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Abstract—The increasing penetration of inverter-based re-
sources (IBRs) is driving power systems toward inverter-
dominated operation, where reduced inertia and stronger inter-
device coupling require improved real-time monitoring. This
paper presents a distributed monitoring framework for inverter-
dominated microgrids based on structural model decomposition
(SMD). The network is decomposed into interacting subsystems
connected through explicit boundary variables, from which mea-
surable residual signals are constructed. A normalised residual
energy metric combined with a gated cumulative sum (CUSUM)
detector is used to identify sustained structural inconsistencies
using only boundary measurements, without observer design or
internal state reconstruction. The method is evaluated under
benign load disturbances and droop-law parameter modifications
in a three-inverter islanded microgrid. Simulation results show
that the proposed framework distinguishes normal transient
behaviour from structural regime changes and provides early
awareness of altered inter-inverter coupling before large voltage
deviations occur.

Index Terms—Anomaly Detection, Distributed Monitoring,
Inverter-Based Resources, Microgrids, Stability Awareness,
Structural Model Decomposition

I. INTRODUCTION

The rapid growth of inverter-based resources (IBRs) is
transforming power systems into distributed, tightly coupled
networks with reduced inertia and faster dynamics [1]. In
islanded or weak-grid conditions, reduced damping and strong
coupling increase disturbance sensitivity [2]. As inverter pen-
etration grows, real-time awareness of coupling behaviour
and emerging instability becomes essential [3|]. Increasing
converter interactions and distributed control layers further
complicate real-time monitoring and stability assessment in
modern power systems [4]], [5].

A substantial body of research addresses stability and co-
ordination in IBRs [6]], [7]. Control-oriented studies focus on
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droop tuning, virtual synchronous generator design, hierarchi-
cal regulation, and small-signal stability analysis to enhance
damping and power sharing [8[], [9]. Optimisation-based ap-
proaches employ distributed algorithms to coordinate active
and reactive power under operational constraints [10], [L1].
Although these methods are essential for improving regulation
and robustness, they are primarily formulated for controller
synthesis and performance optimisation under assumed oper-
ating conditions. They are not designed to provide scalable,
distributed monitoring of structural interactions between sub-
systems or to detect persistent violations of interconnection
constraints in real time. Besides, many anomaly detection and
instability awareness approaches rely on aggregated measure-
ments, phasor data, or data-driven models [12]—[14]. Although
effective for event classification or disturbance identification,
they typically do not directly exploit the physical coupling
constraints (e.g., voltage continuity and current balance) gov-
erning inter-inverter interaction at network interfaces. As a
result, structural inconsistencies at subsystem boundaries may
not be clearly isolated or or interpreted.

This reveals a research gap. Although monitoring and
anomaly detection methods exist for inverter-dominated sys-
tems, limited attention has been given to frameworks that
explicitly track interface consistency between inverter subsys-
tems in a distributed and interpretable manner. Few works
formulate inter-inverter coupling constraints as measurable
residuals for online persistence-based detection. In inverter-
dominated microgrids, system behaviour is governed by
boundary interactions at the point of common coupling (PCC)
[15]. Voltage continuity and current balance define the cou-
pling manifold between parallel inverters, and persistent devi-
ation from these constraints reflects altered coupling, reduced
damping, or control changes. Monitoring boundary relations
therefore provides a direct indicator of structural consistency.
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Fig. 1. Proposed SMD-based residual monitoring framework (7*: dominant
contribution value r*: dominant inverter region).

Structural model decomposition (SMD) offers a natural
representation for this purpose. By separating internal regional
dynamics from interconnection constraints, SMD reformu-
lates the microgrid into subsystems coupled through explicit
boundary port variables. SMD has primarily been employed
for decomposition-based analysis, optimisation, and parallel
computation in power systems [16], [17]. However, explicit
formulation of boundary consistency constraints as measur-
able residuals for distributed monitoring in inverter-dominated
microgrids has received relatively limited attention. This struc-
tural separation makes inter-inverter interaction measurable
through interface quantities and provides a principled basis
for distributed monitoring.

