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In the past decades, wind and solar energy installation has rapidly increased. The electric grid has been ever
increasingly penetrated with such intermittent renewable sources, which inevitably increase the schedule dif-
ficulty and cause stability issues. To solve such problems and efficiently utilize the renewable energy, electro-
lyzer plants are integrated into the grid. This work provides a simulation result of a 500 kW alkaline electrolyzer
system including converter topology and electrolyzer performance modeling. Two case studies are carried out in

MATLAB®/Simulink® and PLECS to investigate the harmonic distortion and system response during voltage
deviation in the distribution grid. The simulation result indicates that different short circuit ratio values affect the
total harmonic distortion and the harmonic sidebands are mainly affected by controller bandwidth and switching
frequency. The designed system maintains 95% DC link voltage even when subjected to a 20% voltage dip in the

point of connection.

1. Introduction

In the past decades, a rapid increase in renewable energy production
happened around the world. From 2000 to 2021, the worldwide wind
energy capacity increased from 2.24% to 26.83% of the total renewable
energy capacity. In the same period, worldwide solar energy capacity
increased from 0.16% to 27.85% of the total renewable energy capacity
[1]. These two renewable energy sectors are the main contributors to
renewable electricity production and green energy transition. The rapid
growth of wind and solar sectors is partly driven by technology
advancement and policy stimulus. With these supports, the total Lev-
elized Cost of renewable Electricity (LCoE) has dropped significantly,
which makes renewable electricity prices cheaper than conventional
electricity prices. Nowadays, Denmark 1is establishing two
gigawatt-scale energy islands (wind power hubs), which will connect
neighboring countries and provide renewable electricity to local citizens
[2]. This project is expected to leverage the energy shortage problems
and contribute to the 100% renewable energy ambition. As wind and
solar sectors are intermittent and highly dependent on weather condi-
tions, the ever-increasing penetration of them makes the scheduling of
power systems more risky and unpredictable. In some cases, surplus
renewable energy has to be curtailed in order to secure a stable opera-
tion of the grid [3].

* Corresponding author.
E-mail address: wzh@energy.aau.dk (W. Zhao).
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To solve this problem and make efficient utilization of renewable
energy, Power-to-X (PtX) concept is proposed by researchers and driven
by industry partners. According to the Danish Energy Agency [4], PtX is
a blanket term for a number of technologies that are all based on using
electricity to produce hydrogen. The produced hydrogen can subse-
quently be used directly as a fuel for road transport and industrial
purposes, or further converted into other fuels, chemicals, and materials.
Based on the method used to produce hydrogen, it is classified into four
categories:

e Grey hydrogen: produced from natural gas through the process of
steam reforming, which emits a large amount of CO, when burning
natural gas.

Brown hydrogen: produced from coal or lignite through the process
of gasification, which emits a large amount of CO, when burning
coal or lignite.

Blue hydrogen: produced from fossil fuels, in which most of the CO,
emission can be captured and deposited underground.

Green hydrogen: produced from high purity water through the
process of water electrolysis, which is a CO, neutral process. The
electricity used in the process comes from renewable sources.

In the aforementioned energy islands, green hydrogen production
will be used as one of the technologies to efficiently utilize renewable

Received 28 November 2022; Received in revised form 23 June 2023; Accepted 18 July 2023

Available online 26 July 2023

2772-6711/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:wzh@energy.aau.dk
www.sciencedirect.com/science/journal/27726711
https://www.elsevier.com/locate/prime
https://doi.org/10.1016/j.prime.2023.100217
https://doi.org/10.1016/j.prime.2023.100217
https://doi.org/10.1016/j.prime.2023.100217
http://crossmark.crossref.org/dialog/?doi=10.1016/j.prime.2023.100217&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

W. Zhao et al.

e-Prime - Advances in Electrical Engineering, Electronics and Energy 5 (2023) 100217

Nomenclature

Acronyms

AC alternating current

DC direct current

ALK alkaline electrolyzer

PEM proton exchange membrane electrolyzer
SOE solid oxide electrolyzer
AEM anoin exchange membrane
CAPEX capital expenditure

AFE active front end

PSFB phase shifted full-bridge
THD total harmonic distortion
PoC point of connection

RMS root mean square

SCR short circuit ratio

Symbols

N, :N;  transformer turns ratio

Cr filter capacitor, uF

Ry damping resistor, Q

Ve DC-link voltage, kV

Siine line frequency, Hz

Sfow switching frequency, Hz

Sres resonant frequency, Hz

® angular frequency, rad/s
[ grid side voltage, kV

Tabe grid side current, A

Prated rated power, kW

edq d-axis and g-axis voltage, kV
Aigg d-axis and g-axis current change, A
K, proportional gain

T time delay, s

Zy base impedance, Q

Ly base inductance, mH

Go DC gain

Vioad load voltage, V

Gy voltage loop transfer function
Gop open-loop transfer function

R, ESR of the inductor, Q

Ve electrolyzer voltage, V

Viey reversible voltage, V

Vact activation voltage, V

Vohm ohmic voltage, V

AG change in Gibbs energy, J mol~!

