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Abstract—This paper presents a continuum modeling ap-
proach to characterize and analyze the phase wave propagation
and stability characteristics in grid-type microgrid networks. By
homogenizing the discrete inverter network into a quasi-
continuous medium, the phase dynamics are described through
coupled differential equations representing the internal grid-
forming oscillators, phase-locked loops, and voltage/power con-
trol loops. A zero-reflection boundary controller (ZRC) is intro-
duced to emulate an absorbing boundary condition that elimi-
nates artificial reflections at the network edges, enabling the
intrinsic propagation features of phase perturbations to be ob-
served. Numerical simulations of an 8>8 interconnected mi-
crogrid demonstrate that the continuum model accurately cap-
tures the transition between grid forming (GFM)-dominant and
grid following GFL-dominant behaviors, and reveals how
boundary damping coefficients affect phase wave attenuation and
spatial coherence. The results provide a theoretical and computa-
tional framework for phase stability assessment and spatiotem-
poral disturbance analysis in inverter-dominated microgrids.

Index Terms—Continuum modeling, Microgrids, Grid forming
(GFM), grid following (GFL).
I. INTRODUCTION
n future power networks, the dynamic interaction among grid-
forming (GFM) and grid-following (GFL) inverters within
interconnected microgrids gives rise to spatial temporal
phase behaviors that are fundamentally different from
those in conventional synchronous power systems [1]-[2].
The phase angle of each inverter no longer represents only the
mechanical rotor position as in traditional synchronous gen-
erators, but emerges as synthetic variable determined by inner
current control loops, outer power/voltage control loop of
inverters and network interconnections [3]. Consequently,
disturbances within inverter-dominated microgrids propagate
in space and time following complex coupling mechanism that
resemble wave-like behaviors rather than only rotor dynamics
[4].
In traditional power systems, synchronous generators are
naturally synchronized through their electromechanical cou-
pling, and phase deviations are dominated by inertia and
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damping of the generators. The propagation of angle disturb-
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ances is well approximated by low frequency electromechani-
cal waves [5]-[6]. Nevertheless, in inverter-based microgrids,
the physical inertia is replaced by the virtual inertia dynamics
simulated by the control loop of the inverters (i.e., grid form-
ing GFM control). This leads to a different propagation char-
acteristic for the phase of the system. The phase synchroniza-
tion speed, damping depends on control parameters rather than
the mechanical properties (e.g., multi-mass block, exciting
control, and speed control of the synchronous generators). In
essence, analyzing the phase propagation is critical for under-
standing transient stability in inverter-dominated microgrid. In
particular, GFM inverters behave as voltage sources defining
frequency and phase autonomously, while GFL inverters rely
on phase-locked loops (PLLs) to follow grid voltage [7]-[8].
The coexistence of these two types within a microgrid cluster
leads to hybrid propagation phenomena: GFM nodes exhibit
slower, inertia-like phase responses, whereas GFL nodes in-
troduce faster tracking and potentially high-frequency cou-
pling. Capturing this mixed behavior across spatially distribut-
ed microgrids requires a modeling framework that extends
beyond discrete node-based systems.

The continuum modeling approach offers a promising way
to describe such spatial-temporal phase dynamics. Originally
developed for traditional power grids composed of synchro-
nous machines, this method approximates the discrete network
as a continuous medium governed by partial differential equa-
tions (PDESs) [9]. The grid coupling admittance and local pow-
er-angle relations are translated into continuous spatial deriva-
tives, allowing analytical insight into disturbance propagation,
attenuation, and reflection. Ref. [10] demonstrated that con-
tinuum models can effectively reveal electromechanical wave
characteristics and provide closed-form relations for propaga-
tion speed and damping in large-scale synchronous systems.
The main advantage of this approach lies in its ability to cap-
ture spatial coherence and global stability trends with reduced
computational cost compared to full-scale discrete simula-
tions. However, its application to inverter-based microgrids
has been limited, as the intrinsic fast dynamics, PLL synchro-
nization, and control-mode diversity break the uniformity
assumptions used in classical formulations.

