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Abstract—Hydrogen electrloyzers are power-to-gas storage
devices that can facilitate large-scale integration of intermittent
renewable sources into the future power systems. Due to their fast
response and capability to operate in different loading conditions,
they can be used as responsive loads providing support to AC grid
during transients. This paper suggests taking one step further
and using hydrogen electrolyzers to provide grid-forming services
to the grid. As a result, the electrolyzer’s role is elevated from
supporting the grid (responsive load) to actively participating
in forming voltage and frequency of the grid. The grid-forming
capability of electrolyzer is linked to its hydrogen production
constraints, which can potentially pose limitations on the grid-
forming services. Besides the grid-forming mode, two additional
operating modes, i.e., DC voltage mode and constant power mode,
are proposed to ensure a safe operation of the electrolyzer in
case of adversary interaction between grid-forming operation
and hydrogen production constraints. This paper also studies the
impacts of grid-forming services on the electrolyzer’s physical
features such as hydrogen stack temperature and efficiency.
Comprehensive simulations are conducted on a low-inertia test
network whose topology is inspired by a portion of the trans-
mission grid in South Australia to confirm the effectiveness of
the proposed concept under various operational conditions of
the electrolyzer and upstream AC grid. Moreover, the practical
feasibility of the proposed control system is experimentally
validated by conducting hardware-in-the-loop tests.

Index Terms—Hydrogen electrolyzer, Storage, Responsive load,
Grid-forming load.

I. INTRODUCTION

Hydrogen electrolyzers (HE) are electrochemical devices
used to split water molecules into hydrogen (Hs) and oxygen
(O2) by passage of a DC current. They provide power-to-gas
energy storage solution which creates opportunities to leverage
intermittent renewable generations [1]. Major HE technologies
are polymer electrolyte membrane (PEM), alkaline with liquid
or solid electrolyte, and recently solid oxide electrolyzer.
PEM electrolyzers are manufactured from small sizes (several
kilowatts) up to large, utility-scale systems (multi-megawatt
plants) [2]. They can respond to changes in their power set-
points in sub-second time frame and operate at a wide range
of loading conditions [3]. In [2], it is experimentally identified
that a PEM electrolyzer takes only few hundred milliseconds
to change its hydrogen production rate in response to step
changes in the power set-point.

Hydrogen production in an electrolyzer is directly propor-
tional to its power consumption. The produced hydrogen is
typically stored in a large H, tank, from which the hydrogen
is consumed by a downstream process [4]. Such Hs tank acts
as a buffer, so that hydrogen can be produced in a different
rate than it is consumed as long as the hydrogen content in the
tank is enough to supply the downstream hydrogen demand

continuously. This creates an opportunity for HE to operate
in different power set-points (different loading conditions)
without affecting the downstream hydrogen consumption [5],
[6]. Such flexibility in power consumption, along with the
ability to respond to the changes in sub-second time frame,
makes an electrolyzer as a potential candidate to be used as a
responsive load which supports AC grid dynamics during fast
transients.

Although several studies have already investigated the
techno-economic aspects of integrating HE as a power-to-gas
storage in power systems for maximizing the benefits from
the intermittent renewable energy sources [7]-[10], only few
studies have been conducted to identify the full potential of
HE as a responsive load. In [2], [11]-[13], it has been shown
that a HE can effectively operate as a responsive load to reduce
frequency deviations during grid disturbances. In these studies,
the HE plant is interconnected to the AC grid via voltage-
source converter (VSC) that operates in grid-following (GFL)
mode. In such operation mode, the active power set-point of
the VSC defines the power consumption of the HE. To make
HE operate as a responsive load , an active power-frequency
characteristic is added to the power control loop of the HE
VSC so that the HE power consumption varies as a response
to frequency variations. However, these studies either fully or
partially disregard the dynamics of the HE plant; in particular,
the operational constraints related to the hydrogen production
process are not linked to the control system of HE VSC.
In [14], the control system of HE VSC is designed based on
GFL operation and the hydrogen production constraints are
considered. It is discussed that the hydrogen content in the
tank may pose limitations on the active power set-point of the
HE VSC, and eventually its capability in frequency response
provision.

Recently, it has been shown that dispatchable loads with
demand flexibility can provide grid-forming services to the AC
grid [15]. In this concept, the role of loads in power system
is elevated from providing only frequency support to actually
participating in forming the voltage and frequency of the grid.
In fact, the power balance in the grid can be mostly achieved
through load demand variations rather than changes on the
generation side. To that aim, a grid-forming load regulates
frequency and AC voltage of the grid by, respectively, regu-
lating its power consumption and reactive power exchange. It
should be noted that such concept is only applicable to the
loads that are connected to AC grid via a VSC, so active
and reactive power can be regulated independently at the
point of connection. Several studies have considered grid-
forming functionality for hydrogen electrolyzer, most often
with the combination of a fuel cell unit [16], [17]. The hybrid



electrolyzer-fuel cell unit can operate in grid-forming mode
and depending on the loading condition in the AC grid, the
hybrid unit can either inject power to or absorb power from
the AC grid.

