<]
TUDelft

Delft University of Technology

Implementation of Real-Time Digital Twin of Dual Active Bridge Converter in Electrolyzer
Applications

Deshmukh, Rohan Shailesh ; Rituraj, Gautam; Lock, Niels; Vahedi, Hani; Shekhar, Aditya; Bauer, Pavol

DOI
10.1109/IECON51785.2023.10312274

Publication date
2023

Document Version
Final published version

Published in
Proceedings of the IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics Society

Citation (APA)

Deshmukh, R. S., Rituraj, G., Lock, N., Vahedi, H., Shekhar, A., & Bauer, P. (2023). Implementation of
Real-Time Digital Twin of Dual Active Bridge Converter in Electrolyzer Applications. In Proceedings of the
IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics Society (Proceedings of the Annual
Conference of the IEEE Industrial Electronics Society). IEEE.
https://doi.org/10.1109/IECON51785.2023.10312274

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/IECON51785.2023.10312274
https://doi.org/10.1109/IECON51785.2023.10312274

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics Society | 979-8-3503-3182-0/23/$31.00 ©2023 IEEE | DOI: 10.1109/IECON51785.2023.10312274

Implementation of Real-Time Digital Twin of Dual
Active Bridge Converter in Electrolyzer
Applications

Rohan Shailesh Deshmukh (Student Member, IEEE) , Gautam Rituraj (Member, IEEE), Niels Lock,
Hani Vahedi (Senior Member, IEEE), Aditya Shekhar (Member, IEEE), Pavol Bauer (Senior Member, IEEE)
Electrical Sustainable Energy Department, Delft University of Technology, The Netherlands
r.s.deshmukh @tudelft.nl

Abstract—Power electronics converters (PEC) play a crucial
role in interfacing renewable energy systems and electrolyzers
to ensure a high production yield of green hydrogen. The
design of such PEC is not straightforward due to the safety
hazards of using multiple electrolyzer stacks and converter
modules at industrial levels. Therefore, real-time simulations
should be conducted to ensure the converter design satisfies all
the requirements before deploying it on-site. This paper presents
a real-time digital twin (RTDT) of a 10 kW dual-active bridge
converter interfaced with an electrolyzer. OPAL-RT simulator
(eHS toolbox) is used for RTDT. Finally, the voltage across the
series inductance and current flowing through it are presented
for the open-loop operation of DAB.

Index Terms—Dual Active Bridge, Electrolyzer, and Real-Time
Digital Twin.

I. INTRODUCTION

Over the years, the concept of Digital Twin (DT) has been
emphasized by both industry and academia [1]. DT can be
defined in multiple ways; therefore, it varies depending on
the application. From the perspective of developing power
electronics converters (PEC), a DT can be defined as a vir-
tual representation of a physical power electronics converter,
including its characteristics, behavior, and performance. DTs
are commonly utilized for system monitoring, diagnostics,
prognostics, and health monitoring (PHM), as well as for
hardware-in-the-loop (HIL) simulations to validate controllers
and to conduct scenario and risk assessments [2].

Various literature showcases the potential of a DT in
aerospace [3], power systems [4], [5], electric vehicles (EVs)
[6], and the electrolyzer [7], [8]. In [3], the DT of the space
vehicle for the NASA Apollo mission is developed with a
focus on simulating the space conditions to facilitate astronaut
training. A methodology is proposed in [4] to implement
digital twins for online analysis of power systems. The use
of DT for estate evaluation of a power transformer has been
studied in [5]. In [6], the monitoring and prediction of an
EV’s health are carried out using a DT, and the results are
validated with a MATLAB/Simulink model. In [7], a DT of
500kW alkaline water electrolysis using Python and gPROMS
is presented for green hydrogen production. Thus, from the
literature, it has been found that RTDT for interfacing PEC in
electrolyzer applications is yet to be explored.
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Fig. 1: PV integrated electrolyzer system. The highlighted area
is used for developing RTDT.