AH change in enthalpy, J mol~!

AS change in entropy, J mol~!

T temperature, °C

Vi thermoneutral voltage, V

z number of electrons transferred per reaction
N; number of cells in series

ro coefficient for ohmic resistance, Q m?

s coefficient for overvoltage on electrode,V
t coefficient for overvoltage on electrode, A m?
g Faraday efficiency

Rorm ohmic resistance of electrolyzer cell, Q

e energy efficiency

fiz parameters related to the Faraday efficiency
A area of the electrode, m?

P pressure, bar

Tig, hydrogen flow rate, Nm3/h

fio, oxygen flow rate, Nm3/h

Ly electrolyzer current, A

Lg grid-side inductor, mH

L. converter-side inductor, mH

K, ripple factor

iqq d-axis and g-axis current, A

Al maximum current change, A

Lipad load current, A

Tax maximum current, A

Cp base capacitance, pF

T; integral time constant, s

Constants

F Faraday’s constant, 96,485 C mol !

R universal gas constant, 8.315 J K~ mol~!
Vsed volume of ideal gas 0.0224136 m® mol !

energy. The conceptual visualization of renewable energy generation
coupled with green hydrogen production is presented in Fig. 1. Elec-
tricity generated from solar panels and wind turbines is transmitted by
transmission networks and distributed to end users. During periods of
surplus generation, renewable electricity is used to produce hydrogen
which is transported via a pipeline or stored in a storage facility. During
periods of deficit generation, electrolyzer plants can reduce the opera-
tion power or even regenerate power (i.e., solid oxide electrolyzer in fuel
cell mode) to support grid frequency and voltage stability.

Nowadays, three main electrolyzer technologies are used in the

" . . .
: Transmission line | 4\

. ' System
. underscope

HH
Commercial load

. H, pipeline AI

' mmm

Factory Residential load

Fig. 1. Electricity-hydrogen combined power system for efficient renewable
energy utilization..

commercial or early-commercial stage. Meanwhile, one technology is
still in the laboratory stage. Namely, they are: (a) Alkaline (ALK) elec-
trolyzer, (b) Proton Exchange Membrane (PEM) electrolyzer, (c) Solid
Oxide Electrolyzer (SOE), (d) Anion Exchange Membrane (AEM) elec-
trolyzer. ALK electrolyzers have been used in industry for nearly a
century, however, PEM electrolyzers are recently commercialized. SOE
is a new technology in the early-commercial stage. From existing com-
mercial products, the efficiency of SOE is around 3.3 ~ 3.6 kWh/Nm?,
which is the highest efficiency record among other electrolyzer tech-
nologies [5]. However, the lifetime of SOE is far less than the lifetime of
ALK and PEM electrolyzers due to immature technologies and harsh
operation conditions (i.e., 750 °C temperature [6]). At the moment when
this study is prepared, ALK and PEM electrolyzers dominate the global
market. Based on commercially available products, a comparison be-
tween ALK and PEM technologies is presented in Table 1.

The ALK electrolyzers are commercially predominant due to their
technical maturity and economic advantages (i.e., lower Capital
Expenditure (CAPEX) and higher efficiency). The study carried out in
this article is based on ALK electrolyzers, but the methodology presented
is applicable to other types of electrolyzer systems, i.e., PEM and SOE,
with proper adaptations.

The current solution for commercial electrolyzer power supply is
thyristor and diode based topologies [10-12]. They have a low degree of
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Table 1
Comparison between ALK and PEM electrolyzers (CAPEX stands for capital
expenditure) [7-9].

Specification ALK PEM Units
Efficiency 4.82 5.8 [KkW h/Nm?]
Cell Pressure 1~30 30 ~ 60 [bar]
Efficiency” 65 ~ 68 57 ~ 64 [%]
Lifetime Stack 8~ 10 4~5 [ x 10* h]
CAPEX" 480 ~ 750 700 ~ 1200 [€/kW ]
Load range 15~ 100 0~ 160 [%]

Ramp rate 0.2~ 25 100 [%/s]

2 LHV: Lower Heating Value (Hy: 120 MJ kg™1).
> CAPEX: Total Capital Expenditure including power supply and installation
cost.

controllability, high current ripples at the load side, slow dynamic
response, and high harmonic distortion. There is a trend to shift from the
passive or semi-controlled power device to fully controlled power de-
vices. In this study, the active front end (AFE) and phase shifted full
bridge (PSFB) converter is proposed as an alternative solution for the
electrolyzer power supply. A comparison between this work and
state-of-the-art literature is presented in Table 2. It mainly considers two
aspects: (a) electrolyzer model, and (b) grid compliance. An accurate
electrolyzer model can reflect the system dynamics, and therefore, lead
to an accurate and stable controller and filter design. Meanwhile, most
of the electrolyzer plants connect to the electrical grid. Hence, they need
to comply with the grid code to secure the power system stability. Since
the previous literature on the modeling of electrolyzer converters
neglect the system non-linearity and dynamics [13-19], it results in an
inaccurate model, and cannot be used for the controller design.

