency f,.;. An SVI value close to
1 indicates a lack of phase margin and instability. Precisely, an SVI value exceeding 0.833
(with PM less than 30°) suggests inadequate damping margin; an SVI equal to 1 implies
zero phase margin, signifying the limit of small-signal instability. An SVI value less than
0 is physically impossible under this definition and suggests a faulty parameterization of
the formula for the specific setup. SVI is likewise introduced in this paper, applying the
same stability condition using impedances and extending the impedance-based stability
criterion to the sub-synchronous and converter-control bands (below about 100 Hz) as
a specialization of RVI restricted to those bands.

4.3. Vulnerability Class 3: Fault Propagation Severity

The extent of fault propagation depends on the vulnerability of propagation from
one segment to another in the hybrid system, given its physical and control interactions.
In a radial AC system, fault propagation is well understood, and protection coordination
is possible depending on the magnitude and timing of the fault current. In the case of
MVAC/MVDC hybrid system, fault propagation occurs through three modes, namely,
physical propagation, control propagation, and protection propagation of faults, in which
physical propagation of faults means flow of fault current through the hybrid network;
control propagation refers to harmonic injection changes in DC sources as a result of fault-
induced voltage depression; and protection propagation occurs when the relay operates
due to a fault in the opposite section, leading to unintentional loss of generation and load.

Here, the Fault Propagation Severity Score (FPSS) is calculated for each architecture
configuration as a function of the maximum voltage deviation on non-faulted buses resulting
from the worst-case fault event, expressed in per-unit values and weighted by the load and
generation connected to those buses. For a given configuration and fault event, FPSS is the
load/generation-weighted sum of the per-unit voltage deviations at all non-faulted buses;
the value reported for each configuration is the largest FPSS over all simulated fault events:

fault
FPSS= ) wpll— vk”” (3)
kefaulted k

where w, represents the weight of the load/generation for bus k. In w, = (P + Q) /Siotarr
a more conservative estimate (upper bound) of the weight of bus k, which is given by
the sum of active and reactive power instead of the exact value of the apparent power

(‘[Pi + Q%/Smm,), is adopted: Since both Py, Qy are positive, we have P, +Q; > /P2 + Q2

(equal when either one equals zero; at most 41.4% greater when P, = Qy), so the adopted
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weights are always greater than or equal to the exact apparent power ratio for each bus,
making FPSS prone to identifying more elevated/critical configurations. This conservative
convention is applied uniformly across all twelve configurations, so relative FPSS rankings
between configurations are unaffected by the choice.

The vulnerability classes of the machine learning classifier are assigned based on the
following thresholds on FPSS: FPSS < 0.10 = stable; 0.10 < FPSS < 0.25 = elevated; FPSS
> 0.25 = critical. The 0.10 boundary is aligned with the approximately +10% continuous-
operation voltage range of IEEE Std 1547-2018 [47] (0.88-1.10 pu), so that FPSS < 0.10
indicates weighted deviations that remain within normal tolerance, while FPSS > 0.25
indicates deviations large enough to push one or more non-faulted buses well outside that
range and into the ride-through region.

4.4. Vulnerability Class 4: Protection Coordination Failure

Failure of protection coordination occurs when the protection scheme either fails
to isolate a fault (fails to trip) or disconnects a healthy section (unwanted trip). Both
types of failure are especially important in hybrid AC/DC systems since the nature of
the fault current depends on the control strategy used by the nearby converters. When
a converter operates under a current-limiting control strategy during a fault, the impedance
seen by the relay differs significantly from that when the converter operates in its normal
state. A relay calibrated for one assumption about converter behavior during faults will
misoperate if the actual converter behavior differs. We quantify protection coordination
vulnerability using a Coordination Complexity Score (CCS), defined as the percentage of
simulated fault cases in which the standard relay setting leads to an incorrect decision. CCS
is expressed mathematically by Equation (4). The classification thresholds used for ML
class labeling (CCS < 15% = stable; 15% < CCS < 40% = elevated; CCS > 40% = critical)
are proposed in this work. CIGRE TB 793 [6] guides the use of impedance grounding and
fault currents during simulations but does not define a numerical CCS classification scheme.
The provenance of vulnerability-index thresholds used in this study is listed in Table 2.

maloperation

CCS = x 100% (4)

Ntotal?simulutions

Table 2. Vulnerability-index thresholds used in this study.

Index/Threshold Value Provenance
. Derived from the Nyquist stability criterion (Sun [18];
RVI unity threshold RVI>1.0 Xu & Fan [19]).
s . PM < 30°% Adapted from grid-following VSC design practice
SVIstability margin (SVI > 0.833) (Teodorescu et al. [48]).
<0.70 stable;

RVI class boundaries

RVI =1 from the Nyquist criterion [18,19]; lower bound

0.70-1.00 elevated; proposed in this work.

>1.00 critical

SVI class boundaries

<0.667 stable;
0.667-0.833 elevated;  0.833 (PM = 30°) from [48]; lower bound proposed in this work.
>0.833 critical

<0.10 stable; Proposed in this work; the 0.10 boundary is aligned with the
FPSS class boundaries 0.10-0.25 elevated; 1+10% continuous-operation range of IEEE Std 1547-2018 [47]
>0.25 critical (voltages measured per IEC 61000-4-30 Class A [49]).
<15% stable;
CCS class boundaries 15-40% elevated; Proposed in this work.

>40% critical
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4.5. Coupling Between Vulnerability Classes and Scope of Nonlinear Effects

The four vulnerability classes defined above are analytically separable for indexing
purposes but are not physically independent. SSCI is a frequency-band specialization
of harmonic resonance instability: both are governed by the same loop-gain condition
(Equation (1)), evaluated over different frequency ranges. The protection coordination
problem and the fault propagation problem are also linked; a fault, which propagates
control-induced harmonic disturbances beyond the AC/DC boundary, can actually ini-
tiate the operation of the inverter current-limiting operation, which causes changes in
fault signatures as observed by protective relays, precisely what the CCS index detects.
In a broader sense, a system that suffers from RVI/SVI vulnerabilities is more likely to
experience voltage excursions, which cause an increase in FPSS during a fault; since the
same network impedance causes both the steady-state resonance and fault propagation, this
explains why high RVI/SVI and high maloperation rates occur together in configurations
C5, C8, €9, and C12. RVI and SVI are small-signal indices: they flag the onset of instability
but not large-signal behavior. The dominant fault nonlinearity, converter current limiting,
is modeled explicitly in the fault simulations (Table 3) and verified by EMT; the Monte
Carlo analyses cover uncertainties in cable parameters and arc resistance. Large-signal
grid-forming dynamics are not assessed and are left for future work.

Table 3. Key simulation parameters.

Parameter Value Notes
MV-AC voltage 20kv Line-to-line RMS
MV-DC voltage +10kV Bipolar
DC cable capacitance 250 nF/km XLPE 95 mm?
DC cable inductance 0.35 mH/km XLPE 95 mm?
AC line capacitance 10 nF/km Overhead MV line
VSC switching freq. 3.15 kHz Typical utility VSC
PV inverter filter LCL, 5 mH/2 mH/20 uF Per phase
VSC outer loop BW 50 Hz Voltage/power control
PLL bandwidth 20 Hz SRE-PLL
Renewable capacity 8.5 MW total 6 sources
HV/MV transformer rating 25 MVA, 110/20 kV r;eezk;%\jgesggrg‘z S5u£n ‘6’3)
DC grounding resistance 1 k) (high impedance) Per CIGRE TB 793
VSC current limit 1.2 pu, activated in 5 ms CIGRE TB 875

Worst case for
voltage stability

Constant power

Load model (ZIP:0,0,1)

The coupling was quantified on the twelve simulated configurations: the rank correla-
tion between RVI and SVI is 0.98, and the four configurations with RVI > 1 all have SVI in
at least the elevated class.

5. Network Modelling and Simulation Methodology
5.1. Network Model Definition

The MLN network is established using the framework developed by Cuppen et al. [5],
with layers corresponding to MV-AC (20 kV), MV-DC (£10 kV), LV-AC (0.4 kV), and
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LV-DC (750 V). The AC network is the CIGRE European MV benchmark (TB 575), and
the DC segment follows the DC-grid benchmark modelling conventions of CIGRE TB
804 [50]. The study network includes: (a) feeder lengths of 5-25 km; (b) six DER units
at buses 2, 4, 6 (DC segment) and 8, 11, 14 (AC segment) on the CIGRE bus numbering,
chosen to reflect rooftop and utility-scaled DERs; (c) the HV/MV transformer is rated
25 MVA, 110/20 kV, with a leakage reactance of 5% on its rated-MVA base. The network
comprises the CIGRE MV benchmark buses (B1-B14) on the AC side, a two-bus MVDC
segment, two AC/DC interfaces, and six renewable energy sources, which together provide
8.5 MW of power. The BFS algorithm [51] is used to solve the power-flow problem in radial
distribution segments. The BFS algorithm is implemented via iterative voltage updates, with
branch currents calculated from apparent power and the sending-end voltage according to
Equations (5) and (6).

*

Sbmnch
Vto = Vfrom - Zpu'( Vfrom (5)
Branch current (backward sweep):
I _ Sbranch ' I 6
branch — \% + Z downstream ( )
from

In Equations (5) and (6), V}, and V,,,, are the per-unit voltage phasors at the receiving
and sending ends of a branch, respectively. Z,, is the branch series impedance in per unit,
Sprancn is the complex power flowing into the branch, I,,,,,, is the resulting branch current,
and Iy, .stream 15 the sum of currents supplying all branches downstream of the branch
under consideration. BFS steps: (i) set all voltages to 1.0£0° pu; (ii) backward sweep:
branch currents from Equation (6), end buses to substation; (iii) forward sweep: voltages
from Equation (5), substation to end buses; (iv) repeat until the maximum voltage change is
below 1071° pu. Convergence is defined as a tolerance of 1071 pu. The proposed approach
is verified using two benchmark cases: the CIGRE European MV Benchmark (TB 575,
2014) and the IEEE 33-bus radial distribution system [52]. Voltage calculation accuracy is
0.013%, while the active power loss calculation error is 0% relative to the reference data.
Figure 1a represents the CIGRE MV network, having 15 buses supplied via two feeders,
which are Feeder 1 with XLPE Al 240 mm? underground cable (resistance 0.125 Q/km,
capacitance 294 nF/km, IEC 60502-2 [53]) and Feeder 2 with ACSR Al-Fe 150 mm? overhead
line (resistance 0.501 Q/km, IEC 61089 [54]). The IEEE 33-bus network shown in Figure 1b
has three laterals and a load demand of 3715 kW; 21 buses have voltages below 0.95 pu in
the base case.

5.2. Harmonic Domain Simulation

The harmonic analysis is performed using the generalized harmonic-domain approach
of Schipper et al. [12] adapted to multiple distributed sources. For each distributed source,
the frequency coupling matrix (FCM) Y, is determined using the perturbation approach:
small harmonic voltage perturbations are introduced at the source terminals, and harmonic
currents flowing through the source are recorded. Perturbation is performed at 1% of
the rated voltage of the bus for each harmonic from 1 Hz to 2500 Hz. The criterion for
harmonic Newton-Raphson solution convergence is a mismatch less than 107 per unit
(looser than the 1071° pu tolerance used for the BFS power flow). The complete N x N
off-diagonal coupling matrix is used for all harmonics; an approximate approach that uses
only the diagonal elements underestimated the inter-source coupling by 62%. Entry Y;
(n, m) represents the admittance coupling between the mth harmonic voltage and the nth
harmonic current injection. The system-level harmonic admittance matrix is assembled
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by combining individual source FCMs with the network nodal admittance matrix at each
harmonic frequency:

YSyS = Ynet + diag(Yl, YZ’ Y3,... YN) (7)

&
@€

o TanCianCian
&

A
A
Y
&6-€&-&
8 ;:t;s:ion BO (slack)

@© Load bus
= Cable XLPE Al 240 (IEC 60228)

== OHL ACSR 150 (IEC 61089)

(a) CIGRE European MV benchmark (TB 575), 20 kV, 15 buses

Bus 1 (slack)

DER bus (2.2 MW)

Bus 18: Vimin = 0.9131 pu
Load bus

Feeder

®
| co0e

(b) IEEE 33-bus radial distribution system, 12.66 kV, 33 buses

Figure 1. Network topology diagrams for the two validation benchmarks: (a) CIGRE European
MYV Benchmark (TB 575, 2014) 20 kV, 15 buses, 9 DER units (5.00 MW); orange node = slack
bus, green = DER bus, red annotation = buses with V < 0.95 pu. (b) IEEE 33-bus radial distri-
bution system [52], 12.66 kV, 33 buses, 3715 kW load; Bus 18 (purple) = global voltage minimum
(V =0.9131 pu); green nodes = optimal DER siting locations [55].

Parallel resonances correspond to frequencies at which the eigenvalue of Y, (f)
with the smallest magnitude (equivalently, its smallest singular value) passes through
a local minimum close to zero; equivalently, the corresponding eigenvalue of the nodal
impedance matrix Z;,, = (1/ Ysys) has a local maximum in magnitude. The associated
eigenvector indicates which buses have contributed more to the resonant mode. Procedure:
(i) BFS operating point; (ii) FCM Y; of each source by 1% perturbation; (iii) Y, (f) from
Equations (8) and (9) and Y, (f) from Equation (7); (iv) eigenvalues of Y, (f) over
1-2500 Hz to locate resonances; (v) RVI (Equation (1)) and SVI (Equation (2)) at f,,..
Simulations are carried out from 1 to 2500 Hz (50th harmonic), with 1 Hz resolution up to
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100 Hz and 5 Hz beyond that. The driving point impedance for each segment of the cable is
calculated using an exact distribution-parameter solution as given by Equations (8) and (9):

Zin(f) = Z.coth(v1) (8)

ZI
Z.= \E and y = VZ'Y' = |[(R + jwL') (G’ +jwC) ©)

where Z' and Y’ are the per-unit-length series impedance and shunt admittance, respec-
tively. This formulation replaces lumped-Tt approximations and accurately represents the
distributed cable parameters.

Figure 2 presents the bus-to-bus analysis. BFS simulation voltages coincide with the
Baran and Wu reference at all 33 buses. The largest absolute error is 0.13 milli-pu, occurring
on Bus 7 (the largest error on Lateral 3 is 0.11 milli-pu on Bus 31). All 33 buses are within
1 milli-pu (£0.1%) Class A voltage uncertainty. The correctness of the proposed BFS
algorithm for solving the power flow problem is verified through Figure 3, which indicates
that there are 21 buses among 33 IEEE buses having bus voltage below the 0.95 pu lower
limit of ANSI C84.1 Range A, with the minimum being 0.9131 pu at Bus 18 in the base
case, which is close to that reported in [52] within an error of 0.013%. The per-bus error
in bus voltage is shown in Figure 3b, with a maximum of 0.13 milli-pu, meeting the IEC
61000-4-30 Class A accuracy standard. Figure 3¢ depicts how optimally placed 2.2 MW of
DER [55] removes all 21 voltage violations and reduces active loss by 62.2% (from 202.7 kW
to 76.6 kW). Figure 3d shows the monotonic improvement in both loss and minimum
voltage as DER penetration increases from 0% to 100%.

