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While significant research effort is being devoted to the fast
active power frequency control for renewable energy-based
generation, the focus of this paper is on the deployment of
multi-megawatt scale electrolyser plants to support the
frequency stability multi-energy systems. To facilitate this
function, a supplementary control loop attached to the outer
control loops of the VSC interface of the electrolyser is
proposed for fast regulation of the active power consumption
of the electrolysers. The study presented in this paper takes
into account the situation of under-frequency events, which
should be mitigated through the electrolyser’s FAPR
controller. For illustrative purposes, an under frequency event,
which can be caused by a sudden generation outage or a
sudden increase in load, is depicted in Figure 1. Note in the
figure, that FAPR is expected to significantly improve the
dynamic frequency response by promptly and effectively
bounding the RoCoF and the frequency Nadir.

Abstract— This paper presents a comparative assessment of
fast active power regulation (FAPR) control strategies
implemented on megawatt-scale controllable electrolysers, with
the goal of achieving enhanced frequency support during large
active power imbalances that lead to major under-frequency
deviations. The FAPR control strategies consist of three
different types of controllers, namely, droop, derivative and
Virtual Synchronous Power (VSP). Each of these controllers has
been implemented on a 300 MW electrolyser plant with proton
exchange membrane (PEM) electrolysers. The compared FAPR
controllers are individually set to perform a fast adjustment of
the active power consumption of the plant-based on the dynamic
grid conditions. The modelling and comparative assessment is
done in a platform for computationally efficient simulations of
Electromagnetic Transients (EMT) in real-time. A synthetic
model of the Northern Netherlands Network (N3 Network) is
prototyped as a test bench to simulate and evaluate the
performance of the implemented FAPR controllers. The EMT
simulations show the superiority of the VSP based FAPR
developed for controlling and exploiting the boundaries for
active power adjustment of the Voltage Source Converter (VSC)
that interfaces the PEM electrolyser plant with the N3 Network.
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INTRODUCTION

The common definition of frequency stability depicts that
it is the ability of a power system to safeguard the time
evolution of the system frequency within acceptable technical
limits, after the occurrence of a disturbance that alters the
overall active power balance [1]-[3]. Once the active power
balance is altered, the inherent inertial response of the rotating
masses in operation, and the primary frequency control
systems distributed across the power system are expected to
kick-in and arrest the imbalance, thereby attempting to
mitigate the rate-of-change-of-frequency (RoCoF) and to limit
the maximum frequency excursion from the pre-disturbance
(steady-state) frequency value. Ensuring the effectiveness of
the overall inertial response and the primary frequency control
of multi-energy systems constitutes a significant challenge
due to the phase-out of conventional, especially fossil fuelfired power plants, with synchronous generators. In this
context, advanced controllers for fast active power-frequency
control are needed to quickly and effectively adjust the active
power at the AC side of the power electronic converters (e.g.
Voltage Source Converters) used to interface renewable
energy-based generation systems and responsive loads (e.g.
electrolysers).
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Figure 1. Expected influence of FAPR in under-frequency events.

As illustrated in Figure 1, the time frame of operation of
FAPR may ideally overlap with the typical time frame of the
inertial response of generators (e.g. 500ms from the
disturbance of active power). Different forms of FAPR,
ranging from proportional (droop) based control [4]-[7],
emulation of inertia of synchronous generators [8]-[10], to
several types of de-loading techniques [11] have been
investigated in the last 10 years. However, all of these studies
are confined to applications in renewable power generation
[12].
Although some studies have been conducted to address the
feasibility of using proportional control in small-size (kW
scale) loads [13]-[17], there is no insight on the feasibility and
degree of enhacement of frequency stability that can be
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brought by performing FAPR in large-size (multi-megawatt
scale) responsive loads. This paper bridges this gap in the
current state-of-the-art by developing and comparing the
performance of three different forms of FAPR for a 300 MW
PEM electrolyser plant. The first form is the traditional
proportional (droop) based approach, the second one follows
the principles of the derivative controller, whereas the third
one is a simplified (second-order) variant of the virtual
synchronous power (VSP) that is currently being investigated
in applications concerning with renewable power generation.