This paper proposes a distributed monitoring framework for
inverter-dominated microgrids based on SMD. With a fixed
inverter-level partition, PCC boundary variables are monitored
directly and interface consistency constraints are converted
into measurable residuals. A normalised residual energy metric
combined with a gated cumulative sum (CUSUM) test detects
sustained structural inconsistencies in inter-inverter coupling.
The framework is evaluated on a nonlinear three-inverter
islanded microgrid under load disturbances and droop-law
modifications. Results show that the method distinguishes
transient variations from structural regime changes and enables
inverter-level localisation. Fig. |I| summarises the approach:
SMD exposes boundary variables, residuals are formed from
interface inconsistencies, and a persistence-based test declares
detection. Localisation is achieved using per-inverter contribu-
tion scores computed from regional residual energies. Unlike
conventional residual-based monitoring methods that rely on
observers, global state estimation, or aggregated measure-
ments, the proposed framework constructs residuals directly
from SMD-based boundary consistency constraints at inverter
interfaces. This enables distributed monitoring of inter-inverter
coupling using only local boundary measurements, without
full-system reconstruction or data-driven training.

The remainder of this paper is organised as follows.
Section presents the islanded microgrid model and its
monitoring-oriented partitioning. Section describes the
SMD and boundary-variable formulation. Section defines
the residual signals, energy metric, and detection logic. Sec-
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Fig. 2. Monitoring-oriented structural decomposition of the islanded inverter-
based microgrid.

tion [V| provides a small-signal interpretation linking residual
growth to stability margin reduction. Section |VI| presents the
simulation setup and detection results. Finally, Section
concludes the paper.

II. MICROGRID MODEL AND MONITORING-ORIENTED
PARTITIONING

Before applying SMD, a fixed partition of the inverter-
based microgrid is defined to identify electrical interfaces
consistent with the control structure and available measure-
ments. The partition is selected according to the microgrid
interconnection structure, PCC measurement accessibility, and
the requirement that inter-regional interactions occur through
well-defined electrical interfaces. Since parallel inverters ex-
change power only through the PCC, inverter-level partitioning
isolates local dynamics and preserves the dominant coupling
pathways relevant for monitoring.

As shown in Fig. [2] the islanded inverter-based microgrid
consists of Rj,, = 3 parallel grid-forming inverters connected
to a common PCC supplying aggregated loads. Since inverters
interact only through the PCC, the natural partition is at the
inverter level. Each region {N,}% includes the converter,
LC filter, transformer interface, and associated droop and inner
control loops. Droop control provides primary frequency and
voltage regulation as functions of active and reactive power,
and the inner loops are fast dg-frame current and voltage
regulators that track references and stabilise the converter. The
DC sources are modelled as regulated supplies representing
generic inverter-based resources (e.g., photovoltaic, wind, or
energy storage). The PCC and connected loads form a sep-
arate region, Npcc. The PCC is the sole coupling interface,
and inter-regional interaction occurs only through boundary
voltage and current variables. Coupling instabilities, includ-
ing desynchronisation, low-frequency oscillations, and power-
sharing imbalance, are reflected at the PCC interface, making
the partition well suited for boundary-based monitoring.

III. STRUCTURAL MODEL DECOMPOSITION

Given the fixed inverter-level partition, SMD rewrites the
interconnected microgrid into regional subsystems coupled



exclusively through explicit boundary port variables at the
PCC. The decomposition preserves physical equivalence and
exposes the interfaces that govern inter-regional interaction.
Prior to decomposition, the islanded microgrid can be
written in compact differential-algebraic form as below:

&= f(z,2), 0=g(z,2), M

where x collects dynamic states and z algebraic network
variables. The algebraic equations enforce voltage continuity
and current balance at the PCC.

For each inverter region r € {1, ..., Ri.}, boundary voltage
and current port variables are defined as v,(f) (1), iér)(t) e R™,
representing the inverter terminal quantities at the PCC. Here,
my, denotes the number of boundary voltage/current channels
at the PCC interface (e.g., my = 3 for a three-phase repre-
sentation or m;, = 2 in a synchronous dq frame). Each region
maintains a local copy of these variables, allowing internal
dynamics to be represented independently before enforcing
interface consistency.

In the single-bus configuration shown in Fig. 2] all inverter
regions share a common PCC voltage vpcc(t), and Kirchhoff’s
current law (KCL) relates inverter injections to the load current

t10ad(t). The coupling constraints are therefore:
Riny

vl()r) Zl()r)

= VpCC; = lload- 2

r=1

The first constraint enforces voltage continuity at the PCC
and the second enforces current balance. Boundary voltage and
current variables are selected because they characterise electri-
cal coupling through Kirchhoff’s laws and directly reflect syn-
chronisation, power-sharing, and interconnection consistency
between inverter regions. Violations indicate departure from
nominal coupling behaviour (e.g., desynchronisation, struc-
tural changes in the control law, or load disturbances). Other
quantities, including active/reactive power and frequency es-
timates, are derived from these electrical variables and are
therefore treated as auxiliary monitoring signals rather than
independent coupling states.