In this paper, the electrolyzer is modeled with electrochemical
equations considering the non-linearity and dynamics. The main
objective of this study is (a) investigation of the grid code compliance
with the proposed converter topology, (b) co-simulation with electro-
lyzer and electrical converter considering the non-linearity, (c) tuning
the power converter controller and LCL filter considering the non-
linearity of electrolyzer stacks.

2. Modeling of alkaline electrolyzer

Over the last decade, a number of modeling studies for ALK elec-
trolyzers have been presented in the literature. Most of the modeling
methods proceed from basic equations and apply to a specific electro-
lyzer cell. The final models are varied according to authors’ backgrounds
and applications. They start from simple linear models that only
describe the steady-state operation of cells [23,24] to more detailed
multi-physics models that capture the temperature and pressure de-
pendency and thermodynamics [25-27].

An alkaline electrolysis cell has two electrodes which are physically
separated by a diaphragm and immersed in a liquid electrolyte as shown
in Fig. 2. The electrolyte is generally 25-30% KOH base. The corre-
sponding chemical reactions that happened at the anode and cathode
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2e~
Hy
0.50,
2H,0 H,0 Il Anode (Ni, Co, Fe)

Il Cathode (Ni, C-Pt)
I Diaphragm (NiO)
Electrolyte (KOH)

Fig. 2. Schematic plot of alkaline water electrolysis cell with chemical reac-
tion [28].

are given:

Anode : 20H™ —0.50, + H,0 + 2e” a
Cathode : 2H,0 + 2e” —-H, + 20H™

For a full-scale system-level study including power converters, the linear
model is too simple to capture enough information about electrolyzer
cells, and the multi-physics model is too complicated to be computa-
tionally efficient. In the following section, the empirical equation
method is selected to model the ALK electrolyzers, which has a good
compromise between computation cost and accuracy.

2.1. Empirical equations model

The electrolyzer cell voltage, V,,, is commonly modeled as (2) in
literature [23-28].

Vely = Vv + Vier + Voim (2)

where V, is the electrolyzer voltage, V.., is the reversible voltage, V,un
is the ohmic voltage drop across the electrolyzers, and Vg is the acti-
vation voltage caused by activation phenomena at electrodes.

2.1.1. Reversible voltage

The reversible voltage, V;.,, is defined as the electromotive force for a
reversible electrochemical process. Ulleberg [26] uses the Gibbs free
energy to estimate the reversible voltage, as shown in (3).

AG

Vi = =
F

3
where: AG is the Gibbs energy with unit [KJ mol~'], which is the dif-
ference between the enthalpy AH and entropy AS of chemical reactions.
F is the Faraday’s constant and z is the number of electrons transferred
per reaction.

AG = AH — TAS ()]

Ehthalpy is the amount of energy needed to make the chemical reaction
happen, and entropy is the amount of energy produced from the

Table 2

Comparison between the state-of-the-art literature and this work.
Ref. Electrolyzer model Grid connection Harmonic analysis Grid code Topology Controller
[15] RC network + DC source Yes No No AFE + DAB PQ
[17] RC network + DC source No No No Buck PI
[16] Linear approximation No No No Diode rectifier + PSFB PI
[13] No No No No DC/DC converters No
[14] No No No No Thyristor rectifier No
[18] Linear approximation No No No LLC resonant converter PI
[20] RC network + DC source Yes No No Diode rectifer + Buck converter PID
[19] Linear approximation Yes No No Diode rectifier + PSFB PI
[21] RGC network + DC source Yes Yes No Thyristor rectifier PI
[22] Electrochemical model Yes Yes No Thyristor + diode rectifier PI
This work Electrochemical model Yes Yes Danish AFE + PSFB PI
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chemical reaction. The thermoneutral cell voltage, Vi, is expressed by:

Vin = Ny— (5)

According to Ulleberg [26], the reversible voltage is temperature and
pressure dependent, but the thermoneutral voltage is less temperature
and pressure dependent.

2.1.2. Ohmic and activation voltage
In order to properly model the temperature dependence of the
electrolyzer, Ulleberg [29] proposed a modified model in (6).