-#- Baran & Wu (1989), Table Il —— BFS + 2.2 MW DER
—— BFS (this study, 5 iterations)  ----- IEEE 1547 0.95 pu limit
0.6
Max |AV| = 0.13 mpu, RMS = 0.05 mpu
1.00 P_loss error 0.000% (ref. 202.677 kW)
0.5 Q_loss error 0.000% (ref. 135.141 kVAr)
5 iterations (tol = 1071° pu); limit 3 mpu
0.98
- 5 0.4
2 2
3 0.96 =
& £03
S =
£0.94 J oo
0.92 0.1
0.90 0.0 lllll IIIIII | - lllllllll III.
0 5 10 15 20 25 30 -0 5 10 15 20 25 30
Bus number Bus number
(a) All-bus voltage: BFS simulation vs published reference (b) Absolute error per bus (milli-pu = 0.001 pu)

Figure 2. Backward-Forward Sweep validation against Baran and Wu [52] (all 33 buses).

5.3. Time-Domain Simulation

The time-domain transients are modelled using PyPSA [56] based on converter models
from the CIGRE TB 875 data set. The PyPSA simulation process comprises three steps:
verification of resonant frequencies, fault propagation simulation, and creation of training
data for the ML classifier. Each of the twelve architectural configurations is modelled as
a separate network and uses the converter controller parameters according to the analytical
models presented above. All simulations are performed using the Newton-Raphson AC/DC
power flow algorithm, with a 100 s time interval to evaluate the temporal behavior of
fault events within the network. Since PyPSA works in the phasor domain, sub-millisecond
electromagnetic transient dynamics cannot be resolved; therefore, DC fault current rise
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rates are calculated directly from Equation (24) using the pre-fault DC bus voltage and the
cable inductance values in Table 3.

Faults are simulated for the following fault types: AC three-phase to ground, AC
single-phase to ground, DC pole to pole, and DC pole to ground fault at five locations per
configuration: AC/DC converter terminal, DC feeder midpoint, DC-connected renewable
bus, AC-connected renewable bus, and HV/MYV transformer secondary. This results in
a total of 240 fault simulations (12 configurations x 4 fault types x 5 locations). Fault
impedance and converter current limiting are implemented as custom PyPSA components
based on the parametrization provided by CIGRE TB 793 [6]. Faults in the time-domain
simulations are modelled as fixed-impedance faults, using a DC fault grounding resistance
of 1 k() for high-impedance faults and zero impedance cases for bolted-fault cases.

—— BFS base case -===0.95 pu limit
Baran & Wu (1989) Undervoltage zone
0.6
1.02 Max error 0.13 mpu
RMS error 0.05 mpu
1.00 0.5 Acceptance limit 3 mpu
~0.98 504
E g
g\[).gﬁ E 0.3
8 -
© 094 3
g i0.2
0.92
0.1
0.90 Vimin = 0.9131 pu, bus 18 | I
von RIETTIT) | (TIPS R A ||
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Bus number Bus number

(a) Base-case voltage profile (b) Per-bus error vs Baran & Wu

—— No DER ---= 0.95 pu limit —— Active power loss === Vmin
—— 2.2 MW DER --- No-DER baseline 202.7 kW
1.075
Loss reduction 62.2% 1.00
202.7 KW = 76.6 kKW ?
1.050 Vinin 0.9131 = 0.9551 pu
0.98
1.025
=) 0.96
él 000 =
o 2
£0.975 0.94 7
S E
° >
> 0.950 0.92
0.925 50 0.90
25
0.900 0.88
0 5 10 15 20 25 30 ¢ 0 20 40 60 80 100
Bus number DER penetration (%)
(c) Voltage profile with 2.2 MW DER (buses 6, 13, 18, 25, 30) (d) Loss and Vi, vs DER penetration

Figure 3. IEEE 33-bus BFS power flow results.

5.4. Electromagnetic-Transient Validation

To compensate for the limitation in terms of the phasor domain of the PyPSA simula-
tions, an electromagnetic transient (EMT) simulation has been performed. Fault transients
such as DC pole-to-ground and pole-to-pole were simulated using the multi-section RLC
cable model, which used parameters directly from Table 3 and converged well, indicating
that there is indeed oscillatory behavior in fault current and bus voltages due to the cable’s
L-C resonance (Figure 4).

The EMT run confirms the oscillatory behavior of fault current and bus voltage caused
by cable L-C resonance. Its rise rate (1.4 kA/ms) was not obtained under the conditions
assumed by Equation (24) and is therefore not used to assess that equation. Equation (24)
is the exact mean slope of a lossless cable fed by an ideal source and an upper bound
on the secant slope once resistance, DC-link depletion, and series reactors are included
(Equations (25) and (26)); Section 10.5 compares the bound with time-domain simulations
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under identical conditions. Converter current-limiter engagement was checked using
an EMT converter model with a current limit of 7,,,,= 1.2 pu, matching Table 3 exactly
(Figure 5). The progressive increase in converter loadings and fault severities has led to
an increase in peak current from 0.002 pu to 0.35-0.37 pu. The grid-forming SSCI starting
conditions based on a single converter have been tested successfully and shown to be

numerically stable over a 50 ms simulation (Figure 6).

Pole-to-ground: fault-branch current

Pole-to-pole: fault-branch current

e e
0.006 | 0006 nen
. —in#s
0.004 0.004
3 oo 0.002
§ 0000 0.000
3 -0.002 -0.002
-0.004 ~0.004
-0.006 -0.006
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
1.3 — v.0C #40 13
v_DC #41 :
2 — voc ez 2 |
|
511 11 il
=
1.0 1.0 |
=
2 09 09 :
0.8 08 B
— vocuse
07 ! 07 — Vocweo
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time (us) Time (us)

Figure 4. EMT-simulated DC fault current rise.

—— Simulated signal -

Fault inception

0.04 -
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0.02 1

0.00 1

0.2
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0.000 -

—0.005 A

Vpc

—0.010

—0.015 A \

0 2500 5000 7500 10,000 12,500 15,000 17,500 20,000
Time (us)

Figure 5. EMT-simulated converter current-limiter response to a real AC fault.
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Figure 6. EMT-simulated response of a single grid-forming converter to a P, step.

In order to check if this grid-forming behavior is specific to the particular droop-
law parameterization used, the same P, disturbance has been applied to two pa-
rameterizations of the grid-forming converter’s droop control law: the reference one
(Kgp = Kgg = 7 = T, = 0.05) and a slower, VSG-like one (K, = K4, =0.02, 7, = 7, = 0.20),
which corresponds to a four times slower time constant and a 2.5-fold smaller droop gain
(i-e., larger virtual inertia). With the same disturbance, the frequency deviation of the fast
reference converter was 0.021 pu, while that of the VSG-like converter was about 2.6 times
smaller (0.008 pu), with a slower, more damped recovery (Figure 7). This comparison is
made at the level of a single converter; the VSG-like law was not propagated through the
network-level RVI/SVI evaluation of the twelve configurations.

1.020

Rotor speed w (pu)
e
(=] o o
g 2 =2
w Qo w

—— Reference GFM (fast droop)

1.000 — =+ V5G-like (slow droop)

0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

o
N

|
o
N

Electrical power Pe (pu)
o
o

0.00 0.02 0.04 0.06 0.08 0.10
Time (s) [zoom of the first 0.1 s]

Figure 7. Grid-forming converter response to a P, step: reference vs. VSG-like droop settings.

Beyond the spot checks above, a m-ladder ring-down model (1, 4, and 16 sec-
tions), a 3.15 kHz PWM source, and an exact root calculation of the delay loop of
Equations (21)—(23) and EMT modeling on the DC feeder were used to check the lumped
resonance, the effect of switching, and the phase-margin—damping relation. The EMT engine
reproduced the exact eigenvalues of the feeder to within 0.1% in frequency, and a coupled
run with the library grid-forming converter model gave the same feeder resonance within

a few percent.
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5.5. Simulation Parameters

Parameters of the simulated model are listed in Table 3. The cable parameters for
DC represent a 95 mm? cross-linked polyethene (XLPE) underground cable, which is the
most frequently used cable type in MVDC distribution research. The cable capacitance of
250 nF/km is 25 times higher than the capacitance of the equivalent overhead AC line of
10 nF/km. This factor is responsible for the resonance frequency shift.

All steady-state and frequency-domain studies assume balanced three-phase operation
at all buses. The imbalance creates resonant paths using negative and zero sequences,
which are not part of the balanced network admittance matrix of Equation (7), and can be
expected to influence the resonant frequencies and the protection coordination margins,
especially in the hybrid overlay architecture.

6. Harmonic Resonance Analysis
6.1. Network Impedance Characterization

Figure 8 presents the working conditions of the CIGRE MV Benchmark network for
performing harmonic studies. Figure 8a shows the impedance difference between the
two feeders, with the first feeder, made of XLPE cables, maintaining voltages above 0.99 pu
at all times. The second feeder (ACSR overhead), with higher impedance, experiences
a 4.2% voltage drop, with a minimum voltage of 0.958 pu at bus B13 under the base case.
At 60% DER penetration, buses B11 and B13 become net exporters of power (B3 marginally,
+0.1 MW), creating reverse power flow. Figure 8b shows the per-bus load and DER dispatch.

—=— Base (no DER) ---- |EEE 1547 lower 0.95 pu B Load (MW) -+ Netinjection
-=- DER 60% (5 MW) Upper 1.05 pu == DER (MW)
Feeder 1 (cable) Feeder 2 (OHL)
1.05

’g_ 1.00 i el et - g
- T =
2 ey
g X_/ g
o Re g et R i, S S i o ot e e e S o

Vmin (base): 0.9581 pu @ B13
0.90 Vmin (DER): 0.9856 pu @ B12
Pioss (base): 114.3 kW

Pioss (DER): 10.9 kW

012 3 456 7 8 91011121314 012 3456 7 8 91011121314
Bus Bus number
(a) Voltage profiles: base case vs DER 60% (BFS) (b) Load and DER dispatch by bus

Figure 8. CIGRE European MV Benchmark BFS power flow results (CIGRE TB 575, 2014): (a) Voltage
profiles: base case and 60% DER penetration; Feeder 1 (XLPE) above 0.99 pu throughout; Feeder 2
(ACSR) minimum V = 0.958 pu at B13. (b) Per-bus load and DER dispatch at 60% penetration; buses
B3, B11, and B13 become net exporters (B3 marginally).

Figure 9a shows that the branch B0—B10 operates at 81.4% of its 4.0 MVA thermal
rating, making it the most stressed branch and a priority candidate for protection review.
Figure 9b shows that grid import decreases from 6.11 MW (6.00 MW load plus 0.11 MW
losses) to about 3.0 MW (—50%) at 60% DER penetration and to 1.0 MW (—83%) at 100%.

Harmonic Driving-point Impedance from the telegraph equation model
(Equations (8) and (9)) is illustrated in Figure 10. In the case of the pure AC system,
the dominant resonance occurs at about 820 Hz, which is well above the bandwidth of the
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inverter control system. In the radial DC system with a DC cable capacitance of 250 nF/km,
the network resonance frequency is estimated using Equation (10):

1
f res ¥ T —— (10)
21 \ Ltotul'ctotal
where Ltotul = Lsource + Ltmnsformer + 2LVSC + Lcablel including VSC filter inductance

(Lysc= 95.5 mH per converter, i.e., 15% on a 20 kV, 2 MVA base per CIGRE TB 875), source
inductance (2.55 mH, i.e., a 500 MVA short-circuit level at 20 kV), and transformer induc-
tance (2.55mH, i.e., 5% on 25 MVA at 20 kV). These two values are study assumptions; the
CIGRE TB 575 benchmark specifies a 12% short-circuit impedance for its 25 MVA, 110/20 kV
transformers and a 5000 MVA external grid at 110 kV, which would give Ly;,.; = 197.4 mH
and a 200 Hz crossing length of 12.56 km instead of 12.63 km (—0.6%), well inside the
Monte Carlo band.

Bl Base case 80% alert DER dispatch ---- Total load 6.00 MW
B DER60% ---- 100% limit Grid import —— Network losses (MW)
BO-B1 7
B1-B2
B2-B3 6
B3-B4
B4-+B5 _5
B5-B6 s
5 =
g B3-B7 =4
© B7-B8 ]
©  Bg-Bo 33
o
B0-B10
B10-B11 2
B11-B12
B12-B13 1
B10-B14
0 20 40 60 80 100 0l.) 20 80 100

40 60
% of thermal rating DER penetration (%)

(a) Branch loading from BFS currents (% of thermal rating) (b) Grid import vs DER penetration

Figure 9. CIGRE European MV Benchmark BFS power flow results (CIGRE TB 575, 2014): (a) Branch
loading from BFS currents; BO—B10 reaches 81.4% of thermal rating. (b) Grid import vs. DER
penetration; imports decrease by about 50% at 60% DER and by 83% at 100% DER.

= AC OHL 10 km (ACSR 150) == DC XLPE 2 km (Al 95)
— AC XLPE 10 km (Al 240) SSCl risk 5-45 Hz === 200 Hz threshold Resonance within control BW
— DC XLPE 10 km (Al 95) Network f,e; = 507 Hz (2 km) 50 Hz (fundamental) —- Critical length = 12.6 km
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(c) Three-phase short-circuit MVA per bus, IEEE 33-bus (d) Protection coverage matrix (CIGRE TB 875, Ch. 3)

Figure 10. Impedance analysis of harmonic spectrum, short-circuit current capacity, and protective
system coverage.
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The driving-point impedance magnitude |z(f)| for four cable and line configurations
is shown in Figure 10a, where the exact solution of the telegraph equation was used. The
AC overhead line (ACSR, green) maintains its strong peak above 2500 Hz. The AC XLPE
cable (blue) exhibits resonance at around 2300 Hz over a 10 km section. The DC XLPE cable
(red, 10 km) resonates at much lower frequencies, in the sub-kilohertz band, because in
the DC system, the cable capacitance resonates with the 196 mH converter-side inductance
(Equation (10)); the AC XLPE section alone resonates near its quarter-wavelength frequency.

The SSCI critical region (5-45 Hz, orange) is not reached by the impedance curve of
the DC cable, as shown in previous studies, which indicate that SSCI requires grid-forming
inverter control to provide destabilizing positive feedback. In Figure 10b, impedance results
are used to derive a design guideline: the 200 Hz limit is exceeded beyond about 12.6 km
in the VSC filter design used in this study, whereas shorter feeders still exhibit resonances
within the less critical 200-1000 Hz band. Figure 10c depicts the three-phase short-circuit
MVA per bus 26 to 33 (IEEE 33-bus end-of-feeder buses). The Ssc values at these end-of-
feeder buses range from about 19 to 58 MVA, making this part of the network the weakest.
Figure 10d shows the protection coverage matrix; only the IEC 61850 [57] GOOSE differential
relay (87) covers all four faults.

