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Abstract: The dynamics of electrical systems have changed significantly with the increasing penetra-
tion of non-conventional loads such as hydrogen electrolysers. As a result, detailed investigations are
required to quantify and characterize these loads’ effects on the dynamic response of interconnected
synchronous machines after being subjected to a disturbance. Many studies have focused on the
effects of conventional static and dynamic loads. However, the impact of hydrogen electrolysers
on the stability of power systems’ rotor angles is rarely studied. This paper assesses the effect of
proton exchange membrane (PEM) electrolysers on small-disturbance rotor-angle stability. Dynamic
modelling and the control of a PEM electrolyser as a load are first studied to achieve this. Then, the
proposed electrolyser model is tested in the Amercoeur plant, which is part of the Belgian power
system, to study its effect on the small-signal rotor-angle stability. Two approaches are considered to
examine this impact: an analytical approach and time-domain simulations. The analytical approach
consists of establishing a state-space model of the Belgian test system through linearisation around an
operating point of the non-linear differential and the algebraic equations of the synchronous genera-
tors, the PEM electrolyser, the loads, and the network. The obtained state-space model allows for the
determination of the eigenvalues, which are useful to evaluate the effect of the PEM electrolyser on
the small-signal rotor-angle stability. This impact is investigated by examining the movement of the
eigenvalues in the left complex half-plane. The obtained results show that the PEM electrolyser affects
the electromechanical modes of synchronous machines by increasing their oscillation frequencies.
The results also show that the effect of the electrolyser on these modes can be improved by adjusting
the inertial constant and the damping coefficient of the synchronous machines. These results are
consolidated through time-domain simulations using the software Matlab/Simscape from the version
MatlabR2022a-academic use from Mathworks.
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1. Introduction

Nowadays, hydrogen demand and production in a multitude of sectors are constantly
increasing. As a result, the number of hydrogen electrolysers connected to transmission
power systems is increasing. Hydrogen electrolysers are electrochemical devices used to
separate water molecules into hydrogen and oxygen by passing a DC current through
them [1]. This DC current is proportional to the hydrogen production. There are different
hydrogen electrolyser technologies, which range from small systems (kilowatts) to large-
scale systems (multiple megawatts) [1]. The most well-known technologies in industrial
projects under development are alkaline electrolysers and proton exchange membrane
(PEM) electrolysers [2]. Alkaline electrolyser technology, which is widely used today, is
considered a mature technology in the industrial sector. Due to their advantages over alka-
line electrolysers, such as high power density and cell efficiency, as well as fast dynamics,
PEM electrolysers are in a period of great expansion and development for integration into
power systems, including renewable energy production systems [1-5]. For this reason,
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PEM electrolyser technology is dealt with within this paper. Hydrogen electrolysers can
be viewed as flexible loads that can facilitate the large-scale integration of intermittent
renewable sources into future power systems and provide power grid services [6,7]. As
loads, hydrogen electrolysers can have an impact on the dynamics and stability of power
systems. The use of power electronic converters as an interface for their integration into the
grid can also affect the power quality and dynamics of power systems [8,9]. In addition,
the dynamic response of the required electrolyser current to produce hydrogen can influ-
ence the dynamics of power systems. Detailed investigations of the impact of hydrogen
electrolysers are required to characterize the dynamic response of the rotor-angle stability,
frequency stability, and voltage stability. However, the majority of studies have focused
mainly on frequency stability [3,5,6,10] and technoeconomical aspects [10]. Few articles
have dealt with the effect of hydrogen electrolysers on voltage stability [10], and the impact
of electrolysers on rotor-angle stability has rarely been studied.

This paper focuses on the impact of a large-scale PEM electrolyser on a power sys-
tem’s small-signal rotor-angle stability. The small-disturbance rotor-angle stability can
be defined as the capacity of a set of interconnected synchronous machines to maintain
synchronism after being subjected to a small disturbance [11]. The dynamic responses
of the set of interconnected synchronous machines are quantified and characterized to
assess the influence of the PEM electrolyser on the power system dynamics. To this end, a
large-scale PEM electrolyser project within the Belgian power system around Amercoeur is
considered as a test system. Before investigating the effect of a hydrogen PEM electrolyser
on the small-signal rotor-angle stability, we first identify the nature of PEM electrolysers
when they are considered as loads within the power system, that is, whether a hydrogen
PEM electrolyser can be regarded as a constant impedance load, a constant current load,
or a constant power load. To achieve this, it is necessary to first model a hydrogen PEM
electrolyser, then model the power electronic converter, and, finally, to develop a control
structure for the power electronic converter to adjust the electrolyser current.

Concerning the dynamic modelling of PEM electrolysers, various electrochemical
models are proposed in the literature [2,12-14]. The authors of reference [2] developed a
dynamic electrical model of a PEM electrolyser, taking into account the dynamic behaviour
of the PEM electrolyser during sudden variations in the input current. An equivalent elec-
trical model of the PEM electrolyser with adaptive parameters for both static and dynamic
operating conditions was proposed in [12]. The study reported in [12] focused on modelling
cell voltage as a function of static and dynamic operations. In [14], an analytical-dynamic
analysis model for a PEM electrolyser deduced from physical laws and electrochemical
equations was proposed. The dynamic modelling of PEM electrolysers, as described in the
literature, can be categorized into four groups based on various physical aspects, such as
the required voltage (reversible voltage) for the electrolysis [15,16], activation overpotential,
ohmic resistance, and the diffusion aspects at both the anode and the cathode. The acti-
vation overpotential represents the electrochemical kinetic behaviour [17]. It is therefore
a representation of the speed of the reactions taking place on the electrode surface [17].
In contrast, ohmic overpotential is caused by the ohmic resistance of the electronic ma-
terials, such as current collectors, bipolar plates, and electrode surfaces [17]. It includes
electron and proton conduction through the PEM. The electrochemical model of the PEM
electrolyser investigated in [2,4,12,14,17] is referred to as the first model (Model 1) in this
paper. Model 1 is composed of the activation overpotential at the anode and cathode,
membrane overpotential, and reversible potential. The activation overpotential at both
the anode and cathode is modelled by two capacitor-resistance branches. Furthermore,
the membrane overpotential is modelled by the ohmic overpotential. Model 1 is one of
the most studied models in dynamic modelling analysis of electrolysers. Nevertheless,
its dynamic behaviour is often not studied. The second model (Model 2) considered in
this paper includes a Warburg impedance at both the anode and the cathode, as proposed
in [10]. The Warburg impedance is related to the concentration losses in the PEM electrol-
yser and is more important at low frequency and high current density [18,19]. However,
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dynamic modelling of the electrochemical model related to Model 2 is not proposed in
the literature. Other authors have neglected the activation overpotential at the cathode,
as in [3,4,8,10]. This is because the contribution of this overpotential is considered small
compared to the contributions of the activation overpotential at the anode, the ohmic over-
potential, and the reversible voltage. As a result, the electrochemical model without the
activation overpotential of the cathode can be classified as either a model with a Warburg
impedance (Model 3) or a model without a Warburg impedance (Model 4). The electro-
chemical model with Warburg impedance is often modelled by a Rangdles—Warburg cell,
as depicted in [10,20]. Model 3 includes a frequency-dependent Warburg element, which is
parallel to a conventional capacitor, and a conventional resistor, which is in series with the
Warburg element. The Warburg model brings the frequency-dependent characterizations of
the resistor and capacitor, which modify the dynamic response of the cell voltage. Model 4,
which does not consider the Warburg impedance, is described in [3,4,8]. As with the first
two electrochemical models presented previously, the dynamic behaviour of the last two
electrochemical models is also not examined in the literature. The dynamic responses of
four models proposed in the literature are studied in this article in order to choose which
one can be used in load modelling and small signal modelling. This choice is dictated by
the time constant that characterizes the dynamic response of each model. For the model of
the hydrogen PEM electrolyser, the temperature and pressure are considered to be constant,
and the degradation of the catalyst and the membrane is not taken into account.

A 12-pulse thyristor rectifier is often used as interface to integrate hydrogen elec-
trolysers into the grid. Because this technology is one of the most mature and important
solutions in high-power rectification applications [8], a current control structure is pro-
posed to adjust the appropriate firing angle to achieve the desired electrolyser current. The
proposed current control structure is established based on a dynamic model of the average
model of the thyristor rectifier and of the proposed hydrogen PEM electrolyser model.

Finally, the effect of the PEM electrolyser model on the small-signal rotor-angle stability
is studied using a state-space model and time-domain simulations of the test transmission
system. The proposed state-space model is based on linearisation around an operating
point of the non-linear differential and algebraic equations of the synchronous generators,
the distribution network, the conventional loads, and the PEM electrolyser. In this approach,
the synchronous generators and the network are modelled in the dg—synchronous reference
frame. Then, all the components within the transmission network are translated into the
common synchronous reference frame, rotating at a common frequency, as described in [21].
As well as consolidating the analytical results, time-domain simulations are also employed
in this paper to study the impact of the proposed modelling of the electrolyser as a load.
The contributions of this study can be summarized as follows:

* A dynamic model and a state-space model of a system formed by a PEM electrolyser
and a 12-pulse thyristor rectifier is proposed.

