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Abstract—There is an ongoing discussion on how large
inverter-based loads (IBLs), such as hydrogen electrolysis plants,
should behave during faulty conditions and what their actual
Fault Ride-Through (FRT) capabilities are. To enhance system
stability and prevent sudden unexpected load disconnections,
system operators are imposing FRT requirements on IBLs. In the
context of large-scale electrolyzers, the hydrogen plant comprises
multiple controllers and internal components, each with opera-
tional limits that may influence the overall plant performance
during faulty conditions. This paper proposes an electrolyzer
model with FRT strategy that reduces electrolyzer active power
consumption to maximize reactive power support during faults,
consistent with the latest grid-code requirements. More impor-
tantly, we demonstrate how inherent physical constraints, such as
partial load limit and ramp rate limit, may prevent electrolyzers
from meeting specific FRT requirements. This reveals a critical
gap in current grid-code requirements, which largely overlook
these technology-specific limitations. In addition, we explore
potential technological solutions to improve electrolyzer FRT
performance, including the use of supercapacitors integrated into
the plant DC-link. The efficacy of the proposed electrolyzer model
for FRT studies, including the identified FRT challenges and the
proposed supercapacitor-based solution, is evaluated on a 5-MW
electrolysis system.

Index Terms—Large Inverter-based Loads, Fault Ride-through
Operation, Electrolyzer, Ramp rate Limit, Partial Load Limit

I. INTRODUCTION

Hydrogen is a key energy carrier for the decarbonization
of hard-to-abate sectors, such as steel industry, and several
industry applications such as transport [1], [2]. Green hydro-
gen is produced using electrolyzers supplied by renewable
energy resources. Electrolyzers are devices interfaced with the
grid via power-electronics inverters, that decompose water into
hydrogen and oxygen with the use of electric power. There is a
rapid growth in the grid integration of electrolysis plants, with
global installed capacity rising from 0.6 GW in 2021 to 4.9
GW in 2025, and projected to reach 439 GW by 2030 [3]. In
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Sweden, the Transmission System Operator (TSO) estimates
that hydrogen production will account for one-third of national
electricity use by 2045 [4].

The nominal capacity of large-scale hydrogen electrolysis
plants is expected to be in the order of MWs up to a few
GWs in the near future [3], [5]. Considering the size of these
systems, the sudden disconnection of electrolyzers can poten-
tially cause a significant power imbalance in the grid, posing
stability challenges to power systems, particularly under low-
inertia and weak grid connections. Several TSOs have started
working on grid requirements for large inverter-based loads
(IBLs) such as electrolyzers and data centres [6], [7]. German
TSOs have proposed grid-code requirements for large-scale
electrolysis plants, with a key focus on Fault Ride-Through
(FRT) requirements to avoid their sudden disconnection during
faults [8]. For sudden voltage changes from 110% to 130% or
lower than 90%, electrolyzers need to remain connected for at
least 0.1 s or more depending on the voltage level. If possible,
reactive power injection should be prioritized and active power
consumption must be reduced. In addition, the active power
recovery after the fault should be achieved in less than 1 s.
However, it is not clear how and to what extent such sudden
changes in active power consumption of electrolysis stacks is
feasible, given certain operational limitations on electrolysis
stacks such as ramp rate [10] and partial load limits [12].

The flexible operation and dynamic behavior of electrolyz-
ers have been studied in the literature. In [9], the authors
investigate the electrolyzer capabilities in providing frequency
control services while considering ramp rate limitations on
active power consumption. Similar study is presented in [10]
considering both alkaline and proton exchange membrane
(PEM) technologies. In [11], the authors investigate grid
balancing services from electrolyzers in the context of offshore
energy hubs, with a focus on ramp rate limitation effects
on electrolyzer flexible operation. In [12], the authors study
frequency and voltage support services from electrolyzers
while considering partial load limitations in electrolysis plants.
What is still lacking is clarity on the actual FRT capabilities



of electrolysis plants and the challenges that may impede
their ability to satisfy certain grid-code requirements. In this
regard, only a few studies have examined the FRT behavior
of electrolyzers. For example, both [13] and [14] study the
electrolyzer performance under faulty conditions, but neither
incorporates operational constraints, e.g., partial load or ramp
rate limits, into their FRT models. The authors in [15] consider
stack partial load limit in FRT studies, ignoring the ramp
rate limitations on active power consumption. Accordingly, the
literature lacks studies that analyze electrolyzer FRT perfor-
mance and modelling considering stack operational constraints
(partial load and ramp rate limits). This gap underscores the
novelty of the work presented in this paper. The contributions
and novelty of the work are thus summarized below:

1) Presenting an electrolyzer dynamic model for FRT
studies, that incorporates its power-electronics interface,
active/reactive power prioritization strategy, and stack
constraints such as partial load and ramp rate limits;

2) Highlighting the technical challenges in FRT operation
of electrolysis plants, those related to partial load and
ramp rate limits, considering various system faults (near-
zero, low, and high impedance faults);

3) Investigating possible technological solutions to enhance
electrolyzer FRT performance, particularly supercapaci-
tor integration into electrolysis plants.

The rest of the paper is organized as follows: Section II
reviews the main electrolysis technologies and their operation
limits. Section III introduces the electrolyzer model used for
FRT analysis, incorporating operational limits. Section IV
presents simulation case studies evaluating the FRT perfor-
mance of the electrolyzer and a supercapacitor-based enhance-
ment solution, while Section V presents the conclusions.

II. ELECTROLYSIS TECHNOLOGIES AND STACK
OPERATIONAL LIMITATIONS IMPACTING FRT OPERATION

Alkaline and PEM electrolyzers are the two main technolo-
gies for large-scale applications [5]. For both alkaline and
PEM electrolyzers, Fig. 1 shows a generalized electrical model
without considering operational limitations such as partial
load and ramp rate limitations [18]. The capacitances, C%p,
and Cgp;, represent the accumulated charge in the Electric
Double Layer (EDL) between the electrodes (i.e., anode and
cathode) and the electrolyte [16], [17]. The Charge Transfer
(CT) losses in this interface are represented by the resistances,
R¢ and Rip. R; represents the internal ohmic losses in
electrolyte and electrical connections. V. is the minimum
voltage required to start the hydrogen production.

Table I presents certain technical parameters of alkaline
and PEM electrolyzers relevant to FRT operation [5], [10],
[12]. It is not appropriate to require electrolysis plants to
perform FRT operation during start-up and shutdown due to
the specific procedures involved. It is especially relevant when
these procedures last more than several seconds, such as in the
cold start-up of PEM electrolyzers or warm start-up of alkaline
electrolyzers, as per Table 1.
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Fig. 1. Generalized electrolyzer model, without considering stack operational
limitations.

TABLE I
TECHNICAL PARAMETERS OF LARGE-SCALE ELECTROLYZERS RELEVANT
TO FRT OPERATION [5], [10], [12].

Parameter Alkaline electrolyzer | PEM electrolyzer

Cold start time 1 — 2 hours 1 — 5 minutes
Warm start time 5 — 10 minutes Few seconds
Partial load limit 10% — 40% 0% — 10%

Ramp rate limit 0.2%/s — 20%/s 10%/s — 100%/s

Point of Common
Coupling (PCC)

DC-link

Electrolyzer Vabe

Grid

Fig. 2. Overall sketch of the electrolysis plant model considered in this study.

The partial load limit is relevant to the FRT operation since
it defines the minimum active power level that electrolyzers
can sustain while in operation. Since this limit is typically
non-zero (as per Table I), electrolyzers should not reduce their
active power to zero, as required by most FRT requirements
defined by system operators. While electrolyzers operating
below their partial load threshold may withstand infrequent
total power outages, this does not apply to regular ride-through
behavior expectations.

Ramp rate limit is another operational constraint relevant
to the FRT operation. This is since the ramp rate limit
determines the maximum available range for an electrolyzer
to ramp up/down its power consumption over a period of
time. Electrolyzers with stringent ramp rate limitations are not
able to respond quickly enough to satisfy FRT requirements
demanding fast active power reduction and recovery.