Renewable energy resources play an important role in
clean energy transition [9]-[11]. Electrolysis exhibits tremen-
dous potential to generate green hydrogen with the help
of renewable electricity. However, when scaled up to an
industrial level, the design of such converters is more com-
plex. Obligatory design requirements include the presence of
galvanic isolation between the input stage and the output
stage per 1SO22734:2020 and ISO:19880-1:2020 standards.
Electrolysis requires low voltage and extremely high current
for its’ optimal operation [12]. Therefore, before physically
installing the converter within the system, it must be evaluated
under different test conditions and contingencies. Besides that,
based on the literature study in [12], the Dual Active Bridge
(DAB) converter was identified as a suitable candidate to
interface with the electrolyzer. It offers the ability to have
a series-parallel arrangement [13], which can be beneficial
when developing a modular system architecture for high-
power electrolysis.

Fig. 1 shows the Photovoltaic (PV)-integrated electrolyzer
system. The integration of the PV system into the medium
voltage direct-current (MVDC) grid can be achieved by uti-
lizing a DC-DC converter based on Maximum Power Point
Tracking (MPPT). Furthermore, the DAB DC-DC converter
is a power electronics interface (PEI) connecting the MVDC
grid to the electrolyzer. This paper focuses on implementing
an RTDT of a DAB converter integrated with an electrolyzer,
as highlighted in Fig. 1. This RTDT would be a building block
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Fig. 2: Illustration for the real-time implementation of the highlighted part in Fig. 1.
Iiact(ano) iact(cat) paper. From Fig. 3, the stack voltage vgack can be expressed
as
R _ + - + -
it leell Uact(ano) UaCt(Cat) Ustack = NS . (erev + Vact(ano) + Vact(cat) + vint) (1)
+ | | | | where Vie, is the reversible cell voltage, Ny is the number
|| [ Viey Of series connected cells, vy is the ohmic potential, Vact(ano)
Ustack el (ano) Cel(cat) is the anode activation potential, and v,ct(car) is the cathode
activation potential. The expressions for Viey, Vint, Vact(ano)»
- and V,cq(cat) are given in (2)-(5), respectively.

Fig. 3: Electrical Representation of an Alkaline electrolyzer.

for developing an RTDT of modular DAB configurations. The
rest of the paper is organized as follows: Section II presents
the system description, including modeling the alkaline elec-
trolyzer and DAB. It further explains the real-time simulator
adopted in this work. Section III describes the model and
I/O implementations in the OPAL-RT simulator. Results are
presented and discussed in Section IV. Finally, the conclusions
and future work are given in Section V.

II. SYSTEM DESCRIPTION

Fig. 2 shows the schematic for the real-time implementation
of the DAB-integrated electrolyzer (as highlighted in Fig. 1).
The system has two main components: the DAB converter and
the alkaline electrolyzer. The modeling approaches for both of
these components have been explained briefly in this section.
Besides that, the real-time simulator used in this work is also
introduced.

A. Alkaline Electrolyzer Modeling

Being the most mature and commercially available technol-
ogy, an alkaline electrolyzer has been chosen as the electrical
load for the DAB converter. Fig. 3 shows the detailed electrical
representation of an alkaline electrolyzer. Several modeling
approaches have been reported in the literature [14]-[18].
However, the modeling approach used in [14] is adopted in this

Ti P — Pyon)'"
View = Viuin, + e n (( o) ) 2)

zF aH,0,KOH

Vact(ano) = sln (Zadl(:no) + 1) 3)
Vact(cat) = U In (ZaCt;C&t) + 1) 4)

Vint = icell . Rint = icellA
elect

where Vr%v,Tk is the temperature dependent reversible voltage.
R is the universal gas constant (JK~'mol~!). T} is the cell
temperature (K). P is the absolute pressure (bar), z is the
number of electron moles transferred for 1 mol of the product,
F is the Faraday constant (C mol~!), Pxogy is the KOH vapor
pressure (bar), and ap,0 Kon is the water activity of the KOH
solution. Besides that, the temperature-dependent constants are
denoted as s, t, v, and w. Activation currents for the anode and
cathode are represented as Zact(ano) aNd Zact(cat)» rESpectively.
r is the area-specific resistance of one of the electrolysis cells
(Qm?). i is the cell current. Finally, Ao, and Ry are the
surface area of the electrode (m?) and the internal resistance
of the electrolyzer cell (£2), respectively.