This paper explores the feasibility of implementing the grid-
forming (GFM) functionality in the HE VSC with the consid-
eration of hydrogen production constraints. The advantages
are twofold: (i) the function of HE in the power system will
change from responsive load (GFL control) to grid-forming
load (GFM control); hence, the HE actively participates in
forming voltage and frequency of the AC grid instead of
only supporting it, (ii) the tandem operation of HE with a
nearby renewable source enables islanded operation in case of
contingency in the AC grid. The HE operation in GFM mode
may interact with the constraints in hydrogen production,
which can negatively affect HE grid-forming capability. Under
this condition, two additional operating modes are proposed:
DC voltage mode which is activated if the hydrogen plant
is shut down due to an internal failure in the electrolyzer or
the hydrogen tank is full, and constant power mode which is
brought to operation in case the hydrogen content in the tank
is critically low and the downstream hydrogen demand may
not be fulfilled. A PEM HE with the proposed control system
is integrated into a low-inertia test network whose topology
is inspired by a portion of the transmission grid in South
Australia. Matlab simulations are conducted on such system to
compare the dynamic performances of these operation modes
during disturbances in the grid, confirming the ability of HE to
safely switch among different operation modes under abnormal
conditions in the hydrogen production process and AC grid.
We also investigate the impact of grid-forming services from
hydrogen electrolyzer on its physical features such as tempera-
ture and efficiency. Finally, the HE is compared with a battery
storage system in terms of their capabilities in providing
grid-forming services. The contributions of this study can be
summarized as follows:

Proposing a dynamic modelling framework for hydro-
gen electrolyzers equipped with three operation modes
(i.e., grid-forming mode, DC voltage mode, and constant
power mode),

Highlighting possible interactions between HE grid-
forming services and the operational constraints in hydro-
gen production, as well as proposing the corresponding
solutions,

Studying the impacts of HE grid-forming operation on
the physical features of HE such as temperature and
efficiency.

II. FUNDAMENTALS OF HE DYNAMIC MODELING

In this section, the basic operation of a PEM HE is outlined,
and its dynamical model is developed. The constraints related
to the hydrogen production process are also discussed through
its fundamental equations.

A. Basic HE Operation Principles

Referring to [1], [4], a simplified process flow diagram of
a PEM HE is shown at the bottom of Fig. 1. The deionized

water is supplied to a water tank (marked by (1)) from which
it is fed into the PEM stack (anode side) via a water pump.
The applied DC voltage at the stack, Vﬁc, causes water split
to hydrogen and oxygen. This process draws a DC current,
1%, The oxygen is then passed through a gas-water separator
((3)) in which oxygen is separated from water. The remained
water is removed at the bottom and returned to the PEM stack
via a circulation pump, while the oxygen is released from the
top. On the cathode side, the produced hydrogen is passed
through a gas separator (@) to eliminate the remaining water
in the gas. After cooling down in a heat exchanger, hydrogen
is passed through the gas condensate and de-oxygenation (@
and , respectively). Then, it is fed into a gas dryer ()
through a compressor. Finally, the produced hydrogen is stored
in the tank ((11)) which acts as a buffer between hydrogen
production and consumption.

B. Efficiency and Temperature of PEM stack

The voltage-current characteristic of a single PEM cell is
shown in Fig. 2, which illustrates a direct relationship between
cell’s voltage and current: a higher current passing through the
cell causes a slight increase in the cell’s voltage. With regard
to the cell’s efficiency, a higher current density leads to the
greater losses inside the cell, and thus the efficiency is reduced.
On the contrary, if a PEM cell is allowed to operate in a higher
temperature, it will have higher efficiency for the same current
density. However, higher operating temperature has a negative
impact on ageing and longevity of the cell. Hence, the optimal
temperature is commonly decided to find a balance between
efficiency and the service life [18].

C. HE Dynamical Model

There are two major methods for building the dynamical
model of an electrolyzer: (i) using the exact mathematics that
represent the chemical reaction in the cells and the dynamics
of major ancillary equipment, such as pumps, compressors,
heaters, etc., to derive the HE model [19]-[21]; and (ii)
experimentally identifying the electrolyzer model based on its
DC terminal characteristics [2], [22]. The former method, of
course, can obtain model with a very high accuracy, provided
that all details and parameters of the HE system is available.
Then, the equations related to the chemical reactions in the
cathode, anode, and the membrane are derived and coupled
with those of water pumps, cooling fans, storage tanks, etc.,
to arrive at the final model. However, a disadvantage of
such complex approach, particularly in a multi-vendor HE
project where several companies deal with various parts of
the project, is that the design parameters of the electrolyzer
are often proprietary information which companies wish to
keep confidential.

In the latter modeling method, on the other hand, the HE’s
dynamic behaviour is analysed only based on its DC voltage-
current characteristics at the connection point (V,2-13¢ shown
in Fig. 1), which is more suitable for power system studies. In
this method, the power reference of the HE is varied between
a very low power to the rated power and the result DC current
and voltage are plotted [2]. From these plots, a general transfer
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Fig. 1. Overall system structure of a PEM hydrogen electrolyzer
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Fig. 2. Voltage-current and efficiency of a PEM cell [18]

function which relates DC current to the DC voltage at the
terminal of the HE is estimated. Such modelling technique is
developed in [23] and adopted in this study.