III. PROPOSED ELECTROLYZER DYNAMIC MODEL WITH
OPERATIONAL CONSTRAINTS SUITABLE FOR FRT STUDIES

As shown in Fig. 2, a large-scale electrolyzer is connected
to the grid at the Point of Common Coupling (PCC) through a
two-stage power-electronics interface. The AC grid voltage is
stepped down by a transformer and converted to DC voltage
via an AC-DC converter. This grid-side converter is modeled
as a three-phase active rectifier. The DC-link capacitor is
placed between the AC-DC converter and a DC-DC converter
which is connected to the electrolysis stack. This stack-side
converter is modeled as a buck power converter.



No fault (v, > 0.9 p.u.):

Ramp-rate

and protection
Eq. (1), and (2)

Fig. 3. Proposed stack-side converter control considering partial load limit
and ramp rate limit of electrolysis stack.

The proposed stack-side converter control is shown in Fig. 3
considering the ramp rate and partial load limits, as well as a
power consumption reduction strategy under faulty conditions.
In normal conditions, the electrolyzer power reference PjgeLf is
equal to the electrolyzer set point Py}, with no ramp rate and
partial load limits. To maximize the reactive power support of
the grid-side converter as requested by most recent grid codes,
the power consumption of the electrolyzer must be reduced
in faulty conditions. Therefore, in the case of a fault with the
Root Mean Square (RMS) level of the grid voltage v];"° lower
than 0.9 in per unit (p.u.), PgeLf is determined by the partial
load limit of Pg}™. If the electrolyzer has a ramp rate limit
K, in [%/s], P;JeLf is also modified to P};; considering:

PY, + K. PEt if Py, < P!
Py, =1 Pl if Py, = Pt (1)
PY, — K,.PE t if Py, > P/

where t is the time duration since PgeLf changes from its
initial value P2, and P%, is the rated electrolyzer power.
For further electrolyzer protection, the power reference P
is compared to the measured stack power, and the electrolyzer
is disconnected if there is a mismatch higher than a certain
tolerance tol:

Pp, =0 if [P, —vpLipL| > tol 2)

where vgpr and igp are the measured electrolyzer voltage
and current. Once P is calculated, it is divided by vgr
to obtain the current reference zg{ . The difference between
the current reference and measurement is used as an input for
a PI controller to obtain the duty cycle dg;, of the stack-side
converter, which is transformed to the switching signal Sg;,
by Pulse Width Modulation (PWM).

The grid-side converter is responsible for providing reactive
power support to the grid, as well as DC-link voltage control.
Its control strategy is shown in Fig. 4. A droop control with
gain K calculates reactive power reference Q"7

Qref — KQ(’UZZ;S o Uref ) (3)

™ ms

where v7¢/; is the reference of the grid voltage v'7"*. The
control of the DC-link voltage is a function of the power
balance in the DC-link capacitor. The grid-side converter
active power P depends on the energy stored in the DC-link
capacitor and the power supplied to the electrolyzer Pgr.:
2
P= Odc% (”g) + Ppr 4)

where Cy. is the DC-link capacitance value, and vg. is the
DC-link voltage. Over-sizing the DC-link capacitor may thus
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Converter saturation
protection
Eq. (5), (6), and (7)

P
ref\2 Ldg

, + (%

Current
control

Fig. 4. Proposed grid-side converter control scheme for FRT operation
considering power prioritization.

help with DC-link voltage control, which will be studied in
simulation case studies. Therefore, the active power reference
Pref is calculated with a Proportional-Integral (PI) controller,
. . . ref
considering the square value of vg4. and its reference v,.".
pref and Qm¢f are translated to current references for
the current control. This transformation is performed by the
instantaneous power theory [19]:

[ijﬁf ] 1 [ud Vg ] [P"”ef} )
Z‘gef Uﬁ + Ug Vg —Vd Qref
where i:lzf is the current reference in dg coordinates, without
consideration of converter saturation. As dq coordinates are
synchronized with v, and this component tends to zero, i’
is approximately directly related to P"¢/, and igef to Q7.
In the case of severe system faults (e.g., short-circuit faults),
the PCC voltage drops sharply, and the current increases, lead-
ing to grid-side converter saturation. Under faulty conditions,
the stack-side converter reduces its consumption down to the
partial load limit to maximize the reactive power injection
of the grid-side converter. However, the control of the DC-
link voltage needs to be guaranteed to avoid the activation of
the electrolyzer protection and its consequent disconnection.
To ensure the DC-link voltage control, the current component
directly related to active power ¢4 is allowed to reach the entire
current saturation of the grid-side converter Ig,¢:

i = Min (igef , Isat) 6)

where 7}, is the reference value of the d-axis current component
after converter saturation. In the case of iy, the reactive
power injection is permitted provided that a sufficient inverter
capacity remains available:

it = Min (z’gef IR, — (i;)?) ) (7)

The current reference iy, is used in a standard current
control for grid-side converters. For this control, the measured
PCC current and voltage are transformed from stationary
coordinates, iqp. and Vgpe, to dg coordinates, igq and vgq.
A Phase-Locked Loop (PLL) is used to synchronize the dg
coordinates to the ¢ component. ¢4, and vg, are used in the
current control to follow the current reference ¢, . The current



TABLE II
PARAMETERS OF THE SYSTEM UNDER STUDY.
Parameter Value
Grid Thevenin voltage 11 kV
Grid Thevenin inductance 750 uH
Grid Thevenin resistance 34 mS)
Transformer voltage at low-voltage side 0.4 kV
Power-electronics interface rated power 5 MW
Power-electronics interface saturation current 1.2 pu.
Reactive power droop gain Kg 5 p.u.
Grid-side filter inductance 30 uH
Grid-side filter resistance 0.1 m$2
Rated DC-link voltage 1 kV
DC-link capacitance Cg.. 02 F
Rated electrolyzer voltage 670 V
Rated electrolyzer power PgL 5 MW
Electrolyzer protection tolerance tol 0.03 p.u.
Stack-side filter inductance 2 mH

control obtains the input voltage signal of the rectifier ugqq.
This signal is transformed back to stationary coordinates gpc,
and is converted to the switching signals S, through PWM.

IV. SIMULATION CASE STUDIES

Electromagnetic Transient (EMT) simulations are per-
formed to assess how electrolyzer operational limits affect its
FRT performance, using a 5-MW electrolysis unit experienc-
ing a three-phase fault at the PCC. The parameters of the
electrolyzer stack model without operational limits (i.e., the
model shown in Fig. 1) are derived from [18], and the PI
controllers are designed according to the method presented
in [20]. Other parameters of the electrolysis system under
study are shown in Table II. For the presented case studies,
the FRT requirement is defined as the ability to maintain the
electrolyzer connected during 5 frequency cycles (0.1 s) with

3 11 1 Tms__
a near-zero fault impedance condition (i.e., v;;:°= 0 p.u.).

A. FRT Performance of Electrolyzers with Operational Limits

Fig. 5 shows the response of the system under different
electrolyzer operational limits for near-zero impedance, low
impedance, and high impedance fault conditions. The three-
phase fault occurs at the PCC and lasts for five frequency
cycles (0.1 sec) before the fault clearance. When there is no
operational limits on the electrolysis plant, the electrolyzer
remains connected under all faulty conditions. This is due to
its rapid ability to reduce active power to zero during the fault,
which keeps the DC bus voltage within a safe range (See
Fig. 5, where the DC-link voltage stays above 0.8 kV in all
simulation scenarios with no operational constraints). The key
distinction among the three simulation scenarios with different
fault impedance values is that a higher fault impedance Z;
results in a higher PCC voltage v/}, allowing the grid-side
converter to supply more reactive power to the grid.