Rohm
A
Rown = 11 + (T — 273.15)

Vonm = Ny 1, ely

(6)

Where: V,p,, is the ohmic voltage drop. r; and r; are temperature coef-
ficient.

The over voltage caused by activation effects, V., are described by
Ulleberg [29]:

Kac
Vaer = Nyslogio <_rlelv + 1)
4 e
123 4 I3
(T —273.15) ' (T —273.15)°

@)
Kir =t +

where: s, t1, tz, and t3 are parameters used to describe the temperature
dependency of electrolyzer cells.

There are two efficiencies used to describe the operation of electro-
lyzers. One is Faraday efficiency (i) and another is energy efficiency
(.)- The Faraday efficiency is defined as the ratio between the actual
and theoretical maximum amount of hydrogen produced in the elec-
trolyzer [26]. It is calculated as:

_ /Ay
F_fl-l‘(]/A)Zf2 ®

where f; and f, are Faraday efficiency related parameters.
Due to the existence of leakage current, the value of Faraday effi-
ciency is below 1. The energy efficiency is calculated by:

_ Vin

e )
1 Vely

The hydrogen production rate of electrolyzers is directly proportional to
the number of electrons transferred at electrodes, which is related to the
current supplied by external circuits. Hence, the hydrogen production
rate, riy, from an electrolyzer is expressed as Ulleberg [26]:

Nslely

ny, = N F (10)

According to stoichiometry relation, the oxygen production rate, ro,,
and water consumption rate rig,o are expressed as:

l’i].[zo = l’in = Zl’ioz (11)

The final empirical model of an ALK electrolyzer is presented in Fig. 3.

2.2. Characterization of alkaline electrolyzer

The electrolyzer data is provided by GreenHydrogen.dk, Siemens,
DTU, and AU [30]. Based on curve fitting results, the critical parameters
are presented in Table 3, and the final polarization curve is given in
Fig. 4. Due to the limited data obtained from GreenHydrogen.dk,
Siemens, DTU, and AU [30], only the rated condition (T = 80°Cand P =
20 bar) is considered in this study. In real applications, temperature and
pressure controllers can maintain the temperature and pressure constant
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T e View - Efficiency model s
L) Eq() [ e Eq®) |
iti Eq.(2) Ve L
N, Initial value R ~ Eq.(9)
»  Eq.(6)
Iely > Eq(7) ]3' I‘ IT B
A > s ely
: . Vb
> H
Eq.(10) [—>

Loss model Eq.(11) 200

Yield model

Empirical model

Var. Description Var. Description

P Pressure [bar] Viev Reverse voltage [V]

T Temperature [K] Vin. Thermoneutral voltage [V]
Iy  Current [A] Veiy  Electrolyzer voltage [V]
N, Cell number [-] nr  Faraday efficiency [%)

A Area [m?] e Energy efficiency (%)

fo, 02 flow rate [Nm®/h] sy,  Hy flow rate [Nm®/b]

Fig. 3. Schematic plot of electrolyzer empirical model including definition of
main variables.

Table 3
Critical parameters of the characterized electrolyzer.
Variable Value Variable Value
Ropm [Q m?] 3.17 s [V] 0.123
Koee [A/m®] 31.19 No[-1 98
A [m?] 0.3 Viey [V] 1.2532
1.8 T T T T T T
1.75T

Voltage (V)
=
D
ot

m model
# data points| |
+1% error

1 . 5 1 1 1 1 1 1

Error (%)

1 1 1 1 1
50 100 150 200 250 300 350 400
Current density (mA/cm?)

Fig. 4. Accuracy comparison between characterized ALK model and data
points provided from GreenHydrogen.dk, Siemens, DTU, and AU [30].

as their rated values during normal operation. In Fig. 4, the largest error
for the developed model is below 0.25%, which is sufficiently accurate
for further studies.

3. Design and modeling of electrolyzer converter

The investigated converter topology in Fig. 5 consists of a 10 kV
isolation transformer (A/Y connection) with a turns ratio 4:1, an AFE
rectifier and PSFB converter. The AFE converter converts the 2.5 kV
(rms) AC input to 6 kV DC output and the PSFB converter provides high
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(AT b
OO I LT o
-+

DC DCJ
LCL filter DC/DC
(a)

converter
IAC DC

w .
MV Transformer
gri

Rectifier

DCJ DC

] E:
Wiz ﬁ@ J=A

(b) (c)

Fig. 5. (a) System structure of a 500 kW electrolyzer system (EM: electrolyzer
module), (b) topology of AC/DC rectifier (active-front-end rectifier), (c) to-
pology of DC/DC converter (phase-shifted full-bridge converter).

current output to the electrolyzer stacks. In order to have high perfor-
mance (i.e., high power factor, low THD, and stable operation), the LCL
filter, current loop controller, and voltage loop controller have to be
properly designed. In the subsequent section, the design principle of the
LCL filter, voltage and current controllers are presented.