Referring to [23], the dynamics of the PEM HE can be
formulated into a second-order transfer function:
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where V% and 1 are DC voltage and current at the HE
terminal, respectively. The poles, p; and p2, are located on the
left half plane (LHP) and calculated based on the rise time, t,
and settling time, ts, measured from the HE transient response,
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where Yss=0.05, corresponding to the response’s steady-state
error at the settling time, commonly 5%, and y,=0.5, which
is related to 50% of response at the rise time. Once p; and po
are calculated, the zero, z, is selected to be within the LHP
region given by
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In fact, only t, and ts from the experiment are needed to

p1+p2 <z

calculate H(S). Such transfer function represents an equivalent
electrical circuit in which a DC voltage source and RC
elements are connected in series as illustrated in Fig. 3. The
DC voltage source, Vyey, represents the reverse voltage, i.e.,
the minimum voltage that allows the current flow through the
PEM stack,

RT P
Vriev = Vrevo + f In (FTO) )

where, P and T are stack pressure and temperature, respec-
tively; Vrevo and Pg are reference voltage and pressure; R is
the ideal gas constant expressed in 1 atm K ' mol !, and F
is the Faraday constant. The passive electrical components are
calculated based on the poles and zero of H(S) as
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Fig. 3. Equivalent model of a PEM hydrogen electrolyzer

The parallel connection of Cop and Ry accounts for the
electrical double layer (EDL) phenomenon, which is related to
the non-uniform distribution of negative and positive charges
at the electrode-electrolyte interface. The EDL phenomenon
creates an energy barrier against the flow of electrons when



there is a need for sudden current change, which leads to a
response delay. Moreover, this phenomenon causes a transport
loss as modelled by Rp,.

The internal resistance, R;j, is the sum of two resistances:
(i) resistance of the stack material, Rns, and (ii) the resistance
related to the concentration of hydrogen and oxygen on the
electrode surface, Ry, which acts as a barrier to the flow of
electron to reach the electrodes. Ry is a non-linear function
of the HE’s current,

Reo= 1In(4 I +1) ©)

where the constant coefficients, ; and o, are obtained from
measurements, and A is the electrode surface. Please see [23]
for further details.

D. HE Operational Constraints

The PEM HE is allowed to operate within a power con-
sumption range, resulting in variations in its input DC current,
IﬁC. Such demand flexibility comes from the ability of HE to
produce hydrogen in varying rates. Hydrogen production rate,
My in Moles/s, is a function of 1%, as
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where F is the Faraday constant and Ng is the number of cells
per stack. The Faraday efficiency, p, is the ratio between
the actual and theoretical maximum amount of hydrogen as
produced by the HE. It is also a non-linear function of 1,
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where 1, o, and 3 are constant coefficients obtained
from experiments [23], [24]. As given by (11), the hydrogen
production efficiency is reversely related to the current, i.e.,
efficiency drops for higher currents (also see Fig. 2).

As illustrated in Fig. 1, the produced hydrogen, with the rate
given by my, is transferred to a storage (Hy tank ). The
outlet of the storage supplies the hydrogen demand which is
given as hydrogen consumption rate, m,. Such configuration
provides a buffer zone for hydrogen; hence, depending on
the size of the storage, there can be a mismatch between
hydrogen production and consumption rates, which provides
a great source of flexibility for the power system. In fact, the
PEM HE can vary its power consumption to produce hydrogen
in a varying rate as long as the hydrogen content in the tank
(buffer) is within the range given by

VIR Vg (t)

where V,I?i“ is the minimum hydrogen content in the Hy tank
that guarantees a steady hydrogen supply for the downstream
process (hydrogen consumption), and V3 is the maximum
capacity of the Hy tank. So long as Vi is within the limits,
the HE can be regarded as a fully flexible load capable of pro-
viding GFM services to the grid, i.e., varying its active power
consumption depending on the grid’s frequency deviation.
The capacity constraint on the Hy storage given by (12)
can be expressed in terms of the stack’s current as follows:

VAR (12)

assuming a disturbance occurs in the grid at t = tj, the HE
adjusts its power consumption automatically (based on the
GFM control) to respond to such event. The change in the
power consumption leads to a change in hydrogen production
rate (My ), affecting the hydrogen content in the tank over this
period of time,

t t
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to to
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where V| is the initial content of hydrogen in the tank

at t = ty,. A time horizon of t;, is considered. If it is

small enough, the hydrogen consumption rate, m{,(t), can

be assumed to be constant due to the slow dynamics of the

downstream hydrogen consumption. With such assumption,

(13) can be simplified and combined with (12) to arrive at:
th
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Referring to (10), and calculating the Taylor approximation
of (11), the integration of my (t) in (14) can be expressed as:

th
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In large-scale HE applications, DC current 1 is significantly
larger than 3 in (15). Hence, the second term ( 3:Iﬁ°) under
integral is much smaller than the first term (Iﬁ“), which can
be ignored. Replacing (15) into (14), a constraint on hydrogen
production with respect to stack’s current is defined as:
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where the maximum and minimum are calculated as,
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During the normal operation of HE, when there is no internal
fault, S™" and S™* can be regarded as the upper and lower
limits for the flexible operation of the HE, i.e., if the constraint
(16) holds, the electrolyzer can operate based on the GFM law
and flexibly varies its active power depending on the frequency
conditions in the grid. Variations in the active power lead to the
changes in the DC current of HE, 14¢, which directly impacts
the efficiency ( g as given by (11)) and temperature of the
PEM stack. As explained earlier (please also see Fig. 2), higher
I8¢ causes higher losses in the stack (lower efficiency). The
losses appear as heat in the stack which is calculated as

=15 Ve L F)

where (g, is the generated heat (in Watts) in the stack. Depend-
ing on the stack’s material and dimension, such generated heat
can change the operation temperature of the stack [19].
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III. PROPOSED HE CONTROL: OPERATION MODES AND
LIMITATIONS

In this section, a control system for the PEM HE is sug-
gested. It has three control modes, each activated depending
on the HE operational constraints in hydrogen production.

