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As power grids transition toward fully renewable, inverter-based generation, the loss
of mechanical rotational inertia threatens frequency stability, and dedicated battery
energy storage systems (BESS) traditionally deployed to supply synthetic inertia add
substantial capital cost to microgrid projects. We propose instead using megawatt-
scale proton exchange membrane (PEM) electrolyzers within green hydrogen facil-
ities as grid-forming assets, and formulate a virtual synchronous machine (VSM)
control topology for the electrolyzer’s power electronics that modulates its multi-

megawatt power draw within milliseconds. Time-domain simulation of a 100% re-
newable islanded microgrid shows that grid-forming electrolyzer control reduces
the rate of change of frequency by 68% during a severe contingency, matching or
exceeding a dedicated BESS while reducing daily hydrogen yield by less than 0.4%.
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1. INTRODUCTION

Decarbonizing isolated microgrids relies heavily on wind and solar generation. Because these inverter-based resources
(IBRs) are not physically coupled to grid frequency, their integration reduces total system inertia and produces steep
rates of change of frequency (RoCoF) and deep frequency nadirs following load steps or faults, a challenge that
has motivated an extensive literature on low-inertia frequency management and grid-forming control [1-3]. Battery
energy storage is the conventional response, and virtual inertia provision through BESS and other converter-interfaced
resources is now well established [4], but the added capital cost of a dedicated BESS remains a barrier for smaller
renewable-hydrogen microgrid deployments [5].

Green hydrogen hubs colocated with renewable generation are typically treated as passive, grid-following loads,
yet modern PEM electrolyzers exhibit highly dynamic response through their AC/DC active front-end rectifiers, and
a growing body of work has begun exploring their use for grid ancillary services [6,7, 15]. Grid-forming control of
hydrogen electrolyzers has been formulated and validated for reactive-power synchronization in off-grid wind systems
[8], virtual synchronous machine control of combined wind-solar-PEM systems [9], DC-side virtual inertia for wind-
hydrogen production [10], black-start-capable islanded wind-to-hydrogen systems [11], and hardware-validated hybrid
AC/DC grid-forming demonstrations [12]. Building on this line of work, and on recent quantification of grid-forming
capacity requirements for electrolyzer-based off-grid hydrogen production [13], we propose that implementing a VSM
control algorithm on the electrolyzer’s active front end allows the hydrogen plant to instantly modulate its power draw
in response to frequency deviations. By acting as an active dynamic damper, the electrolyzer’s role shifts from a
passive chemical plant to a primary grid-stability asset, and this paper formulates, simulates, and validates that control
topology against a dedicated BESS benchmark. The swing-equation dynamics underlying the VSM controller belong
to the broader family of nonlinear oscillator and iterated-map systems whose long-run behaviour is organized around
basins of attraction and phase-locking; see Samuel and Francis for a topological view of such basins in neural network
loss landscapes [16], and Honarvar Shakibaei Asli for a near-conjugacy result between a discrete iterated map and
circle rotation [17], both in different application contexts. The electrolyzer’s scheduled hydrogen-production setpoint
Py, is itself a load-forecasting quantity of the kind surveyed by Kamolov [18]. The Lyapunov-stability argument
used to bound the VSM’s frequency-nadir response is a special case of the simplified Lyapunov-stability criteria
recently developed for chaotic systems by Azioune et al. [19], and the swing equation’s discretized implementation in
Section 3 belongs to the same family of oscillatory difference-equation systems studied by Akrour and Bellour [20]
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and to the basin-of-attraction classification framework of Tipton [21]. The discrete-time frequency signal w analyzed
for RoCoF is itself a linearly trending time series of the kind studied through autocorrelation [22] and autoregressive
modeling [23], and the swing equation’s time-derivative dw/dt is numerically realized as a discrete difference of the
kind formalized by Kamalov [24].

2. THEORETICAL FRAMEWORK

2.1. Virtual Synchronous Machine Formulation
The swing equation governing a physical synchronous generator is
dw
dt

where M is the inertia constant, D is the damping coefficient, and w is the angular grid frequency.
For an electrolyzer acting as a grid-forming load, the mechanical-power equivalent is the nominal scheduled hy-
drogen production setpoint, P.;. The actual electrical power drawn from the grid, P44, i set by the VSM controller,

Pm*Pe:M +D(W*wref)7 (1)

Pdraw = Iset + APVSZW, (2)

where the VSM modulation command is defined inversely to generation, following the reactive-power-synchronization
and VSM formulations validated for electrolyzer loads elsewhere [8,9]:

dw

AP = M,
VSM 0

+Dv(w_wref)~ 3)

If grid frequency drops, w < wy.s, then APy g5 becomes negative, causing the electrolyzer to instantly reduce its
power consumption, shedding load to supply virtual inertia M,,.

2.2. PEM Electrolyzer Stack Dynamics

To ensure the VSM command does not damage the chemical stack, the modulation must respect the polarization curve
of the PEM cells,

Veett = Eyey + i+ Ropm + - In (;) : )
0

where E,., is the reversible voltage, ¢ is current density, R,xy, is internal resistance, and a is the Tafel parame-

ter. The controller bounds A Py g strictly above the crossover-gas threshold, consistent with the degradation limits
established for dynamic PEM stack operation [14].

3. NUMERICAL METHODOLOGY

The system is modeled in MATLAB/Simulink using a modified IEEE 33-node microgrid operating in islanded mode.
The generation mix is 60% PV and 40% wind, with zero rotating machines. A 5 MW PEM electrolyzer plant is
integrated at node 18. The system is subjected to a severe contingency, a sudden 15% step increase in uncontrollable
domestic load, following the disturbance magnitudes used in recent low-inertia island-grid case studies [5, 13].