3.1. Design of LCL filter

The detailed system structure with LCL filter is presented in Fig. 6.
The LCL filter consists of five elements for each phase. Namely, they are
grid side inductor (L), converter-side inductor (L.), equivalent series
resistance (R.), filter capacitor (Cy), and damping resistor (Ry). The
design process of the LCL filter is presented in Fig. 7 referring [31]. A
design example for a 500 kW electrolyzer system is presented below:

e Step 1: Input system technical parameters: input power (Pqeq) of
500 kW, line frequency (fii.) of 50 Hz, line to line voltage (V;qq) of
10 kV, DC link voltage (Vy4.) of 6 kV, and switching frequency (f,) of
4 kHz.

e Step 2: Calculate base impedance (Z;) of 200 Q, base inductance (L)
of 637 mH, capacitance (Cp) of 15.92 pF, and maximum current (I;,,x)
of 40.825 A.

L, L. R.[AC Yo G A &g
€abe Cf =£dc ;
Ry .

DC pg LES

EM

iab
eZch Voltage control loop Ve MATLAB®/Simulink®
PLECS

L. Converter-side inductor Cy  Filter capacitor
R. ESR of filter inductor Ly  Grid-side inductor
Rq Damping resistor ES Electrolyzer stack

Fig. 6. Single line diagram with LCL filter and voltage control loop.
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Step 1 [Input data Prateds fsws Vrateds Vdc]
Step 2 [Calculate base value Cy, Ly, Imaz]
. Calculate Cy, L.
i Cr =aCy, Le = g
B 4 Chose the current ripple attenuation K,
°P % | Calculate the grid side filter Ly = 7L,

(Check with feasi‘aility constraints:
10 fiine < fres < 0.5fsw
Cf < 5%01,

E L) < 0150

Step 5

J

(‘Chose the damping resistance Ry
Step 6 R
| e

= 1
3wresCy )

Fig. 7. The LCL filter design process.

7z, = @
Prawd
Zy
Diine
1

Y =
ZyWiine

I _ \/EP rated
e \/§ Vr ated

12)

e Step 3: By selecting the current ripple factor (K,) to 0.35 and the
capacitance sizing factor (x) to 4%, which should below 5% for not
decreasing the power factor at rated power [31], then according to
Eq. (13), a maximum current ripple (Al,) of 14.29 A, a converter
side inductance (L.) of 17.5 mH, and a filter capacitance (Cy) of
0.636 uF are obtained.

Al = KT
Ve

TN

Cr = xC,

L (13)

Step 4: By choosing the current ripple attenuation level (K,) of 10%,
then according to Eq. (14), the resulting grid side inductance (L,) of
31.9 mH is obtained.
L,=rL,
1

14— 14
e

=t
LCCfa)SW —1

e Step 5: According to Eq. (15), the resonant frequency (frs) is
approximately 1.8 kHz.

e 1 L+L
o\ LL,G (15)

lofline <fres < O~5fsw

e Step 6: According to Eq. (16), the damping resistance (Ry) is 66.6 Q.
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1

R, =
¢ 3 Wres Cf

(16)

3.2. Controller design

The controller structure is presented in Figs. 8 and 9. It consists of an
outer voltage loop controller and inner current loop controller. The
current loop controller regulates the current magnitude flowing through
the filter inductor and the current phase angle at the PoC. The voltage
loop controls the magnitude of the DC link voltage. For the system in
Fig. 6, the design process is given:

e Step 1: Sample grid side voltage (es) and grid side current (ig.),
and transform them from the stationary abc reference frame to the
rotating dq reference frame to obtain ez, and igq.

e Step 2: Based on KVL, the system in dq frame is defined with the
following equations, where filter capacitance (Cy) is neglected.

. diy .
e =R.i; + (Lg + LC) n + vy — a)(Lg + Lc)zq
an

diy | vy + o (L + Le)ig

eg =Reig+ (Ly + L) i

Step 3: By moving the coupling term +w(Lg +L)igq to the left side of
the equation, the system transfer function is obtained. Since the
transfer function at d-axis is the same as transfer function at g-axis,
the d-axis transfer function is taken as an example.

