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ABSTRACT Electrolyzers operate as nonlinear low-voltage high-current loads, presenting significant chal-
lenges for power conversion systems. This article investigates state-of-the-art modulation schemes for the
dual-active-bridge (DAB) converters, focusing on their performance and interaction with electrolyzer loads
in electrolysis applications. The behavior of electrolyzers is compared with that of conventional constant
voltage loads across various modulation schemes, using peak primary transformer current as the evaluation
metric at three power levels: 1, 10, and 100 kW. A peak current optimization strategy tailored for electrolysis
applications is proposed. Based on this, an optimized operating trajectory for the DAB converter during
electrolysis is identified for each power level. The optimization results are validated experimentally using a
1-kW 20-kHz prototype, and through MATLAB simulations for the 10- and 100-kW systems. The proposed
approach achieves peak current reductions of up to 15.75% at 100 W for the 1-kW system, 42.71% at
1 kW for the 10-kW system, and 60% at 10 kW for the 100-kW system, demonstrating its effectiveness
in improving DAB converter performance for electrolysis applications.

INDEX TERMS DC–DC converter, dual active bridge (DAB), DAB converter, electrolyzer, hydrogen, mod-
ulation, optimization.

I. INTRODUCTION
Green hydrogen is rapidly gaining attention as a key enabler of
a sustainable energy transition [1], [2]. It is produced by split-
ting water into hydrogen and oxygen using renewable energy
sources (RESs), such as solar, wind, or hydropower. Unlike
conventional hydrogen production from natural gas, green
hydrogen offers a clean alternative, generating no greenhouse
gas emissions during either production or use [3], [4]. Cur-
rently, electrolysis stands as the leading method for producing
green hydrogen, carried out using specialized equipment
known as electrolyzers.

Power electronics play a key role in connecting RESs to
electrolyzers. In most cases, electrolyzers are connected to
conventional ac power systems through a single ac–dc con-
version stage, sometimes with an additional dc–dc stage that
utilizes a bulky low-frequency transformer. However, elec-
trolyzers can also connect directly to dc distribution systems.

Unlike ac setups, dc systems use high-frequency (HF) trans-
formers inside their dc–dc converters. These transformers are
much smaller and cheaper than the low-frequency ones used
in ac systems. They can also operate at much higher switching
speeds, which shift current harmonics to higher frequencies,
reducing their impact. Due to these advantages, dc-based
electrolyzer systems have significant potential compared to
ac-based ones. This study focuses on electrolyzers connected
to dc distribution systems.

DC–DC converters designed for electrolyzers must meet
several requirements, which include (not limited to) [5], [6]:

1) high efficiency over a wide operating range;
2) high power density;
3) low electromagnetic interference;
4) smaller output current ripple;
5) low cost;
6) reliability in the case of power switch failures.
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TABLE 1. Comparison of Existing Literature and the Proposed Work

Along with the specified requirements, the converter be-
ing designed must integrate galvanic isolation that meets
ISO:22734:2020 and ISO:19880-1:2020 standards. Given the
characteristics of electrolysis, the converter must also operate
at low voltages with exceptionally high currents. Based on
the literature review presented in [7], isolated dc–dc converter
topologies are well suited for this type of application. Among
these, the dual-active-bridge (DAB) converter stands out as a
promising power electronics interface for electrolyzers, and it
has received considerable research attention among isolated
dc–dc converters.

However, it is essential to note that the DAB converter’s ba-
sic topology alone cannot meet all the outlined requirements.
Achieving the necessary functionality requires the integration
of switching schemes or modulation strategies, which sig-
nificantly influence the performance of the DAB converter.
Table 1 provides a comparison of prior research on DAB con-
verters with the present study, organized by application [8],
[9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32]. The majority of research on DAB converters has
focused on applications in dc grids and electric vehicle (EV)
charging, followed by applications in solid-state transform-
ers (SSTs), energy storage systems (ESSs), electrolysis, and
aerospace. Nonetheless, there is limited comprehensive analy-
sis and comparison of different modulation strategies from the
perspective of specific applications, which complicates the se-
lection of suitable strategies for various operating conditions.
For example, only one study has compared modulation strate-
gies for EV charging [11] and ESS applications [26], while no
comparative research exists for electrolysis applications.

This work emphasizes the DAB converter operation and
optimization under different modulation strategies for elec-
trolyzers and has the following key contributions.

1) It examines DAB converter performance within elec-
trolysis using the three primary phase-shift modulation
schemes—single phase shift (SPS), dual phase shift
(DPS), and triple phase shift (TPS), providing expres-
sions for output power and state currents for various
operating modes of DPS and TPS tailored for electroly-
sis, with detailed illustrations of each mode.

2) While the SPS phase-shift ratio is straightforward to
determine, calculating phase-shift ratios for DPS and
TPS schemes is more complex. A simple peak current

FIGURE 1. Electrical model of an alkaline electrolyzer.

optimization method using the “fmincon” function in
MATLAB is presented for the DPS and TPS methods
for electrolysis. Detailed steps of this optimization pro-
cess are provided along with parameter selections.

