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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 ISO22734:2020 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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Look-up Table

Fig. 2: Illustration for the real-time implementation of the highlighted part in Fig. 1.

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

paper. From Fig. 3, the stack voltage vstack can be expressed

as

vstack = Ns · (Vrev + vact(ano) + vact(cat) + vint) (1)

where Vrev is the reversible cell voltage, Ns is the number

of series connected cells, vint is the ohmic potential, vact(ano)
is the anode activation potential, and vact(cat) is the cathode

activation potential. The expressions for Vrev, vint, vact(ano),
and vact(cat) are given in (2)-(5), respectively.

Vrev = V 0
rev,Tk

+
RTk

zF
ln

(
(P − PKOH)

1.5

aH2O,KOH

)
(2)

vact(ano) = s ln

(
iact(ano)

t
+ 1

)
(3)

vact(cat) = v ln

(
iact(cat)

w
+ 1

)
(4)

vint = icell ·Rint = icell
r

Aelect

where V 0
rev,Tk

is the temperature dependent reversible voltage.

R is the universal gas constant (JK−1mol−1). Tk 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−1), PKOH is the KOH vapor

pressure (bar), and aH2O,KOH 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 iact(ano) and iact(cat), respectively.

r is the area-specific resistance of one of the electrolysis cells

(Ωm2). icell is the cell current. Finally, Aelect and Rint are the

surface area of the electrode (m2) and the internal resistance

of the electrolyzer cell (Ω), 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
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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 φ.

The expression for the output power (Pop) of the DAB with

single phase shift modulation can be expressed as

Pop =
(D · (1−D)) · VDC · Vo · n

2 · fsw · Ls
(5)

where VDC is the input DC voltage, Vo is the output DC

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

fsw is switching frequency. Moreover, D is the phase shift

duty cycle that can be expressed in terms of φ

D = π · φ (6)

D =

∣∣∣∣12 · (1−Δ)

∣∣∣∣ (7)

Δ =

√
1−

(
8 · Pop · Ls · fsw
VDC · Vo · n

)
(8)

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

SC_GUI To FPGA

From FPGA

SM_COMPUTE

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: fsw, D, and φ.

These parameters are then sent to the computation subsystem.

This has been illustrated in Fig. 7.
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PWM Out

Mapped to the same channels (Bidirectional)

eHS Schematic Editor
Look-up table 

(Electrical characteristics) 
for electrolyzer 

PWM In
SC_GUI

SM_COMPUTE

OPCOMM

Control signals internally assigned to the converter switches within the eHS schematic editor
Real-time values of duty cycle, frequency, and phase shift angle from the simulator for SC_GUI (optional)

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 μs. 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 0 - 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 fsw, D, and φ 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 Pop of 10 kW at the

rated Vo of 70 V, fsw is set to be 20 kHz, n is 20, Ls is 100

μH, and VDC is set to be 1400 V.

Fig. 8(a) shows the variation in stack power for five test

cases of Pop (i.e., 10, 8, 1, 2.5, and 9 kW). These power

levels are achieved at different φ, 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 Pop, 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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10 kW
8 kW

1 kW
2.5 kW

9 kW

(a)

Stack Voltage  = 70.62 V

Stack Current  = 158.75 A

Inductor Voltage  = 2.74 kV
Peak Current  = 9.40 A
RMS Current  = 7.72 A

(b)

Stack Voltage  = 68.12 V

Stack Current  = 133.75 A

Inductor Voltage  = 2.73 kV
Peak Current  = 9.0 A
RMS Current  = 6.23 A

(c)

Stack Voltage  = 55.62 V

Stack Current  = 53.75 A

Inductor Voltage  = 2.21 kV
Peak Current  = 9.40 A
RMS Current  = 4.69 A

(d)

Stack Voltage  = 53.37 V

Stack Current  = 71.25 A

Inductor Voltage  = 2.28 kV
Peak Current  = 8.60 A
RMS Current  = 4.10 A

(e)

Stack Voltage  = 69.37 V

Stack Current  = 146.25 A

Inductor Voltage  = 2.74 kV
Peak Current  = 9.0 A
RMS Current  = 6.96 A

(f)

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.

different electrolyzer system architectures on the converter’s

performance will be evaluated.
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