Each inverter region r is described by nonlinear differential-
algebraic equations of the form:

Ty f,«(:tr,zr,ur,vér))
|:0 :| = gr(xr,zr,ur,vly‘)) . 3)

(1) r
% hr($7'727'7u7"17)1<, ))

where z, is the dynamic state vector of region r. It includes
droop control states, voltage and current regulation states in
the synchronous dq frame, and the electrical states of the
output filter. 2, collects algebraic variables and w, represents

local control inputs. The boundary voltage vgr) acts as an

external input from the PCC, and the boundary current i,(f)
is the corresponding output injected into the interface. Power
measurements and frequency estimates are used internally
within f.(-) and are not exchanged across regions. Inter-
regional interaction occurs only through the boundary port

variables. Each region exposes a compact measurement vector:

N T
v =[o{, i, Py Qry @] @

where @, denotes the local frequency estimate provided by
the droop controller. Although the structural formulation is
coordinate-independent, the boundary variables are imple-
mented in a synchronous dg reference frame, with vgr) =
[0, 0§17 and i = [457, {77, consistent with the in-
verter control structure.

All quantities are expressed in a common PCC-synchronous
frame defined by 0pcc, ensuring that boundary variables are
directly comparable across regions. Notably, the full internal
state vector remains local to each region, and monitoring relies
only on boundary and measurable subsystem signals.

IV. MONITORING SIGNALS AND ANOMALY INDICATORS

In droop-controlled parallel inverters, synchronisation and
proportional power sharing enforce boundary consistency at
the PCC. Monitoring signals are therefore derived directly
from violations of the coupling constraints in (2)). For each
inverter region r, the voltage residual is defined as:

(r) PCC
fi _
dq frame {v Vg :| 7 )

r{7 () = ol (t) — vpao(t) S
q

Vq
which quantifies deviation from voltage continuity at the PCC.
The residual is computed from independently measured or lo-
cally estimated boundary phasors. Although voltage continuity
holds at an ideal bus, measurement filtering, estimation dy-
namics, and reference-frame mismatch render r$” (t) nonzero
under desynchronisation, bias, control-induced mismatch, or
emerging instability.

Similarly, the aggregate current residual enforcing KCL is:

Riny Rinv [.(r loa
i) = S i) —inona(t) LS syt = S [%;} (i)
r=1 q q 6
The residuals ri” and r; represent measurable constraint
violations. Under nominal conditions, the system evolves close
to the coupling manifold (@), and residual magnitudes remain
bounded by measurement noise. Sustained growth indicates
departure from structural consistency. In the case study, iioaq(t)
is obtained from PCC measurements or the load model. In
practice, it may be replaced by a direct net PCC current
measurement ipcc(t), if available.
A normalised windowed residual energy metric is defined:

r=1

B 1 t Rinv 1(}'r) 2 . 2
J(t)T/tT<o¢Z rv (1) +ﬁyz dr, ()

where T is the monitoring window, Vioom and Inom are scalar
nominal amplitudes corresponding to the rated PCC voltage
and inverter current magnitudes in the selected dq reference
frame. The weighting factors «, 8 > 0 tune the relative sensi-
tivity to voltage-consistency versus current-balance violations.
Larger « increases sensitivity to desynchronisation, whereas
larger 8 emphasises current imbalance.

Under nominal operation, the system remains in a neigh-
bourhood of the coupling constraints in (2), and J(t) stays
small, limited mainly by measurement noise and short transient
effects. Brief load changes may cause temporary increases in
J(t), but the value returns to normal once synchronisation
and power sharing are re-established. In contrast, sustained



Algorithm 1 Online computation of normalised SMD residual indicator,
persistence detection, localisation, and contribution score

Require: Window length 7', sampling time At, weights «, 3 > 0, nominal scales
Vhom s Inom, baseline statistics 1o, o, threshold factor n > 0, CUSUM parame-
ters £ > 0,I" > 0, small ¢ > 0