¢ A control structure for the electrolyser current from the dynamic model of the PEM
electrolyser and for the average model of the 12-pulse thyristor rectifier is proposed.

* A model of the PEM electrolyser as a load is proposed to identify whether it can
be considered a constant impedance load, a constant current load, or a constant
power load.

*  We study the effects of the PEM electrolyser on the stability of the small-signal rotor-
angle using analytical and time-domain simulation approaches.

The remainder of this paper is organized as follows: Section 2 presents the details of
the proposed dynamic model for the PEM electrolyser, the thyristor rectifier, the proposed
control structure of electrolyser current, and the modelling of the electrolyser as a load.
Section 3 presents the details of the proposed small-signal model of the Belgian test system,
while the stability analysis results are presented in Section 4. Finally, Section 5 concludes
the paper.
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2. Power System Architecture and Integration of Hydrogen PEM Electrolyser

Figure 1 describes the used test system, in which 100 MW of PEM electrolysers are
connected to the 150 kV busbar. It is the topology corresponding to the Belgian power
system around the Amercoeur power plant. It consists of three synchronous generators
(SGs) connected to the transmission grid through main Busbar 4, 6, and 11. The SGs are
round rotor machines with static exciters. The three SGs are coupled with the thermal
power plants. The dynamic of the primary source coupled with the SG is not studied in
this article. It is assumed that the three SGs operate with constant power generated by
the primary source. They are modelled as nodes with fixed active power (P) and reactive
power (Q) (PQ node). The 270 MW synchronous generator (SG 1) is connected to Busbar 4,
to which the PEM electrolyser is connected. The 150 MW generator (SG 2) is connected
to the electrolyser via Busbar 6 and Busbar 5, while the 410 MW synchronous generator
5G 3) is connected to the electrolyser through Busbar 11, Busbar 10, and Busbar 5. A large
100 WM PEM electrolyser is connected to Busbar 4. The large-scale PEM electrolyser is
assumed to be viewed as a large load by the power system, consuming only active power.

SG1 PEM Electrolyser SG2

GRID 380 kV 270 MW 100 ol 150 MW
T 12 1 —NA 2
— 15 kV 15 kV
@15 kv
150 kV 5 | 4 | 150 kV 6
150 kV
I I 7
100 WM 100 WM
25 MVar 25 MVar
\ 4 8 9
150 kV
150 WM 100 WM 100 WM
50 Mvar 25 MVar 25 MVar
| 10 150kV
A 4 |||
70 kV 11
100 WM
— 50 MVar 0w 100 WM
20 MVar
220 kV 3 15 kV
150 kV 70 kV
100 WMY 50 WM ¥ 100 WM 410 WM
25 MVar 25 MVar 50 MVar SG3

Figure 1. Test grid around the Belgian Amercoeur plant, in which 100 MW of PEM electrolysers are
connected to the grid through a 12-pulse thyristor rectifier. The number of each busbar is given in red.

2.1. Dynamic Modelling of the PEM Electrolyser

In order to model an electrolyser as a whole, it is necessary to look at each of its
constituent aspects, such as electrochemical, electrical, thermal, mass transfer, and fluid [22]
components. This paper focuses only on the electrochemical and electrical models.

Various electrochemical models of PEM electrolysers have been proposed in the
literature [2,3,8,10,12-14,20], which can be categorized into four groups, as discussed in
the introduction: Model 1, Model 2, Model 3, and Model 4. The performance of each model
can be quantified by evaluating the dynamic response of the cell voltage for a fixed cell
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current. The dynamic behaviour of these four electrochemical models is obtained by the
following equations:

*  Model 1: Classical electrochemical model without Warburg impedance.

This model is described in [2,4,12,13,15,16], and the cell voltage across a PEM stack is
given by
Vcell = Vact,c + Vact,a + Rmicell + Vrev (1)

where V¢t and Vg ¢ are the activation overpotential at the anode and at the cathode,
respectively; i, represents the input current of the cell; and R;; and V;ey are the ohmic
resistance and reverse voltage potential (reversible potential), respectively, during the
water-splitting reaction. The dynamic behaviour of this classical electrochemical model is
imposed by V,; ;, and it is modelled by:

AViact,c _ cell _ Vact,c )
dt Care  RetcCac
d Vact,a . icell o Vact,a (3)

dt  Caa  RetaCarg

where Cy; represents the double layer capacity, and Rt and Rt are the charge transfer
resistances at the anode and cathode, respectively, which are temperature-dependent.

*  Model 2: Classical electrochemical model with a Randles—Warburg cell.

This electrochemical model is presented in [10]. Its dynamic model is given by:

dVact,C _ icell . VﬂCfrC (4)
dt Cie  (Rete+ Zw)Car e

d Vact,ﬂ _ icell . Vact,a (5)
dt Cae (Reta+ Zw)Cala
where Z,, denotes the Warburg impedance, which is frequency-dependent. Its mathematical

expression is given as follows [19]:

Ry, Ray ®)

Z =
© T T4 Ry Cas 1+ RyCas

where Ry, = R;Ry, Ry, and R; are the diffusion resistance and charge transfer resistance,
respectively, and Cy, = Cy; 73/ Ry, 75 and Cyy; represent the diffusion time constant and
double layer capacitance, respectively.

*  Model 3: Electrochemical model without the activation overpotential of the cathode
and with Randles-Warburg impedance.

This model is presented in [10,20]. Without the activation overpotential at the cathode,
the cell voltage across the PEM stack is modelled as follows:

Vcell = Vuct,a + Rmicell + Vieo (7)

The dynamic model of activation overpotential at the anode is modelled as in Equation (5).

*  Model 4: Electrochemical model without activation overpotential at the cathode or a
Warburg cell.

This model is depicted in [4,8]. The dynamic model of the cell voltage across the
PEM electrolyser as a function of the activation overpotential at the anode is given by
Equations (5) and (7). For a cell current set to 5 A, the dynamic responses of the cell
voltages of Model 1, Model 2, Model 3, and Model 4 from Equations (1)—(7) are described in
Figure 2. The used cell parameters and Randles—Warburg cell parameters of those models
are given in [10,18].
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Figure 2. Dynamic response of the cell voltage of each of the four electrochemical models proposed
in the literature as a function of the cell current. The cell input current is set to 5 A.

Figure 2 shows that the four electrochemical models can be identified in two groups:
models without activation overpotential of the cathode (Model 3 and Model 4) and complete
models (Model 1 and Model 2). For each group, we can identify models with Warburg
impedance (Model 2 and Model 3) and those without Warburg impedance (Model 1 and
Model 4). The impact of Warburg impedance on the cell voltage is also observed through
the voltage deviation between Model 2 and Model 1 and that between Model 3 and Model 4.
Furthermore, the difference in voltage between the two groups is around 0.182 V, which
represents the cathode activation overpotential. This overpotential is smaller than the total
cell voltage, which is close to 2.055 V for Model 1 and Model 2 and around 1.872 V for
Model 3 and Model 4 under steady-state conditions. This may be the reason why some
authors neglected this cathode activation overpotential in their models [10].

Additionally, Figure 3 shows that the cell voltage responses of electrochemical models
with Warburg impedance (Model 2 and Model 3) are close to those without Warburg
impedance (Model 1 and Model 4). However, their transient response is higher than that of
Model 1 and Model 4. This is illustrated by the time constant, which is higher for Model 2
and Model 3 than for Model 1 and Model 4.

2.2 T T

2.1¢F

Cell voltage [V]
o

1.8F "
Model 1
Model 2
1.7 Model 3
Model 4
1.6 ! .
0 0.01 0.02 0.03

Time [s]

Figure 3. Transient response of the cell voltage of each of the four electrochemical models proposed
in the literature as a function of the cell current. The cell input current is set to 5 A.
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From these results, it can be concluded that the dynamic response of electrochemical
models with a Warburg impedance (or a Randles—Warburg cell) is close to that of those
without a Warburg impedance. Nevertheless, Warburg impedance can introduce a larger
time constant in the transient response, and it can make the dynamic modelling of the
electrochemical model more complex. Therefore, Model 4 is used for the rest of this paper.
Model 4 offers a better transient response compared to the other models (see Figure 3).