The capacitance of MV XLPE cables is assumed to deviate from its nominal datasheet
value by +5-10%. This tolerance was propagated through Equation (10) using
Lfivea = 196.079 mH, single-pole C' = 250 nF/km); at 2 km, Equation (10) gives 507 Hz,
which coincides with the curve in Figure 11.

700 == Nominal (Table 3 parameters)
+10% capacitance tolerance band
— _ ) z
i 600 \ f res(2 km) = 507 Hz Illustrative aged cable (+20% C)
> (matches Fig. 10(a))
U \
c
¢ 500
o
g
=
L 400 A
c
M
c
2 300 A
g
= 200 Hz threshold
E i N T====T—
= 1 T Tk
© 100 Crossing: 12.6 km
0 T T - T T T
0 5 10 15 20 25 30

DC feeder length (km)

Figure 11. Resonance frequency vs. feeder length.

With a crossing at 200 Hz, the lengths of the tolerance band are 12.63 km (nominal),
11.51 km (+10% C tolerance), and 14.00 km (—10% C tolerance), giving an 11.5-14.0 km
band for £10% manufacturing tolerance alone. To go beyond the two-tolerance check
method, a Monte Carlo propagation (200,000 draws, Figure 12) of the combined uncertainty
of capacitance was carried out, accounting for the manufacturing tolerance (normal distri-
bution with £10% as its one standard deviation) and the effects of thermal/burial/loading,
which are modelled by an additional one-sided derating (0-15% due to the only growing
capacitance as a result of aging). The resulting distribution of 200 Hz crossing length is
characterized by a mean of 11.9 km and a 5th-95th percentile band of 10.0-14.2 km; the
probabilities of the threshold falling below 11 km and below 10 km are 25.2% and about
5%, respectively.
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Figure 12. Monte Carlo distribution (200,000 draws) of the 200 Hz resonance-crossing feeder length
under combined manufacturing tolerance and in-service thermal/aging uncertainty.

When cable inductance and the probability of a critical length below 11 km rise from
25.2% to 29.4%. Manufacturing capacitance, converter-side reactance, and in-service ca-
pacitance change account for virtually all of the variance (Sobol total-effect indices 0.56,
0.36, and 0.09). This way, the ~13 km figure should be considered more of an upper design
nominal reference, not a definite boundary: in feeders of 10-12 km in length, elevated
risks of resonance due to combined manufacturing and in-service uncertainties are a real
possibility. The choice of a 10% standard deviation is deliberately conservative, because the
assumed +5-10% tolerance is a bound rather than a standard deviation; with a 5% standard
deviation, the 5th-95th percentile band narrows to 10.7-13.1 km. The crossing length also
follows in closed form Equation (10); because the fixed converter and transformer induc-
tance dominates L;,, its sensitivity to C' is close to —1, so a given percentage increase in
capacitance shortens the threshold length by about the same percentage. For design, we
therefore recommend the 5th percentile value (about 10 km) as the length below which the
200 Hz criterion holds with 95% confidence for this cable and treat the nominal 12.6 km
value as a reference only.

XLPE ageing tends to increase cable capacitance, which lowers f,., (Equation (10))
and shortens the 200 Hz crossing length. The ~13 km value is therefore not conservative
over the cable’s life, which is why the Monte Carlo analysis includes a one-sided increase in
capacitance. The above sensitivity analysis addresses manufacturing capacity tolerance and
long-term ageing of the dielectric. Three other issues need to be considered in-service: soil
thermal resistance, burial depth, and load-current heating. These effects are represented in
the Monte Carlo analysis by the assumed one-sided 0-15% increase in capacitance.

6.2. Multi-Source Harmonic Coupling

One important analytical finding from this study is that the effect of harmonically
coupling distributed renewable energy sources is neither negligible nor independent of
architecture. Table 4 shows the off-diagonal elements of the harmonic admittance matrix of
the network at the dominant resonance frequency (156 Hz) and a non-resonant frequency
(820 Hz) for the radial DC configuration with three distributed PV sources.

Inter-source coupling is 4.6 to 8.0 times stronger at the resonance frequency than at
other frequencies. Interaction terms are of the same order of magnitude as the contributions
from each source individually, which means that harmonic distortion from multiple sources
cannot be superimposed to obtain an estimation of total harmonic distortion. The important
result from a practical standpoint is that harmonic measurement techniques that do not
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account for multi-source coupling underestimate the probability of resonant conditions in
hybrid MVAC/MVDC systems. In the meshed DC topology, coupling terms are further
amplified due to multiple parallel impedance paths, underscoring the architectural nature
of harmonic vulnerability.

Table 4. Off-diagonal harmonic admittance coupling between distributed renewable sources.

Source Pair ‘Yijl at 156 Hz (mS) ’Y,-]-| at 820 Hz (mS) Coupling Ratio
PV1-PV2 4.7 0.9 5.2x
PV1-PV3 3.2 0.4 8.0x
PV2-PV3 5.1 11 4.6x

PV1-PV3 and Wind1 1.8 0.3 6.0x

The range between 4.6 and 8.0 in Table 4 refers to the radial DC topology with three PV
sources located throughout the network at the particular operating condition examined;
therefore, this range cannot be considered the maximum coupling between the sources.
The fact that the meshed DC topology has additional parallel impedance paths amplifies
coupling terms even further, and topologies with more sources or increased renewable
penetration would certainly exceed the above range. Thus, the study demonstrates that
multi-source coupling is significant and architecture-dependent.

6.3. RVI Results Across Configurations

The RVI and SVI values obtained for all 12 configurations at 60% levels of renewable
penetration are shown in Table 5. Configurations C5, C8, C9, and C12 produce RVI values
above 1.0, i.e., the loop gain exceeds unity at resonance; instability also depends on the phase
margin. The four configurations have in common DC-side or hybrid renewable generation
and the use of grid-forming or hybrid controllers. Among the 12 configurations, the radial
configuration with the AC-side of grid-following renewables (C1) has the lowest RVI (0.41)
and SVI (0.12), indicating that topological simplicity and a conservative control scheme are
the two most influential architectural factors in reducing resonance vulnerability.

Table 5. Resonance Vulnerability Index (RVI) and Control-Interaction Vulnerability Index (SVI).

Config. Topology Sources Control RVI SVI
C1 Radial AC-side Grid-following 0.41 0.12
C2 Radjial DC-side Grid-following 0.65 0.28
C3 Radial Mixed Droop 0.76 0.45
C4 Ring AC-side Grid-following 0.55 0.19
C5 Ring DC-side Grid-forming 1.04 0.71
Coé Ring Mixed Mixed 0.89 0.58
c7 Meshed AC-side Grid-forming 0.72 0.54
C8 Meshed DC-side Grid-forming 1.35 0.92
c9 Meshed Mixed Mixed 1.15 0.79

C10 Hybrid OL AC-side Grid-following 0.54 0.17
cn Hybrid OL DC-side Droop 0.86 0.63
C12 Hybrid OL Mixed Mixed 1.01 0.74
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6.4. Analytical Basis for Topology-Dependent Resonance and SSCI Coupling

Modelling the DC feeder as N cable sections, each with series inductance L and shunt
capacitance C, Kirchhoff’s current law gives the nodal admittance matrix Y, (w) = jwCxI+
( ].wiL) where L is the dimensionless graph Laplacian of the feeder, with boundary conditions
set by the topology. If [ is the kth eigenvalue of L, the corresponding eigenvalue of Y,
is Ap(w) = jwC + (]i;_kL ), which crosses zero (parallel resonance) at the mode frequency

of Equation (11).
1 |k
fe=5:\1c (11)

For a radial feeder (path graph, one end grounded/driven, the other open circuit),
the eigenvalues have a closed form. Equation (12) shows the radial (fixed-free chain)
eigenvalue spectrum.

Zk=2<1—cos<%)>,k=l, .., N (12)

For a ring feeder (cycle graph, both ends connected to converters, closing the loop),
the network gains one extra coupling edge, converting the admittance matrix from tridiag-
onal to circulant and changing its eigenvalues. Equation (13) shows the ring (circulant)
eigenvalue spectrum.

Zk:2<l—cos(2Nik>>,k:0, e, N=1 (13)

For the ring, k = 0 gives the trivial common mode [, = 0, which is fixed by the con-
verter terminations; the modes k and N — k form degenerate pairs. Using Table 3 values
(L' = 0.35 mH/km, C' = 250 nF/km) for N = 8 sections (8 km total feeder, 1 km/section),
the actual eigen-spectra were computed (Figure 13): there are 8 unique and non-degenerate
mode frequencies in the case of the radial (path graph) spectral diagram.

- Radial (non-degenerate)
— Ring (degenerate pairs)

x2 X2 X2

01 2 3 4 5 6 7 0 5000 10,000 15,000 20,000 25,000 30,000 35,000
Node index Resonance frequency (Hz)

Ring ‘

0

1
w2
[
23
L4
=}
Zs
6
7

Radial ‘

(a) Radial: tridiagonal Ypet (N = 8) (b) Ring: circulant Ynet (N = 8) (c) Mode doubling: eigenfrequency spectra

Figure 13. Radial versus ring admittance structure for N = 8 sections.

For the ring, the kK = 0 common mode is fixed by the converter terminations, and the
remaining seven modes give only four distinct frequencies: three degenerate pairs (k = 1/7,
2/6,3/5) and the single mode k = 4. The above-mentioned theoretical distributed ladder
(without any inductance associated with the converter and transformer) highlights that
the mode count and mode degeneracy are determined solely by the topology, not by any
parametrization needed to match 150-200 Hz in Equation (10).

For a general meshed network with E edges and N nodes, the number of independent
loops (cyclomatic number) y is shown in Equation (14).

pu=E-N+1 (14)
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Every independent loop introduces one extra off-diagonal coupling structure in Y,
compared to the radial (spanning tree) case, which, using well-established interlacing
properties for graph Laplacians, necessarily results in at least one extra resonance-adjacent
eigenvalue branch. Denoting M as the number of grid-forming sources connected in the
considered network (M € {0, 1, 2, 3} among the twelve networks presented in Table 1),
each introducing harmonic admittance Y;(f). The characteristic equation for the considered
network of M sources and N buses takes the form shown in Equation (15).

dEt(I + Ynet_l(f)'ysrc(f>) =0 (15)

where Y, .(f) = diag (Y1(f), ..., Yn(f)) holds the output admittance of the source at its bus

and zero at buses without a source. Because Y} is a full (non-diagonal) matrix. Once any

ring /mesh coupling exists, the phase of this determinant is not the sum of the individual

-1

et as well.

ZY;(f) terms; it depends on the off-diagonal (cross-coupling) entries of Y’
Let us define the driving point admittance matrix of the reference (spanning tree or

radial) network as Y%

ot With its eigenpairs being (A, v;), and the admittance perturbation

caused by adding another loop (edge of ring network) or additional grid-forming source
(M — M+1) is defined as AY = Y,,,, — Y

et - As long as AY is small compared to the

(0)

spectral gap between neighboring eigenvalues of Y, ;

(first order perturbation theory;
Cauchy interlacing provides an upper bound for the same shift in the rank 1 case), the
first order shift of kth resonance adjacent eigenvalue is defined as Equation (16):
NG

H
'Uk (9

oAy ~ (16)
For one ring-closure edge with admittance y, connecting nodes (a, b), AY =
o= 0)

Il
in resonance frequency caused by the addition of a loop is proportional to the admittance of

y.(e; —ep) (e, — eb)T, such that Equation (16) simplifies to 64, = y, : the change
the loop and to the square of the difference in modal voltages across the two buses being con-
nected into the loop. Closing a loop between buses with the most different modal voltages
causes the largest shift in that mode’s frequency. Closed-form mode-frequency sensitivity.
Because A (w) = jwC + i/ (jwl), a first-order change 6l in a Laplacian eigenvalue shifts
the corresponding mode frequency according to Equation (17). For a ring-closure edge of

o (@) =0, (B)

relative weight w, = LL, Equation (16) gives 6, = w, , s0 the frequency shift of

2
every mode follows directly from the modal voltages of the radial network.
) 16l
%, Lok (17)
fo 2k
Applied to the lumped estimate of Equation (10), the same relation gives the normal-
ized ( Egg;‘ ) fC’ = —1/2and ( aaLf ’“1 ) ( Lf’”"” = —1/2, s0 a £10% capacitance tolerance moves
res tota res

fres Dy about F5%. Solving Equation (10) for the length I, at which f,,; equals a threshold
fins With Lyggar = Lyixeq + L'l, Cyoqp = C'l, gives the closed form below. With the Table 3
values, it yields about 12.6 km for f,;,= 200 Hz.

” N
—sz'xed + \/Lfixed + m
lH’l = 2L’ (18)

Let M grid-forming sources with output admittances Y;(jw) be connected at buses i.

Projecting Equation (15) onto resonance mode k (eigenpair A, v, of Y,,.;) gives the modal
loop gain T} and its phase margin PM, at the crossover frequency w, (Equation (19)),
where py; is the participation of bus i in mode k.

Y M pYi(jw) Jue@F

sEv Y Y = ————, PM = 180" + £Ty (jwy), |Ti(jwy) =1 (19
Me(jw) Pri ||Uk||2 k i (jwo), [Ti(jwp)] (19)

Ty (jw) =
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Adding a source (M — M + 1) multiplies the numerator of T} by (1 + p), with p
defined below. To first order, the change in phase margin is given by Equation (20): the
first term is the direct phase contribution of the new source, and the second is the phase
change caused by the shift of the crossover frequency.

0£LT/dw ]lnll +o, p= Pr,va1 Y1 (jawo)
dIn|Ty|/dw ' Z?ﬁl PriYi(jwo)

OPMy = £(1 +p) — [ (20)

For identical sources Z(1 + p) = 0, and the phase-margin change is set entirely by the
ratio of phase slope to log-magnitude slope of T} at the crossover. This ratio is not constant
in M, because the crossover moves along the resonance characteristic of A, as sources are
added; the phase-margin reductions are therefore not additive in the number of sources,
which is the analytical origin of the superadditive phase lag reported for C8 in Section 7.2.
Equation (19) neglects the coupling between different modes; the full determinant condition

-1
net’

of Equation (15) retains it through the off-diagonal entries of Y,,;, which becomes significant

in meshed networks with cyclomatic number p > 0 (Equation (14)).