A. Control Principles

The proposed control structure for the PEM HE is shown
in Fig. 1. It consists of the HE VSC’s cascaded control with
the proposed three operation modes and the DC-link voltage
control of a DC-DC converter. The following major control
blocks are used in this control scheme:

Current control: it regulates the HE VSC’s output current,
i99, at the references provided by the outer AC voltage
control. The output of the current control loops, VE#O, is
transformed to the abc-frame via angle . to build the
modulation signal. The time response of the current control
is commonly a few milliseconds.

AC voltage control: the outer AC voltage control regulates
HE VSC’s output voltage, ng, at the references which are
generated by the reactive power droop. The time response
of the voltage control is at least ten times slower than that
of the current control.

Reactive power droop: a droop gain, Kq, is used to generate
voltage reference in g-axis, vJ , from the reactive power.
The voltage reference in d-axis is set to zero. The peak of
the base AC voltage is given by Vn, which comes from a
secondary controller. The reactive power-voltage droop is
expressed by

vd =Kgq (Qc  Gq(s) Qc) +Vn

where Gq(s)=1=( ¢S + 1) is a low-pass filter with a time
constant of ¢ used to regulates the speed of voltage support.
DC voltage control: depending on the control mode of the
HE, the DC-link voltage, V%, is tightly regulated at the
nominal value via either (i) DC voltage control loops of the
DC-DC converter (operation Modes 1 and 3) or (ii) the DC
voltage control of the HE VSC (operation Mode 2). At any
given time, only one of these two controls is activated. The
mentioned operating modes are discussed in details in the
next section.

Secondary control: it defines the steady-state operation of
the electrolyzer as given by the active and reactive power
references, P"®T and Q'®f, respectively. The secondary
controller uses a very slow PI controller [25], commonly
with a response time of few minutes, so it does not affect
the primary response from the electrolyzer. If the secondary
controller is activated, the power consumption of the elec-
trolyzer always goes back to P"®T with a very slow time
constant. The load management control division provides
active power reference for the secondary control.

Load management: located between HE local control and the
HE VSC’s secondary control, it ensures that the operation
of HE VSC does not violate the limitations related to the
hydrogen production process. More specifically, it monitors
whether the constraint given by (16) holds or not. Based
on the outcome, one of the HE VSC’s operation modes

(18)

(Modes 1, 2, 3) are selected, which are explained in the
next section.

HE local control: this is the manufacturer’s controller that
locally regulates HE plant. It receives local signals, such
as Ho tank level, tank pressure, stack temperature, Hs
production and consumption flow rates, etc., and generates
valve’s positions, pumps and fans’ speeds, etc. In case of
any failures during HE operation, an alarm/trip signal is sent
to the load management control block.

B. Modes of Operation

Referring to (16), for every time horizon of ty,, the upper and
lower limits of hydrogen production process, S™* and S™n
given by (16), respectively, are calculated. If the integration
of 13(t) violates either of the limits during this time horizon,
the HE VSC’s operation mode will change to ensure a safe
operation of the electrolyzer. Three operation modes are pro-
posed for the HE VSC, and the load management control block
is in charge of choosing the appropriate one. As illustrated
in Fig. 1, all three modes are related to the specific ways of
generating frequency deviation needed to determine the power
consumption of the HE.

1) Mode 1: this is the grid-forming operation mode of the
HE VSC, and the HE plant can be regarded as a grid-forming
load. The integration of 18¢(t) is within the constraint given
by (16), and no trip/alarm signals are sent from HE local
control to the load management block. The DC-link voltage
is regulated by the control loops of the DC-DC converter,
and the HE VSC is allowed to operate fully according to
the GFM law, i.e., the power consumption of HE is flexibly
varied according to the variations in the grid’s frequency. A
droop gain, Kp, is used to link HE VSC’s active power to the
frequency deviation. The output frequency deviation is added
to the based frequency, !, to build the operating frequency of
the converter, !.. A low-pass filter is placed on the feedback
from the measured active power to emulate virtual inertia in
the control system. The droop equation is given as

I.=kp (Pc  Gp(s) Pe)+1n (19)

where Gp(S)=1=( ps+1) is a low-pass filter with time constant
of p.

2) Mode 2: in this mode, the hydrogen production process
is experiencing an abnormal condition. A possibility is that
the Hy tank is nearly full and it cannot store any further
hydrogen. Hence, the integration of 18(t) violates S™* in
(16), and therefore the operation Mode 2 is activated. Another
possibility is that a trip related to a component failure in the
hydrogen production process, such as a pump, compressor,
dryer, etc., or abnormal stack temperature and pressure, is
triggered. In such conditions, the HE needs to be shut down
and remained offline for certain duration until it is ready for
normal operation again. During this period, the HE and the
DC-DC converter are disconnected by the circuit breaker (CB)
shown in Fig. 1. As the DC-DC converter is no longer available
for DC-link voltage control, the HE VSC’s control fulfils such
control objective by the activation of Mode 2. In this mode, a
dedicated PI controller, P I, ensures a tight DC-link voltage



regulation. Although the HE VSC could be disconnected
during this period too, it is suggested keeping it connected to
the grid to provide AC voltage regulation services. A limited
amount of active power is absorbed from the grid only to
charge the DC-link capacitor and cover converter’s losses. The
operation Mode 2 cannot offer grid-forming services as in
Mode 1 due to its limited ability in varying its active power
consumption.

3) Mode 3: when the hydrogen content in the tank is
critically low, and the downstream hydrogen demand may
not be fulfilled given the current hydrogen production rate,
the HE VSC can switch to Mode 3 to operate in constant
power mode, and steadily absorbs high power from the grid.
In this operation mode, the HE plant does not flexibly adjust
its power consumption to provide frequency support to the
grid. The operation Mode 3 is activated automatically in case
the integration of 12°(t) violates S™" in (16). In this operation
mode, a PI controller, P Ip, is used to track the active power
reference given by P,,.