2.2. Modelling of the 12-Pulse Thyristor Rectifier and the Electrolyser Current Controller

Figure 4 shows a hydrogen PEM electrolyser model connected to the grid through
a 12-pulse thyristor rectifier and a three-winding wye-wye-delta transformer. The PEM
electrolyser is modelled by the electrochemical model as described in the previous sub-
section. The three-winding transformer has the ability to eliminate the 5th-and 7th-order
harmonic currents [8]. The electrolyser model is connected to the rectifier bridge via a
filter inductance (Lf) and interphase inductances (L;,;). The two 6-pulse thyristor rectifiers
connected in parallel are used to form a 12-pulse thyristor rectifier. This configuration
is often considered to be one of the most mature solutions for high-current rectification
applications [8]. The operation of each six-pulse rectifier is ensured by a firing angle («)
that is either specified or generated by a controller, depending on the desired response of
the rectifier DC side. Figure 4 also highlights that the transfer of active power (P4¢c) from
the AC side to the DC side (Ppc) is ensured by an appropriate firing-angle signal. The
DC voltage and DC current are also related to the firing angle generated by the current
controller from the current set point and the measurements of the DC current signal (i;.0)
and the AC voltage signal (V). V5. can be measured at the primary or secondary end of
the three-winding transformer. It is used by the phase-locked loop (PLL) to synchronize
the electrolyser with the grid frequency.

i Current «
L} controller

A ige

Figure 4. Hydrogen PEM electrolyser model connected to the grid through a 12-pulse thyristor rectifier.
2.2.1. Electrical Model of the 12-Pulse Thyristor Rectifier

Establishing the dynamic model shown in Figure 4 requires that all the parameters
and variables on the AC side of the rectifier be brought back to the DC side. To do this,
the average model of a 12-pulse thyristor rectifier can be considered. Additionally, the
transformer is modelled by the primary and secondary leakage inductances.

Considering that the primary end of the transformer is supplied by U, this voltage
can be seen by the electrolyser through the DC voltage using the following expression:

Vie = 1.4 k Uy cosa (8)

where U, is the RMS phase-to-phase voltage at the primary end of the transformer, and
k represents the ratio between the RMS phase-to-phase voltage at the secondary end of
the transformer (Us) and that at the primary voltage (U,). Finally, « corresponds to the
firing angle.

Equation (8) shows that the DC voltage is a function of the firing angle. It shows
that the maximum voltage can be obtained when the firing angle is equal to zero. We
assume that the transfer of current between two consecutive thyristors in a commutation
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group takes a finite amount of time (overlap time). This overlap time depends on the
phase-to-phase voltage between the thyristors participating in the commutation process, as
well as the leakage inductance between the thyristor rectifier and the AC grid [23]. During
the overlap time, the voltage and the current on the DC side are given by [23]:

Vie = 1.4k U, [cosa + cos(a + )] 9)
14k
L = wLr Up [cosa — cos(a + )] (10)

where Lt is the leakage inductance of the transformer, and y is the overlap angle.
Equations (9) and (10) allow for the establishment of an equivalent circuit of the thyristor
rectifier converter, as shown in Figure 5. The converter is modelled by a voltage source in
series with a virtual resistance, whereas the overlap time phenomenon is modelled through
the equivalent resistance given by 1.5wL/7t. Note that this resistance is not real (virtual
resistance) because it does not dissipate power [23].

1.5wLy /7 L;

+ +
T <
Cdl Vact :E Rct
1.4kU), cos {: Ve Veen -
Ry,
=V,
— — _T Tev

Figure 5. Electrical model of a PEM electrolyser and 12-pulse thyristor rectifier.

The dynamic model of the 12-pulse thyristor rectifier associated with the PEM elec-
trolyser can be obtained from Figure 5 by applying Kirchhoff’s law. The resulting model is
defined as:

1.5wLr . iy
Veent = 1.4 k Upcosa — ige — Ly ,7; an
Veett = Vrev + Rmige + Vact (12)
dVact . Vet
" T Ra (13)

2.2.2. Control Structure Model for the Electrolyser Current

The current control structure can be obtained from the dynamic model that is described
by Equations (11) to (13). By applying Laplace transform to these equations and setting the
initial conditions of current (I;-(0)) and activation voltage (V,c¢(0)) to zero, the following
is obtained:

1.5wL
Veent(s) = 1.4 k Upcosa — SwLt Iyc(s) — s Lslac(s) (14)
Vcell(s) = Vieo + Rinlge(s) + Vact(s) (15)
V,
s CatVact (s) = Ige(s) — af; (ts> (16)
C

A block diagram of the system based on Equations (14) to (16) is shown in Figure 6. It
describes the dynamic model of the PEM electrolyser associated with the 12-pulse thyristor
rectifier in the s domain. This model is composed of two subloops of current and voltage,
as well as signals of reverse voltage (V;¢,) and DC input voltage (1.4 Uscos(x)).
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Ry
1+ R.Cas
+
1 I Veely
1.5wLr/m+ Lys 4 o
> R |
L =m |

Figure 6. Physical system of the 12-pulse thyristor rectifier associated with the electrolyser model in
the s domain.

The proposed cell voltage control structure from the physical system model (Figure 6)
is depicted in Figure 7. It consists of an internal current control loop and an external voltage
control loop. The feed-forward terms (1.4 kupcos(zx) and Vy,y) are added at the output of
the DC current control loop to compensate for the opposite signals of physical signals of
1.4 kUpcos(a) and Viep.

lU DC current control loop
1

Ree
1+RyCq s

3wlLp
© Tles

DC voltage control loop

Figure 7. Complete control structure composed of an internal current control loop and an external
voltage control loop.

The proposed control structure (Figure 7) is general. It can be used to control both cell
voltage and cell current. To control the DC current, the DC current control loop structure is
used (light blue), whereas the DC voltage loop control structure including the blue part is
used to control the cell voltage.

The implementation of the current control structure given in Figure 7 requires a
phase-locked loop (PLL) to synchronize the electrolyser with the grid frequency. The main
function of the PLL is to track the phase () of the Busbar 4 voltage, which is the voltage
node to which the electrolyser is connected (see Figure 1). This phase can be expressed by
6 = wopt + 0 under steady-state conditions, where wy is the pulsation corresponding to the
reference frequency of the grid. The control structure of the PLL is described in [24].

The steady-state conditions of 100 MW of PEM electrolysers connected to Busbar 4
(see Figure 1) are given in Figure 8. We consider the proposed current control structure and
parameter values of the test grid and interpolate parameter values of the PEM electrolyser
from [10,18] to those of the 100 MW PEM electrolyser. The DC electrolyser current is
given in Figure 8a. The firing angle is depicted in Figure 8b. The DC voltage is presented
in Figure 8c. The computed steady-state conditions are 21,790 A, 4588 V, and 19°. The
results were obtained using the parameters shown in Table 1 [10,18] and the current control
structure illustrated in Figure 8. Figure 8 also shows that the proposed controller is also
able to reach another steady-state operating point after changing the electrolyser current
set point, for example, by changing the electrolyser current set point by 1% at 6 s, i.e., from
21,790 A to 21,576 A. The controller maintains the DC current at the desired value (see
Figure 8a). The firing angle increases (Figure 8b) to decrease the DC voltage (Figure 8c).

Table 1. Electrochemical model and PI controller parameters.

Electrochemical Model PI Controller

Ry = 0.3818 Q; Ryt =0.3318 Q); Cy =0.9091 F ; Kp; = 0.06; K;, = 0.12; Ly = 40 mH;
Vyeo = 700 V; Ljp; = 48 uH Ly =119 uH; & = 30°
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Figure 8. Steady-state conditions of the PEM electrolyser connected to Busbar 4: (a) DC electrolyser
current; (b) firing angle; (c) DC voltage.

2.3. Modelling of the PEM Electrolyser as a Load

Consider the PEM electrolyser modelled in Figure 4, which is detailed in Figure 5. If
one considers just the electrolyser part in Figure 5, the cell voltage of the stack is given by
Equation (12). The activation voltage (Va¢) is essentially caused by the voltage associated
with the transfer resistance (R.) because the current on the capacitance is equal to zero.
Therefore, one obtains:

Vel = (Rm + Rct) ige + Vreo (17)

If it is assumed that there are no power losses between the grid and the electrolyser—
that is to say that the active AC power P4¢ supplied by the grid is equal to the DC power
Ppc consumed by the hydrogen electrolyser—the power consumed by the electrolyser can
be calculated as:

Pac = Ppc = Reg i3 + Viewige ,  with Reg = Ry + Rt (18)

Equation (18) shows that equivalent resistance (R.;) and reversible potential (Vi)
are constant. This yields the active power (P4¢) as a function of the DC current (iz.). Pac
is constituted by two active power terms (Req iﬁ . and Vyepige). The first element varies
directly with the square of the current, while the latter varies with the current. In contrast
to traditional static load modelling, the whole active power is modelled as a function of
voltage magnitude. Since it is assumed that the DC voltage is fixed by the grid voltage to
which the electrolyser is connected, the proposed modelling of the PEM electrolyser as load
can be based on the controlled DC current. Thus, the PEM electrolyser can be modelled as a
function of the cell current. According to Equation (18) and Figure 4, the PEM electrolyser
can be modelled as a fraction of a constant impedance load combined with a fraction of a
constant current load. The proposed model is expressed by Equation (19). In contrast to the
conventional exponential ZIP model [25,26], the proposed model is modelled as a function
of the current ratio instead of the voltage ratio. This makes the proposed load model
of the electrolyser different from that of conventional constant impedance and constant

current loads.
i\ i
P = Prp | (”) +ap (“) (19)
1d4c0 Ldc0

where Pr is the rated active power of the electrolyser, i;. represents the nominal DC elec-
trolyser current related to the nominal active power of the electrolyser, i is the controlled
current of the electrolyser, a1 represents the fraction of constant impedance load, and a; is
the fraction of the constant current load.