7. Sub-Synchronous and Converter-Control Interactions
7.1. Mechanism in Hybrid MVAC /MVDC Networks

SSCI refers to control interactions below 50 Hz, and CCI to those above 50 Hz that
fall within the converter-control bandwidth. The SSCI phenomenon in MVDC distribution
systems is physically distinct from that at the transmission level. In transmission, SSCI
is a purely electrical interaction between the series-compensated line’s resonance and the
current controllers of the DFIG rotor-side converter; it does not involve the turbine shaft
(torsional interaction is a separate phenomenon). On the other hand, in distribution, the
cable’s DC capacitance is the source of resonance, and the inverter dynamics form the inter-
acting mode. The result is an electrical phenomenon that can, in theory, be controlled but is
more widespread in nature: the DC capacitance of cables is a fundamental characteristic of
underground cable networks that cannot be avoided, while control frequencies that interact
with it are functionally necessary for voltage control and load following. Grid-forming in-
verters require outer-voltage control frequencies in the 10-100 Hz range to respond properly
to load changes and faults; this range directly overlaps with sub-synchronous resonances in
practically sized MVDC networks. IEEE SSR Working Group definition of Sub-Synchronous
Control Interaction (SSCI) does not have a lower limit other than “sub-synchronous fre-
quencies,” meaning “below the synchronous frequency”; measurements in the field have
shown SSCI events down to 3.5-4 Hz in weak grids [46], underscoring that the risk band is
network-dependent rather than fixed.

The SVI formulation above is a small-signal (linearized ) representation of the converter-
network interaction. With the grid-forming control strategy in place, a large disturbance
may cause virtual impedance and synchronization control loops to operate in their non-
linear region, resulting in a new position of the resonance peak and a reduction in the
phase margin beyond what the linear model predicts. A time-domain simulation of a 10%
renewable power disturbance for configuration C8 provides some supporting evidence
for the small-signal assumption; it covers a single case and is an illustration rather than
a validation.

7.2. SVI Results and Phase Margin Analysis

The Phase-margin criteria of 30-45° are obtained from grid-following, current-
controlled converter loop design practice [48], where phase margins of 40-45° are used
in their examples and do not address grid-forming control; the term “grid-forming” is
introduced later. IEEE Std 2800-2022 [58] covers the behavior of grid-forming inverters in its
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informative annexes but does not provide any phase margin-based stability criterion on its
own. The direct use of such criteria for grid-forming converters, which have a voltage-source
terminal characteristic in contrast to grid-following converters and exhibit substantially
different dynamic behavior [28], has been criticized in the relevant grid-forming stability
literature [26,27]. Here, we use 30° as the threshold, consistent with general design practice
for second-order control loops. This coupling is directly visible in the shared formulation of
RVI and SVI: both are evaluated from the same minor-loop-gain product, tracking the phase
margin of that same loop at f,.;. As additional grid-forming sources reduce the phase mar-
gin through the superadditive mechanism, less additional loop gain at f,,, is needed to reach
instability; consequently, a system already close to its SSCI phase-margin limit requires less
additional harmonic injection to cross RVI = 1 than the single-source case would predict. In
this sense, SSCI does not act as an independent phenomenon alongside harmonic resonance
but rather as a control-loop-coupling mechanism that erodes the stability margin on which
the harmonic-resonance criterion relies, at the same resonance frequency.

The SVI values listed in Table 5 also demonstrate a considerable risk of control interac-
tion (SSCI or CCI) for several configurations. Configuration C8 (meshed topology, DC-side
renewables, grid-forming control) achieves an SVI of 0.92, corresponding to a phase margin
of 14.4° at the dominant control-interaction resonance frequency of 83 Hz, i.e., below the 30°
phase margin generally adopted as the minimum for robust stability in voltage-source con-
verter control design [48], as shown in Figure 14. The critical resonance occurs at 83 Hz and
lies within the VSC outer-voltage control bandwidth; it is therefore classified as a converter-
control interaction (CCI) rather than a sub-synchronous one. The virtual impedance
responses of the three DC-side grid-forming inverters determine their phase lag; this phase
lag is superadditive, exceeding the arithmetic sum of their individual contributions.

70
Representative GFM loop
(calibrated to C8 @ 60% = PM = 14.4°)
60 1 ~ =+ 30° stability threshold
< 501
g
L=
T 401
=
2
©
o () s P 5 e . e e G o i
o
w
2
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0 v . ; .
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Renewable penetration (%)

Figure 14. Phase margin at f,,; versus renewable penetration for the representative grid-forming loop
of Equations (21)—(23), calibrated to the C8 data point (60% penetration, PM = 14.4°).

With PM = 14.4° at 83 Hz, the C8 loop is small-signal stable but lightly damped:
the exact root of the delay-affected loop (Section 10.5) gives { ~ 0.10, i.e., a decay rate of
about 52 s7! for the 83 Hz mode. A growing oscillation would require PM < 0°, which the
representative model of Figures 14 and 15 reaches only at 100% penetration under the most
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pessimistic endpoint setting of Table 6. To illustrate how the phase-margin criterion behaves
as a function of renewable penetration, a second-order grid-forming loop was constructed
with outer voltage-loop bandwidth 50 Hz and PLL bandwidth 20 Hz (Table 3 values),

calibrated so that at 60% penetration it reproduces the reported C8 result (f,,, = 83 Hz,
PM = 14.4°):

70
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w
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Figure 15. Phase margin vs. renewable penetration for C5, C8, C9, and C12, from the calibrated
representative control-loop model (Equations (21)-(23)). Each curve is anchored to the Table 5 phase
margin at 60% penetration; values at other penetration levels are model-based extrapolations.

Table 6. Estimated penetration thresholds at which the phase margin falls below 30°, from the
calibrated representative control-loop model (model-based extrapolation from the 60% operating
points; not independently simulated stability boundaries).

Estimated
. Topology/ SVI at 60% o First 10% Grid Point  Sensitivity
Config. Sources/Control (Table 5) PM at 60% Threshold with PM < 30° Range *
(Interpolated)
cs  Ring DCside, 071 52.2° 84% 90% 79-90%
grid-forming
cg  Meshed, DC-side, 0.92 14.4° 20% 20% 5-30%
grid-forming
C9 Meshed, 0.79 37.8° 71% 80% 69-73%
mixed, mixed
12 Hybrid overlay, 0.74 46.8° 799, 80% 76-84%

mixed, mixed

Note: Range obtained by varying the model endpoints, PM (0%) from 55° to 85° and PM (100%)
from 0° to 10°, with the 60% anchor fixed.

Equation (21) shows the representative grid-forming loop transfer function.
T(s) = A(p)e™T4/[(1+s/wa) (1 +5/we)] (21)

Equation (22) defines the unity-gain crossover condition.

IT (jewo)| = 1 (22)
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Equation (23) represents the phase margin from the crossover frequency.

PM = 180° — [arctan(ﬂ) + arctan(ﬂﬂ —wyTy 1807 (23)
Wer Weo T

Here, w,; = 21-50 rad/s and w,, = 27t-20 rad/s are the outer-loop and PLL bandwidths

of Table 3, and T} is the effective control delay of the digitally controlled converter (compu-

tation, PWM update, and measurement filtering). Without T, the two-pole loop would

give PM = 44.6° at 83 Hz; calibrating the loop to the C8 point (PM = 14.4° at f,,,= 83 Hz)

gives T; ~ 1.0 ms, which is consistent with the 0.48 ms computation-and-PWM delay at the

3.15 kHz switching frequency plus measurement-filter delay. The penetration dependence
enters through the gain A(p), which moves the crossover frequency wj.

7.3. SVI Sensitivity to Renewable Penetration Level

To characterize the behavior of the stability margin of the SVI, the phase-margin model
was calculated for penetration levels ranging from 0% to 100% by 10% increments for the
four configurations with RVI > 1 at 60% penetration in Table 5 (C5, C8, C9, C12), tuned so
that the phase margin at 60% penetration equals the Table 5 SVI value (Figure 15). Figure 15
and Table 6 are model-based extrapolations. The curves are derived from the representative
control-loop model in Equations (21)-(23), calibrated so that the phase margin at 60%
penetration equals the Table 5 value of each configuration; the dependence on penetration
away from that anchor is assumed and was not simulated independently at each penetration
level. On this basis, the estimated penetration at which the phase margin falls below 30° is
about 20% for C8, 70% for C9, 80% for C12, and 84% for C5.

These estimates depend on the assumed endpoints of the curves: varying the 0%
and 100% phase margins over 55-85° and 0-10° moves the C8 estimate within 5-30% and
the others by a few to about 10 percentage points (Table 6). The estimates are therefore
indicative of how strongly the threshold depends on the configuration, not design limits,
and they are not equivalent to independently simulated stability boundaries. C8 requires
a control-interaction assessment even below the 60% operating point, whereas the ring and
hybrid-overlay grid-forming and mixed configurations retain margin to substantially higher
penetration within this model.

7.4. Control Strategy Impact on Control-Interaction (SSCI/CCI) Risk

The grid-following controller always results in the lowest SVI, although the topology
has some influence; specifically, the SVI of the grid-following controller varies between 0.12
(C1 with a radial configuration and AC sources) and 0.28 (C2 with a radial configuration
and DC sources) due to harmonic excitation of the resonances of the DC cables, even using
current-source inverters. Grid-forming control yields the highest topology-dependent SVI
values; the meshed configuration with grid-forming DC sources (C8) achieves an SVI about
30% higher (0.92 vs. 0.71, relative to C5).

7.5. Relationship to Modal Analysis and Full Nyquist Criteria

RVI and SVI are scalar surrogates for, respectively, the harmonic loop-gain con-
dition and the phase-margin condition of the impedance-based stability criteria estab-
lished by Sun [18] and Xu & Fan [19]; by construction, they do not report the full eigen-
value/participation-factor decomposition that a classical modal-analysis approach would
provide, nor a full frequency-swept Nyquist plot for each configuration. Equation (7)’s Y,
eigen-decomposition already identifies the buses participating in each resonance mode,
conceptually analogous to a modal participation factor. To benchmark RVI against these

established methods, a 16-section DC feeder loaded by a constant-power converter was
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analyzed in 600 cases using impedance scanning, modal analysis, scalar Nyquist, and the
loop-gain test. Nyquist counts agreed with modal analysis in 99.7% of cases.

8. Fault Propagation and Protection Coordination
8.1. Fault Propagation Patterns
DC pole-to-pole faults are the most electrically severe. The initial fault-current rise rate

is limited only by the total cable inductance, as shown in Equation (24):

dl _ Vpc _ _ Vbc (24)
dt Lcuble lcabIE'L

1A
cable

where dI/dt is the Initial fault current rise rate [A/s or kA/ms], V¢ is the Pre-fault DC
bus voltage [V], L. is the total DC cable inductance, L’ . is the per-unit-length cable

cable

inductance [H/m] (0.35 mH/km for XLPE 95 mm?), and .,;,,, DC feeder length [m].

Vit—1) . Vit+1)

i <i(h) < i (25)
i(T) |4 T
+=mli+7) 20)

Equation (24) is therefore the exact mean rate of rise and, through Equation (26),
an upper bound on the secant slope over any window T > 27; it is not a bound on the
instantaneous derivative. Cable and fault resistance and a finite DC-link capacitance can
only lower the slope, and a DC reactor L, tightens the bound to V/(IL' + L,). For the 5 km
case, T =46.8 usand 7/T =4.7% at T = 1 ms.

In case of a pole-to-pole fault occurring halfway through a 10 km long DC feeder with
the parameters listed in Table 3, Equation (24) gives a mean rate of rise of about 5.7 kA/ms,
an upper bound on the slope over the first millisecond (Equation (26)); under identical
conditions, the time-domain 7t-ladder model gives 2.7-5.1 kA /ms as resistance, DC-link
depletion and a DC reactor are added (Section 10.5). Even at the lowest of these rates,
the current rises by about 2.7 kA within the first millisecond, several times the rated pole
current (at most about 0.4 kA for the 8.5 MW of connected generation at +10 kV), so the
fault develops one to two orders of magnitude faster than the 20-100 ms operating time of
conventional relays. AC components of faults initiated by inverters are limited by current
limiters to values between 1.0-1.2 pu in 5 ms, resulting in fault signals being similar to
heavy load situations for upstream overcurrent relays.

The most distinctive fault characteristics from an architectural perspective are those
involving cross-boundary coupling. The simulations of PyPSA in case of a pole-to-ground
fault in configuration C2 give the following results in 100 ms: voltage sag of 23% on the
MV-AC bus because of the converter entering the fault ride-through regime; decrease in
DC bus harmonic voltage distortion by 15% due to damping of the fault path; increase
in AC bus harmonics because of a response of the converter’s current controller to the
voltage sag. None of these disturbances can be recognized as faults by traditional AC
protection schemes.

The reverse cross-boundary fault propagation, which refers to an AC-side fault propa-
gating into the DC segment, is unique and very common in real-world cases as an indication
of DC link overvoltage, due to the impact of the interlinking converter control strategy
following an AC voltage drop and imbalance.

8.2. Protection Coordination Analysis

Table 7 summarizes the protection maloperation rates for the 240 fault cases, with
the relay response for each case evaluated at four levels of renewable penetration (20%,
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40%, 60%, and 80%). Two main results should be highlighted: first, DC pole-to-ground
faults have the highest maloperation rate among all topologies (31-61%) because the use of
high-impedance DC grounding limits the fault current to a magnitude similar to that of load-
in-magnitude relays. Secondly, the hybrid overlay topology has the highest maloperation
rate in AC faults (12% and 21% for three-phase and single-phase faults, respectively), as
the AC relay settings remain calibrated to pre-integration fault levels. At the same time, the
addition of converters has substantially altered the effective fault-current landscape.

Table 7. Protection maloperation rate (%) per topology and fault type, for conventional
ANSI 51/67/21 relays.

Topology DCP-P (%) DC P-G (%) AC 3Ph (%) AC 1Ph (%)
Radjial 8 31 4 7
Ring 19 44 6 11
Meshed 34 61 9 17
Hybrid overlay 22 55 12 21

The coverage matrix in Figure 10d substantiates the above results: all conventional
overcurrent (51), directional overcurrent (67), and distance (21) relays cannot reliably
detect DC pole-to-ground faults, and the IEC 61850 GOOSE differential relay (87) is the
only type of relay that reliably operates in all four fault scenarios. For the relay types and the
grounding assumed here, magnitude-based relays have no dependable detection principle
for DC pole-to-ground faults, owing to the mismatch between magnitude-based detection
and the high-impedance grounded-fault signature; the topology-dependent rates in Table 7
follow from Equation (32). It is noted that the malfunction percentages listed in Table 7
refer only to conventional magnitude-based overcurrent (ANSI 51), directional overcurrent
(67), and distance (21) relay technologies. Special protection schemes for DC faults, such
as traveling wave detectors with response times of less than 1 ms, rate-of-change-of-current
(di/dt) relays, and solid-state DC breakers with integrated fault detection systems, are not
considered in the current work but can be expected to reduce the malfunction percentages
by orders of magnitude, especially when considering DC pole-to-ground faults.

8.3. Scope and Direction of Bias in the Protection Analysis

The actual arc-resistance fault exhibits greater variation in the effective impedance
than the simple grounded-resistance model. With the voltage of the DC bus and grounded
resistance value from Table 3 (10 kV pole-to-ground; 1 kQ2), the pole-to-ground fault current
without further arc resistance can be calculated by Equation (27).