3) A comparative analysis is performed to show the ef-
fect of electrolyzer load on the SPS, DPS, and TPS
modulation schemes from the primary transformer peak
currents context for three power ratings (1, 10, and
100 kW) of electrolyzer against a 500-V constant volt-
age (CV) load of the same power ratings.

4) An optimized operation for electrolysis is proposed for
the modulation methods and for each power rating. This
optimized operation is compared against the conven-
tional SPS modulation scheme, highlighting its benefit.

The rest of this article is organized as follows. Section II
provides the electrical model of an alkaline electrolyzer.
Section III presents the DAB converter operation and the
analysis of SPS, DPS, and TPS modulation schemes from the
context of electrolysis. Section IV presents the peak current
optimization scheme for electrolysis, which determines the
phase-shift ratios for DPS and TPS schemes. Furthermore,
this scheme is extended to determine an optimal trajectory to
operate the converter during electrolysis. Section V presents
a comparative analysis of SPS, DPS, and TPS modulation
schemes for electrolysis and CV loads across the three rated
powers (i.e., 1, 10, and 100 kW). Section VI presents the
experimental results for the 1-kW prototype and simulation
results for the 10- and 100-kW systems. Finally, Section VII
concludes this article.

II. ELECTROLYZER MODEL
Several modeling approaches have been proposed in the liter-
ature [33], [34], [35], [36]. For this work, the model presented
in [35] is selected, as it provides both static and dynamic
modeling of an alkaline electrolyzer. As illustrated in Fig. 1,
the electrolyzer stack voltage consists of four key potentials:
the reversible stack potential, activation potential, ohmic po-
tential, and diffusion potential.

To streamline the modeling process, the following assump-
tions have been made.

1) The diffusion potential is negligible.
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FIGURE 2. Electrical characteristics of electrolyzer considered in this work. (a) 1 kW. (b) 10 kW. (c) 100 kW.

2) The activation currents for both electrodes are consid-
ered the same as the stack current. Therefore, the static
characteristics of the electrolyzer are used.

3) Temperature-dependent constants and area-specific-
resistance values, which can only be obtained experi-
mentally, have been used directly from [35].

Equation (1) defines the reversible stack potential. It ex-
hibits the thermodynamic phenomena in the electrolysis re-
action. Equations (2) and (3) define the electrode activation
potentials for anode and cathode, respectively. This potential
refers to the double-layer effect formed at the cell’s cath-
ode [37].

Finally, (4) refers to the ohmic potential, which can be
defined as the voltage drop across the internal resistance (elec-
trolyte) between the two electrodes

Vrev = Ns

(
V 0

rev,Tc
+ RTc

zF
log

(
(Pabs − Pv(elec))1.5

awe

))
(1)

vact(A) = sNs ln

(
iact(A)

t
+ 1

)
(2)

vact(K) = vNs ln

(
iact(K)

w
+ 1

)
(3)

Vint = NsistackRint = Nsistack
r

Aelect
(4)

where Vrev is the reversible cell voltage, V. V 0
rev,Tc

is defined as
the temperature-dependent reversible voltage, V. R is known
as the universal gas constant, J · K−1mol −1. Tc is the cell tem-
perature, K. Pabs is the absolute pressure, bar. Ns is the number
of series connected cells. z is the number of moles of electrons
transferred for 1 mol of product. F is the Faraday constant, C·
mol−1. Pv(elec) is the vapor pressure of KOH, bar. aH2O,KOH

is known as the water activity of KOH solution. s, t , v, and
w are temperature dependent constants. iact(A) and iact(K) are
activation currents for anode and cathode, respectively. r is the
area-specific resistance of one of the electrolysis cells, �·m2.
istack is the stack current, A. Aelect is the electrode surface area,
m2. Rint is the internal resistance of the electrolyzer cell, �.

The total stack voltage of an alkaline electrolyzer can be
obtained as the sum of the potentials mentioned in (1)–(4)

vstack = Vrev + vact(A) + vact(K) + Vint. (5)

The electrical characteristics of an alkaline electrolyzer for the
considered rated powers of 1, 10, and 100 kW are shown in
Fig. 2(a)–(c), respectively, for a temperature of 15 ◦C operat-
ing at a pressure of 5 bar.

III. ANALYSIS OF MODULATION STRATEGIES FOR
ELECTROLYSIS
Fig. 3 illustrates the DAB converter, composed of two H-
bridges: the H-HV consisting of switches, Q1 − Q4, and
H-LV consisting of switches, Q5 − Q8. H-HV denotes the
high-voltage-side bridge (referred to as the leading H-bridge),
while H-LV denotes the low-voltage-side bridge (referred to
as the lagging H-bridge). Each bridge is separated by an HF
transformer for isolation in various applications.