Note that the modelling of the electrolyser as a load may depend on the model of the
electrolyser, the technology of the power electronic converter, and the way in which the
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electrolyser is connected to the grid. For a technology based on a single 12-pulse thyristor
rectifier with n electrolysers connected in parallel on the DC side, as illustrated in Figure 9,
the a; factor decreases with an increase in the number of parallel connected electrolyser
models. Consequently, the PEM electrolyser behaves as a constant-current dominant load.
Otherwise, it behaves as a constant-impedance dominant load.

Equations (18) and (19) and Figures 9 and 10 illustrate an example of the variation of
fractions of a constant impedance load (41) and constant current load (a;) depending on
the number of electrolysers connected in parallel to the DC rectifier side. Four possibilities
of connecting a 100 MW PEM electrolyser to the DC side of the 12-pulse thyristor rectifier
are proposed. When one 100 MW PEM electrolyser model is connected to the DC side,
Figure 10 shows that the fraction of constant impedance load (a1) is higher than that of the
constant current load (a;). Therefore, the PEM electrolyser model can be seen by the grid
as a dominant constant impedance load,whereas when two 50 MW PEM electrolysers are
connected in parallel, this can be considered a dominant constant current load. For four
models of 25 MW each connected in parallel, the fraction of constant impedance load (a7) is
higher than that of the constant current load (a1). The PEM electrolyser can be assimilated
to a dominant constant current load.

SR,

Current
controller

Figure 9. n PEM electrolyser models connected to the grid through a 12-pulse thyristor rectifier.
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0

1 2 3 4

Figure 10. Fractions of constant impedance load and constant current load dependent on the number
of electrolysers connected in parallel on the DC rectifier side.

3. Small-Signal Modelling of the Test System

Small-signal analysis was used as a tool to investigate the effects of the PEM elec-
trolyser on the small-signal angular stability, i.e., to investigate the impact of the PEM
electrolyser on the capacity of a set of interconnected synchronous machines to maintain
synchronism after being subjected to a small disturbance. To do this, the power system
shown in Figure 1 can be described by a system of non-linear differential and algebraic
equations. Then, it is linearised around the operating point to obtain the state-space model
of the grid. Hence, the state-space model of the grid shown in Figure 1 has to be established.
It is composed of small-signal submodels of synchronous machines (270 MW, 150 MW, and
410 MW), static exciters, the PEM electrolyser, the network, and loads. Such equations can
be written as follows.
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3.1. State-Space Model of Synchronous Generators

The state-space model was obtained by the linearisation of non-linear differential
and algebraic equations of the synchronous machines around an operational point. The
rotor and stator equations are established in the dg reference frame (via Park transforma-
tion) [11,21]. The differential equations in the dg—synchronous reference frame of each
synchronous machine connected to the grid are described by [21]:

do;
d—tl = w; — W (20)
dwi _ TMi_wMI _wwl _ w.D;Y s 1)
dt —  °2H; : 2H; i ’ 2H; i T 2H;
dE! E! Xg, — X)) Efy .
9 _ 4/‘11 _(/'>1 + {d' with Ey = 4 (22)
dt T Tdo, Tdol dei
dE’ E
i Ed, , . r mq,
dt T/ T/ (X% X z‘) with  E; = l/J1q, @3

wherei=1,2,and 3 correspond to the number of the synchronous generator (5G1,5G2,
and SG 3, respectively) connected to the test system; ws is the synchronous angular speed
of the rotor; and w; and J; = 6; — 0, are the rotor speed and relative rotor angle, respectively.
The rotor angle (6;) is measured with respect to the synchronously rotating frame of the
constant base frequency (wy,) and satisfies d6);/dt = wyw; [27]. Ty, is the mechanical torque.
D; is the damping torque coefficient. H; represents the inertial constant. I; and I;; are the
current components along the direct axis (4 axis) and quadrature axis (g-axis), respectively.
X, and X, are the synchronous reactances along the d axis and g axis, respectively. Tﬁ’l and
T/ g0, are the transient time constants along the d axis and ¢ axis, respectively. X’ and X,
represent the transient reactances along the d axis and g axis, respectively. Eg;. is the f1eld
voltage. 1, represents damper-winding (1g) flux linkages. X;,, is the damper-winding (17)
reactance. X,,4, and Xy, are the magnetizing reactances in d-axis and g-axis, respectively.
X4, is the field d-axis reactance. E::li is proportional to the rotor field flux along the d axis,
while E(’ii is proportional to the damper-winding flux along the g axis.

Each synchronous machine of the test system is composed of a static exciter to maintain
a constant terminal voltage. The dynamic model of the static exciter is expressed according
to the following equation [21]:

dE¢g. 1 Ka.
fdi _ A
i =y E gy (Ve = V) @)

The real parts of the equations of the stator for each synchronous generator (SG,
i =1,2,and 3) are given by [21]:

Ej — Visin(5; — 6;) — Ry Iy, + X Iy, = 0 (25)

E‘/ii -V COS(&i - 01> - Rsi I"ii + Xt/i, Id,- =0 (26)

To obtain a linearised model for Equations (20)—(26), a small perturbation around the
operating point is superimposed on the state variables J;, wj, E"ii, E;i, E fd,s Iy, 1, Vi, Vrefl-/
Ty, and 6;, such as:

6 = 501, + A6 ; w; = wo; + Aw;; E‘;i = E‘;Oi + AE’{; E‘Iii = Etli(),- + AE’[;

Efd = Ede + AEfd} Iq = Iq() + Aly; 1g, = Ly, +ALy; Vi = Vo, + AV;;
ref = Vrefo, +AVrefr M; = TMO +ATM,and 0; = 90 + AG;.
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where &, wy,, Eéloi/ E;Oi, Eta0,, Ig0,, Lao; Vo,, Viego., Tmo;, and 6y, represent the nominal
values of the rotor angle, rotor speed, damper winding flux, rotor field flux, field voltage,
g-axis current, d-axis current, terminal voltage of the SG, reference voltage of the exciter,
mechanical torque, and voltage angle at bus i, respectively. Ad;, Aw;, AE:il-' AE"W AE fd,s
Aly, Alg, AVi, AVys, ATy, and A#6; are the small disturbances of the state variables
mentioned above.

By substituting the small disturbances defined above around the operating point in
Equations (20) to (26) and neglecting the second and higher-order powers of the small
perturbation and of the input vector in the Taylor-series expression, the state-space model
of three synchronous machines was defined according to the following equations:

AX = AgcAX + Bsg1Alg + BsgaAVg + BsgsAU (27)

0=Csq1AX + DSGlAIg + DsczAvg (28)
where AX = [AX; AXp AX3]T represents the state vector composed of the state subvector
of each synchronous generator connected to the test system. They are defined by AX; =

T
{A(Si Aw; AE;I, AE{;Z, AE fdl} . Al is the vector matrix of current components of the SG i

along the d axis and g axis. It is expressed by Al, = [Aly Aly, Aly, Ay, Al AI%]T.
AVg represents the vector matrix of voltage magnitude and the angle of the synchronous

generator bus. It is defined by AV, = [A8T AVT] T, where A8 = [A8; A8, AB3)T and
T
AV = [AV; AV, AV5]T. AU = {AT{,I Avrff} is the input matrix of SG i, where ATy =

T T .
[ATy, ATy, ATy,] " and AV, = [Avref] AV, AV,EfJ . Matrices Asc, Bsci, Bsca
Bsis, Csg1, Dsg1, and Dggp are expressed as:

0 1 0 0 0
0 Djws Ig;ws Ly, ws 0
Asgt 0 0 I 1
Asc=| 0 Asc 0 , where Agg. = 0 0 T, 0 Too, |7
0 0 Asci 1515 0 0 0 _T}O 0
q9;
1
_0 0 0 0 T, |
_ 0 0 !
Xz/il- Iy; _Ezlil- _Xfln Iy, _Etlh' +Xt/il- I, _X’/ii la;
-Bscll 0 0 ngzfxé 5 2H; s
Bsgi=| 0 Bsgi, O Bsgy, = T 0 ;
. 0 0 Bscis] 546 0 _ X=Xy
T‘;OI
. 0 0 -
[Bsga, 0 0 | [ _Ka,
BSGZ = 0 BSG22 0 ’ where BSGZ, = 0000 L i] ;
0 0 BSG23_ .y 0 0 0 O 0
(Bscs, 0 0 ] 0 0 00 -]
BSG3 = 0 BSG32 0 ’ where BSG31 = 0 ws 0 0 gAi ;
. 0 0 Bsca; 1 156 " 2
_C5G11 0 0
B _ [—Vijcos(6;—6;) 0 0 1 0]
Csc1 = 0 Csc1, 0 » where Cscy, = Visin(6; —6;) 0 1 0 0]
0 0 Cscizlgyis
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_DSG1] 0 0 —RS- X/
DSGl = 0 DSGlz 0 , where DSGli = —X,] —Igls ,'and
L O 0 Dsciy] gy 4 l
_DSG21 0 0 ] .
_ _ | Vicos(d; = 6;)  —sin(d; — 6;)
DSGZ = 0 DSG22 0 ’ where DSGZZ- = |:—‘/Z'Si7’l(5i . 91‘) —COS(51‘ . 91‘) .
0 0 Dscal e