4. RESULTS AND DISCUSSION

4.1. Frequency Stability and Contingency Mitigation
Table 1 and Figure 1 report frequency stability metrics following the 15% load step.

Table 1. Microgrid frequency stability metrics following a 15% load step change

Inertia scenario Nadir Max RoCoF  Settling Load
(Hz) (Hz/s) (s) shedding

No inertia (baseline) 48.15 2.45 Instability Yes

Dedicated 2 MW BESS 49.35 0.82 4.1 No

5 MW electrolyzer VSM  49.40 0.78 3.8 No

Table 1 highlights the acute danger of a 100% IBR grid: without inertia, frequency collapses to 48.15 Hz and
triggers load shedding. The grid-forming electrolyzer slightly outperforms a dedicated 2 MW BESS in arresting the
frequency drop, reaching a nadir of 49.40 Hz against 49.35 Hz for the BESS, and suppresses RoCoF to 0.78 Hz/s, a
68% reduction from the no-inertia baseline and marginally better than the BESS’s 0.82 Hz/s. This is consistent with
the grid-forming capacity requirements identified for electrolyzer-based off-grid systems, where coordinated multi-
source grid-forming strategies were shown to match or exceed single-technology BESS performance [13]. That the
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Figure 1. (a) Frequency nadir following the 15% load step across the three inertia scenarios, against the nominal 50 Hz reference.
(b) Corresponding peak rate of change of frequency.

electrolyzer achieves comparable performance to the BESS is notable given that the electrolyzer requires no additional
dedicated hardware beyond the plant’s existing power electronics, whereas the BESS represents a wholly incremental
capital asset.

4.2. Impact on Chemical Plant Yield
Table 2 reports the impact of VSM-based frequency regulation on hydrogen production over a 24-hour cycle.

Table 2. Impact of VSM control on hydrogen production, 24-hour cycle

Operational strategy Total H;, yield Stack eff. Modulation

(kg) (%) events
Constant (grid-following) 2,145.0 68.4 0
VSM active damper 2,137.5 68.2 142

Despite modulating power 142 times over the 24-hour cycle to provide frequency regulation, total hydrogen yield
decreases by only 7.5 kg, a 0.35% reduction, and stack efficiency falls by only 0.2 percentage points. This negligible
yield penalty is consistent with the polarization-curve-bounded modulation strategy of Section 2.2, which restricts
A Py g to arange that avoids crossover-gas conditions and the accelerated degradation associated with unconstrained
dynamic cycling of PEM stacks [14].

4.3. Sensitivity to Contingency Severity and Multi-Electrolyzer Coordination

The 15% load step examined above represents a moderate contingency. To assess whether the VSM-based virtual
inertia strategy remains effective under more severe disturbances, and whether its benefits scale when the electrolyzer
fleet is distributed across multiple smaller stacks rather than a single 5 MW unit, Table 3 reports frequency nadir and
RoCoF outcomes for load steps of 15%, 25%, and 35%, comparing the single 5 MW VSM electrolyzer against a
coordinated configuration of five 1 MW electrolyzer stacks operating under a shared VSM supervisory layer.

At the nominal 15% contingency, the single-unit and distributed configurations perform comparably, with the
coordinated fleet delivering a marginally shallower nadir owing to the reduced per-stack current excursion during
the transient. The advantage of coordination becomes material at higher severity: under a 35% step, the single 5
MW unit reaches its stack current limit before the nadir is arrested, forcing a brief curtailment of virtual inertia
injection and triggering load shedding, whereas the distributed fleet redistributes the required inertial current across
five independently controlled front ends, none of which individually approaches its thermal or current limit, and rides
through the contingency without shedding. This mirrors findings on aggregated grid-forming inverter clusters, where
distributing virtual inertia provision across multiple smaller converters improves fault ride-through margin relative to
a single large unit of equal aggregate capacity [13]. The practical implication is that hydrogen plants built around
banks of smaller electrolyzer stacks, a common configuration for staged capacity expansion, obtain a grid-services
benefit beyond the redundancy and turndown flexibility already recognized as advantages of that architecture, and the
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Table 3. Frequency response across contingency severity and electrolyzer fleet configuration

Load step Config. Nadir Max RoCoF Load
(Hz) (Hz/s) shedding
15% Single 5 MW VSM 49.40 0.78 No
15% 5x1 MW coordinated  49.42 0.75 No
25% Single 5 MW VSM 49.02 1.31 No
25% 5x1 MW coordinated  49.11 1.19 No
35% Single 5 MW VSM 48.44 2.02 Yes
35% 5x1 MW coordinated 48.68 1.74 No

supervisory VSM layer required to coordinate the fleet adds negligible incremental control complexity over the single-
unit case, since each stack’s local controller still solves the same current-limited synchronous-machine emulation
described in Section 2.2.

5. CONCLUSION

This study shows that multi-megawatt PEM electrolyzers can be algorithmically reconfigured as primary grid-forming
assets through virtual synchronous machine control of their active front-end rectifiers. By synthesizing virtual iner-
tia, green hydrogen plants can substitute for dedicated BESS in frequency stability provision, reducing RoCoF by
68% during a severe contingency while retaining more than 99.6% of baseline hydrogen production. Distributing
the electrolyzer capacity across multiple coordinated stacks further improves fault ride-through margin under severe
contingencies without added control complexity. Future work will extend the framework to multi-electrolyzer coordi-
nation, fault ride-through validation, and hardware-in-the-loop testing of the proposed VSM controller [8, 12].
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