In summary, if the internal operation of the HE plant is
normal and no constraints are violated, the HE is allowed
to operate in Mode 1 (grid-forming mode). However, if the
load management block detects any abnormal condition in
the HE plant, it automatically switches to either operation
Mode 2 or 3 (non grid-forming modes) depending on the
type of the abnormality. However, such mode changing can
have a negative impact on the grid’s frequency as it causes a
change in the power consumption of the electrolyzer. Hence,
if it is requested by the grid operator, a frequency condition
criterion can be added to the mode selection logic in the load
management block to only switch modes during normal grid’s
frequency conditions (i.e., the grid frequency is experiencing
no major over or under frequency events).

C. Control Tuning

The PI gains of the inner current control are determined
based on the filter impedance and desired time constant of
the loop. The proportional (Kyc) and integral (Kjc) gains are

defined as
L R
Kpc = — , Kic = =
S S

(20)

where L¢ and Ryf are the filter inductance and parasitic
resistance, and s is the desired time constant, typically in
order of a few milliseconds. The PI controller of the outer AC
voltage control loops can be defined as

kpv =2C¢Dy1y 5 kiv= !3Cf 21

where Dy is the damping, commonly 0.707, and !, is the
bandwidth of the voltage control loop, which is defined to be
at least ten times slower than the inner current loops.

The tunings of the droop gains in the active and reactive
power loops, K, and kg, respectively, are based on the maxi-

mum permissible deviations in the frequency and voltage,
ko =0:02 1,=S,, ; kg =0:1Vp=S, (22)

where ', Vp, and S, are the nominal frequency, voltage,
and power of the VSC, respectively. Here, it is assumed that a

maximum of 2% of frequency and 10% of voltage deviations
are allowed during transients.

The response time of the power-frequency droop in Mode 1
(grid-forming mode) is determined by the time constant of the
low-pass filter, p, and the droop gain, kp. As discussed in
[26], such response time is equivalent to the mechanical time
constant that represents rotor inertia and calculated as

1
p kp
where Ty; is the equivalent time constant, and Ky, is expressed
in per unit value (0.02 in this study). The response time of the
grid-forming control (Ty;) should be slower than the response
time of the electrolyzer (ts) to make sure that the electrolyzer
has enough time to respond to the power changes. Hence, the
following constraint is assumed:

Tvi = (23)

Tvi > ts (24)

Based on (23) and (24), the cut-off frequency of the low-
pass filter Gp(S), which is given by (19), should satisfy the
following requirement:

b > Kpts (25)

For the tunings of Pl, in Mode 2 and P, in Mode 3,
a heuristic method is used. Since the outputs of all three
operation modes are the frequency of HE VSC, they can be
tuned to have a similar response time. Therefore, P Iy, and P I
are tuned to have a similar response time as in Mode 1.

D. Fault Operation

The HE VSC has to be protected during faults in the AC
grid, as they may cause frequency deviation and overcurrent
condition. To this aim, a rate limiter is placed on the frequency
reference to limit the rate-of-change-of-frequency (ROCOF),
and a qd-saturation block is placed on the current reference to
protect the HE VSC from overcurrent conditions.

qd-saturation

i
P

Fig. 4. Current saturation in qd-frame

4|_,

AC current control

During fault condition in the AC grid, the PCC voltage (v2*
in Fig. 1) dips to a low value. The PI controller of the AC
voltage loop tries to bring the PCC voltage back to its nominal
value by increasing the current reference. Note that the HE
VSC does not inject any active current to the grid since it is
a load by nature and it can only contribute reactive current.
However, such reactive current contribution may exceed the
converter’s current rating. Hence, the gqd-current saturation
block is used to limit the magnitude of the VSC’s current
reference, 139 , while keeping its angle constant in qd-axis.



TABLE I
SYSTEM PARAMETERS

Parameter Value

—Upstream AC Grid—
Base RMS voltage, Un 132 kV
Base power, Sn 50 MVA
Base frequency, fn 50 Hz

—Power Transformer—
short-circuit impedance 10%
HV/MV rated voltage 132/22 kV

—Voltage Source Converter—

output L filter, L¢ 5.09 mH
output C filter, C¢ 67.66 F
maximum current rating, In 1.2 pu
current loop PI controller 5.09+80/s
AC voltage loop PI controller 0.27+0.94/s

3.14e-04+1.57e-03/s
1.25e-06+1.13e-05/s

DC voltage loop PI controller
Active Power PI controller

power-frequency droop, kp 0.02 pu
reactive power droop, Kq 0.1 pu
active power low-pass filter, Gp(S) 1/(140.04s)
reactive power low-pass filter, Gq(s) 1/(140.04s)

—DC/DC Converter—
DC voltage loop PI controller
DC current loop PI controller

—PEM Electrolyzer—

7.5e-05+7.5e-04/s
9.3e-04+2.4e-03/s

hydrogen tank capacity, V3 9000 Moles
hydrogen production rate, my 10 Moles/MW/s
reverse reference voltage, Vyevo 400 V
double layer phenomenon, Cop 0.14 F
double layer phenomenon, Rm 0.01
Faraday efficiency constants, 1, 2, 3 96.5, 0.09, 75.5

The upper and lower saturation limits are set dynamically.
Assuming the rated current of the VSC is I, and referring to
Fig. 4,

19 = Isjsin j, 19 = ljcos j (26)

where is the angle of the current with respect to d-axis and
simply calculated as = arctan :S The positive values of
(26) define the upper limits of current, and the negative values
set the lower limits. An anti-windup scheme is necessary
to avoid integrator windup during current saturation. In this
study, a conventional back-calculation anti-windup method is
adopted [27].