1: Compute window length in samples Np <+ [T/ At]
2: Set instantaneous threshold v <— o + noo
3: Initialise J[0] < 0, S[0] +— O, Flag < 0
4: for k = 1,2, ... (each sampling instant) do
5: Acquire PCC measurements vpcc[k], t10ad (k]
6: forr =1,..., Rin, do
7 Acquire inverter boundary signals vg") (K], ig’v) [k]
8: Voltage residual: r(™ [k] « vgr) (k] — vpcc[k]
9: Normalise: TS,T27 (k] — {7 [k]/Vaom
10: end for
11: Aggregate current residual (KCL): 7;[k] < > f‘l" zl()r) [k] — t10aa k]
12: Normalise: 7;,, [k] < 7 [k]/Inom
13: Instantaneous normalised residual energy:
e[k] « a3 |1r$), (K113 + Bllrs,n [K]|13
14: Update windowed indicator (sliding-window Riemann sum)

15:  if k < Ny then A
Jk] « J[k —1]+ ?t elk]

16: else . At At
Jk) + Jk—1] + - e[k] — — e[k — N7
17: end if

18: Update persistence statistic (gated CUSUM)
g[k] < max{0, J[k] —~}
S[k] < max{0, S[k — 1] + g[k] — k}
19:  if S[k] > T then

20: Flag + 1 > Anomaly/early-instability detected
21: for r =1,..., Riny do
22: Update per-inverter energy (sliding window):
T = Ik =10+ RIS = ek = Nl

23: end for
24: for r =1,..., Riyy do

o I )
25: Contribution score: 7,-[k] < #

Zz:"iv Iy [k] +e

26: end for
27: else
28: Flag < 0
29: end if
30: end for

structural changes in control or measurement (e.g., droop-
law mis-tuning, loss of synchronisation, etc.) would lead to
continued violations of the coupling constraints and persistent
growth of J(t). The metric therefore reflects the degree of
departure from structural consistency at the PCC interface.

The practical implementation is summarised in Algorithm|I]
At each sampling instant, boundary measurements are used to
compute voltage and current residuals, which are aggregated
into the discrete-time indicator J[k] using a sliding-window
sum approximating (7). A preliminary anomaly indication is
obtained when J[k] exceeds a threshold v = po + noo, where
1o and oo are the mean and standard deviation under nominal
operation. The final decision is based on a persistence statistic
to suppress short-lived excursions.

To suppress short-lived excursions, a one-sided gated
CUSUM statistic is introduced. Exceedances above the thresh-
old are defined as g[k] = max{0, J[k] —~} and the statistic is
updated as S[k] = max{0, S[k — 1]+ g[k] — x}, where S[0] =0
and k > 0 controls sensitivity. An anomaly is declared when
S[k] > T. Brief threshold crossings do not accumulate, whereas
sustained violations produce persistent growth in S[k] until
the decision level is reached. Following detection, localisation
is performed by quantifying the contribution of each inverter

to PCC voltage inconsistency. The per-inverter normalised
voltage-consistency energy is defined as:

(r) / (T)
T

Vnom
with contribution score =,(t) =

dT, ®)

Jé”(t)
Sene 10 (1) +¢
prevents division by zero. Larger =, indicates stronger con-
tribution to PCC voltage inconsistency. In discrete time, the
integrals are computed using the same sliding-window sum as
in Algorithm m yielding J{” [k] and . [k].

V. SMALL-SIGNAL STABILITY MARGIN

, where ¢ > 0

The residual-based monitoring framework detects sustained
growth in boundary voltage and current mismatches. To pro-
vide a structural interpretation, this section relates residual
amplification to the small-signal stability properties of the
interconnected microgrid. As the dominant eigenvalue of the
linearised boundary-coupled system approaches the imaginary
axis, boundary perturbations become increasingly amplified,
resulting in sustained growth of the residual energy metric.

The decomposed regional model in (3) is linearised around
an operating point (z}, zx, v, uy). Let A(-) denote small devi-
ations from this point. The linearised dynamics are:

Ay _ Ar By By Ax(:)
A TG Drw Dr) |A% ] ®
Uy

where the matrices denote Jacobians evaluated at the operating
point. Eliminating the internal state Az, yields a reduced
boundary relation Aib")(s) = Gr(s) Avﬁr)(s) + Hr(s) Aur(s),
where G, (s) represents the effective dynamic admittance of
inverter region r at the PCC.