— lag _ 1
" Avy s(Ly+ L) +R. a8)
Avyy = eqg — Vg = a)(L[ + Lg)iqd

e Step 4: Considering a sample and computation delay (T;) of 250 s,
the PI controller is designed with symmetrical optimum [32], where
G,p is the open loop transfer function, TZ is the sum of insignificant

time constants, T; is the significant time constant, and Gy is the DC
gain.

fo s f
a@am%am%

i
iabcl llb(‘ Z_d’ _’cmd
dg-2» zd% c

v " E @f
7> <
€q T Te
dg—» lq q

Fig. 8. The system controller realized in the simulation with reference frame
transformation.
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Voltage loop Current loop

Vv i V
dq Ko 1 d
po T 7§ HT55+1 T, s+1
Vdc 1d [ ———

0.5Tss+1

1
0.5Tss+1"

Fig. 9. The control block diagram for current and voltage control loops.

Go
(STZ + 1) (sTy +1)
Ty~ =47,

G,

op —

- L.+ L,
R 19)
T

e Step 5: Referring to Fig. 6 and [33], the transfer function of the
voltage plant is obtained with:

_ ﬁ Rl(md
72 (1= RigadCacs
( load d,z) (20)
Rioua = e
Y Prae

e Step 6: By considering the significant time constant (z.) introduced
by the current control loop, the voltage controller is designed with
symmetrical optimum [32].

Gy
(s +1) 6T+ 1)
T~ = 15T, + 7.

Gop =

o
R,
— Tl

T 2G, TZ

T =
(21)

T, = 4T~

3Ripa

Since the resulting control algorithms are implemented in the z
domain, the corresponding transfer functions are discretized and
compared with the s domain in Fig. 10. The limited sampling frequency
reduces the system stability margin in the z domain transfer function
compared with the one in the s domain. With the symmetrical optimum
design criteria stated in the controller design process, the system sta-
bility margin is maintained at a positive value for both the s and z
domains.

The bandwidth of the current loop is 2.249 x 10% rad/s and the
voltage loop is 494 rad/s. Both of them are far below the resonance
frequency of the LCL filter (1.18 x 10* rad/s). According to [36], the
phase lag and gain difference between a LCL filter and L filter is
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GM=13.7dB (w = 4.07 x 103 rad/s)

20 - e -

o
=
=1
=z
U . .
-60 H—— s domain : : 1
z domain : :
-80 L : - L

PM=57.6deg (w = 1.88 x 10° rad/s)

T S T

Ty T T

s domain

|
[\
[\
Ut
T

z domain

270 b———
102

ol L

10%

I | n L
10°
Freq (rad/s)

(a)

e-Prime - Advances in Electrical Engineering, Electronics and Energy 5 (2023) 100217

GM=7.87dB (w = 1.4 x 103 rad/s)

20 S R T ko ooy
ok
— =20}
m
<
~—  -40f
g
S -60f
s domain
-80f z domain| = "
-100 | PRI B B 1 D S S A |
PM=125deg (w = 284 rad/s)
0 — T TR
90|
) H
[} .
T i180 ke g
%
S 2701
~
-360 H s domain
—— 2z domain
A0 il el b
10* 102 103 10* 10°
Freq (rad/s)
(b)

Fig. 10. The bode plot of (a) current controller in s and z domain (b) voltage controller in s and z domain.

insignificant at low-frequency range (i.e., one-fifth of the LCL filter
resonant frequency). In this study, the current loop bandwidth is
one-fifth of the LCL filter resonant frequency, and the voltage loop
bandwidth is one-twentieth of the LCL filter resonant frequency.
Therefore, it is reasonable to treat the LCL filter as a L filter well below
the resonance frequency range.

4, Simulation results and discussion

The electrolyzer and converters are modeled using MATLAB®/
Simulink® and PLECS. The system schematic is presented in Fig. 6 and
parameters are given in Table 4.

In the following context, two case studies (THD measurements and
voltage disturbance) are carried out to test the controller robustness and
evaluate the THD of the designed system. Since the grid impedance is
varying from case to case, two typical values: SCR=10 refers to a weak
grid and SCR = 33 refers to a stiff grid, are considered in the following
study. The designed electrolyzer system is connected to a medium

Table 4
Simulation parameters for a 500 kW alkaline electrolyzer system.
Symbol Item Value
Grid side parameter:
Prage System rated power 500 kW
[ Grid side voltage (line to line) 10 kv
Sfiine Line frequency 50 Hz
SCR Short circuit ratio 10 ~ 33
X /R Inductance to resistance ratio 10
Ny : N Transformer turns ratio (A/Y) 4:1
Converter side parameter:
SfowarE AFE switching frequency 4 kHz
fwpc PSFB switching frequency 2.5 kHz
L, Grid side inductance 31.9mH
L, Converter side inductance 17.5 mH
Cr Filter capacitance 0.6 uF
Ve DC link voltage 6 kv
Load side parameter:
Vioad Rated load voltage 176 ~ 262V
Tioaad Load current 0~ 1900 A

voltage grid that belongs to the distribution network. Therefore, the X/R
is chosen as 10 for a distribution system with overhead lines.