IV. SIMULATION RESULTS

The performance of the PEM HE is tested in the power
system shown in Fig. 5. Such test system is inspired from
the Dalrymple substation located in Yorke Peninsula, Aus-
tralia [28]; however, the original battery energy storage system
at Dalrymple substation is replaced by the PEM HE and the
total grid inertia and short-circuit ratio (SCR) are reduced to,
respectively, 2 s and 3 in order to represent a low-inertia,
weak network. The details related to the upstream AC grid
are extracted from [29], [30].

The main parameters of the test system are given in Ta-
ble (I). The VSC and DC-DC converter are simulated by their
average models, and the DC-DC converter topology is based
on the full-bridge structure. It is considered that the wind
farm operates in GFL mode and tracks its maximum power
point reference. The PEM HE is represented by its equivalent
electrical circuit as shown in Fig. 3. It is assumed that the

response time of HE is 600 ms (please see Appendix) based
on which the electrical elements of the equivalent model is
calculated and given in Table (I). The rated capacity of the
Hs tank storage, V,, is 9000 Moles. The hydrogen content in
the tank is critically low if it hits the bottom 10% capacity
(V{in=0.1V,,), and the tank is full if it reaches to its 100%
capacity (V3*). The downstream dynamics of the hydrogen
consumption is commonly very slow; hence, it is assumed that
m{, is constant in the next case studies. The following cases
are considered:

Case study 1: HE ability to flexibly adjust its power
consumption, and therefore hydrogen production rate, in
response to the variations in the wind power is studied.
Also, the impact of power variations on the temperature and
efficiency of HE stack is demonstrated.

Case study 2: potential and limitations of three operation
modes of HE (as discussed in Section III-B) in response
to an under-frequency event in the upstream AC grid are
investigated.

Case study 3: HE ability to automatically switch among dif-
ferent operation modes, depending on its internal limitations
and grid conditions is studied.

Case study 4: performances of HE and battery system while
both operate in grid-forming mode are compared.
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Fig. 5. Single line diagram of the test system

A. Case Study 1

In this case study, the power generated from the wind, Py,
varies with a ramp rate of 0.25 pu/s. It is first increased from
0.5 pu to 0.75 pu, then reduced again to 0.5 pu. After 2 s,
it is further reduced to 0.25 pu. Finally, it is brought back to
its initial operation point (0.5 pu). The constant PQ load has
a fixed power consumption of Pj=0.23 pu, and the hydrogen
consumption rate is fixed at m{,=30 Moles/s for the entire
period. First, it is considered that the HE is allowed to operate
in Mode 1 (grid-forming mode) for the entire period, i.e., HE
operates as a GFM load. It is assumed that the hydrogen
production constraint as given by (16) is not violated and
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Fig. 6. HE’s response to the wind power variations, (a) active powers for
HE operating in Mode 1, (b) active powers for HE operating in Mode 3, (c)
system frequency, (d) hydrogen production rate, (e) hydrogen content in the
tank, (f) stack efficiency, and (g) stack temperature

the hydrogen content in the tank is within the limits. As
illustrated in Fig. 6(a), the power consumption of the HE,
P, flexibly follows the changes in the wind power based on
the GFM law: it absorbs more power when there is higher
power availability from the wind. Hence, the locally generated
renewable power is consumed locally by the HE and fixed

load, and the upstream AC grid supplies the additional power
(Pg). The changes in P reflects on the Hy production rate,
My, which is shown in Fig. 6(d). my varies from about 170
to nearly 250 Moles/s when the wind power reaches to its
maximum value.

Opposite to this operation mode, the HE can operate as
a constant power load, which is the operation Mode 3. This
operation mode is activated in case that the lower limit on
hydrogen content in the tank given by (16) is violated, so
the HE operates in fixed power to fill the tank faster. Note
that Mode 3 is activated manually in this case study only
to compare performances of this operation mode with that
of Mode 1. As shown in Fig. 6(b), regardless of the power
availability from the wind or grid, the HE keeps consuming a
constant power of 0.35 pu (operation Mode 3), and therefore,
My is also constant at 170 Moles/s.

Comparing the frequency responses from the operation
Mode 1 and 3, the power consumption flexibility provided
by Mode 1 results in a smaller frequency deviation as shown
in Fig. 6(c). This is resulted from the ability of HE to change
its hydrogen consumption rate (My) quickly. However, such
advantage is only secured if the capacity of Hy storage is
within the range [V,{,ni“, V4], i.e., the storage is neither crit-
ically low, nor full. During this period, the level of hydrogen
in storage reaches to about 60%, which is shown in Fig. 6(e).

The impacts of operation Mode 1 and 3 on the PEM stack’s
efficiency are compared in Fig. 6(f). As explained by (11),
the stack’s efficiency is a function of the stack’s current.
In operation Mode 1 (GFM mode), the stack’s power varies
based on the GFM control, leading to the variations in the
stack current, which in turn changes the stack’s efficiency
(please also see Fig. 2). On the contrary, if the HE operates
in Mode 3 (fixed power), the stack’s current, and therefore
stack efficiency, remains constant during operation as long as
the power set-point is not changed. Similar situation exists
for the stack’s temperature. For the operation Mode 1, the
stack’s temperature varies according to the changes in the
stack’s power. Higher power consumption increases stack’s
temperature since part of this power (depending on the stack’s
efficiency) is dissipated as heat inside the stack. The stack’s
temperature is constant in operation Mode 3 as illustrated
in Fig. 6(g).