Figure 3 shows the overall schematic for the outer control
system of the PEM electrolyser as defined in [24]-[26]. The
schematic contains three functions: FAPR control for
frequency tracking, voltage tracking, and active/reactive
control. Also, it should be noted that such a system is open to
extensions (to be done in future works) to have the capability
to communicate and respond simultaneously to the signals
sent, for instance, from market, transmission system
operators, and local alarms. The output signals (idref, iqref) from
the outer control system will serve as the reference signal for
inner current controllers. Figure 4, shows the inner current
controllers designed for the VSC, shown in Figure 2. A vector
oriented control (VOC) strategy has been selected to generate
proper reference signals for the PWM modulation technique
for VSC [27]-[28].

The detailed modelling and comparative assessment is
done in a platform for computationally efficient simulations
of Electromagnetic Transients (EMT) in real-time. A synthetic
model of the Northern Netherlands Network (N3) is
prototyped as a test bench to simulate and evaluate the
performance of the FAPR controllers attached to the 300 MW
PEM electrolyser.

idref

The subsequent sections of this paper are organised as
follows: In Section II, the PEM electrolyser model and its
control structure are explained. In section III, the developed
forms of FAPR are presented. Section IV presents the
comparative study performed by using the N3 network with
generation and demand scenarios projected for the year 2030.
A summary of concluding remarks is given in Section V.
II.
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III.

FAPR CONTROLLERS

Three different forms of FAPR control can be added into
the FAPR block shown in Figure 3. The rationale behind each
of these forms is described in the following subsection.
A. Droop based FAPR controller
Figure 5 shows the control block diagram of the droop
based FAPR controller. The frequency (f) is measured in the
synthetic N3 network using phasor measurement units (PMU)
as shown in Figure 3. The measured frequency is compared
with the reference frequency which is 50Hz for the N3
Network; the frequency error is then passed through a
deadband for selective operation of the controller. The
deadband is a system-dependent component which should be
fixed based on the behaviour of frequency under an underfrequency event to avoid unnecessary activation of FAPR
controllers [29].

PEM
Electrolyser

Vbus
BoP

+
+

Figure 4. Inner controller structure of PEM electrolyser
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In electrolysers, the electrochemical process of water
electrolysis is performed: the water is divided into hydrogen
and oxygen by controlling DC power supply. Anion Exchange
Membrane (AEM), Solid Oxide Electrolysers (SOE)
electrolysers, alkaline electrolysers, and PEM electrolysers
are the main four types of electrolyser [12]. The two main
electrolyser technologies that are undergoing developments
towards large-scale (e.g. multi-megawatt up to gigawatt)
electrolysis facilities are alkaline and PEM electrolysers [18][22]. PEM electrolyser provides benefits such as lower
financial expenses and more efficient dynamic performance.
Hence, PEM electrolyser technology is chosen for this study.
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Figure 2. Interfacing Power electronic components between Grid and PEM
Electrolyser
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Figure 2 shows the electrical connection of a PEM
electrolyser, as it is modelled in this study. As it can be
observed from the figure, the electrolyser needs a DC power
supply, which is provided through the grid-connected threephase AC/DC converter linked in series with a DC/DC
converter. The balance of plant (BoP) components are
represented by a constant load since it can be assumed that
they have a fixed power consumption [23].

Figure 5. Droop based FAPR controller.