In the single-bus configuration of Fig. 2] all inverter bound-
ary voltages satisfy AU,ST) = Awvpcc. With the linearised load
relation as Adjoaqa = Y7.(s)Avpcc, applying KCL yields:

inv inv

(et = 3 Gr)dveoc(s) = 3 Hrls
r=1

In the absence of external perturbatlons (Au, = 0), the
natural small-signal modes (i.e., the eigenvalues of the lin-
earised interconnected system) are determined by the roots
of det gYL(S) — 3 Fin Gr(s)) = 0. Let {\;} denote these
eigenvalues, and define the dominant eigenvalue as Amax =
argmax; ${\;}. A stability margin indicator is defined as
M (t) = =R{Amax ()}, representing the damping margin of the
dominant mode. As M) (¢) decreases toward zero, the dominant
eigenvalue approaches the imaginary axis and damping is re-
duced. In this regime, boundary perturbations are increasingly
amplified, leading to sustained growth in the residual energy
metric J(t).

Notably, the stability margin is evaluated offline by linearis-
ing the Simulink model at representative operating points in
order to interpret the relationship between residual amplifi-
cation and reduced damping. However, the online monitoring
framework itself relies only on measurable boundary residuals
and does not require eigenvalue computation, system linearisa-
tion, or internal state reconstruction during operation, making
the method suitable for real-time distributed deployment.

) Auyr(s) (10)
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Fig. 3. Dynamic response and level-based residual monitoring: (a) PCC RMS voltage Vpcc. (b) PCC frequency fpcc. (c) Normalised residual energy J ()

and threshold ~. (d) Persistence statistic S(¢) and decision level I'.

VI. RESULTS: DETECTION AND INSTABILITY AWARENESS

This section evaluates the SMD-based monitoring frame-
work under representative operating conditions in the islanded
microgrid introduced in Section The results assess (i)
robustness to benign load disturbances, (ii) detection of droop-
law modifications and supervisory adjustments, and (iii) local-
isation of the inverter responsible for boundary inconsistency
at the PCC. The nonlinear microgrid model is implemented
in MATLAB/SIMULINK, and monitoring follows Section
and Algorithm [1} The residual energy J(t) is computed using
a sliding window of length 7' with sampling interval At,
and baseline statistics under nominal operation determine the
threshold v and CUSUM parameters. Monitoring is activated
after a dead time Tyeaq to suppress switching transients. TableE]
summarises the numerical settings and detection metrics.

A single time-domain experiment illustrates the monitoring
behaviour under progressive structural changes. At ¢; =1 s,
the aggregate load is increased, producing a transient voltage
dip and frequency deviation (Fig. [3(a)-(b)). This benign dis-
turbance causes a temporary variation in the residual energy
J(t) (Fig. c)), which then decays as synchronisation and
proportional power sharing are restored. Accordingly, the
persistence statistic S(¢) remains below the decision level T’
(Fig. 3[d)), indicating no sustained anomaly or instability. At
to = 3 s, a structural regime change is introduced by modifying
the droop law, altering the effective coupling at the PCC and
shifting the operating equilibrium. In contrast to the load step,
this modification produces a persistent change in the residual
response. The gated CUSUM statistic accumulates and crosses
the decision level at t4ey = 3.162 s, yielding a latency of tget —t2
= 0.162 s. A supervisory adjustment at t3 = 5 s further shifts
the operating point, but detection has already been declared.

At the detection instant (t4et=3.162 s), the PCC voltage re-
mains close to nominal, with |Vecc(faet) — Vaom| = 0.008 p.u.,
which is significantly smaller than the global maximum de-
viation reported in Table [l The frequency deviates from its
baseline mean f, and exhibits an increased rate-of-change
during the coupling adjustment. The detector responds to
sustained structural inconsistency rather than instantaneous
magnitude excursions, demonstrating its sensitivity to regime
shifts in inter-inverter coupling. The sustained increase in
J(t) after the droop-law modification is consistent with the
reduction in damping margin predicted by the small-signal
interpretation in Section [V]

TABLE I
DETECTION SETTINGS AND DYNAMIC RESPONSE SUMMARY (60 Hz
DESIGN NOMINAL FREQUENCY).