Unlike synchronous systems, microgrids exhibit heteroge-
neous inverter dynamics, non-uniform damping, and mixed
GFM/GFL operation, resulting in locally varying phase wave
speeds and boundary conditions. Furthermore, microgrids are
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often operated in meshed topology configurations with finite
boundaries, where reflected phase waves can distort synchro-
nization and stability assessments. Traditional continuum
models cannot directly account for these hybrid dynamics or
reflective boundaries. To address these challenges, it is neces-
sary to extend the continuum framework by incorporating
control-dependent parameters such as the PLL gain, virtual
damping. Such an enhanced formulation enables analysis of
phase wave propagation, reflection, and absorption in inverter-
dominated systems. This paper focuses on developing and
analyzing a continuum-based phase propagation model for
interconnected microgrids with mixed GFM and GFL dynam-
ics. The main contributions are as follows:

1) Based on the continuum modeling approach, a hy-
brid phase dynamic model of the inverters-
dominated microgrids is established that considers
the dynamic behaviors of GFM and GFL through
control-dependent parameters.

2) A time-ramped zero-reflection boundary controller
is designed for the inverters of the battery energy
storage system (BESS) to emulate absorbing
boundaries, enabling the observation of natural
phase propagation within a finite microgrid domain.

3) Simulation results on an 8>8 interconnected mi-
crogrid demonstrate how the continuum-inspired
model captures the transition between GFM-
dominant and GFL-dominant regions and provides
insights into phase stability and wave attenuation
mechanisms.

It is noted that the proposed continuum model is intended as
a theoretical and analytical framework for investigating spa-
tial-temporal phase propagation and stability mechanisms in
inverter-dominated systems. Despite simplifying assumptions
on network density and phase gradients, the model provides
valuable physical insight into disturbance propagation, bound-
ary reflection, and damping mechanisms, which are of direct
relevance to power system dynamic stability analysis.
1. HYBRID PHASE DYNAMIC MODEL OF THE INVERTERS DOM-

INATED MICROGRIDS

This section extends the classical electromechanical contin-
uum theory to inverter-dominated microgrids, bridging syn-
chronous-generator physics and converter control dynamics.
The resulting hybrid phase dynamic model captures the es-
sence of spatial-temporal interactions in complex microgrid
networks,

A. The Continuum Model of Traditional Power Systems

In conventional synchronous power systems, the electrome-
chanical dynamics of generators can be described by the well-
known swing equation. For the i-th machine, the dynamic
equations are expressed as
M@ =P, -R,; - Di(o - ®,)

{ 5o , )
| = @0 — O

where M; and D; are the inertia and damping constants, respec-

tively, Pm; is the mechanical input power, Pe; the electrical

output power, and ws is the synchronous reference frequency.

When considering a large interconnected grid, the coupling

power term P can be approximated as

979-8-3315-8138-1

P =2 K;sin(s, -5, (2

where Kij=|Vil||V;|Bjj represents the synchronizing strength
between buses i and j. If the system is densely meshed and the
angle difference between neighboring nodes is small, the net-
work can be represented by a continuous field d(x,y,t). Using
spatial discretization and Taylor expansion, the swing equa-
tions lead to a continuum approximation:
2
ML p% _kyis 3)
ot ot
Eg. (3) is the damped wave equation governing phase prop-
agation. The term KV25 corresponds to the phase stiffness of
the grid, while M and D determine wave inertia and damping.
This model explains how power-angle disturbances propagate
as electromechanical waves with finite velocity, which is a
phenomenon extensively observed in large-scale transmission
networks.
B. The Continuum Model of GFL and GFM Inverters

In inverter-based microgrid as shown in Fig. 1, each invert-
er in the point of common coupling (PCC) bus of this mi-
crogrid is integrated with a distributed generator (DG) unit
such as wind turbine, PV or the battery energy storage system
(BESS). The physical inertia of synchronous generator is
replaced by the synthetic dynamics of inverter control loops.
Two dominant control modes determine the local phase be-
havior, which are grid-following (GFL) and grid forming
(GFM) inverters.

Fig. 1.The typical topology of the inverter-dominated microgrid.