4.1. Harmonic emission compatibility

The real electric grid contains a certain level of background har-
monics. In order to emulate the real electrical grid condition, three
different background harmonics (no harmonics, half-magnitude EN
50160 harmonics, and full-magnitude EN 50160 harmonics) are injected
into the system [37]. The three-phase voltage and current at the point of
connection (PoC) are obtained from the simulation with 2 ps step size.
The harmonic analysis is conducted on phase-A current and voltage with
20ms time length. The obtained harmonic frequency spectrum is
analyzed up to 9 kHz. The high order harmonics are attenuated with the
LCL filter. Therefore, their magnitudes are not significant and neglected
in the following analysis.

At the moment when this study is prepared, there is no dedicated
regulations for large-scale grid-connected electrolyzer plant. As elec-
trolyzer plants can convert electrical energy into chemical energy, they
are treated as the electrical energy storage plant in this study. Therefore,
the harmonic requirements in the Danish grid code for large-scale bat-
tery and electrical energy storage plants [34,35] are used as the stan-
dards for electrolyzer plants. In Figs. 11 and 12, the Stdl is the
regulation for electrical energy storage facilities and Std2 is the regu-
lation for battery plants.

4.1.1. SCR =10

When the short circuit ratio is ten, it represents a weak distribution
grid according to the Danish grid code. The THD is increasing along with
the injected harmonic magnitude as shown in Fig. 11(a)-(c). There are
two sidebands at which harmonic levels are higher than the average. The
first sideband has a center frequency of 350 Hz which is around the
bandwidth of the current control loop and the second sideband has a
center frequency of 4 kHz which is the switching frequency of the AFE
rectifier. The seventh harmonic has the highest magnitude in all
different harmonic injection scenarios. When the full magnitude back-
ground harmonic is present, the seventh and thirteenth harmonics have
a magnitude of 3.16% and 0.96%. Compared with the harmonic
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Fig. 11. The THD of the current at the PoC when SCR = 10, X/R = 10, and with (a) full magnitude EN-50160 harmonic injection, (b) half magnitude EN-50160
harmonic injection, or (¢) no harmonic injection. The corresponding current harmonics compared with THD standard [34,35] for the case (d) full magnitude
EN-50160 harmonic injection, (e) half magnitude EN-50160 harmonic injection, (f) no harmonic injection.

limitation for electrical energy storage plants, it exceeds the limited
value by 0.66% for the seventh harmonic, and 0.26% for the thirteen
harmonic. When the half-magnitude background harmonic is present,
the magnitude of the seventh and thirteen harmonics are 2.47% and
0.55%. They are within the harmonic limitation for electrical energy
storage plants and battery plants. When no background harmonic is
present, the magnitude of the seventh and thirteen harmonics are 1.6%
and 0.13%. All the harmonic components are within the harmonic
limitation for electrical energy storage plants and battery plants in the
Danish grid code.

4.1.2. SCR = 33

When the short circuit ratio is thirty-three, it represents a stiff dis-
tribution grid according to the Danish grid code. The THD is increasing
along with the injected harmonic magnitude as shown in Fig. 12(a)-(c).
There are two sidebands at which harmonic levels are higher than the
average. The first sideband has a center frequency of 350 Hz which is
around the bandwidth of the current control loop and the second

sideband has a center frequency of 4 kHz which is the switching fre-
quency of the AFE rectifier. The seventh harmonic has the highest
magnitude in all different grid scenarios. When the full magnitude
background harmonic is present, the seventh and thirteenth harmonics
have a magnitude of 3.27% and 0.98%. Compared with the harmonic
limitation for electrical energy storage plants, it exceeds the limited
value by 0.77% for the seventh harmonic, and 0.28% for the thirteen
harmonic. Compared with the weak grid case, the seventh and thir-
teenth harmonics are increased by 0.11% and 0.02%. When the half-
magnitude background harmonic is present, the magnitude of the sev-
enth and thirteen harmonics are 2.5% and 0.57%. They are within the
harmonic limitation for electrical energy storage plants and battery
plants. When no background harmonic is present, the magnitude of the
seventh and thirteen harmonics are 1.66% and 0.13%. All the harmonic
components are within the harmonic limitation for electrical energy
storage plants and battery plants in the Danish grid code. Because the
lower short circuit ratio results in a larger grid impedance value, the
harmonics injected from the grid are attenuated with the grid
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Fig. 12. The THD of the current at the PoC when SCR = 33, X/R = 10, and with (a) full magnitude EN-50160 harmonic injection, (b) half magnitude EN-50160
harmonic injection, or (c) no harmonic injection. The corresponding current harmonics compared with THD standard [34,35] for the case (d) full magnitude
EN-50160 harmonic injection, (e) half magnitude EN-50160 harmonic injection, (f) no harmonic injection.

impedance. Therefore, the total harmonic distortion is lower for a lower
short-circuit-ratio case. For no harmonic injection case, the THD be-
tween the strong grid and weak grid has a negligible difference
(0.027%). Since the control loop bandwidth and switching frequency are
the same in both cases, the resulting harmonic sidebands are the same as
well [38].