To integrate the electrolyzer with the DAB converter, it
has been modeled as a current-controlled voltage source, as
shown in Fig. 2. A lookup table is generated based on the

Authorized licensed use limited to: TU Delft Library. Downloaded on November 23,2023 at 10:23:06 UTC from IEEE Xplore. Restrictions apply.



-
W

Stack Voltage (V)
W W (=) N ~
(=) W (=) W (=)

i~
vy

40 . . . ;
100 120 140 160 180

0 20 40 60 80
Stack Current (A)

Fig. 4: Electrical characteristics of a 10 kW alkaline elec-
trolyzer.

electrical characteristics shown in Fig. 4 (obtained using (2)),
and therefore, the lookup table sets the stack voltage by
measuring the stack current.

B. Dual Active Bridge Converter Modeling

The block diagram of the DAB isolated dc-dc converter is
shown in Fig. 2. It consists of two H-bridges, H-HV and H-LV,
representing the high-voltage side bridge and the low-voltage
side bridge, respectively. Depending on the application, each
bridge is isolated using a high-frequency (HF) transformer
with a unity turn ratio or a step-up/step-down function.

The single-phase shift (SPS) modulation strategy, which is
a classic modulation technique for DAB converters, has been
chosen for this study. In this method, the duty cycle or the
pulse width of the switching signals sent to both bridges is
maintained fixed. However, the switching signals sent to one
of the bridges are phase shifted by an angle ¢.

The expression for the output power (F,;,) of the DAB with
single phase shift modulation can be expressed as

(D-(1—=D)) Vpc-Vo-n
2. fsw ' Ls

where Vpc is the input DC voltage, V, is the output DC

voltage, n is the turn ratio, Ly is the series inductance, and

fsw 18 switching frequency. Moreover, D is the phase shift
duty cycle that can be expressed in terms of ¢

Pop = (5)

D=m-¢ (6)

D:;(l_m’ ()
o o 8'P0p'Ls'fsw

A_\/l (ch-v0~n ) ®)

C. Real Time Simulator

The OP4610XG is a real-time simulator developed by
OPAL-RT Technologies. Fig. 5 shows the OP4610XG sim-

ulator. It is a comprehensive simulation system that utilizes a
Kintex 7 fully programmable gate array (FPGA). It includes
a robust target computer, a flexible, high-speed front-end
Processor, and a signal conditioning stage. The system is user-
friendly with standard connectors such as DB37, DB9, or
Fiber POF. Additionally, it provides six optional input/output
LVDS links that can function in RS422 or Optical fiber mode,
with RS422 being the default configuration. The lower part
of the chassis houses the target computer, which can operate
independently as a standalone computer in its’ standard setup.

Fig. 5: OP4610XG Real-Time Simulator

To FPGA _

\ 4

SC_GUI SM_COMPUTE

From FPGA

Fig. 6: Simulink model layout for execution within the real-
time simulator.

III. MODEL AND I/O IMPLEMENTATIONS

A MATLAB Simulink model cannot be directly used for
real-time simulation in OPAL-RT. A typical representation of a
Simulink model developed for being executed within the real-
time simulator is shown in Fig. 6. Here, the Simulink model
is divided into two subsystems: the graphical user interface
(GUI), represented by the subsystem prefix ”SC_" and the
computation subsystem, represented by the subsystem prefix
”SM_”. Furthermore, the SC_GUI subsystem contains all the
monitoring blocks, such as scopes, displays, etc., and the input
parameters, such as constant blocks, sliders, etc. On the other
hand, the SM_COMPUTE subsystem contains functions and,
most importantly, the plant model that needs to run on the
FPGA/CPU of the real-time simulator. Further explanation on
these subsystems, including I/O, can be found below.