The control strategy of the GFM inverter emulates the dy-
namics of voltage source, which can be expressed as

M,&=P, -P-Do
; . (4)

Oy = @
where My and D, represent virtual inertia and damping. The
GFM unit maintains a stable voltage magnitude and acts as a
source of reference phase, supporting grid synchronization.
The GFL inverters operate as controlled current sources based
on the phase-locked loop (PLL), whose dynamics can be ex-
pressed as

O =i (Opec =), (5)
where ap is the PLL bandwidth and 6y is the measured ter-
minal angle. Large api values lead to fast tracking (GFL-type),
while small opn values imply slow following behavior, approx-
imating GFM-type response. For a network of converters, the
electrical coupling can be similarly expressed as

P =2 K\VV;sin(s, - ;) ©)
]
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By applying the continuum approximation again and intro-
ducing the node-dependent hybrid phase d(x,y,t), the GFM and
GFL dynamics can be combined into following equation

Mx )22+ D(x,y, 2
ot? bt
=KX, Y)V?8 = ay (%, )[S(x, 1) = (%, y,1)]
where D(x,y,t) includes time-ramped absorbing boundaries
and apu(x,y) represents spatially varying PLL stiffness across
the microgrid. Eq. (7) bridges inverter control and spatial
phase propagation, revealing that converter dynamics directly
modulate the local phase wave properties (including wave
speed, attenuation, and reflection).

C.The Hybrid Phase Dynamic Model of Inverters Dominated
Microgrids
The last part introduces the typical inverter-dominated mi-
crogrid, in practical system, such a microgrid can be defined
as a node of microgrids and both GFM and GFL inverters
coexist, forming heterogeneous spatial fields in different node.
A hybrid microgrids is shown in Fig. 2.

(1)

Switch
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Grid-forming

O Grid-following
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Fig. 2.A hybrid inverter-dominated microgrids with multiple GFL and GFM
nodes.

Each node in Fig. 2 can be represented as a hybrid system
with the effective phase, which is
O = (1_ai)§gfm,i + 0y . (8)
In (8), aiindicates the inverter’s dominance type. The value
of ajis in the range of 0 to 1. Substituting (8) into the network
equations yields the following hybrid phase dynamic model.

5gfm,i = a)l

o, = Pset,i -R-D (t)a),

5 ©)
plli =& (@ _5p||,i)

vi = I(v,i (Qset,i _Qi)

By stacking these equations for all nodes and coupling via
the admittance matrix Y, the microgrid becomes a spatially
distributed nonlinear system whose collective phase behavior
exhibits: 1) Localized excitation and wave propagation, analo-
gous to electromechanical waves but governed by virtual iner-
tia and control delays; 2) Boundary reflection and absorption,
controlled by damping D;j(t); 3) Mode hybridization, as GFM
nodes act as sources and GFL nodes as absorbers of phase
energy. In the continuum limit, the hybrid phase evolution
obeys
%9,
med)aﬁb

= Keq (X’ y)vzé‘hyb + Sctrl (Xv yvt)

26,
D (Y5 (10)
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where S is the inverter control coupling terms (PLL and P/Q
loops). The hybrid phase continuum model enables analytical
treatment of microgrid-wide phase wave propagation, and
provides physical insight into how local converter control
parameters (e.g., damping, PLL bandwidth, power droop
gains) affect the global synchronization and spatial stability.
I11. TIME-RAMPED ZERO-REFLECTION BOUNDARY CONTROL-
LER
In both conventional power networks and inverter-
dominated microgrids, reflections of phase waves at net-
work boundaries or impedance mismatches can lead to
undesirable oscillations and power sharing instability.
When a phase disturbance (e.g., a transient power imbal-
ance) travels toward the edge of the network, part of the
wave energy may reflect back into the interior region, inter-
fering with ongoing oscillations. To suppress such reflec-
tion phenomena, a zero-reflection boundary controller
(ZRC) is introduced in this section. This controller is in-
spired by absorbing boundary conditions used in continuum
mechanics and electromagnetic wave propagation, and is
adapted here for phase wave absorption in inverter-
dominated microgrids.
The damping coefficient in (10) is spatially and tempo-
rally modulated as
D(X’ y’t) = Dbase +[Dmax (X' y) - Dbase]' f (t) ) (11)
where Dupase is the nominal damping for internal nodes.
Dmax(X,y) is the maximal edge damping coefficient, spatial-
ly distributed according to the distance from the network
boundary.