Lo__ Vi
fault R

iR (27)
ground + Rarc

At R,,. = 0 (the 1 kO high-impedance grounding alone), the fault current is already
only 10 A, below every typical relay pickup setting. A Monte Carlo sweep of Equation
(27) for the arc resistance R,,. (log-uniform, 0.1-2000 Q2), for the aforementioned high-
impedance grounding resistance value Ry, = 1 k(), reveals that the highest fault current
possible, obtained for R,,. — 0, bolted fault equals 10 A, which falls short of the pickup
value of any conventional MV overcurrent relay. Hence, in accordance with the model, the
percentage of misoperation would be close to 100% irrespective of the arc-resistance value,
meaning that the arc-resistance uncertainty is not, on its own, the parameter responsible for
detecting a particular DC pole-to-ground fault (the ground resistance takes precedence).
Figure 16 shows the corresponding sweep of the grounding resistance R, with the same
R,,. distribution.
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Figure 16. Monte Carlo-predicted DC pole-to-ground protection maloperation rate vs.
grounding resistance.

Equation (27) gives the settled pole-to-ground current, which is limited by the neutral
grounding resistor. It is not the current a relay sees in the first milliseconds, because at
fault inception the fault point is also fed by the charge stored in the DC cable and converter
DC-link capacitances and by the parallel converter infeeds. Figure 17 shows the equivalent
circuit seen from the fault point: the arc/fault resistance R,,, in series with the parallel
combination of (i) the grounding resistance R,, (ii) the n; cable sections that meet at the
fault node, each presenting its surge impedance Z,, and (iii) the converter infeeds Z_ ;.
For the cable data in Table 3 (0.35 mH/km, 250 nF/km), the surge impedance is given

by Equation (28).
LI
Zy =\ o 3740 (28)

—— n¢ = 2 (radial mid-feeder): V/ip =16 Q
— =3 Vi =11Q
ne=4: Vllpk=9Q

R F (fault point)

=
o
W

Vpg = 10 kV
Rg = 1kQ Zo/ng Z

-
o
N

Rg: neutral path, sets the settled value in Equation (25)
Zo/n¢: ne cable sections at F, Zo =V L/C = 37 Q each

Fault current delivered to F (A)

Equation (25): 10 A
Z: converter / parallel infeeds (current-limited) (1 kQ only)

-
o
=

Ref(t) = Re + [1/Rq + Ne/Zo + Zl/zc,.] =
i

1073 1072 107t 10° ‘ 10!

{a) Equivalent clrcult seen from the fault polnt F (b) Simulated p(;rlienjc?)%f:g;ri?iuflgtiJthceS:igzt(?:ll':z)le 3 cable data)
Figure 17. (a) Equivalent circuit of a DC pole-to-ground fault seen from the fault point F. (b) Simulated
fault current for n, = 2, 3 and 4 cable sections meeting at F (7t-ladder cable model with the Table 3
parameters, 10 kV pole-to-ground, Rg: 1kQO, R,,. =0.5Q, 1 mH converter-side reactor): the initial
peak is set by Zy/n;, and the current settles at the 10 A of Equation (27) (about 2 ms above 100 A).

In Equations (28)—(30), V,,, = Vpc = 10kV is the pole-to-ground voltage, R, =
Rgrouna = 1kQ is the grounding resistance of Equation (27), n; is the number of cable
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sections that meet at the fault node, and Z; is the lossless limit of the characteristic impedance
Z. of Equation (9). Since R, > Z,, the initial current is set by the cable branches:

V. V. 7
IPk ~ izo’ SO Regs = I_Pg = Ryre + n_O (29)
Ry + T pk f

which is about 10-19 Q) for ny = 2 — 4, one to two orders of magnitude below R,. The
simulated effective resistance (9.0-16.4 Q)) is within 15% of this estimate (Table 8). As the
cable capacitances discharge and the travelling-wave oscillations decay, the current settles
at the value given by Equation (30).

I(t - o) = & (30)
Rare + Rg
which is Equation (27) (10 A at R,,. = 0), the network simulation therefore describes
the same circuit at different times: Equation (27) is its settled limit, whereas Equa-
tion (29) applies to the first milliseconds after fault inception, which are decisive for
magnitude-based relays.

Table 8. Effective loop resistance at the fault point: equivalent-circuit estimate (Equation (29),
R,,.= 0.5 Q) versus simulation.

Simulated Settled

(Secti:Ij;s atF) R‘“C+%(Q) Peak (A) % o) nf'% € Current (A)
2 19.2 609 16.4 33 10.0
3 13.0 878 11.4 34 10.0
4 9.9 1112 9.0 36 10.0

The topology dependence of Table 7 follows from the division of the transient fault
current among the 1, cable sections meeting at the fault node. During the first traveling-wave
round trips, each section carries approximately as in Equation (31).

Vv
. Ps
N o/ 31
or ¥ 77 1eR by (31)

whereas the settled current of Equation (30) is limited to 10 A by the grounding resistor.
A magnitude-based relay with pickup I, and an instantaneous element fast enough to act
within this transient therefore detects the fault only if R,,. < Ry,.

Vo1, = Z,
ng

Because Ry, decreases as 1/1¢, more of the arc-resistance distribution becomes un-

Rurc < Rth = (32)

detectable as parallel paths increase from the radial to the meshed topology. For the
log-uniform R,,, distribution (0.1-2000 Q2), Equation (32) gives non-detection probabil-
ities of 35, 42, 46 and 49% for ng = 1-4atl, = 100 A, and 51-65% at I, = 200 A, the
same range and ordering as the simulated 31-61% of Table 7. The per-relay resistance,
Zy + nR,,. = 33-36 () in Table 8, is set by the cable surge impedance rather than by R,.
The main reason for the observed variation is therefore the division of the transient
fault current among the parallel sections at the fault node (Equation (32)). The three
candidate drivers, therefore, contribute differently. Fault-impedance variation does not
explain the differences between rows of Table 7, because the same fault impedance (1 k(2
grounding for high-impedance cases, zero for bolted cases) was used for every topology; its
effect on an individual relay is shown separately by the sweep in Figure 16. The converter
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operating point contributes only to the variation within each cell, since each cell pools
the four renewable-penetration levels. Network topology, through the number of parallel
current paths and converter infeeds seen by each relay, is the factor that changes between
rows, and is therefore the principal driver of the 31-61% range. The non-linear effects of
cable/converter saturation will not qualitatively alter the above conclusion. However, they
introduce uncertainty in the exact percentages due to the grounding resistance. Figure 18
illustrates the plot of the DC pole-to-ground fault current for the entire path resistance.

[=)]
o

DC pole-to-ground fault current

(baseline: 1 kQ high-imp. ground, Table 3)
--=5 Alillustrative pickup
| 10 A illustrative pickup 7
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o

DC pole-to-ground fault current (A)
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Additional arc / path resistance (Ohm)

Figure 18. DC pole-to-ground fault current vs. total path resistance.

9. Machine Learning-Based Vulnerability Classification
9.1. Approach and Dataset

Real-time analytical assessment via full harmonic-domain simulation is computation-
ally impractical for operational deployment. For that reason, a supervised machine learning
approach is used, in which the four vulnerability indices (RVI, SVI, FPSS, CCS) are con-
verted into three-level class labels (stable/elevated/critical) using the thresholds in Table 2,
and these labels serve as the targets, and the power quality time-series measurements serve
as input features. The training dataset consists of 240 fault simulations and 48 harmonic-
domain analyses, together with 180 time-domain simulations of normal operations at five
levels of penetration (20%, 40%, 60%, 80%, 100%) across all 12 configurations, resulting in
a total of 468 labelled scenarios. The test dataset contains 120 scenarios covering all twelve
configurations; the 95% Wilson intervals for the four labels are 89.5-97.7% (RVI), 88.4-97.1%
(SVI), 87.4-96.6% (FPSS), and 89.5-97.7% (CCS). To evaluate training variability, the LSTM
model was trained 5 times with different random seeds. The overall accuracy across runs
averaged 94.1%, with a standard deviation of +0.6 percentage points.

Procedure: (i) simulate 468 scenarios (240 fault, 48 harmonic-domain at 20-80%
penetration, 180 normal-operation at 5 penetration levels x 3 load levels); (ii) compute
RVI, SVI, FPSS and CCS and label each as stable/elevated/critical (Table 2); (iii) extract
47 features per 200 ms window, with the LSTM using 5 consecutive windows; (iv) split
stratified by configuration; (v) train with summed cross-entropy loss (Adam, learning rate
1073, batch 32, early stopping); (vi) evaluate on the held-out set.

The reason why simulation-based learning is used here is that there is very little
labeled data available for rare safety-critical states for the SSCI and DC pole-to-ground
fault under high-impedance grounding for the rare operational hybrid MVAC/MVDC
networks. Confidence in the underlying simulation fidelity is supported by BES power-flow
verification on benchmark cases, with a voltage convergence error of 0.013%.
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9.2. Feature Engineering

For each case study, a 47-dimensional feature vector was derived from the IEC 61000-
4-30 Class A Power Quality Analyser. This feature vector includes the total harmonic
distortion (THD) of voltage and current at harmonic orders 2-20, and magnitudes in the
sub-synchronous bands within the range 5-45 Hz (9 bins), as per the nominal SSCI risk
band for the radial/ring topologies. The 83 Hz resonance observed in the meshed DC-
side grid-forming topology (C8) is not included in the modelled feature band. It also
includes magnitudes of fundamental frequency, voltage, and current at each monitored
bus, positive, negative & zero sequence component magnitudes, and three wavelet-based
features, capturing the non-stationary behaviour of harmonics during state transition, which
includes: L2-norm energy of the discrete wavelet transform (DWT) detail coefficients at
decomposition levels 4 and 5 (Daubechies-4 wavelet used on 1 s voltage windows sampled
at 10 kHz). These coefficients capture amplitude variations in the 156-625 Hz band.

Shannon entropy of the third-level detail coefficients quantifies the extent of non-
stationarity, reflecting the proximity to oscillatory instability. Feature importance is assessed
using the gain-based metric in XGBoost on the training dataset. The top five predictors
of RVI are: 150-160 Hz voltage harmonic amplitude at the DC bus; the third harmonic-to-
fundamental current ratio at the AC/DC converter end; sub-synchronous frequency range
energy (20-45Hz) at the main AC bus; negative sequence current at the HV/MYV transformer
primary side; and zero sequence voltage at the AC/DC converter secondary side.

9.3. Model Architecture and Training

Three conventional supervised models are considered: gradient-boosted decision trees
(XGBoost) [59], multi-layer perceptron (MLP) [60], and long short-term memory (LSTM)
networks [61]. The LSTM is chosen based on the temporal nature of the approach to insta-
bility, in which features of increasing sub-synchronous energy before SSCI are observed.
Training is performed with a 278/70/120 train/validation/test split, stratified by architectural
configuration to maintain balanced class distributions (stable/elevated/critical) across the
splits. As the twelve configurations are present in each split, this procedure allows us to ob-
tain an unbiased estimate of the in-distribution performance but does not prove whether the
classifier generalizes beyond the twelve configurations in the training data; thus, a comple-
mentary analysis of cross-configuration generalization through leave-one-configuration-out
and leave-one-topology-out validation is applied. Hyperparameters are tuned via Bayesian
optimization [62]. The LSTM model uses two stacked layers (128 and 64 units) followed by
a fully connected layer with ReLU activation and 0.3 dropout. The MLP uses three hidden
layers (256, 128, 64 units). The XGBoost model uses 500 trees (maximum depth 6, learning
rate 0.05). All models perform multi-label classification, predicting the vulnerability class
(stable/elevated /critical) for all four vulnerability classes simultaneously.

9.4. Classification Results

Classification performance on the held-out test dataset is reported in Table 9. The
LSTM model attains the best performance, with an accuracy of 94.4% (better than XGBoost
at 91.2% and MLP at 88.7%). The test set was generated by the same simulation engine and
assumptions as the training set. Accuracy under operating-condition shift, sensor noise,
held-out architectures, and a second numerical solver was examined on a simulated dataset
with boosting and LSTM classifiers; the LSTM was trained on that dataset. The LSTM model
performs significantly better on RVI and SVI, the oscillatory vulnerability classes in which
time-series information from pre-instability dynamics is highly predictive. For fault-based
vulnerabilities (FPSS and CCS), XGBoost achieves similar performance while requiring
lower computational resources.
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Table 9. Multi-label vulnerability classification accuracy on the held-out test set (120 scenarios
per dimension).

Overall

Model RVI Acc. (%)  SVI Acc. (%) FPSS Acc. (%)  CCS Acc. (%) (Mean) F1
LSTM 95.0% 94.2% 93.3% 95.0% 94.4% 0.94
XGBoost 90.4% 89.7% 93.1% 91.5% 91.2% 0.91
MLP 87.3% 86.9% 90.8% 89.8% 88.7% 0.88

No LSTM error spans two class levels (stable « critical). For RVI, all six errors lie
on the stable/elevated boundary (five elevated scenarios predicted as stable and one the
reverse), and no critical RVI scenario is missed. For SVI and FPSS, the only critical-class
errors are under-calls to “elevated” (3 of 16 and 3 of 15 scenarios), giving critical-class
recalls of 0.81 and 0.80 (Table 10). The F1 score for the critical class ranges from 0.89 to
1.00 across the four dimensions. Because about one in five critical SVI and FPSS cases is
reported one level too low, the classifier is suited for operator-assisted monitoring and
alarm prioritization.

Table 10. Precision, recall, and F1 score for each of the three vulnerability classes.

Dimension Class Precision Recall F1 Support
RVI stable 0.93 0.99 0.96 68
RVI elevated 0.97 0.85 091 34
RVI critical 1.00 1.00 1.00 18
SVI stable 0.94 1.00 0.97 66
SVI elevated 0.92 0.89 0.91 38
SVI critical 1.00 0.81 0.90 16

FPSS stable 0.93 1.00 0.97 70
FPSS elevated 0.91 0.86 0.88 35
FPSS critical 1.00 0.80 0.89 15
CCs stable 0.97 0.95 0.96 65
CCs elevated 0.89 0.94 0.92 36
CCs critical 1.00 0.95 0.97 19

9.5. Per-Class Precision, Recall, and F1 Score

Table 10 reports precision, recall, and F1 score for each of the three vulnerability
classes (stable/elevated /critical) within each vulnerability dimension, computed from the
confusion matrix. Figure 19 shows the confusion matrices for the held-out test set for each
vulnerability dimension.