3.2. State-Space Model of the Electrolyser (EL)

According to Figure 4, the small-signal model of a set of electrolysers and the average
model of a 12-pulse thyristor rectifier can be built around the state variable of current
(i4c) and the required firing angle («) of the thyristor rectifier. By linearising Equation (18)
around the operating point and by neglecting the second-order term of Aij., one obtains:

APgp = (ZReqidCO + Vrgv)AidC (29)

Considering the current control structure around the proportional-integral (PI) con-
troller as described in Figure 11, the firing angle can be written as a function of the parame-
ters of the PI controller as:

& = Kp(igeo — iac) + Ki(iaco — fac) (30)

where K, K;, and i;. represent the gain of the proportional controller, the gain of the
integral controller, and the nominal current of hydrogen electrolyser, respectively.

idco Kj o
K, +— —
+ 5

ldc
Figure 11. Firing angle associated with the parameters of the proportional-integral controller.

Linearisation of Equation (30) around the operating point, considering a nominal
firing angle («g) of zero, yields:

Aa = —(Kp + K;) Aige (31)

The state-space model of the active and reactive power consumed by the PEM electrol-
yser can be expressed as:

APgp _ ZReqidc0+Vrev 0 Aidc (32)
AQEL 0 0| Ax

According to Equations (11)-(13) and Figure 4, the voltage across the capacitance
(Ca1) is equal to zero. Because it is seen as smoothing capacitance by the charge transfer
resistance (R¢;), by substituting Equations (12) and (13) into Equation (11), one obtains:

dige — (R, + R+ 1.5wLy ZLC n 1.4Uscosx B Viev (33)
Thus, linearisation of Equation (33) around the operating point yields:
Aige = AppAige + BprAa (34)
where Ap; = —Lif (Rm + Ret + 1'5‘7}}LT) and By = —Muiﬂ. Meanwhile, a is the firing

angle related to steady-state conditions. Equations (31) and (34) describe the state-space
model of the PEM electrolyser as a function of the gains of the controller, the parameters of
the electrochemical model, and the grid voltage magnitude.
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3.3. State-Space Model of the Network and Conventional Loads

The network equations for an n—bus system can be expressed in complex form as
described in [21]. They are defined in two groups, namely equations associated with the
generator buses and those associated with the load buses. It is assumed in this paper that
the PEM electrolyser is connected to the generator bus. The constant power loads are
connected to the load buses and to the generator buses. The network equations for the
three generator buses (1, 2, and 3; see Figure 1) are defined as:

n
Pg, + jQc, + Pr, (Vi) 4+ jQuL, (Vi) + Per(icenr) = Y, ViViYik[cos(6; — 6k — Bix) + jsin(0; — O — Bix)] (35)

k=1

with P, = Iy, Visin(6; — 0;) + I, Vicos(6; — 6;) and Qg, = Iy, Vicos(6; — 0;) — I, Visin(d; — 6;),
where Pg, and Qg, are the active power and reactive power injected into bus i due to generator
(i = 1,2,and 3), respectively. Equation (35) shows that for the generator buses, the active (Pp,)
and reactive (Qr,) powers of the constant power loads depend on the voltage magnitudes
of the buses, while the active power of the electrolyser (Pg;) depends on the cell current.
The power-balance form of Equation (35) is expressed as:

n
I3, Visin(6; — 0;) + 1, Vicos(8; — 6;) + Pr,(V;) + Prr(icert) — Y, ViVieYixcos(0; — 6 — Bix) =0 (36)

k=1

n
I3, Vicos(6; — 6;) — I, Visin(8; — 0;) + Qr,(V;) — Y ViViYasin(6; — 6 — Bix) =0 (37)
k=1

The network equations for the n— load buses (see Figure 1) are expressed in Equation (38).
As assumed, only constant power loads are connected to the load buses. These are modelled
by considering only the active power (P, (V;)) and reactive power (Qy, (V;)).

P, (Vi) +jOr, (Vi) = Y ViVieYi[cos(6; — 6k — ayxe) + jsin(6; — 6 — Bix)] (38)
k=1

The power-balance form of Equation (38) is expressed as

n
P (Vi) = Y ViViYiecos(6; — 6 — Bix) = 0 (39)
k=1
n
Qr,(Vi) = Y_ ViViYusin(0; — 6 — Bi) =0 (40)
pa

The state-space model of the generator buses is given by Equation (41). It is obtained
by linearising Equations (36) and (37) around the operating point and by neglecting all the
second-order terms associated with the small variations.

0 = CsgerAXsGeL + DsgaBlg + DsgaAVy + DNET1AVNETI (41)

where AXggpr = [AX] AXp AX3 AXE L]T is the state vector of generators and of the elec-
trolyser connected to the generator buses, AXg; = Aiy, represents the state variable of
the electrolyser, and AVyer = [AT AVT] " is the vector matrix formed by the voltage
magnitude and angle submatrices of the network buses, where A = [Af; Af, - - - Afy] T
represents the angle submatrix of the network buses, and AV = [AV; AV, - -- AVm]T is the
voltage magnitude submatrix of the network buses. m represents the non-generator buses,
CsgryL is the observation matrix, as expressed by:

CsGEL, 0 0
CsgeL = 0 CsGEL, 0
0 0 CscEL, 6x16
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where CggEy, is the matrix associated with the generator Busbar 4 and the PEM electrol-
yser, and Csggr, and Csggp, are the matrices associated with the generator (Busbar 6)
and Busbar 11 without PEM electrolyser, respectively. Matrices Csggr, and Csggr, have
dimensions of 2 x 5 because they are part of the busbars without an electrolyser.

C o Idl.ViCOS((S,' - 91‘) - Iql.ViSl'Tl(éi - Gi) 0
SCELL ™ | 1, Visin(8; — 6;) — I, Vicos(6; — 6;) 0

Matrices Dsg3, Dsga, and Dygrr are the direct transmission matrices and are defined as:

[Dscs, 0 0 ;
B , _ | Visin(é; — 6;) —Vicos(6; —6;)] .
Dsgs = 0 DSG32 0 with DSG31' - VZ‘COS((SZ‘ _ 91) _Visin((si — 91) !
0 0 Dscss]gye

Dsgay,  Dsgay;, Dscays
Dsgs = | Dsgay, Dscay, Dscay,
| DsGay;  Dscay, Dscag ] gy

where Dsgy,, is the submatrix associated with synchronous generatori (i = 1,2, and 3 SGs)
and with the generator buses (k, where k = 1, 2, and 3 generator buses). They are defined by:

Ascs,  Bsca -
Dsgy,, = |: 1 1|, with
n Csga, Dscy,

Ascay = —1ag, Vicos(8y — 01) + Iy, Visin(y — 01) + Vi Ty ViYagsin(61 — 6 — P

. . P, (V;

Bsga, = lL,sin (81 — 61) + Ip,cos(8y — 61) — X0y ViYusin(61 — 6k — 1) — Vi Yireos(61 — 6 — Bui) + Lal‘ﬁl 1)
Csga, = —Ia, Visin(6y — 01) + Ip, Vicos(81 — 01) — Vi Xy ViYakcos (61 — 6 — Bux)

. . . 0. (V)
Dsca, = Iy cos(6y — 61) — Igsin(6y — 61) — 213{:1 ViYigsin(61 — 0 — Brx) — ViYyrsin(01 — 6k — Bix) + glv(l !