dix,y) |
Dmax (X' y) = Dbase + [Dedge - Dbase]":l_%:l ’

where d(x,y) denotes the number of nodes between a given
node and the nearest network edge, and L is the absorbing
layer thickness (typically 1 to 2 nodes in discrete simula-
tion).The operator [.]*ensures that the value saturates at
zero for interior nodes beyond the damping layer. Thus,
edge nodes experience stronger damping, while inner nodes
retain the original low damping. The result is a spatially
graded “absorbing layer” that eliminates boundary reflec-
tions similarly to a perfectly matched layer in electromag-
netic simulations. f (t) is the time-ramping function control-
ling the smooth activation of the absorber, which can be
expressed as

(12)

t/T, 0<t<T
f(t)= (13)

L t2T

where T, is the ramp-up time constant, which ensures a
continuous and reflection-free transition from an initially
undamped boundary to the fully absorbing state.

Physically, the ZRC is implemented through adaptive
damping injection at the microgrid periphery using existing
inverter control loops, rather than introducing an independ-
ent controller. In practice, this damping can be realized by
adjusting virtual damping or virtual impedance terms in
grid-forming inverters, fast power—frequency damping in
boundary battery energy storage converters, or effective
damping enhancement in grid-following inverters through



PLL-related control parameters. The ZRC relies only on
local measurements of frequency or phase angle, which are
already available in standard inverter control structures, and
does not require additional communication. By continuous-
ly ramping the damping term D(x,y,t) from zero to its max-
imum at the boundaries, outgoing phase waves are gradual-
ly absorbed.
IV. CASE STUDY AND RESULTS ANALYSIS

A. Conventional Synchronous Generator Network

To validate the phase propagation mechanism under the
synchronous generator-dominant power system, a bench-
mark network composed of interconnected synchronous
generators is considered. The system consists of a 35>35
nodal lattice, where each node represents an equivalent
generator with swing dynamics governed by the classical
second-order model (given in Eq. (1)), The initial equilibri-
um satisfies the steady-state power flow condition, and at
t=0, a localized active power disturbance is applied to the
center node, initiating a spatial phase disturbance that prop-
agates outward across the network.

The first scenario (shown in Fig. 3) depicts the uncon-
trolled case, where the network boundary is reflective [10].
At the initial instant (t=0), a single-phase spike appears in
the center of the domain, corresponding to the directly
excited node. As time evolves (t=0.5-20s), the disturbance
propagates radially outward as coupled oscillatory waves.
Due to the reflective boundary, these waves are partially
reflected at the system edges and interfere with incoming

Terminal phase snapshots at selected times
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t=0s

(a) Synchronous Generator Network Without ZRC

waves, forming a complex standing-wave pattern. At later
stages (t>15s), the system exhibits multiple interference
fringes and slow decay, which are characteristic of the high
inertia and low damping nature of synchronous generator
networks. The power-angle oscillations retain their global
coherence but demonstrate long-lasting spatiotemporal
coupling.

In the second scenario (shown in Fig. 4), a ZRC is ap-
plied to the boundary nodes, which is achieved by adjusting
the damping coefficient of the synchronous generators at
the edge nodes in practical system. The damping coefficient
near the edges is increased gradually according to (14).

Dy (X.Y,8) = Dy + Dy [TL]HX, Yo ()
ramp

In (14), T'(x,y) is a spatial weighting function that peaks
near the outermost nodes. This configuration aims to ab-
sorb outgoing phase waves, preventing reflection and pre-
serving the physical behavior of an infinite system. The
results of phase evolution demonstrate a clear improvement.
The initially excited phase perturbation propagates outward,
but the reflected waves are largely suppressed. The phase
field gradually returns to a smooth equilibrium, and the
residual oscillation energy is dissipated monotonically
through the ZRC layer. Compared with the uncontrolled
case, the zero-reflection boundary yields a unidirectional
phase attenuation profile, reproducing the theoretical pre-
diction of continuum-wave absorption in finite domains.

Terminal phase snapshots at selected times
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(b) Synchronous Generator Network With ZRC

Fig. 3. Time snapshots of phase propagation as a function of position in a 35>35 grid system without or with zero-reflection controllers placed on the edges of

the network.