9.6. Transfer Learning and Generalization

Out-of-distribution (OOD) robustness was tested by perturbing the benchmark net-
work: (i) feeder length increased by about 50%, i.e., 1.5 times the longest training length,
which lowers the dominant resonance by roughly 20% according to Equation (10); (ii) the
renewable capacity relocated to three buses never used for DER connection in training,
which changes the modal participation factors py; of the sources (Equation (19)); and
(iii) the outer-loop PI gains of the VSCs scaled by 0.6, a 40% reduction from the Table 3
reference, which changes the source admittance Y; and hence the phase margin. Each axis
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was first varied alone with the other two held at their training values; accuracy was highest
under the feeder-length perturbation and lowest under the DER relocation, indicating that
the classifier is more sensitive to where renewables are connected than to feeder length or
control gains. With all three perturbations applied together, LSTM achieves 81.4% accuracy
without retraining. The 95% Wilson score confidence interval on this figure is £9.2%, reflect-
ing the small per-configuration sample size. With fine-tuning on 20 labelled scenarios per
new configuration, accuracy improves to 92.7%, approaching in-distribution performance.
This indicates that much of what the model learns transfers across the perturbations tested.
It does not demonstrate topology-independent generalization: when an entire topology is
withheld, RVI and SVI accuracy for the meshed topology falls to 45.0% and 42.5%, so a new
topology class requires retraining rather than fine-tuning alone.
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Figure 19. Held-out test-set confusion matrices per vulnerability dimension.

As shown by the out-of-distribution test above, there is variation in certain aspects of
the network while other factors are held fixed at their training values. These include the
type of cable and cable parameters (Table 3, XLPE 95 mm? cable), the converter structure
and control law (same generic VSC converter), the base voltage level (20 kV AC/+10 kV
DC), and the types and location of faults (the same four fault types at five locations). The
variables included in the testing procedure are the feeder lengths, the placement of DERs,
and the VSC control gains.

9.7. Leave-One-Configuration-Out and Leave-One-Topology-Out Validation

Two additional types of cross-validation were conducted to assess the classifier’s
accuracy by learning generalizable physical properties of configuration-specific features
(Tables 11 and 12). Leave-one-configuration-out (LOCO) cross-validation trains the model
on eleven configurations and tests it on the twelfth, repeating this process for all twelve
configurations. In leave-one-topology-out (LOTO) cross-validation, the model is trained on
three of the four topologies and tested on all configurations of the left-out fourth topology,
repeating this process for each of the four topologies. The LOCO average accuracy across
the twelve left-out configurations is 94.4%, compared to 95.8% for the baseline. The LOTO
average accuracy for the four left-out topologies is 85.7%. The complete removal of the
meshed topology leads to the most obvious failure scenario, in which both RVI and SVI
classifiers achieve 45.0% and 42.5% accuracy, respectively. In comparison, CCS still performs
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well at 91.7%. The baseline row is the mean accuracy across stratified cross-validation
folds for all 468 scenarios; it therefore differs from the single held-out test set accuracy
in Table 9 (94.4%).

Table 11. LOCO/LOTO accuracy.

Validation Protocol RVI SVI FPSS CCS Overall
Stratified CV 95.2% 96.0% 96.0% 96.0% 95.8%
(baseline)
LOCO (12 folds) 93.1% 93.5% 94.4% 96.7% 94.4%
LOTO (4 folds) 80.8% 81.7% 85.8% 94.6% 85.7%

Table 12. Per-topology LOTO breakdown.

Held-Out Topology RVI SVI FPSS CCs
Hybrid overlay 95.0% 98.3% 96.7% 90.0%
Meshed 45.0% 42.5% 50.8% 91.7%
Radial 88.3% 90.8% 99.2% 99.2%

Ring 95.0% 95.0% 96.7% 97.5%

The meshed LOTO fold is the clearest failure of the classifier, with RVI and SVI ac-
curacies of 45.0% and 42.5% (Table 12), below the 54-58% obtained by always predicting
the most frequent class (Table 10 supports). Three causes act together. First, the only
SVl-critical configuration (C8) and two of the four RVI-critical configurations (C8, C9) are
meshed (Table 5), so withholding the meshed topology removes these classes from training.
Second, the 83 Hz control-interaction mode of C8 lies between the 5-45 Hz sub-synchronous
features and the 156-625 Hz wavelet features (Section 9.2). Third, the meshed networks
have a cyclomatic number i > 2, outside the p < 1 of the training topologies, which adds
and couples resonance modes (Equations (14)-(16)). CCS accuracy remains high because
protection labels depend mainly on fault type and location, which are common to all topolo-
gies. The classifier should therefore be applied only to topology classes represented in its
training data; for any other network.

9.8. Robustness to Measurement Noise and Communication Latency

The vulnerability classifier has been trained and evaluated entirely on clean, noise-
free simulation data, achieving 94.4% overall test accuracy. To compensate for that, the
trained classifier was stress-tested under two types of realistic degradation applied to the
held-out test dataset: additive measurement noise corresponding to the accuracy bands
of the instruments in use, and dropout noise simulating communication jitter. Figure 20
demonstrates how the classification accuracy for each of the four vulnerability indices varies
with the measurement noise level. For each noise level, the average across 10 realizations is
shown, with error bars indicating dispersion. FPSS classification remains completely robust
to any measurement noise, retaining 100% accuracy even up to 20 times the nominal noise
floor of instrument accuracy. The classification accuracy of RVI, SVI, and CCS degrades
slightly but monotonically with increasing measurement noise. The noise and dropout
sweeps used an independently re-trained LSTM instance, so their noise-free accuracies differ
from Table 9; Figures 20 and 21 should be read for the relative degradation. For SVI, FPSS
and CCS, accuracy falls by at most about 5 percentage points at 20 times the nominal noise
band; RVI falls by about 2 points (94% to 92%), with widening error bars at higher noise
levels, indicating that the model’s sensitivity to noise is itself becoming less predictable.
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Figure 20. LSTM accuracy vs. measurement noise level.
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Figure 21. LSTM accuracy vs. communication latency/dropout.

Figure 21 illustrates the corresponding noise sweep for simulated communication
dropout, which is used to estimate the joint effect of packet loss and latency jitter in
a SCADA /PMU communication link, ranging from 0% to 20% of lost time-series sam-
ples, with compensation via zero-order hold. This noise sweep demonstrates much milder
changes compared to Figure 20: FPSS and SVI almost constantly keep their values close
to the ceiling (100% and ~99-100%), while RVI stays constant or grows slightly (94-95%)
with increasing dropout, which can be treated as a consequence of sampling variations in
the test set containing 120 scenarios. The only metric showing a clear reduction in value is
CCS, which drops from 100% at a 0% dropout rate to ~96% at a 20% dropout rate. These
two figures suggest the classifier is more sensitive to additive measurement noise than to
intermittent communication loss at the levels tested. However, both effects are modest
relative to the classifier’s overall accuracy.

10. Synthesis of Results and Architectural Principles
10.1. Vulnerability Landscape

Figure 22 shows a complete simulation encompassing all results for both test networks.
This figure provides cross-dimensional comparisons of voltage compliance, loss reduction,
harmonic impedance properties, grid import reductions, short-circuit capacity, resonance vs.
cable length, and protection coverage. The analysis identifies three vulnerability categories.
Low-vulnerability configurations (C1, C2, C4, C10), all of which use grid-following control,
fall in the “stable” class of Table 2 for both indices (RVI < 0.65, SVI < 0.28) and show
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moderate fault-propagation severity and acceptable coordination complexity for protection.
The curves of voltage compliance and loss reduction show that these configurations keep all
bus voltages above the 0.95 pu lower planning limit and provide a 62% reduction in feeder
losses (IEEE 33-bus) and up to an 83% reduction in grid import (CIGRE MV network, at

100% DER) without resonance or protection coordination failures.
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Moderately vulnerable configurations (C3, C6, C7, C11; droop, mixed or AC-side grid-
forming control; RVI 0.72-0.89) exhibit DC cable resonances in the 200-500 Hz range, which
lie above the converter outer-loop bandwidth and far from the sub-synchronous range. Real-
time monitoring as provided by the LSTM classifier has the greatest practical value for this
category of systems. Highly vulnerable configurations (C5, C8, C9, C12; RVI > 1) combine
grid-forming or mixed control with DC-side or mixed renewable connections; of these, only
C8 is also in the critical SVI class (PM = 14.4° < 30°). The low short-circuit capacity on
the end-of-feeder buses (S5C ~ 19-58 MVA) makes inverter current limiters more likely to
operate during faults, complicating coordination. In contrast, the protection matrix shows
that the DC pole-to-ground protection window is universal across all configurations.

10.2. Key Analytical Findings

Five findings challenge assumptions embedded in current hybrid network planning
practice.

Firstly, the resonance frequency shift is due to cable physics, not to the worst-case
design, and the exact length at which it appears depends on the cable and the particular
design. For the XLPE 95 mm? cable and the VSC filter parameters of this work, DC feeder
lengths above about 12.6 km (nominal) bring the dominant resonance below 200 Hz. Under
combined manufacturing and in-service capacitance uncertainty, this crossing lies between
10.0 and 14.2 km (5th-95th percentile, Figure 12), and across the realistic XLPE range
(50-240 mm?, 150-350 nF/ km) it lies between about 9 and 21 km. The problem must be
addressed by limiting feeder length or by adding active or passive damping; returning the
outer-loop bandwidth alone does not move the cable resonance.

Secondly, multi-source harmonic interactions are topology- and configuration-dependent
and cannot be evaluated component-wise. Off-diagonal harmonic admittance coupling among
distributed renewable sources is 4.6 to 8.0 times higher at the network resonance frequency
than at non-resonant frequencies, depending critically on network topology. The result
invalidates the usual practice of summing the harmonic evaluation for single sources, which
demands an architecture-level analysis using the full network admittance matrix.

Thirdly, control-interaction risk (SSCI/CCI) is configuration-dependent. At 60% pen-
etration, C5, C8, C9, and C12 exceed RVI = 1, but only C8 is below the 30° phase margin
(14.4° at its 83 Hz converter-control mode). In the calibrated representative control-loop
model, the penetration at which the phase margin falls below 30° is estimated at about 20%
for C8 (sensitivity range 5-30%) and at about 70-85% for C5, C9 and C12 (Table 6); these are
model-based extrapolations from the 60% operating points. Grid-forming control, especially
with DC-side renewables, therefore, requires a prior configuration-specific assessment.

Fourth, the unmitigated DC pole-to-ground faults present the most serious and over-
looked protection vulnerability in hybrid MVAC/MVDC power distribution systems. Mal-
operation of relays occurs in 31-61% of all DC pole-to-ground fault scenarios simulated
with a conventional magnitude-based relay, making it by far the most serious protection
gap identified during the research. This is due to the high-impedance grounding of the DC
system, which results in a relatively small fault current magnitude compared to normal
load levels, and to the lack of natural zero-crossing points. It should be noted that this is
true only for specific types of relays (ANSI 51, 67, 21); it does not imply that DC networks
are inherently unprotectable, but rather that protection technology must be selected and
deployed differently from AC practice.

Fifth, within the configurations and protection assumptions investigated, the hybrid-
overlay cases showed comparatively high coordination complexity, but not uniformly the
worst results. Their maloperation rates were the highest of the four topologies for AC faults
(12% for three-phase and 21% for single-phase faults) and lay between those of the ring
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and meshed topologies for DC faults (22% pole-to-pole and 55% pole-to-ground, Table 7).
Their mean vulnerability indices (RVI 0.80, SVI 0.51) were close to those of the ring cases
(0.83, 0.49), above the radial cases (0.61, 0.28), and below the meshed cases (1.07, 0.75)
(Table 5). These results do not establish architectural inferiority of hybrid overlays; they are
based on one benchmark family and twelve configurations. A plausible contributing factor
is the combination of a resonance structure and relay settings inherited from the existing
AC network, with the altered fault-current environment created by the DC section, which
relay tuning alone may not fully mitigate.

10.3. Architectural Principles

Five design principles for hybrid MVAC/MVDC distribution systems are derived from
simulation results for the 12 configurations studied.

Firstly, it is necessary to treat the DC feeder length as the primary means of controlling
primary resonances. The length of the DC feeder must be such that the primary resonance
remains above 200 Hz, above which the resonance is beyond the bandwidth of the inverter
outer loop control. For an XLPE cable, the most widely used underground medium-voltage
cable type with a capacitance of 250 nF/km, this constraint implies a maximum contiguous
DC feeder length of about 12.6 km at nominal parameters, or about 10 km when the 5th-
percentile Monte Carlo value is used to cover manufacturing and in-service uncertainty.
Beyond this length, active damping or distributed reactive compensation becomes a design
requirement rather than an optional enhancement. For other XLPE cable specifications, the
maximum feeder length follows from Equation (10) as [,,,,, =~ 1/( (27rfth)2Lf,-xedC’), where
fin =200 Hz, C’ is the cable capacitance per kilometre, and L¢;y.q = Leourcet Liransformer +
2Lysc = 196 mH is the length-independent part of L. The cable’s own inductance
(0.35 mH/km) changes the result by less than 4% up to 21 km and is neglected here. For
cable capacitances in the range 150-350 nF/km typical of XLPE 50-240 mm? underground
cables, and for the VSC filter inductance in Table 3, this formula yields maximum feeder
lengths of 9-21 km.

The second principle is to designate a single voltage-forming source on each DC bus
segment. The SSCI/CCl risk is greatly minimized when a single voltage-forming source,
whether a specially assigned battery energy storage device or the AC/DC interconnecting
converter, is solely responsible for maintaining the DC bus voltage. In addition, all other
renewable inverters are required to provide power under outer current control, meaning
that their voltage control is secondary to the voltage-forming source. Multiple sources
competing to regulate the same DC bus voltage was the most vulnerable arrangement
among the studied configurations. However, when a single source is not enough, the dual-
port grid-forming (DP-GFM) technique, in which a single converter controls both AC and
DC bus voltages, can be used, although its vulnerability spectrum needs to be explicitly
evaluated first.

The third principle is to view the design of protection systems as an essential and
unavoidable aspect of hybrid overlays, rather than a post-commissioning add-on. With the
incorporation of DC segments into an existing MVAC network, the settings of AC relays
should be completely revamped, as the fault-current environment differs significantly from
the one that calibrated them. The minimum requirements of the replacement scheme are as
follows: (a) inclusion of fault-inverter current limiters (activation threshold 1.0-1.2 pu and
response time of 5 ms) in all fault studies because their activation makes the contribution of
converters in faults indistinguishable from the heavy load environment; (b) DC overcurrent
and under-voltage protection at the boundary of each DC segment; (c) directional protection
elements at all converter terminals of AC/DC converters because of bidirectional fault-
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current contribution; and (d) coordination of protective zones through logic communication
across the AC/DC boundary.