Further, this frequency error signal (Δf) is amplified using
a proportional gain (Kp), and will determine the amount of
active power reduction signal (ΔPelec_ref) to support system
frequency. As shown in Figure 3, the output of FAPR
controller, ΔPelec_ref, is added as an auxiliary reference signal
which actvites only during load imbalance event to determine
the reference signal for the active power of electrolyser.
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Figure 3. Outer controller structure of PEM electrolyser

is achieved through PMU will be compared with the reference
frequency of 50Hz and the frequency error, if it falls outside
the deadband is injected as an input to the 2nd order function
block. The 2nd order transfer function is tuned in such a way
to have a desired rise time and amplitude. The resulting signal
from VSP based FAPR controller forms, ΔPelec_ref, which
further sets the active power reference required for the PEM
Electrolyser.

B. Combined Droop-Derivative based FAPR controller
Derivative-based FAPR control approach is where the
active power is regulated due to frequency deviation with
respect to reference/nominal frequency under the condition of
dynamically changing genertations/loads. Figure 6,
demonstrates the combined droop and derivative-based FAPR
controller for electrolyser. In this controller, as the name
suggests is a combination of two controllers, namely droop
controller and derivative controller.
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Figure 7. VSP based FAPR controller
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SIMULATION RESULTS

A.

Test case description
A synthetic EMT model of the North of Netherlands
system has been implemented in a real-time digital simulator,
by using the functions of the RSCAD software, developed for
version 5.006.1. Compared to tools typically used for off-line
EMT simulations (e.g. PSCAD), RTDS is preffered for this
analysis since it is significantly more computationally
efficient (e.g. 1 s of EMT simulation does not take several
minutes) and also allows in future to interface a software
(RSCAD) based model with an actual hardware to perform
controller testing in a near-real practice context. The layout
of the system is shown in Figure 8. Based on [30], a scenario
for the year 2030 was projected. The total assumed generation
is 3490 MW. To study the contribution of electrolysers to
frequency stability, the FAPR controllers are tested against
an under frequency event. It corresponds with a 200MW
sudden and stepwise decrease of the total output power of the
Gemini wind power plant.

Derivative Control

Figure 6. Combined droop and derivative-based FAPR

Combined droop and derivative-based FAPR, provides
higher ramped signal values which is required for the initial
arrest of frequency change during the containment period after
the occurrence of under-frequency event. As seen from Figure
6, the derivative term has been realized through the
combination of low pass filter (LPF) and Wash-out filter. The
parameters for the low-pass and the washout filter are selected
in a way that to achieve a proper response at the output of the
derivative block. Moreover, the derivative term is multiplied
with a value called derivative gain (Kd) to tune the effect of
the derivative block. Finally, the signal achieved through
derivative control and droop control will be combined to form
the output signal of FAPR controller ΔPelec_ref.
C.

VSP based FAPR Controller
Figure 7 shows the control diagram for the virtual
synchronous power (VSP) controller. Unlike other forms
(high order non-linear functions with multiple parameters to
be tuned) of VSP proposed in existing literature for renewable
power generation or HVDC links, and as it can be observed
from this figure, VSP has a second-order transfer function.
This function enables simultaneous control of damping and
overshoot into the system. This is possible when tuning 𝜔𝑛 (to
influence the natural frequency of electromechanical
oscillations) and 𝜁 (the damping factor). With the help of
VSP based controller, the dynamics of frequency response has
improved in comparison with the droop and combined droop
and derivative methods. The frequency measurement which

B.

Results Description
The 300 MW PEM Electrolyser model present in the
synthetic model of the N3 system has been modified to react
with either droop, combined droop-derivative, or VSP based
FAPR controller. During the under-frequency event, caused
by a sudden loss of 200 MW decrease of the output power of
the Gemini wind power plant, the PEM electrolyser should
rapidly reduce its active power absorption to mitigate the
frequency deviation. Figure 9 shows the instantaneous
variation of the active power response of the PEM
electrolyser, which is in line with the active power reference.
Figure 10 depicts the frequency response related to three
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different mentioned FAPR controllers. As observed in Figure
9 and Figure 10, red line representing a base case, where there
is no provision of frequency support from the electrolyser.
Therefore, the consumed active power of the electrolyser
remains constantly unchanged as 300 MW. Hence it can be
seen from the frequency curve, a value of 49.815Hz has been
achieved, so with FAPR controllers, the task is to increase the
Nadir value along with decreasing rate of change of
frequency (RoCoF).
to Norway

to Denmark

NorNed

COBRAcable
600 MW
(GEMINI)