The grid harmonics would propagate to the electrolyzer stacks if the
LCL filter is not properly designed. These harmonics would appear in the
current ripple in the current supply to the electrolyzer stacks. The cur-
rent ripple leads to voltage variation across the terminal of the elec-
trolyzer, which results in power consumption variation. The varied
power consumption indicates the hydrogen and oxygen production rate
variation. In Fig. 13, the hydrogen and oxygen production rates are
presented with different filter values. In the case of a 3 mH filter
inductor, the harmonics from the grid are properly attenuated. There-
fore, the current ripple in the electrolyzer current is negligibly small, and
the hydrogen and oxygen production rates have a lower variation. In
comparison, the 0.3 mH filter results in a higher current ripple in the
electrolyzer supply current. Therefore, the hydrogen and oxygen
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13. The harmonics impacts on the hydrogen and oxygen production rate.
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production rates are affected by the current ripples. The line frequency
and ninth-order harmonics are present in the current ripple, hydrogen,
and oxygen production rate. When the 3 mH filter is used, the electro-
lyzer supply current has a lower ramp-up speed compared with the case
of 0.3 mH filter. Therefore, the corresponding hydrogen and oxygen
production rate for 3 mH filter take a longer time to reach the rated
condition.

4.2. Voltage deviation

According to the Danish grid code, energy storage facilities must be
able to withstand voltage deviations in the PoC under normal and
abnormal operating conditions. The normal operating voltage has a
maximum 10% voltage deviation at the PoC and the abnormal operating
voltage can have a maximum 85% voltage dip. However, +20% voltage
deviation is more common in real applications. In the following part, —
10% and —20% voltage deviation at the grid side are conducted to test
the response of the designed system and controller robustness.

In Fig. 14, 10% and 20% voltage dips occur at the grid side. For 10%
grid voltage dip, the DC link voltage decreases 132 V when SCR = 33
(small grid impedance), and 149 V when SCR = 10 (large grid imped-
ance). For 20% grid voltage dip, the DC link voltage decreases 288 V
when SCR = 33 (stiff grid conditions), and 299 V when SCR = 10 (weak
grid conditions). Since the grid impedance is smaller when SCR = 33
compared with SCR = 10, a lower voltage drop across the grid imped-
ance and higher DC link voltage can be obtained. For SPWM modulation
adopted in this study, the required AC voltage should have a phase peak
value of 3 kV to maintain the 6 kV DC link voltage. However, the 20%
voltage dip makes the grid side voltage below 3 kV, which results in a
large DC link voltage drop. One possible solution is to use a more effi-
cient modulation strategy, for example, discontinuous PWM or third
harmonic injection [39,40].

In Fig. 15, the dg-axis current error signals are compared at 10% and
20% grid voltage dips. Before the voltage dips occur in the grid, the
system is operating in a steady state where the d-axis current reference
has a small value and the g-axis current reference is zero. Since a certain
amount of power is required to charge the electrolyzer, the measured
d-axis current is larger than the reference signal which results in a
negative error signal. When voltage dips occur, the d-axis current
reference increases, which reduces the magnitude of the error signals.
Since 20% voltage deviation results in a larger d-axis current reference
signal than 10% voltage deviation, the magnitude of d-axis current error
signal is larger than the 10% voltage deviation case as well.

The g-axis current error signal is due to the reactive components (i.e.,
LCL filters and DC link capacitors) requiring a certain amount of reactive
power. Since the voltage dip that occurred in the system affects the
amount of reactive power absorbed by these reactive components, hence
the magnitude of g-axis current error signal is changing with the
magnitude of voltage dips.

5. Conclusion

In this work, we present a converter-level modeling study for a 500
kW alkaline electrolyzer power supply. The alkaline electrolyzer is
modeled with electrochemical equations and characterized based on the
technical data of an alkaline electrolyzer cell. The characterized elec-
trolyzer mode presents a relative error below 0.3%. With the charac-
terized electrolyzer model, the active front end and phase shifted full
bridge converter topology is selected as the power supply to the elec-
trolyzer stack. The corresponding controller and filter design guidelines
are concluded considering on the non-linearity of the electrolyzer load.
With MATLAB®/Simulink® and PLECS, the 500 kW alkaline electro-
lyzer power supply system is tested at different grid conditions. From the
simulation result, the designed system comply with the harmonic re-
quirements in the Danish grid code for electrical energy storage and
battery plants.
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