The fourth principle is that grid-forming deployment should be conditioned on
a configuration-specific impedance and phase-margin assessment rather than on a uni-
versal renewable-penetration threshold. Penetration alone does not determine the limit. In
the calibrated representative model, the estimated penetration at which the phase margin
falls below 30° ranges from about 20% for C8 (sensitivity range 5-30%) to about 70-85% for
C5, €9, and C12 (Table 6), and these estimates are model-based extrapolations. Among the
twelve configurations studied, the grid-following ones (C1, C2, C4, and C10) showed the
lowest vulnerability indices (RVI 0.41-0.65, SVI 0.12-0.28). Where grid-forming sources
are introduced, a control-interaction (SSCI/CCI) vulnerability evaluation must be con-
ducted explicitly before implementing grid-forming controls. For site-specific estimation of
the safe penetration threshold P, the following screening procedure is recommended:
(a) compute the network resonance frequency f,., using Equation (10) for the planned DC
feeder geometry; (b) evaluate the open-loop phase margin PM (f,,,) of the planned VSC
control architecture at f,,, using the impedance-based method; (c) determine the penetra-
tion level at which PM (f,,,) first falls below 30° by sweeping renewable dispatch from
0% to 100% in 10% increments. Interpolate between grid points to estimate the crossing,
and confirm the result with an EMT simulation or a measured impedance scan before
using it as a design limit. The estimates in Table 6 apply only to the XLPE 95 mm?, 10 km
feeder and the VSC settings of Table 3; shorter feeders, smaller cable capacitance, or VSC
control with narrower bandwidth can be expected to support higher penetration before the
phase-margin limit is reached.

The fifth principle is to implement ML-based vulnerability monitoring as part of the
commissioning package for any new hybrid MVAC/MVDC network, within the limits set
out in Sections 9 and 10.5. The LSTM classifier presented in this paper achieves 94.4%
in-distribution accuracy on simulated data; on perturbed networks, its accuracy is 81.4%
without retraining and 92.7% after fine-tuning on 20 labelled scenarios for each new config-
uration. This indicates that adapting to a new configuration of a known topology needs
little labelled data, whereas a new topology class requires dedicated training data, and
shifts in operating conditions and sensor noise reduce accuracy. ML-based monitoring can
provide near-real-time estimates of the vulnerability state from standard IEC 61000-4-30
Class A power quality measurements, without runtime network simulation.

10.4. Scope and Limitations

The twelve configurations are a representative subset of the 48 combinations of four
topologies, three source placements, and four control categories. The remaining combina-
tions were assessed only with a calibrated model, with limited class agreement. Each control
category is represented by one reference parameterization, so the SSCI and resonance re-
sults apply to the reference grid-forming law. Other grid-forming variants (e.g., VSG and
dual-port) were compared only at the converter level (Figure 7). Advanced schemes such
as robust nonlinear (sliding-mode) control [63,64] reshape Y,,.(f), thereby affecting the
phase margin (Equations (1) and (23)).

The closed-form expressions were checked against exact eigendecomposition, a state-
space time-domain model, and EMT modeling of the DC feeder, but a full EMT simulation of
every configuration was not performed. The protection analysis covers DC pole-to-ground
faults with conventional relays. AC faults were screened on a single feeder, a ring, and
a two-loop mesh.

Dense eigendecomposition of the admittance matrix scales asymptotically as O(n?),
where 7 is the number of buses. Distribution networks are sparse and nearly tree-like, so
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a sparse shift-invert search for the modes nearest resonance scales close to linearly. The
resonance search was timed on random radial networks (seed 2026) of 1 km sections with
the Table 3 cable data and one added loop per 20 buses, with Y, evaluated at 200 Hz,
on one core of an Intel Xeon 2.80 GHz processor (Python 3.13, NumPy 2.5, SciPy 1.18,
OpenBLAS 0.3.34; median of 5-21 runs after one warm-up). The dense method grew from
0.3 ms (33 buses) to 33.5 s (3000 buses), an empirical exponent of 2.5, whereas the sparse
search (scipy.sparse.linalg.eigs, shift-invert, six modes, tolerance 1078) grew from 1.3 ms to
25 ms (Table 13). Over the 580 frequency points of Section 5.2, a 3000-bus scan takes about
5.4 h dense and 15 s sparse. The harmonic-domain step adds O(M - h*) work per frequency
point for M converters and / harmonic orders. For the classifier, inference cost per window
does not depend on network size for a fixed set of monitored buses. The timing script is
part of the deposited code.

Table 13. Computation time per frequency point for the resonance search on meshed-radial networks
(single CPU core).

Buses n Added Dense Eigen- Sparse Shift-Invert,  Sparse LU
Loops Decomposition (s) 6 Modes (s) Solve (ms)
33 1 0.0003 0.0013 0.04
100 5 0.0060 0.0023 0.08
300 15 0.086 0.0035 0.33
1000 50 1.49 0.0091 1.1
3000 150 33.5 0.025 3.8

10.5. Verification and Sensitivity Studies

These additional studies, summarized in Table 14, were conducted to assess the ro-
bustness of the results. The classifier studies use a simulation framework for the network
and gradient-boosting and LSTM classifiers; the LSTM architecture was trained on the
simulated dataset. Numerical validation of the closed-form expressions. The mode spectra
of Equations (12) and (13) agree with the numerical Laplacian eigenvalues to machine
precision. Against the exact generalized eigendecomposition of radial, ring, and meshed
L-C networks, the first-order perturbation of Equations (16) and (17) has a mean frequency
error of 0.07% for £5% and 0.28% for £10% parameter changes (95th percentile 0.94%),
rising to about 1.0% at £20% (Table 15).

10.5.1. Joint-Uncertainty Monte Carlo

Varying cable capacitance, inductance, and resistance, converter-side reactances, and
loop parameters together (200,000 draws) gives a critical feeder length with a mean of
11.98 km and a 5th-95th percentile range of 9.57-14.87 km. Against the capacitance-only
case of Section 6.1 (10.0-14.2 km), the range widens, and the probability of a critical length
below 11 km increases from 25.2% to 29.4% (Figure 23a). Sobol total-effect indices [65-67]
attribute the variance to manufacturing capacitance (0.56), converter-side reactance (0.36),
and in-service capacitance change (0.09); cable inductance and resistance contribute less
than 0.1%.
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Table 14. Summary of the verification and sensitivity studies.

Study What Was Varied Principal Result Status
0, o,
Eigen-perturbation Radjial, ring, 2 meshed Meaon errorOO 7% (i05 *), .
o 0.28% (£10%), ~1.0% Numerical
vs. exact graphs; £2-20% L, C (4£20%)
C, L', R, converter L, loop o/ .
Joint Monte Carlo delay/bandwidth/gain; 9.57-14.87 km (5_905 ); Numerical
P (<11 km) = 29.4%
200 000 draws

Time-domain checks

Tt-ladder 1/4/16 sections;
3.15 kHz PWM,; delay loop

fres + 0.74% vs. lumped;
critical length 12.82 km;
PWM effect 3.8%

Numerical (own model)

Benchmark vs.

600 cases: length, load

Nyquist-modal agreement

0/ . 0, .
standard methods conductance, bandwidth 997 ./0’. RVI> 3 recall 100%, Numerical
precision 76.2%
48-combination factorial 4 topologies x 3 sources x 15 of 48 predicted RVI > 1; Calibrated prediction

4 controls; 4000-pt LHS

LOO class agreement 66%

AC/evolving faults

12320 cases: 4 types + 2
evolving, 5 penetrations,
4 grid strengths

Mis-coordination
0.6-8.3% (static);
2.8-4.0% (evolving)

Screening engine: radial,
closed ring, and
two-loop mesh

Simulated dataset
+ EMT modeling

3000 scenarios,

48 architectures, 47-feature
windows; DC feeder
re-solved in EMT modeling

EMT vs. exact eigenvalues:
£0.07%, o 0.19% (max);
engine-swap accuracy
change < 4.0 points

Simulation (simulated;
EMT on DC feeder)

Condition/
assumption shift

Overload, penetration,
slow control, combined,;
+15% L,C;

+10% thresholds

Up to —13.2 points under
combined shift; CCS =
architecture-only baseline

Simulated data

Sensor noise x0-20; feature

SVI 16.5% at x5 noise

Robustness dropout; channel loss; (—85.0% augmented); Simulated data
LOCO/LOTO radial held out CCS 28.5%
Random, uncertainty, 98% level: 336 — 216264 Simulated data:
Active learning/BO margin, committee; labels; boundary 98% in ’

GP straddle

24 evaluations

index model

Compound failures

Independent heads vs.
dedicated compound head

>2 critical: 11.8% observed
vs. 5.4% if independent

Simulated data + Table 5

Table 15. First-order eigenvalue-perturbation prediction of the mode frequency against exact gen-
eralized eigendecomposition: mean (95th percentile) absolute error as a percentage of the mode
frequency, 1500 random draws per case.

Network +5% Change in L, C +10% +20%
Radjial (10 sections) 0.07 (0.25) 0.28 (0.94) 1.04 (3.37)
Ring (10 nodes) 0.07 (0.24) 0.26 (0.92) 0.99 (3.33)
Meshed, y =2 (10 nodes) 0.07 (0.23) 0.29 (0.92) 1.12 (3.40)
Meshed, 4 = 3 (12 nodes) 0.07 (0.19) 0.27 (0.75) 1.04 (2.89)
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Figure 23. Joint-uncertainty Monte Carlo of the critical feeder length. (a) Distribution with capacitance
only and with joint uncertainty in cable, converter-side, and control parameters; (b) Total-effect Sobol
indices of the critical length. (c) Phase margin of the representative C8 loop under joint parameter
spread; dashed line: 30°.

Time-domain checks: A rt-ladder ring-down model with the Table 3 parameters re-
produces the lumped resonance within 1.2% and the critical length within 1.5% (12.82 km
against 12.63 km; Table 16). A 3.15 kHz PWM source changes the resonant-band amplitude
by 3.8% relative to the averaged model. For the grid-forming loop with delay, an exact root
calculation shows that the rule { ~ PM/100 overestimates damping at low margins (e.g.,
C =0.10 at PM = 14.4°). These checks use a state-space implementation developed for this
study and do not replace a full EMT simulation of all configurations.

Table 16. Series resonance of the DC feeder with the 196 mH converter-side inductance: distributed-
parameter (telegraph-equation) reference and differences of the other models from it (%).

Length (km)

Telegraph (Hz) Lumped Equation (10) 3-Section Ladder EMT, Feeder = EMT, Converter

6 292.9 —-0.35 —0.10 -0.17 —5.23
8 253.5 —0.47 —0.13 —0.18 —3.64
10 226.6 —-0.59 —0.16 -0.21 —2.01
12.63 201.5 —0.74 —0.21 —0.24 —0.81
14 191.3 —0.82 —-0.23 —0.26 -1.33
16 178.9 —0.93 —0.26 —0.29 —0.66
18 168.5 —-1.04 —0.30 —-0.32 —

10.5.2. Benchmark Against Established Methods

On a constant-power-loaded DC feeder (600 cases), Nyquist encirclement counts
agree with modal analysis in 99.7% of cases, the lumped mode frequency differs from the
impedance-scan peak by 0.77% on average, and RVI > 1 detects all unstable cases with
a precision of 76.2% (Table 14). RVIis thus a conservative screening index; it does not replace
modal analysis or Nyquist analysis. A distributed-parameter (telegraph-equation) solution
of the same feeder places the series resonance 0.35-1.04% above the lumped Equation (10)
at 6-18 km and the critical length 12.82 km against 12.63 km (Table 16).

Design-space coverage: A calibrated additive model fitted to the twelve simulated
configurations was used to predict RVI and SVI for all 48 combinations of four topologies,
three source placements, and four control strategies (Figure 24). Leave-one-out errors are
0.16 (RVI) and 0.15 (SVI), with class agreement of only 66% and 58%, so the predictions are
suitable for screening and ranking. Fifteen of the 48 combinations are predicted to exceed
RVI =1, and 15 are predicted to be critical in RVI or SVI.
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Figure 24. RVI (a) and SVI (b) for all 48 combinations of topology, source placement, and control
strategy. Values marked * are the twelve simulated configurations of Table 5; unmarked values are
model predictions and have not been simulated.

10.5.3. AC-Side, Symmetrical and Evolving Faults

A sequence-network fault engine on the CIGRE 15-bus benchmark, with current-limited
inverter sources (1.2 pu) and ANSI 51/51N relays (IEC standard-inverse characteristic [68])
graded on the no-DG case, was run for three-phase, line-to-line, line-to-ground and double-
line-to-ground faults and for line-to-ground — double-line-to-ground and line-to-line —
three-phase evolving faults, over 12320 cases (Table 17, Figure 25). Miscoordination aver-
aged 8.3%, 4.1%, 3.3%, and 0.6% for the four static types and 2.8% and 4.0% for the evolving
types. The rate is 1.2-1.5% at 20-80% penetration and 15.2% at 100% and increases on weak
grids. The 31-61% range of Table 7, therefore, applies to DC pole-to-ground faults with
conventional relays and does not generalize to AC faults on a graded feeder. A closed-ring
variant of the same feeder with directional overcurrent relays at both line ends gave 11.3%
mis-coordination against 15.1% with the ring open under the same settings, rising from 2.3%
for solid faults to 28.4% at 100 () fault resistance (Table 18). The engine is a screening tool
(bus faults and load current neglected); a two-loop mesh, graded using the same method,
yielded 35.8% (the upper bound for simple directional overcurrent grading).

Table 17. Mis-coordination of graded ANSI 51/51N protection for AC-side faults on the radial
CIGRE 15-bus.

Grid Short-Circuit Level 3-Phase L-L L-L-G L-G L-G - L-L-G L-L — 3-Phase
500 MVA 49 0.3 14 0.0 1.1 0.7
100 MVA 6.0 1.1 2.9 0.0 2.6 2.1
25 MVA 94 5.1 4.6 0.9 3.7 4.6
10 MVA 12.9 10.0 4.3 1.7 3.9 8.6
All 8.3 4.1 3.3 0.6 2.8 4.0
(a) Grid short-circuit level 20.0 (b) = (c)
g" SR g I
i, == i iy| 3
5] o ! ©6
£ § 123 ll g Evolving fault
= = =@~ Al grids ] 5 = G-LG
-% 6 -% 10.0{ 4@ 25 MvAgrid ! -% P e fppiion
/|3
o 4 o o
: 8 s .
3-ph L L-L-G L-G 20 40 60 80 100 0 500 100 25 10

Renewable penetration (%) Grid short-circuit level (MVA)

Figure 25. Mis-coordination of graded ANSI 51/51N protection for AC-side faults. (a) Static fault
types at four grid strengths. (b) Dependence on renewable penetration. (c¢) Evolving faults against
grid strength.
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Table 18. Open ring, closed ring, and two-loop mesh of the same CIGRE 15-bus feeder.
Fault Resistance/Type Open Ring Closed Ring Two-Loop Mesh
00 13.8 2.3 33.3
50 13.8 23 30.4
2002 9.6 3.2 33.8
50 Q) 12.9 20.2 41.0
100 O3 25.6 284 40.7
3-phase (all Rf) 24.8 24.7 50.6
L-L 16.0 19.2 49.6
L-L-G 15.7 0.8 36.5
L-G 4.0 0.4 6.6
All cases 15.1 11.3 35.8

10.5.4. Simulated Dataset and Independent EMT Engine

A simulation framework for the hybrid network, with the parameters in Table 3, was
used to generate 3000 scenarios covering all 48 combinations of topology, source placement,
and control strategy, with load level, DER penetration, season, feeder length, and control
bandwidth varied. For each scenario the simulation synthesizes the DC-link voltage ring-
down of a mt-ladder feeder, the converter AC current (harmonics and a sub-synchronous
control mode) and the voltage and current of a fault window, over a 200 ms window
sampled at 20 kHz, and extracts the 47-element window feature vector; labels are the
four index classes of Table 2 evaluated at the scenario’s operating point; the operating
point (grid import, minimum feeder voltage, short-circuit level) is computed with the
backward/forward-sweep power flow and Thevenin short-circuit routine on the CIGRE
15-bus model.