A. Graphical User Interface Subsystem

Since the model is implemented within the FPGA in this
case, this subsystem contains three inputs: fg, D, and ¢.
These parameters are then sent to the computation subsystem.
This has been illustrated in Fig. 7.
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Fig. 7: Detailed layout of the subsystems implemented for the DAB RTDT.

B. Computation Subsystem

In the computation subsystem, the three outputs from the
SC_GUI subsystem are provided to a PWM Out block via the
OPCOMM block, as shown in Fig. 7. The OPCOMM block is
necessary for simulating real-time communication links [19].

The CPU of an OPAL-RT simulator can perform computa-
tions with a time step as small as 5 pus. However, PEC typically
operate at higher switching frequencies in tens of kilohertz to
hundreds. In this case, executing computations within the CPU
is not preferable due to the significant time step, which can
result in information loss. Therefore, using FPGA becomes
necessary as it can achieve a time step in the order of tens of
nanoseconds.

To implement PEC topology within the FPGA, the eHS
toolbox is utilized. It contains an electrical solver for the
FPGA and a schematic editor for implementing the converter
topology. The eHS block can accept inputs from Simulink or
the FPGA. On the other hand, it can provide outputs to the
Simulink scopes located within the SC_GUI subsystem and
these signals at the FPGA output channels.

C. Bidirectional Digital I/O

The bidirectional digital card consists of sixteen channels.
For the RTDT, channels O - 3 have been configured to behave
as both a PWM output as well as a PWM input channel
due to the bidirectional functionality of the card. Each pair
corresponds to the complementary switches, i.e., channel 0 is
complementary to channel 1, and channel 2 is complementary
to channel 3. The four channels have been configured so that
parameters such as f., D, and ¢ can be changed on the go.
However, with reference to the SPS modulation scheme, only
the phase shift angle of channels 2 and 3 must be varied with
respect to channels 0 and 1 at the fixed duty cycle of 50 %.

D. Analog Outputs

Four analog outputs are monitored in this RTDT: stack
voltage, stack current, the voltage across the series inductance,
and the primary transformer current. Channels 0 - 3 of the

analog output card are configured within the eHS schematic
editor with appropriate gains to avoid saturation.

IV. RESULTS

This section presents the results of DAB operation with an
electrolyzer under different power levels, as shown in Fig. 8.
Here, the DAB parameters for a rated P, of 10 kW at the
rated V,, of 70 V, fsw is set to be 20 kHz, n is 20, Ly is 100
pH, and Vpc is set to be 1400 V.

Fig. 8(a) shows the variation in stack power for five test
cases of P,, (i.e., 10, 8, 1, 2.5, and 9 kW). These power
levels are achieved at different ¢, calculated using (6). At these
power levels, the stack voltage, stack current, voltage across
the series inductance, and the current flowing through it are
shown in Fig. 8(b)-(f), respectively. Here, it can be observed
that the peak value of the inductor current is almost similar
for all power variations. However, a change in the slope of
the inductor current is seen in Fig. 8(c)-(f) compared to the
operation at rated P, as shown in Fig. 8(b), due to change in
stack voltage for the same turns ratio. Moreover, a change in
the stack current ripple is also seen at different power levels
in Fig. 8(b)-(f).

V. CONCLUSIONS AND FUTURE WORK

This paper implemented a real-time digital twin (RTDT) of a
10 kW DAB converter integrated with an alkaline electrolyzer.
It comprehensively described the PV-integrated electrolyzer
system and discussed the modeling of the alkaline electrolyzer
and DAB converter. The implementation of these models
within the real-time simulator environment has been explained
in detail, along with the I/O configuration of the FPGA.
Furthermore, the results for five test cases of operating power
in an open-loop configuration, including stack voltage and
current, the voltage across the series inductance, and the
current flowing through it, are presented.

This study will be extended further to a closed-loop control
configuration in future work. Besides that, the impact of
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Fig. 8: (a) Stack power at different power levels and waveforms of stack voltage, stack current, inductor voltage and current
at the mentioned power in Fig. 8(a), i.e., (b) 10 kW, (c) 8 kW, (d) 1 kW, (e) 2.5 kW, and (f) 9 kW.
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