D _ ——V1V2Y125i7l(91 — 92 — ‘312) —V1Y12COS(91 — 92 — ﬁu)

SGh L V1 V2Y12COS(91 — 92 — ﬁu) —Vllesin(Gl — 92 — ﬁlZ)

D _ [-ViVaYizsin(01 — 03 —a13)  —ViYazcos(6r — 03 — Pis)

SChs T | ViVaYiscos(6h — 03 — Br3)  —ViYissin(6y — 05 — B13)

Dsga,, = Dsga,,

Ascs, Bsca,
1xCsca, Dsca,

D SGdyy = , with

Asga, = —I3,Vacos(8y — 02) + I, Vasin(6y — 02) + Va X, VicYaysin (62 — 6 — Box)

Bsga, = L4,5in(6r — 05) + Ip,c08(8y — 02) — Yoo ViYaxsin (62 — O — Pox) — VaYarcos (0 — 0 — Bax) +

9P, (V2)
o,

Csga, = — 1, Vasin(y — 02) + I, Vacos(8p — 02) — Vo Yo, Vi Yorcos (62 — 6 — Box)

901, (V2)

DsGa, = Ip,c05(62 — 02) — Ip,sin (S — 05) — Y3 _p ViYorsin(0n — 0k — Box) — VaYaysin(02 — 0 — Pox) + A

—V2V3Y23Sil’l(92 — 93 — ﬁ23) —V2Y23COS(92 — 93 — ,323)
VaV3Yosc08(02 — 03 — Bo3)  —VaYassin(6r — 03 — Bas)

DsGay, = Dscay,

Dsga,, = {

DsGay, = Dsca,,

Asca;  Bsca .
DSG4 = |: 3 3 ’ with
s Csga;  Dsca,
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ASG43 = _Id3 V3COS(53 —63) + I% V3Si1/l(53 — 93) + V3V3Y33Si1’l(92 —6; — ,333)

BSG43 = Id3SiTl((53 — 93) + I%COS((S:J, — 93) — V3Ya3sin(03 — 03 — ﬁ33) — V3Y33c08(03 — 03 — ﬁ33) + v
Csgay = —14,V3sin(d3 — 03) + g3 Vacos(d3 — 63) — V3V3Y33c08(03 — 03 — B33)

Dsgay = lgyc05(03 — b3) — Igzsin(d3 — 03) — VaYazsin(f3 — 03 — Baz) — Va3Yassin(b3 — b3 — Baz) + —5i;

Dneray =

oP, (V3)

901, (V3)

[Dner1,, DNET1s - DNET1,

Dnem = : : o : ,with

_DNET1i4 e T DNETlik 6x18

Dnern, = | —ViViYisin(0; — 6; — Bix)  —ViYixeos(0; — 0; — i)
k| ViVkYikeos(6; — 0; — Bix)  —ViYisin(6; — 0; — Bix)

The state-space model of the load buses is given by Equation (42). It is obtained by
linearising Equations (39) and (40) around the operating point and by neglecting all the
second-order terms associated with the small variations. In addition, 0Py, (V;)/0V; and
0Qr,(V;)/dV; are assumed to be zero because conventional loads are considered to be
constant power loads.

0 = DsgsAVg + DNET2AVNET (42)
Matrices Dsgs and Dygr» are given by:
[Dsgs,, -+ Dsgs,
Dsgs = , with
| Dsgs,, -+ Dscsy ] 1946
Dscs — [ ViViYisin(0; — 6 — Bix)  ViYikcos(0; — 6 — /3ik)}
i [ =ViViYikeos(0; — Ok — Bix)  ViYisin(0; — 6k — Bix)
[DnET2,, - DnNET2
Dner2 = : : : , with
LDNET2, DNET23 ] 15513

DNET2y., = [—ViVieYysin(0; — 0 — Bi)  —ViYixcos(0; — Ok — [3ik)}
kizk | ViViYikcos(0; — 6k — Bix)  —ViYisin(0; — 0k — Bix)

ol (Vi)

Y424 ViVieYyesin(6; — 0 — Bi) v~ Y424 VieYicos(6; — O — Bix) — ViYikcos(6; — O — Bix)

9Qy,(V3)

— Y2y ViViYircos(8; — 0 — Bir)  —gy— — Lia ViYusin(8; — 0 — Bix) — ViYigsin(6; — 6 — i)

In Dsg3,, DNET1,, and Dsgs,,, i and k represent the generator buses (i = 1, 2, and 3) and the
non-generator buses (k = 4 to 12), respectively, whereas in DNETZik»#k and DNETka‘_k' i and

k are the load buses (i = 4 to 12) and the non-generator buses (k = 4 to 12), respectively.

3.4. Complete Small-Signal State-Space Model of the Test System

The complete state-space model of the test system (Figure 1) is represented by
Equations (43)—(46). It is obtained from the developed individual submodels given by
Equations (27)—(29), (34), (41), and (42).

AXscerL = AsgerAXsceL + Bsg1Alg + BsgoAVg + Bsger AUsGEL (43)
0 = Csger18XsgerL + Dsg1Alg + DsgoAVy (44)

0 = Csger2AXsceL + DsgaAlg + DsgaAVg + DNer1AVNET (45)
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0 = Dsg5AVg + DNET2AVNET (46)

. 4T B 0
;AXscer = [AXT Nige] 15 BsceL = [ s

ASG 0 ] .
0 Ber l6><7’

WithASGEL = |: 0 AEL

]16><16
Csc1 0

0 o and Csger2 = Csger-

T
AUscpr = [AUT Aal, i Cscer1 = { }
7x16

By eliminating Al from Equations (43)—(46), the complete model is rewritten as:

AX Ascel — BsgiDsCscerr - Bsga — Bsg1Dgay Dsce 0 AXsGEL BsGeL
0 | = |Cscer2 — Dsg3Dst Cscer1 Dsga — DsgsDgl Dsca  Dnert AVe |+ | 0 |AlUsceL (47)
0 0 Dscs Dneri] L AVNET 0

According to Equation (47), the complete state-space model of the test system can be
expressed as:

AX = AgigDX + BgyiaAU (48)

where Ag,;; is the dynamic matrix of the grid, and By,s represents the input matrix. The
effect of the PEM electrolyser on the small-signal angular stability is examined through the
movement of the eigenvalues from the dynamic matrix in the complex plane. The complete
form of the dynamic matrix is expressed by:

[Agria] = [AscerL — Bsc1Dsb,CscEri]

—1
_ Dscs — DsaaDat D D C — Dse3DZ.C
*[Bscz—Bschscllecz 0] 5G4 Scs sg1Vsc2 DNETl} [SGELZ 5((;)3 5G1LSGELL
SG5 NET1

4. Stability Analysis Results

The impact of 100 MW of PEM electrolysers on the stability of the small-signal rotor
angle was assessed by analyzing the state-space models associated with the synchronous
generators, the PEM electrolyser, and the network as described in the test system (Figure 1).
The calculation of the test system’s eigenvalues was performed using Matlab. The obtained
results were then verified through time-domain simulations. Table 2 lists the parameter
values of the synchronous generators and of the static exciters.

Table 2. Parameter values for test-system components.

Machine 1 Machine 2 Machine 3
Pg1 = 270 MW Pgy = 150 MW Pgz = 410 MW
Qc1 = 81 MVar Qc» = 45MVar Qcz = 123 MVar
Rs1 =0.089 pu, X451 =15 pu Rs2 =0.089 pu, Xz =1.5 pu Rs3 =0.089 pu, X3 =1.5pu
3("11 =0.18 py, ;F:/ﬂ =5s 3("12 =0.18 pu, ;fiiz =5s 3([’13 =0.18 pu, ;r;/is =6s
qu =126 pu, qu =0.31s qu =126 pu, qu =031s Xq3 =126 pu, Tq3 =0.53s
qu =126pu, Hy = 34 s Xp=126pu Hy = 265 Xg3=126pu, H3 = 3.7s
D; = 05 D, = 0.5 Ds; = 0.6
Static exciter 1 Static exciter 2 Static exciter 3
KAl :20/TA1 =0.02s KAZZZO/TAZZO-OZS KA3=20,TA3=0.028
KF1 =0.063, Tpl =0.35s Kpl =0.063, Tp2 =0.35s Kpl =0.063, Tp3 =0.35s
KEl =1, TEl =0.314s KEZ =1, TEl =0.314s KE3 =1, TEl =0.314s

4.1. Dominant Modes in Steady State
4.1.1. Without Connecting the PEM Electrolyser to the Test System

Figure 12a shows the modelling results obtained without connecting the PEM elec-
trolyser to Busbar 4. The obtained dominant modes of synchronous generators coupled
with the test system under steady-state conditions are located in the left half-complex
plane. The obtained dominant modes are described in Table 3. Fifteen modes were clearly
identified. Conjugate complexes A15, A34, and As5¢ are identified in Table 3. A; and A;
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are the electromechanical modes associated with the rotor angle deviation (Ad;) and rotor
speed deviation (Awq) of SG 1. A3 and A4 are the electromechanical modes coupled with
SG 2, and As and Ag are the electromechanical modes related to SG 3.
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Figure 12. The modelled system’s modes in the complex plane: (a) without connecting the PEM
electrolyser to test system; (b) with 100 MW of PEM electrolysers connected to the grid. The modes
in the absence of the electrolyzer are depicted in blue, while those incorporating the electrolyzer are
illustrated in red.

One can note that the oscillation frequency of these electromechanical modes is close to
1 Hz (63,862 rad/s). This illustrates that the interconnected synchronous machines maintain
their synchronism around 50 Hz after being subjected to a small disturbance. The values of
these modes are close because the used parameter values of the synchronous generators
are close (see Table 2). The effects of the PEM electrolyser on the angular stability must be
investigated with respect to these modes.