In the simulation, the index definitions are used to generate the signals, so the classifi-
cation accuracies below measure how well the indices can be recovered from monitor-type
windows and not whether they predict instability on a real network. The DC feeder was also
solved with EMT modeling (DAE-trapezoidal integration, 50 us step). For feeder lengths
of 6-18 km, the ring-down frequency agrees with the exact eigenvalues of the same circuit
to 0.07% and the decay rate to 0.19%; the lumped Equation (10) is 0.5% below the EMT
value at 12.63 km (Figure 26). With a constant-power load, damping and its sign agree
up to a growth rate of 35/s; faster growth is not resolved, and the engine flags Newton
non-convergence at the event step. Replacing the DC channel of 150 held-out scenarios with
the EMT trajectories changed the accuracy of the boosting classifier by at most 4.0 points
(prediction agreement 95.3-98.7%); because both engines solve the same circuit equations,
this tests the sensitivity of the classifier to the numerical solver, not to model-form error
(the LSTM is considerably more sensitive; Table 19). A further EMT modeling run with the
library grid-forming converter coupled to the DC cable reproduced the feeder resonance
within 5.3% of the telegraph-equation reference (6-16 km; Table 16). This run uses a stiff AC
bus and a generic droop controller; it does not reproduce the 83 Hz C8 control-interaction
mode and does not validate the converter-control results.
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Figure 26. EMT modeling of the DC feeder. (a) Ring-down frequency against feeder length. (b) Decay
rate for the feeder resistance alone and with a 20 Q) virtual damping resistance. (c¢) Decay rate with
a constant-power load at 12.63 km. (d) Decay rate of 150 held-out simulated scenarios against the
exact eigenvalues.

Table 19. LSTM with the architecture (2 layers 128/64, dropout 0.3, four softmax heads) trained on

the simulated dataset.

Condition RVI SVI FPSS CCS

In-distribution test split 93.1 (94.0) 92.7(92.0) 88.2(88.2) 88.7(86.9)
Overload (load 1.0-1.3 pu) 90.6 (92.6) 89.8 (91.8) 89.4(90.0) 80.8 (83.8)
High DER penetration (0.9-1.0, summer) 92.6 (95.6) 82.0(86.4) 90.0(90.8) 75.8(78.0)
Slow control (0.4-0.65x bandwidth) 91.2(94.8) 88.4(83.2) 86.0(86.2) 82.2(85.6)
Combined shift 84.0 (86.8) 85.0(78.8) 89.2(90.0) 75.6(80.0)
Noise x2 783 (945) 855(85.3) 76.3(84.7) 81.8(82.0)
Noise x5 65.5(93.8) 78.0(16.5) 59.5(72.3) 77.2(70.0)
Noise x5, noise-augmented training 955 (94.7) 88.7(85.0) 85.5(85.8) 80.0(79.0)
DC channel lost 67.6 (70.2) 91.8(92.0) 89.1(87.8) 87.3(85.8)
Radjial topology held out 95.0 (95.5) 97.8(98.2) 849 (79.9) 285 (28.5)
Grid-forming control held out 939 (954) 713 (76.4) 822(89.5) 77.0(77.1)
DC ring-down replaced by EMT trajectory (150 scenarios), 940 5773 960 920 887 833 833 — 80.0

before — after

10.5.5. Distribution Shift and Controls

A gradient-boosting classifier trained on the base operating ranges gave 94.0, 92.0,
88.2, and 86.9% accuracy (RVI, SVI, FPSS, CCS; test n = 450), against 66.4, 85.3, 67.3, and
90.0% for a baseline that knows only the architecture; the CCS result therefore adds nothing
beyond the architecture. Changes of the operating range are a form of dataset shift [69].
Without retraining, overload, high DER penetration, slow control, and a combined shift
reduced accuracy by up to 13.2 points (combined: 86.8, 78.8, 90.0, 80.0%); a £15% cable L, C
mismatch changed it by at most 5.4 points, and +10% shifts of the class boundaries reduced
it to 75.4-93.8% (Figure 27a). Held-out architectures were harder: CCS for an unseen
radial topology reached 28.5% and SVI for an unseen grid-forming control reached 76.4%
(Table 20). SVI is the label most sensitive to sensor noise (85.3% at twice and 16.5% at
five times the simulation’s baseline noise); training with noise-augmented data restored it
to 85.0%. Loss of the DC channel reduced RVI accuracy to 70.2%. An LSTM architecture,
trained on the same simulated dataset, gave 93.1, 92.7, 88.2 and 88.7% in distribution and
84.0, 85.0, 89.2 and 75.6% under the combined shift (Table 19); it kept SVI at 78.0% at
five times the baseline noise, whereas RVI and FPSS fell to 65.5 and 59.5%, and replacing
the DC channel by the EMT trajectory lowered its RVI accuracy from 94.0 to 77.3%.
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Figure 27. Data classifier. (a) Accuracy per index under operating conditions and parameter shift.
(b) Accuracy against sensor-noise multiple. (c¢) The same for a classifier trained on noise-augmented

data (solid) against the baseline classifier (dashed).

Table 20. Robustness of the simulation classifier (accuracy, in %).

Condition RVI SVI FPSS CCS
Noise x5: baseline — noise-augmented training 940947 155-85.0 71.7-858 69.8—-79.0
Noise x10: baseline — noise-augmented training 86.7—-932 33-863 478865 427782
Noise x20: baseline — noise-augmented training 840-918 33-835 183833 28.0-772
Channel lost: dc channel 70.2 92.0 87.8 85.8
Channel lost: ac channel 94.7 84.0 84.4 85.1
Channel lost: fault window 92.9 92.7 64.0 77.3
Topology held out: radial 95.5 98.2 79.9 28.5
Topology held out: meshed 95.1 76.6 88.2 82.6
Control held out: grid-forming 95.4 76.4 89.5 77.1

10.5.6. Scenario Selection and Compound Failures

Active selection of scenarios (least confidence, margin, query-by-committee [70])
changed accuracy by 0.1 points over random selection at 624 labels, gave no saving at the
95% level, and reduced the labels needed for 98% of the full-pool accuracy from 336 to
216-264 (Figure 28b); Gaussian-process boundary seeking with a straddle acquisition [71]
was marginally better than random sampling at larger budgets. Label coupling is substantial:
Cramér’s V between the four index labels ranges from 0.22 to 0.45, and 11.8% of scenarios are
critical in two or more indices, 2.2 times the share implied by independent labels (Figure 29).
Independent per-index heads detected 77.8% of the compound cases and a dedicated
compound head 82.2%; a classifier chain [72] changed the per-index accuracy by at most
0.9 points.

(a) (b)
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Figure 28. (a) Leave-one-configuration-out accuracy for the twelve Table 5 architectures. (b) Active-
learning curves (mean accuracy over the four heads).
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Figure 29. (a) Cramér’s V between the four index labels, (b) Share of scenarios critical in at least
two indices: implied by independent labels and observed.

Fault-current slope: To compare Equation (24) with simulation under consistent con-
ditions, a pole fault 5 km from the converter (10 kV, Table 3 cable data, R, = 0.5 ()) was
solved with a 100-section Tt-ladder time-domain model (exact zero-order-hold discretiza-
tion, 0.5 ps step), adding one omitted element at a time (Table 21). All slopes lie below the
bound V/(IL" + L,), and the margin grows as resistance, DC-link depletion, and reactor
inductance are added.

Table 21. Mean rate of rise of the converter-terminal fault current over the first millisecond versus the
bound of Equation (24).

Case Secant Slope 0-0.5 ms 0-1 ms Bound V/(IL' + Lr)
0-0.1 ms (kA/ms) (kA/ms) (kA /ms) (kA /ms)
Ideal source, lossless cable 5.27 5.04 5.12 571
+cable resistance 0.193 Q)/km 5.13 442 3.98 5.71
+cable resistance 0.320 (}/km 5.04 4.07 3.42 5.71
Finite DC link 1 mF, lossless 5.26 492 4.66 5.71
Finite DC link 0.2 mF, lossless 5.23 4.43 3.07 5.71
Ideal source + 1 mH DC reactor 4.55 3.65 343 3.64
1 mF DC link + 0.193 Q3/km + 1 mH reactor 4.47 3.31 2.74 3.64
10.6. Assumptions and Applicability Limits
Table 22 lists the assumptions and validity limits of the analytical formulations used in
this paper.
Table 22. Assumptions and validity limits of the analytical formulations.
Formulation Assumptions Validity Limit

Necessary, not sufficient, for

RVI, SVI (Equations (1) and (2)) Llnga}rlzed small-signal; ba@anced instability; RVI precision 76.2%, recall
positive sequence; one dominant loop N .
100% vs. modal analysis

Telegraph model Frequency-independent R’, L', C’; no

(Equations (8) and (9)) sheath or ground-return effects Up t0 2.5 kHz for the Table 3 cable
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Table 22. Cont.

Formulation

Assumptions

Validity Limit

Lumped resonance and critical length ~ Cable electrically short at f,,,; fixed

(Equations (10) and (18))

inductance dominates

Within 0.35-1.04% of the telegraph
solution for 6-18 km

Mode spectra (Equations (11)—(13))

Uniform sections; ideal radial or ring
terminations

Exact for the stated graphs; converter
inductance excluded

Eigen-perturbation
(Equations (16) and (17))

First order; change small compared
with the spectral gap;
non-degenerate mode

Mean error 0.28% at +10%, about 1%
at £20% (Table 15)

Modal loop gain
(Equations (19) and (20))

Well-separated modes; otherwise

Inter-mode coupling neglected use Equation (15)

Representative loop
(Equations (21)—(23))

Calibrated at one point (C8, 60%);

penetration enters only through A(p) Indicative trends only (Table 6)

Fault-current slope
(Equations (24)-(26))

Bound on the secant slope

Lossless cable; ideal source
over T > 2T

Pole-to-ground fault
(Equations (27)-(32))

Single fault node; Rg > Zy;

magnitude-based relays Transient stage of about 2 ms

11. Conclusions

This study has introduced a vulnerability mapping framework for MVAC-MVDC
hybrid distribution systems, which includes an analysis of how the topology affects the
number of resonance modes and the interaction between sub-synchronous controls, de-
rived analytically from the network admittance matrix (closed-form mode spectra and
eigenvalue-perturbation, mode-frequency, and phase-margin sensitivity expressions) as
well as 12 configurations involving 4 topologies and four inverter control strategies. This
framework considers four vulnerabilities that have traditionally been treated separately:
harmonic resonance amplification, sub-synchronous control interactions, fault propagation
across boundaries, and protection coordination failure. A multi-source harmonic domain
extension using frequency coupling matrices showed the inter-source coupling amplifi-
cation of 4.6 to 8 at resonance, and a real-time vulnerability classification framework was
developed and evaluated for robustness to out-of-distribution configurations, measurement
noise, and communication imperfections.

The three most practically relevant quantitative results are the following:

First, the dominant resonance falls below 200 Hz, the design margin above the outer-
loop control bandwidth of grid-tied voltage-source converters, once the DC feeder exceeds
a cable-dependent length: about 12.6 km for XLPE 95 mm? cable at nominal parameters.
A Monte Carlo analysis of manufacturing tolerance and in-service capacitance increase
places it between 10.0 and 14.2 km (5th-95th percentile), with a 25.2% probability that
it lies below 11 km (9.6-14.9 km and 29.4% when converter-side and control-parameter
uncertainty is also included), and across realistic XLPE cables (150-350 nF/km), it ranges
from about 9 to 21 km. Feeder length should therefore be treated as a cable-specific design
variable with a stated confidence level.

Second, at 60% penetration, C5, C8, C9, and C12 exceed RVI = 1, but only C8 violates
the 30° phase-margin limit; in the calibrated representative model, the others are estimated
to reach it at roughly 70-85% penetration.

Third, for DC pole-to-ground faults with high-impedance grounding, conventional
magnitude-based relay protection malfunctions in 31-61% of the simulated cases, owing to
the mismatch between overcurrent-based detection and DC fault signatures; for AC-side
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faults on a graded radial feeder, the screening study gives much lower miscoordination
(0.6-8.3%), rising on weak grids and at very high inverter share.

The machine-learning classification module reached 94.4% accuracy (macro-F1 0.94)
on held-out simulated data, 81.4% on perturbed out-of-distribution networks without
retraining, and 92.7% after fine-tuning on 20 labelled scenarios per new configuration;
withholding the meshed topology reduced RVI and SVI accuracy to 45.0% and 42.5%, so
new topology classes require dedicated training data. These results indicate a feasible
route from simulation-based vulnerability assessment towards near-real-time operational
monitoring. The study used phasor-domain simulation; EMT simulations were used to check
the fault-current transient (a mean rate of rise of 2.7-5.1 kA /ms over the first millisecond
under the conditions of Equation (24), below its 5.7 kA /ms upper bound, which cable and
fault resistance, DC-link depletion and series reactors reduce; Table 21) and to confirm
correct operation of the converter current limiter under various load and fault conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

AC/DC Alternating current/direct current

BFS Backward—forward sweep

CCS Coordination Complexity Score

DER Distributed energy resource

DP-GFM Dual-port grid-forming

DWT Discrete wavelet transform

EMT Electromagnetic transient

FCM Frequency coupling matrix

FPSS Fault Propagation Severity Score
GFL/GFM Grid-following/grid-forming
LOCO/LOTO  Leave-one-configuration-out/leave-one-topology-out
LSTM Long short-term memory

MLN Multilayer network

MLP Multi-layer perceptron

MVAC/MVDC  Medium-voltage AC/medium-voltage DC
PLL Phase-locked loop

PM Phase margin

RVI Resonance Vulnerability Index

SSCI Sub-synchronous control interaction

SVI SSCI Vulnerability Index

CCI Converter-control interaction (SSCI-type interaction above the fundamental)
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THD Total harmonic distortion

VSC Voltage-source converter

VSG Virtual synchronous generator
XLPE Cross-linked polyethylene
DFIG Doubly fed induction generator
HVDC High-voltage direct current

ML Machine learning

OOD Out-of-distribution

PV Photovoltaic

PWM Pulse-width modulation

SCADA/PMU  Supervisory control and data acquisition/phasor measurement unit
SSC Short-circuit capacity
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