When the partial load limit P,,;, is considered and set to
40 % of the electrolyzer rated power (i.e., P,;n=2 MW), as
of the real-life example presented in Table I, the electrolyzer
is disconnected under near-zero (Z;=0.001 €2) and low fault
impedance (Z;=0.05 ) simulation scenarios. In these two
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Fig. 5. FRT simulation studies of 5 MW electrolyzer considering different
scenarios with various fault impedance values and electrolyzer operational
limitations.

scenarios, the DC-link voltage drops sharply and is not able
to maintain the power of the electrolyzer above the partial
load limit of 2 MW. The DC-link voltage drop relates to the
imbalance between the active power obtained from the grid-
side converter and the power consumed by the electrolyzer.

Electrolyzer inability in FRT operation also occurs when
the highest ramp rate of 100 %/s (i.e., 5 MW/s), as per
Table 1, is considered. This case is more severe, as the power
consumption of the electrolyzer remains at higher levels during
the fault, causing the disconnection of the electrolyzer even
under high fault impedance conditions. The disconnection of
the electrolyzer implies that the system is not able to withstand
the fault and provide FRT performance as required by the
current grid-code requirements [8].

B. FRT Performance Enhancement by Supercapacitor

The DC-link capacitor can be over-sized with a superca-
pacitor to achieve a slow change in the DC-link voltage.
Even the highest ramp-rate limit in Table I (K, = 100%/s)
only reduces the electrolyzer power to 90% during a 0.1 s
fault. Therefore, the conservative case of constant electrolyzer
consumption at PZ%, is considered for the supercapacitor
sizing. A simple back-of-the-envelope sizing expression can
be obtained considering that the capacitor must be able to
supply at least the consumed energy by the electrolyzer:

2 2 R
% 2 PgL tfault = Cdc 2 ‘%?PE_L‘t/fdeu]t

min

Clc ®)
where Vj is the initial capacitor voltage, Vi, is permissible
minimum voltage, and ¢y is the fault duration.

The capacitance is increased by one order of magnitude,
from 0.2 F to 2 F, considering Vj is equal to the rated DC-
link voltage and V., is equal to 0.7 kV. Fig. 6 shows the
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Fig. 6. Simulation results of the 5 MW electrolysis system with a superca-
pacitor, under near-zero fault impedance conditions with Z¢ equal to 0.001 2

(v pe= 0 p.u.) and different stack ramp rates.

response of the electrolyzer system for the worst-case scenario
of Fig. 5 (Zy = 0.001 Q and K, = 100 %/s), and a more
conservative case of K, close to 0 %/s. In both cases, the
supercapacitor helps limit the DC-link voltage dip, keeping
it around 0.7 kV (Fig. 5), thereby improving the electrolyzer
FRT performance and preventing its disconnection. However,
this benefit comes at a cost, as the post-fault voltage recovery
time is also noticeably extended. Therefore, the electrolyzer
is able to fulfill the FRT requirements and remain connected,
avoiding grid power imbalances following the fault clearance.
However, there is an increase in the cost of the system
due to the DC bus capacitance size increase, as well as a
slower recovery of the DC bus voltage. So, a techno-economic
assessment is required to investigate further the feasibility of
a supercapacitor solution.

V. CONCLUSION

This paper evaluates the Fault Ride-Through (FRT) per-
formance of electrolyzers with partial load and ramp rate
limits, using EMT simulations. The findings show that the
electrolyzer can successfully remain connected during severe
grid faults when there is no operational limits on the stack.
However, once realistic constraints, such as minimum partial
load and ramp rate limits, are introduced, its ability to ride
through faults is significantly reduced. In particular, ramp rate
limitation makes the electrolyzer unable to stay connected
under any of the faulty conditions studied in this paper.
Therefore, extra investments are required to enhance the
FRT performance of the electrolysis plant. The integration
of supercapacitor into the DC bus has been explored as
possible solution. This has proved effective in slowing the
DC-link voltage drop and restoring FRT capability even under
stringent ramp rate limits. This solution, however, introduces
trade-offs, including a slower post-fault voltage recovery and
potential economic challenges. Future work aims to study

979-8-3315-8138-1

these challenges, as well as other possible solutions, such as
oversizing the grid-side converter to increase the saturation
current level, or the use of battery storage. Furthermore, the
FRT performance of electrolyzers under unbalanced faulty
conditions should also be studied.
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