Modes A3, A4, and Aq5 are associated with the field voltage variations (AE fdi) of
static exciters. Modes A1g, A11, and Aq, are related to the magnetic flux variations of damper
winding (AE,,) of synchronous machines, whereas modes A7, Ag, and Ag are coupled with
the magnetic flux variations of field winding (AE,,) of synchronous machines. Figure 12a
and Table 3 show that the modes associated with AE; are identical to the three exciters
using the same parameter values.

Table 3. Identification of modes with respect to the state variables of synchronous generators in the
case in which the PEM electrolyser is not connected to the test system.

Mode Values Identification of Modes
A1, Ag: — 12,1368 + j6.3862 AS; and Aw;
A3, Ag: —15.7177 + j6.3269 ASy and Aws
As, Ag: — 13.1985 + j6.4232 AS3 and Aws

Az, Ag, Ag: — 1.6326, —0.9495 and —0.4654
Ao, M1, Apr—0.5125, —0.3880, —0.4654
)\13, )L14, )\15: - 499982, —499928, —49.9992

AE}, AE[, and AE],
AE) , AE) and AE),
AEfdl' AEfdz and AEfd3

4.1.2. With the PEM Electrolyser Connected to the Test System

Figure 12b shows the modelling results obtained when 100 MW of PEM electrolysers
were connected to Busbar 4. The results show that the electrolyser model adds an additional
negative real mode (A1 = —19.9835). This mode is associated with the DC electrolyser
current variation (Ai;.). In addition, the modes related to the static exciters and the
magnetic flux of field winding and the damper winding are not significantly influenced by
the PEM electrolyser, as shown in Figure 12b and in Table 4. This is because the dynamic
response of the electrolyser current is more related to the voltage angle of the system than
to the voltage amplitude. For this reason, the damping and oscillation frequency of the
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electromechanical modes (A12, A34, andAsg) are significantly affected. In terms of the
damping of the electromechanical modes, the effect of the PEM electrolyser is less profound
than for the oscillation frequency of these modes. As observed in Figure 12b, there is a large
increase in the oscillation frequency of the electromechanical conjugate modes associated
with SG 1 (A1) and SG 3 (A5¢) than in the electromechanical modes of SG 2 (A3 4). This
is caused by the electrical distance between the generator buses and the electrolyser bus.
On the other hand, the PEM electrolyser increases the damping of the electromechanical
modes associated with the synchronous machine connected to the same busbar (A1 5).

Table 4. Identification of modes with respect to the state variables of synchronous generators in the
case in which 100 MW of PEM electrolysers are connected to the test system (Busbar 4).

Mode Values Identification of Modes
A1, Agr—12.1649 + j14.3415 NSy and Awq
A3, Ayt —15.6977 + j8.6270 Ady and Aw,
As, At —13.2407 £+ j15.2628 Ab3 and Aws
Az, Ag, Ag: — 3.2258, —3.2258 and —1.8868 AE,’h, AE,’72 and AE,’i3
Ao, M1, A — 04113, —0.4836, —0.3505 AEfilf AE[’JZ2 and AE;I3
)\13, )\14, )\15: — 49.9760, —49.9431, —49.9873 AEfdl’ AEfdz and AEfd3
Ag : —19.9835 Aig,

4.1.3. Impact of the Synchronous Generator Parameters on the Movement of
Electromechanical Modes

¢ Impact of the inertial constant:

Figures 13-15 show the impact of a change in the inertial constant on the trajectories
of the electromechanical modes. With respect to changes in the inertial constant (H1) from
3sto 7 s, Figure 13 shows that larger values of H; decrease the damping and the oscillation
frequency of the system modes (A1 and Ay) associated with SG 1. On the other hand, the
modes related to SG 2 and SG 3 are not affected by this variation. This shows that the
choice of H; values becomes a critical factor in the dynamic response of the machine if the
electrolyser is connected to the same busbar with the synchronous generator. Note that to
reach the initial oscillation frequency (=1 Hz), the inertial constant has to be increased but
at the risk of reducing the stability margin.
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Figure 13. Movement of modes A; and A; caused by changes in the inertial constant value of

the synchronous generator connected to Busbar 4: Hy = 3 to 7 s. The modes in the absence of the

electrolyzer are depicted in blue, while those incorporating the electrolyzer are illustrated in red.

Figure 14 depicts the movement of modes A3 and A4 caused by changes in the inertial
constant (Hy) from 2.6 s to 7 s. As in the previous case, only the electromechanical modes
of SG 2 are affected. The oscillation frequencies of these modes are less affected than
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those of SG 1 and SG 3. However, it is observed that the larger values of H, decrease the
damping of the modes. On the other hand, larger values of H, have no significant impact
on the oscillation frequency of the A3 and A4 modes. This can be attributed to the electrical
distance between Busbar 6 of SG 2 and Busbar 4 of the electrolyser. The capacity of this
synchronous machine can also have an influence on the observed trajectories of the modes.
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Figure 14. Movement of- the A3 and A4 modes caused by changes in the inertial constant value of
the synchronous generator connected to Busbar 6: Hy = 2.6 to 7 s. The modes in the absence of the
electrolyzer are depicted in blue, while those incorporating the electrolyzer are illustrated in red.

Finally, Figure 15 shows the impact of changes in the inertial (constant) H3 on the
trajectories of the A5 and Ag modes. Note that the oscillation frequencies of these modes
decrease with an increase in H3, and larger values of H3 lead to decreases in the damping
of these modes. As in the previous cases, to reach the initial oscillation frequency (~1 Hz),
the inertial constant must be increased, but the technical limits cannot be exceeded.
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Figure 15. Movement of the A5 and Ag modes caused by changes in the inertial constant value of
the synchronous generator connected to Busbar 11: Hz = 3 to 7 s. The modes in the absence of the
electrolyzer are depicted in blue, while those incorporating the electrolyzer are illustrated in red.

¢ Impact of the damping torque coefficient

The impacts of the damping torque coefficient on the movement of the electrome-
chanical modes are illustrated from Figures 16-18. These results indicate that the damping
torque coefficient has a significant impact on the damping and oscillation frequency of
the electromechanical modes. Figure 16 reveals that the oscillation frequencies of the A;
and A, modes decrease with increases in the value of the damping torque coefficient (D)
SG 1. In contrast, the damping of these modes is increased. The effect of this coefficient
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on the modes is opposite to that of the inertial constant in terms of oscillation frequency
and damping of the electromechanical modes. As observed in Figure 16, the oscillation
frequency of the affected modes can return to the initial condition value (=1 Hz).
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Figure 16. Movement of the A; and A, modes caused by changes in the damping torque coefficient
value of the synchronous generator connected to Busbar 4: D = 0.5 to 0.8. The modes in the absence
of the electrolyzer are depicted in blue, while those incorporating the electrolyzer are illustrated
in red.

Figure 17 shows that higher values of the damping torque coefficient (D;) of SG 2
have a significant impact on the oscillation frequency of the A3 and A4 modes. These
oscillation frequencies reach zero for certain values of D,. Note that the damping of the A3
mode increases when that of the Ay, mode decreases. The observed trajectories of the
Az and A4 modes may be due to their small capacity compared to that of the other two
generators. The electrical distance between SG 2 and the electrolyser can also be a cause of
this phenomenon.
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Figure 17. Movement of the A3 and A4 modes caused by changes in the damping torque coefficient
value of the synchronous generator connected to Busbar 4: Dy = 0.5 to 0.8. The modes in the absence
of the electrolyzer are depicted in blue, while those incorporating the electrolyzer are illustrated
in red.

Figure 18 shows the effect of increasing the value of D3 associated with SG 3 on the A5
and A4 modes. These results are close to those obtained for SG 1 (Figure 16). Note that the
oscillation frequency of modes decreases with an increasing damping torque coefficient.
The trajectories of the two groups of modes are different. These trajectories illustrate that
the modes coupled to SG 1 are more affected than those associated with SG 2 and SG 3.
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Figure 18. Movement of the A5 and Ag modes caused by changes in the damping torque coefficient
value of a synchronous generator connected to Busbar 4: D3 = 0.5 to 0.8. The modes in the absence of
the electrolyzer are depicted in blue, while those incorporating the electrolyzer are illustrated in red.

4.2. Time-Domain Simulations

The obtained eigenvalue analysis results were consolidated through time-domain
simulations implemented in the Matlab/Simulink/Simscape environment. The test power
system depicted in Figure 1 was implemented with the same parameter values as those
listed in Table 2. Two small disturbances were considered. The first one is the connection
of the 100 MW of PEM electrolysers to the test system. The second disturbance consists
of a decrease in the electrolyser current set point of 1%, from 21.794 kA to 21.576 kA. The
dynamic response of the rotor angle deviation and rotor speed deviation were investigated
to examine the small-signal angular stability. The impact of the proposed electrolyser model
as a load on the rotor-angle stability was also examined.