Quantity Value Units
Sampling interval At 5x 107° S
Window length T 0.20 s
Baseline window [0.40, 0.90] s
Structural-change onset to 3.0 s
Dead time Tgeaq 0.1 s
Threshold ~ 0.981 -
Slack (CUSUM) & 2.403 x 1077 -
Decision level T 0.2 x 1073 -
Baseline mean frequency fo 60.3045 Hz
Detection time tqet 3.162 S
Latency tqet — t2 0.162 s
Global max [Vpcc — Viom| 0.03 p.u.
Global max |fpcc — fol 0.5345 Hz
Global max |fpcc\ (50 ms filtered) 9.9865 Hz/s

Conventional magnitude-based monitoring using PCC volt-
age deviation alone responds primarily to instantaneous ex-
cursions caused by load disturbances. By comparison, the
proposed persistence-based boundary residual metric distin-
guishes short transient deviations from sustained structural
coupling changes, thereby reducing false alarms under benign
operating events.

To visualise energy distribution across inverter regions, the
centred log-asymmetry is defined as:

R
) ) -
Alogo (J47 (1)) = logio (/7 (1) — 75— > logyo (A7 (1) (1)

v p—1

Subtracting the regional mean removes the common-mode
component and isolates inter-inverter imbalance. Fig. ] com-
pares the asymmetry surfaces under two operating conditions.
Under a nominal load disturbance (Case 1), the asymmetry is
temporary and decreases as synchronisation and power sharing
are restored, indicating balanced behaviour across inverters.
After the droop-law modification and supervisory adjustment
(Case 2), the asymmetry shows a sustained bias along one
inverter index, indicating persistent imbalance in the residual
distribution. Although the overall magnitude is similar, Case 2
remains asymmetric over time, whereas Case 1 returns to
near-symmetric behaviour. This suggests that structural regime
changes produce sustained inter-regional imbalance rather than
short-lived transient effects.

Localisation performance is quantified using the contribu-
tion scores m.(t). At the detection time t4c¢, the dominant
inverter index and its contribution level are defined as:
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Fig. 4. Comparison of residual asymmetry surfaces: (a) Case 1: nominal load
step. (b) Case 2: load, droop-law modification, and supervisory control.

r* = arg max
re{l,...,Rinv }

mr(taet), = max

(T .
r€{1,..., Riny } r(faer)

12)
Localisation confidence is quantified via the separation mar-
gin between the largest and second-largest contribution scores
Am = W(l)(tdet) — ﬂ(g)(tdet), where (1) > (2) > .. denote
the ordered values. At the detection instant (tget = 3.162 ),
the dominant inverter is r* = 1, with n* = 0.74, significantly
larger than the uniform value 1/Ri., =~ 0.33. The separation
margin is An = 0.56, indicating clear distinction between the
dominant inverter and the remaining regions. These results
demonstrate that the proposed framework not only detects
persistent structural deviations, but also identifies the inverter
most responsible for boundary inconsistency at the PCC.
Although the case study considers a three-inverter microgrid
for clarity and visualisation of inter-regional residual be-
haviour, the computational structure is independent of system
size. Each additional region contributes only local boundary
measurements and residual updates. The sliding-window en-
ergy and CUSUM computations require constant-time oper-
ations per region and avoid global model reconstruction or
eigenvalue analysis. The formulation therefore extends natu-
rally to larger multi-inverter or multi-bus microgrids using the
same boundary-residual construction, preserving its distributed
and lightweight character.

VII. CONCLUSION

This paper presented a distributed monitoring framework for
inverter-dominated microgrids based on SMD. By expressing
the system as subsystems coupled through boundary vari-
ables, interface consistency conditions were converted into
measurable residual signals. A normalised residual energy
metric combined with a gated CUSUM detector enabled
detection of sustained structural changes using only boundary
measurements at inverter terminals and the PCC, without
observer design or internal state reconstruction. Simulation
results demonstrated that the method distinguishes load dis-
turbances from droop-law modifications, detects structural
changes before large voltage deviations develop, and correctly
localises the dominant inverter. Following detection, the lo-
calisation signals and contribution scores can support higher-
level supervisory or protection actions, including adaptive
droop retuning, converter resynchronisation, load shedding,
inverter isolation, or microgrid reconfiguration. The proposed

framework therefore acts as an early-warning and localisation
layer that provides fast structural awareness before large-scale
instability propagation develops. Persistent residual growth
reflects altered coupling behaviour at the PCC. The frame-
work remains distributed, scales linearly with the number of
boundary ports, and extends naturally to multi-bus microgrids.
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