B. Hybrid Inverter-Dominated Microgrids

An inverter-dominated microgrid network is modeled to in-
vestigate the spatial-temporal phase behavior of inverter-
based systems. The network adopts the 8>3 lattice topology to
facilitate direct comparison, but each node now represents an
equivalent microgrid port that integrates both GFM and GFL
inverter dynamics. The grid topology is 8>8 lattice including
64 nodes, the inner 32 nodes are GFM-dominant (¢;in Eq. (8)
is set as 0.2), while the outer 32 nodes are GFL-dominant (o
in Eq. (8) is set as 0.8). Then, a small power pulse applied to
the central node at t=0. The first case (shown in Fig. 4(a))
shows the microgrid phase propagation without zero-reflection
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control. Initially, a smooth spatial gradient form around the
excitation point, unlike the sharp peak in the synchronous
system (shown in Fig. 3(a)). This is due to the inverter control
bandwidth, where PLL and voltage loops inherently diffuse
fast transients. Then, a disturbance was observed to propagate
outward as a phase wave through the inverter-based network.
Upon reaching the boundary of the isolated microgrid, the
wavefront reflected back into the system, leading to the for-
mation of distinct interference patterns that persisted for mul-
tiple seconds. The second case (shown in Fig. 4(b)) introduces
the time-ramped zero-reflection controller at the outermost
boundary by adding the damping control loop in the control of



the inverters at the edge nodes in practical system. As predict-

ed by the continuum theory, the ZRC effectively absorbs out-

going phase waves, allowing energy to dissipate smoothly.

The phase snapshots illustrate a monotonic attenuation of the

disturbance: when t=0, a localized phase bulge appears at the

disturbance center. When t=5s, the wavefront expands with
Terminal phase snapshots at selected times
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(a) Hybrid Inverter-Dominated Microgrids Without ZRC

minimal back-reflection. After t=20 s, the phase field becomes
nearly flat, indicating full damping of the perturbation. Alt-
hough only absolute phase values are shown, the absence of
spatial phase ripples and reflected wavefronts implies the
decay of phase gradients, which is dynamically consistent with
suppressed frequency deviations under the proposed ZRC.

Terminal phase snapshots at selected times
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(b) Hybrid Inverter-Dominated Microgrids With ZRC

Fig. 4. Time snapshots of phase propagation as a function of position in a 8>8 grid system without or with zero-reflection controllers placed on the edges of the

network.
V. ADVANTAGES AND LIMITATIONS OF THE CONTINUUM MOD-
ELING APPROACH IN MICROGRIDS

A. Advantages

The continuum modeling approach provides a unified and
intuitive framework for describing spatial-temporal phase
behaviors in inverter-dominated microgrids. Compared with
conventional discrete node-based models, it offers following
benefits:

1) By treating spatially distributed converter nodes as a con-
tinuous phase field, the model transforms complex alge-
braic coupling into a partial differential equation (PDE)
form, revealing collective propagation and synchroniza-
tion behaviors.

2) The phase field captures how disturbances spread, reflect,
and dissipate through the network—phenomena difficult
to see in standard small-signal or eigenvalue analyses.
This enables systematic design of spatial damping strate-
gies such as the time-ramped ZRC.

3) The same continuum formulation links synchronous gen-
erator electromechanical waves and converter-induced
phase dynamics, supporting analytical comparison and
transfer of control concepts between the two domains.

B. Limitations

Despite its clarity, the continuum method has several practi-
cal constraints:

1) Real microgrids are heterogeneous and sparse, the contin-
uous assumption may miss localized effects or nonuni-
form line parameters.

2) The PDE form assumes small phase gradients and weak
coupling, which may fail under large disturbances.

3) Real-time measurement of continuous phase fields re-
mains challenging, hindering experimental confirmation.

V1. CONCLUSIONS

This paper has developed a hybrid phase dynamic framework
for understanding the spatial-temporal behavior of inverter-
dominated microgrids. By extending the continuum modeling
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approach to microgrid systems comprising grid-forming
(GFM) and grid-following (GFL) converters, we have re-
vealed how phase propagation in microgrids fundamentally
differs from that in conventional power systems.

In future work, we will establish more detailed equivalent
models to investigate the impact of different grid-forming
(GFM) and grid-following (GFL) ratios, control parameters,
and operating conditions on phase propagation in microgrids.
Additionally, we will design adaptive zero-reflection control-
lers to effectively suppress phase transfer and maintain mi-
crogrid stability.
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