Dynamic Response of Electromechanical State Variables

¢  Connecting the electrolyser to the test system:

The first scenario consists of connecting the 100 MW of PEM electrolysers to Busbar 4
att = 15s. The obtained results are illustrated in Figures 19-22. It is observed that the
interconnected synchronous machines maintain synchronism. This is shown by the rotor
speed deviations (Awy, Awy, and Awz) of SG 1, SG 2, and SG 3, which are zero before and
after connecting the electrolyser (Figure 19a). Figure 19 also illustrates the influence of the
line impedance between the electrolyser busbar and the synchronous generator busbars.
For example, the dynamic response of the rotor speed deviation (Adq) of SG 1 is different
than that of Ad and Ad3, as shown in Figure 19a. Because SG 1 is connected to Busbar 4,
the connection of the 100 MW of PEM electrolysers to Busbar 4 is perceived by SG 1 as
an increase in electrical power in an attempt to reduce the frequency and, therefore, the
rotor angle deviation. It is observed that the connection of the electrolyser is regarded by
SG 2 and SG 3 as an increase in frequency and, therefore, an increase in the rotor angle
deviation. Note that the variation of SG 1 is higher than that of SG 2 and SG 3. In contrast,
the settling time for SG 1 is shorter than for SG 2 and SG 3. Figure 19b shows that the
PEM improves the oscillation magnitudes of the rotor speed deviation of the synchronous
machine connected to the same busbar. The oscillation amplitudes of SG 1 are smaller than
those of SG 2 and SG 3. The electrolyser provides a damping effect on the synchronous
machine connected to the same busbar.

The influence of the proposed model of the electrolyser as a load is also shown in
Figures 20-22. Three ways of connecting PEM electrolysers were considered, as described
in Figure 9. The first consists of using two electrochemical submodels, i.e., 2 x 50 MW in
parallel on the DC side of the 12-pulse thyristor rectifier. The second is to use four electro-
chemical submodels in parallel, i.e., 4 x 25 MW. The last one is to use one electrochemical
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model, i.e., 1 x 100 MW. These three ways affect the dynamic response of the rotor angle
deviation and of the rotor speed deviation, as illustrated in Figures 20-22. Note that the
dynamic responses associated with the 2 x 50 MW and 4 x 25 MW cases are close. This
is due to the electrolyser being seen by the system as a dominant constant current load.
Figures 20b, 21b, and 22b show that the 2 x 50 MW connection mode allows the PEM
electrolyser to act as constant current loads. This supports the modelling result presented
in Section 2.3.
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Figure 19. (a) Dynamic response of the rotor speed deviations (Aw;) and (b) the dynamic response of
the rotor angle deviations (Af;).
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Figure 20. Dynamic response of electromechanical state variables of SG 1 when 100 MW of PEM
electrolysers are connected to the grid at 15 s: (a) rotor angle deviation and (b) rotor speed deviation
with the impact of modelling the electrolyser as a load.

The obtained results show that the effect of modelling the electrolyser as a load is
more significant on the rotor angle variation and the rotor speed variation of the generator
that shares the same busbar with the electrolyser.
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Figure 21. Dynamic response of electromechanical state variables of SG 2 when 100 MW of PEM
electrolysers are connected to the grid at 15 s: (a) rotor angle deviation and (b) rotor speed deviation
with the impact of modelling the electrolyser as a load.
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Figure 22. Dynamic response of electromechanical state variables of SG 3 when 100 MW of PEM
electrolysers are connected to the grid at 15 s: (a) rotor angle deviation and (b) rotor speed deviation
with the impact of modelling the electrolyser as a load.

*  Decrease in the electrolyser current set point:

Figure 23 shows the results obtained by changing the electrolyser current set point
from 21.797 kA to 21.577 kA (i.e., a 1% reduction). Figure 23a illustrates that the proposed
current controller maintains the electrolyser current at the desired value. Figure 23b shows
that the synchronism of the interconnected synchronous machines is maintained. The
observed settling time is close to that of the first scenario.
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Figure 23. Dynamic responses of electromechanical state variables of SG i of electrolyser current:
(a) DC electrolyser current and (b) rotor speed deviations Aw;.

5. Conclusions

The effect of a large PEM electrolyser on the small-disturbance rotor angle stability
was analyzed in this paper. First, the dynamic modelling of the PEM electrolyser and the
control structure of the electrolyser current was proposed. Since several electrochemical
PEM electrolyser models have been proposed in the literature, in this paper, we proposed a
comparative analysis of the cell voltage dynamic response of these models to identify which
model presents a better dynamic response. The time constant was considered as the metric
for comparison and selection. The dynamic model of the selected PEM electrolyser was
then used to propose a control structure to adjust the electrolyser current via the firing angle
of a 12-pulse thyristor rectifier. Afterwards, we showed that as a load, the PEM electrolyser
can be modelled as a combination of a constant impedance load fraction and a constant
current load fraction. We showed that the percentage of the load modelled as either a
constant impedance or a constant current load depends on the connection of the PEM
electrolyser model to the DC side of the 12-pulse thyristor rectifier. Finally, the influence
of the electrolyser on the rotor angle stability was assessed using an analytical analysis
and time-domain simulations. The first method used a state-space model to evaluate the
trajectories of the eigenvalues in the left-half complex plane. The obtained results show
that the PEM electrolyser affects the electromechanical modes of synchronous machines.
This effect consists of an increase in the oscillation frequencies of the modes and a decrease
in the damping of the electromechanical modes. In contrast, it increases the damping of
the electromechanical modes associated with the synchronous machine connected to the
same busbar. The results show that to mitigate this effect, either the inertial constant or the
damping torque coefficient can be adjusted. However, this can lead to a tradeoff between
the two parameters when high values have to be set. The analytical results were validated
through time-domain simulations. The results show the efficiency of the proposed control
structure of the electrolyser current and the proposed model of the electrolyser when
viewed as a load. In future work, the effect of a large PEM electrolyser on transient rotor
angle stability will be addressed.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

PEM Proton exchange membrane

SGs Synchronous generators

PLL Phase-locked loops

PI Proportional-integral

EL Electrolyser

Nomenclature

o Rectifier firing angle

Qg Nominal rectifier firing angle

ay Fraction of the load represented as a constant impedance load

ap Fraction of the load represented as a constant current load

Agrid Dynamic matrix of the grid for the complete state-space model of the test system
Bgrig Input matrix for the complete state-space model of the test system

Cari Double layer capacity

CsGEL Observation matrix associated with the synchronous generators and electrolyser
d; Relative rotor angle

Alg Vector matrix of current components of the synchronous generator

Al Input matrix of the synchronous generator

Af Phase-angle submatrix of the network buses

AV Voltage magnitude submatrix of the network buses

AVq Vector matrix of voltage magnitude and angle of the synchronous generator bus
AVNET Vector matrix formed by the voltage magnitude and angle submatrices of the network buses
AX State vector composed of the state subvector of each synchronous generator
AXgr State variable of the electrolyser

AXgscpr  State vector of generators and the electrolyser connected to the generator buses
D; Damping torque coefficient

Dggi Direct transmission matrices

Dsgi, Submatrix associated with the synchronous generator

Egg, Field voltage

H; Inertial constant

icell Input current of the cell

i DC current of the electrolyser

1400 Nominal electrolyser DC current at nominal active power

k Ratio between the secondary and primary RMS phase-to-phase voltage of the transformer
k; Gain of the integral controller

kp Gain of the proportional controller

A Modes

Ly Filter inductance

Lint Interphase inductances

Lt Leakage inductance of the transformer

u Overlap angle

Py, Damper winding 1q flux linkages

Pgjo Rated active power of the electrolyser

Py, Active power of the electrolyser

P, Active power injected into bus i

Py, Active power of the constant power load

Qg, Reactive power injected into bus i
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Qr, Reactive power of the constant power load

Rt Charge transfer resistance

Reta Charge transfer resistance at the anode

Rete Charge transfer resistance at the cathode

Ry Diffusion resistance

R; Charge transfer resistance

R Ohmic resistance during the water-splitting reaction

Ty Diffusion time constant

0; Rotor angle

T, 20, Transient time constants along the d axis and g axis

T, Mechanical torque

u, RMS phase-to-phase voltage at the primary end of the transformer
Us RMS phase-to-phase voltage at the secondary end of the transformer
Vact Activation overpotential

Viacta Activation overpotential at the anode

Viact,e Activation overpotential at the cathode

Veelr Cell voltage across the proton exchange membrane stack
Viev Reverse voltage potential during the water-splitting reaction
wj Speed of the rotor

ws Synchronous angular speed of the rotor

Xig Synchronous reactances along the d axis and g axis

X1g Damper winding 1q reactance

X4, Field d-axis reactance

Xindg; Magnetizing reactances along the d axis and g axis

X/ 0 Transient synchronous reactances along the d axis and g axis
Zw Warburg impedance
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