VSC station

EOS

LCC station

EEM

Figure 10. Frequency Response from electrolyser due to FAPR controllers
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Also, due to the derivative action, there is an improvement
in the de-ramp of the rate of the frequency deviation. Since
this signal multiplied with a derivative gain Kd, provides
enough de-ramp rate for the electrolyser for quick initial
active power decay. With VSP based FAPR controller, as
seen from the red line in Figure 10, greater improvement has
been achieved for both RoCoF and Nadir. This is possible due
to the second order transfer function block, where it is
possible to better tune the rise time avoiding undamped
oscillation. As seen from Figure 9, for combined droop and
derivative-based controller, initial decay of 26 MW has been
achieved with a slight compromise with low-frequency
oscillations. However, for the VSP based controller, initial
decay up to 40 MW can be easily achieved. Also, it is
noteworthy that once the derivative or the VSP controller
action is deactivated (after 10.0 s – the deactivation time shall
be tuned in each system depending on the inherent dynamic
behaviour), the active power reference shifts back to droop
function, this non-smooth shift in the controller will have
undesirable ripple effects on the frequency curve as seen from
the purple line in Figure 10. The study performed in this work
constraints to under-frequency phenomenon, this work
cannot be extended to over-frequency due to physical
limitations of electrolyser, unless operated lower than rated
condition. Also, in general FAPR should be tuned such that
the maximum allowed reduction in active power should not
fall beow 30% of the rated value, owing to the characteristic
curve of PEM electrolyser[12],[24].
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Figure 8. North of Netherlands Network for the year 2030

V. CONCLUSIONS
This paper presents and provides a comparative
assessment of the performance of three different forms of
FAPR that can be applied to multi-MW scale electrolysis
plants. The goal is to understand the feasibility of these
control functions and their effectiveness when supporting the
primary frequency control in a multi-energy system. The first
form is the traditional proportional (droop) based approach,
the second one follows the principles of the derivative
controller, whereas the third one is a simplified (secondorder) variant of the VSP. The study is conducted by using
the synthetic model of the Northern Netherlands Network, by
considering a projected scenario of generation-demand by the
year 2030, as well as by taking into account the presence of a
300 MW PEM electrolyser plant.

Figure 9. Power Response from electrolyser due to FAPR controllers

With operational droop based FAPR controller, based on
the continuous sensing of the frequency deviation, the active
power demand of the PEM electrolyser was reduced,
resulting in an increase of frequency nadir value as seen from
the green line. With the combined droop-derivative FAPR
controller in action, along with an improvement in frequency
Nadir, a better RoCoF response can be achieved as observed
from the blue line of Figure 10. This is due to a faster active
power reduction through a derivative action added in parallel
to the droop function.

The simulation results achieved through EMT simulations
show the superiority of VSP based FAPR controller, which
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can provide more efficient improvement in both frequency
Nadir and RoCoF. Since VSP based FAPR offers two
parameters to tune its dynamic response, it has been observed
via EMT simulations, that it entails a smaller overshoot and
damping factor, when compared against the response of the
combined droop and derivative FAPR controller. This leads
to a safe fast adjustment of the consumed active power by the
megawatt-scale PEM electrolyser, thereby promptly and
effectively contributing to bound the dynamic frequency
response in within initial seconds after the occurrence of an
active power imbalance. The EMT simulations also showed
that no extra design requirements (e.g. temporary overload)
would be needed for the VSC used in the PEM electrolyser.
It was also observed that the DC voltage of the VSC remains
within acceptable bounds when using any of the implemented
FAPR controllers.
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