This case study thus indicates that a HE which operates
in GFM mode can provide frequency regulation and flexibly
adjust its power consumption according to the availability of
power generation in the network. However, such HE operation
may require further control and arrangement to keep HE'’s
temperature and efficiency within an acceptable range.

B. Case Study 2

In this case study, an under-frequency event occurs in the
upstream AC grid at t=4 s. The dynamic behaviour of HE in
the proposed operation modes is discussed. If the HE operates
in Mode 1 (grid-forming control) prior to the under-frequency
event, it reduces its power consumption to avoid large fre-
quency deviation as shown in Fig. 7. P¢ is reduced (based on
droop fucntion) from 0.5 pu to 0.24 pu, so more power from
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Fig. 7. HE’s response to an under frequency event in the upstream AC grid,
comparing performances of Mode 1, Mode 2, and Mode 3

the wind is injected to the grid, helping with the frequency
recovery. Accordingly, my reduces from 250 to 120 Moles/s.
Operation Mode 3 (constant power control) is indifferent to the
under-frequency event, and keeps consuming P.=0.5 pu for
the production of my=250 Moles/s. The frequency deviation
is larger in this mode.

Different from Mode 1 and 3, in the operation Mode 2
(DC voltage control), the HE is shut down (mpy=0 Moles/s)
and disconnected (due to internal fault) prior to the event.
Only the HE VSC remains connected to the grid for the AC
voltage regulations. Such operation mode cannot help with the
frequency response as the HE power consumption is zero.

Regardless of the operation modes, DC-link voltage, V&,
and AC voltage, V¢, remained regulated within the permissible
range as it can be seen from Fig. 7. The current flowing
into the HE, 19¢, is zero during operation Mode 2 since the
HE is shut down and disconnected, and Vﬁc remains at the
open-circuit voltage level. The initial hydrogen content in the
tank is V\3=50% at t=0 s. While it remains unchanged during
operation Mode 2, it increases during operation Mode 1 and
3 with different rates.
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C. Case Study 3

In this case study, the HE ability to transiently switch among
different operation modes, depending on its internal limitations
and grid operation, is explored. The operation modes (1,2,
and 3) are automatically selected by calculating the hydrogen
production constraint given by (16) in real time. The timeline
of the events is shown on the top of Fig. 8. Initially, the HE
operates in Mode 1 (GFM mode), and the initial hydrogen
content in the tank is only 13%. The hydrogen consumption
rate (M),=250 Moles/s) is higher than its production rate
(my =230 Moles/s), so the hydrogen in the tank is reduced
over time. The condition that the HE is allowed to operate in
Mode 1 is explained by (16), which is plotted in Fig. 8(c).
The green curve is the integral of Iﬂc for the time horizon
of 0.5 s. After each time horizon, the integrator is reset. At
1=6 s, Syyn (red line) hits the peak of the green line, meaning
that the operation Mode 1 is no longer feasible since the
storage is critically low. Hence, the operation mode of HE
is automatically switched to Mode 3 in order to increase the
power consumption of the HE, and therefore, store hydrogen
at a higher rate (my=400 Moles/s) to fill the storage faster
(see Fig. 8(e)).

After few seconds, an internal fault occurs inside the HE at
t=10 s, causing the plant to shut down. However, the VSC
remains at the service by switching its operation mode to
Mode 2. Since the plant is shut down, my=m,=0. The HE
VSC only regulates V& and V, during this period.

The internal fault is cleared and the HE is back to operation
after 2 seconds. Once the HE is back online, and S, and Spax
are not violated, it switches to operation Mode 1 again. Subse-
quently, a three-phase fault occurs in the Dalrymple substation
at t=18 s and cleared after 800 ms. During fault period, voltage
dips to about 0.2 pu causing the power consumption of HE
to drop to zero. However, the HE VSC remains connected to
the faulty substation to provide voltage support by injecting
reactive power, Qc. As it can be seen from Fig. 8(h), the
HE VSC’s full current capacity (1.2 pu) is used for reactive
power injection. The fault performance shown in this case
study is related to operation Mode 1. It is to note that the
fault performance of HE depends on its operation mode. In
particular, the post-fault performance of operation Mode 2 and
Mode 3 differs from that of Mode 1 since they have different
outer control structures. Finally, a system separation occurs
at t=24 s, and the upstream grid is disconnected (CB1 is
open). The islanded system consisting of the HE, wind energy,
and the fixed load, continues stable operation since the HE,
operating in GFM mode, is forming the voltage and frequency
of the islanded system.

The GFM HE (operation Mode 1) adjusts its power con-
sumption to reduce the frequency deviation in the network.
Thus, the power consumption of the HE depends on the power
imbalance in the upstream grid. The secondary controller
shown in Fig. 1 can ensure that the HE power consumption
goes slowly back to a default value (P ") after the primary
frequency response. It is to note that P is the power reference
for droop control, while P"T is a power reference to a
slow PI controller which is located in the secondary control.

< f Py B
0.6 - b

Boat 1

02F F =

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
50 =y T T T T T T T T T T T T T T

S T S SO SO ST S S

50 60 70 80 90 100 110 120 130 140 150 160
time (s)

Fig. 9. Impact of secondary controller on the HE GFM operation, (a) active

power, and (b) frequency

(b) 49 —

I I
10 20 30 40

Considering the case study 3 and assuming that the wind
power reduces from 0.75 pu at t=7 s to 0.25 pu with a
ramp rate of 0.25 pu/s, the impact of the slow secondary
controller on the HE GFM operation is shown in Fig. 9. The
GFM HE primary response (first few seconds) depends on
the droop control, while the steady-state operation (with a
settling time of few minutes) relies on the secondary controller.
Here it is assumed that P"®T and P, are equal; however, they
can be different. The activation of secondary controller can
ensure a default steady-state power consumption (P "¢T) can
be reached after disturbances, but at the cost of a larger steady-
state frequency deviation (see Fig. 9(b)). If the secondary
controller is deactivated, the steady-state power consumption
of HE differs from P "®T and depends on the power imbalance
in the grid, which results in a smaller frequency deviation. The
deactivation of the secondary controller is more consistent with
the grid-forming functionality as it results in smaller frequency
deviation; however, both options are available in the suggested
control scheme for selection.

This case study illustrates a great HE potential in providing
grid-forming services to the network even during islanded
operation. Therefore, PEM HE can be considered as a potential
rival for other technologies capable of offering grid-forming
provisions (e.g., synchronous machine).

D. Case Study 4

The Dalrymple substation originally has a battery storage
system which has been replaced by the HE in the previous case
studies. In this final case study, a comparison between PEM
HE and a battery storage system in terms of their capability
in providing grid-forming services is presented.

Two scenarios are briefly studied. In the first scenario, the
previous test system with the electrolyzer is considered where
constant PQ load consumes P;=0.35 pu and the wind power
gradually reduces from Py,=0.8 pu to 0.4 pu with a ramp rate
of 0.2 pu/s. At t=6 s, the upstream grid is disconnected, and
electrolyzer continues to form the grid (operation Mode 1).
During the period of 8 to 14 s, the generated power from the
wind is not sufficient to meet the load demand (constant PQ
load and electrolyzer); hence, the electrolyzer automatically
reduces its power consumption to obtain the required power
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Fig. 10. Comparison between performances of electrolyzer and battery
system, (a) system with electrolyzer, and (b) system with battery system

balance in the system as shown in Fig. 10(a). Therefore, the
required grid-forming services are supplied from the load side
(electrolyzer).

In the second scenario, the electrolyzer is replaced by a
battery system of similar size. The constant load consumes
P1=0.92 pu and the wind power follows similar pattern as
the previous scenario. As it can be seen from Fig. 10(b),
the wind power is not sufficient to supply the constant PQ
load; therefore, the power generation of battery system, Ppat,
gradually increases to compensate the reduction in the wind
power. Hence, the required grid-forming capability is on the
source side (battery system).

From the simulation results, it can be concluded that both
electrolyzer and battery system can provide grid-forming ser-
vices to the grid, even after system separation. Hence, in terms
of grid-forming functionality, both technologies have fast
response and are capable of providing such services. However,
hydrogen has many uses in transportation and industry sectors
in addition to be a great power-to-gas energy storage solution.

V. CONTROL HARDWARE-IN-THE-LOOP TESTS

In order to verify the robustness and effectiveness of the
proposed concept, the HE control system is embedded and
tested in hardware running in real-time. The algorithm is
embedded in a Texas Instruments Microcontroller Unit (MCU)
F28335 evaluation board and the power grid is simulated in
real-time in a Typhoon HIL 602+ device. The digital control
algorithm samples signals at the rate of 20 kHz. The system
simulated in real-time is shown in Fig. 11. It is composed
of a PEM hydrogen electrolyzer with the proposed control
system and an equivalent representation of the upstream AC
grid with dynamics given by a simplified turbine and governor
[31]. The governor model is based on a droop gain as given
by Kdroop = 15:7, and the turbine dynamic is simulated by
the transfer function T(S)=knp + r:IsPH whose parameters
are Knp = 0:3, kip = 0:7, rn = 0:1 s. The equivalent
inertia and SCR of the grid are 2 s, and 3, respectively. The
converter nominal voltage and power are 22 kV and 50 MVA,
respectively.
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Fig. 11. Test system simulated in real-time
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Fig. 12. Control hardware-in-the-loop setup

A. Experimental setup

The experimental setup is shown in Fig. 12. Eleven analog
signals (AI), including V?bc,i?bc,igbc,vtdc and 1€ as indicated
in Fig. 1, and four digital signals (DI) related to the operating
mode selection (OP;, OP,, OP3 and Enable) are sent by
the Typhoon HIL to the MCU. The analog signals are scaled
between 0-3 V before sending to the MCU. The first three dig-
ital signals indicate the three operation modes as explained in
Section III-B, and the last digital signal enables the controller.
The MCU outputs are the three-phase voltage of converter,
va% and dn,, as highlighted in Fig. 1. The output three-phase
signals are modulated by a PWM at 10 kHz and filtered by
the passive first-order anti-aliasing filters before sending them
back to Typhoon HIL. The filter parameters are: R = 1000 ,
C =0:1 F with a cut-off frequency of 1591 Hz.

B. Experimental results

Two test cases are discussed. The purpose of the first test
case is to confirm the ability of the proposed HE controller
to dynamically switch among three operation modes in real-
time. As it is presented in Fig. 13, the HE operates in Mode 1
in the period of 0 to 1.5 s. Subsequently, HE switches to
operation Mode 3 and 2 at 1.5 s and 3 s, respectively. The
operation modes are communicated between MCU and real-
time simulator via OP digital signals. Referring to Fig. 13, it