A. SPS MODULATION
The SPS modulation scheme is one of the fundamental modu-
lation schemes proposed for the DAB converter. It is the most
widely used scheme [38], [39], [40], [41]. Fig. 4 showcases
the SPS modulation scheme. Each switch of the DAB con-
verter is operated at a fixed duty ratio of 50 %. However, the
switches in the H-LV bridge are phase shifted by an angle φ

or phase-shift duty ratio d with switches in the H-HV bridge
as the reference. This way, power flow can be achieved from
H-HV to H-LV or vice versa. The equations governing the
operation of the DAB in the SPS modulation scheme are as
follows:

Po = (d · (1 − d )) · VDC · kVo · Nt

2 · fsw · L
(6)

Nt = VDC

Vo
(7)

d = φ

π
(8)
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FIGURE 3. DAB converter.

FIGURE 4. SPS modulation in the DAB converter.

where Po is the output power, W. Vo is the nominal output
voltage, V. VDC is the input dc voltage, V. fsw is the switching
frequency, Hz. Nt is the primary to secondary turns ratio of
the HF transformer. L is the series inductance, H. d is the
phase-shift duty ratio, and φ is the phase angle, rad. k is the
voltage gain, which is defined as the ratio of the stack voltage
during electrolysis to the nominal output voltage of the DAB
converter.

Furthermore, by substituting (5) into (6), we have

Po = VDCNtNsRd (1 − d )

2L fswzF

(
Tc log

(
(Pabs − Pv,KOH)1.5

awe

)

+ zF

R

(
V 0

rev + s log

(
iact(A)

t
+ 1

)
+ v log

(
iact(K)

w
+ 1

)

+ Vint

))
. (9)

Equation (9) showcases the relationship between the param-
eters of the DAB converter and the electrolyzer parame-
ters [32]. It provides a strong indication that the choice of
converter parameters can no longer be dependent purely on
the voltage, current, and switching frequency, but also on
parameters of the electrolyzer, such as the vapor pressure,
water activity, activation currents, the internal resistance (the
electrode–electrolyte interface behaves as a resistance), stack
temperature, etc.

The small inertia and ease of realizing soft switching
are some of the merits of SPS [42], making it an attrac-
tive modulation scheme for rated power operation, particu-
larly considering the low-voltage and high-current nature of
electrolysis.

B. DPS MODULATION
In the SPS modulation scheme, the power flow is determined
by the phase-shift ratio, d . Due to the presence of only a single
degree of freedom, the efficiency of this scheme begins to
deteriorate when the voltage gain of the transformer deviates
from unity [43]. This scenario occurs during electrolysis, too,
since the voltage and current of the electrolyzer no longer
remain fixed but remain dynamic as the reaction within the
electrolyzer continues. This deviation of voltage gain from
unity results in circulating currents or an increase in the re-
active power within the converter, causing it to draw more
current. Given the nature of electrolysis, i.e., a low-voltage
and high-current process, the losses within the converter
can increase significantly in such a scenario [44]. The DPS
modulation scheme can address the issue of circulating cur-
rents, expand the soft-switching range, and decrease current
stress [45], [46], [47].

Unlike the SPS modulation scheme, wherein only a single
degree of freedom d exists, the DPS modulation scheme con-
sists of two phase-shift ratios, d1 and d2. This work considers
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FIGURE 5. Modes of operation for the DPS modulation scheme. (a) Mode-I, (d1 + d2 ≤ 1, d1 ≤ d2). (b) Mode-II, (d1 + d2 ≤ 1, d1 > d2). (c) Mode-III,
(d1 + d2 > 1, d1 ≤ d2). (d) Mode-IV, (d1 + d2 > 1, d1 > d2).

d1 to be the inner phase-shift ratio while d2 to be the outer
phase-shift ratio. Both phase-shift ratios are lagging. Switch
Q4 is phase shifted by d1, while switch Q5 is phase shifted
by d2. Furthermore, switch Q8 is phase shifted by d1 + d2.
This sum of the inner and outer phase-shift ratios can also
be defined as d3 for the sake of simplicity. In this manner,
phase-shift ratio d3 is dependent on the inner and outer phase
ratios. The presence of two degrees of freedom allows for
better control of power flow. This work considers four modes.

Fig. 5 showcases the DPS modulation scheme along with
the four modes of operation. For each mode, Table 2 pro-
vides the constraints for the phase-shift ratios, expressions
for the state currents of the transformer (primary side), and
expressions for the operating power of the converter for
electrolysis, where A = NtVo

4L fsw
.

C. TPS MODULATION
In the DPS modulation scheme, switch Q8 is applied with
a phase-shift ratio, d3, which is the sum of the inner phase

ratio, d1, and the outer phase-shift ratio, d2. By making d3

independent of d1 and d2, an additional degree of freedom can
be introduced for controlling the power flow. This is known as
the TPS modulation scheme [16], [48], [49]. It is interesting
to note that SPS and DPS are special cases of TPS modulation
schemes. They can be implemented within the TPS modula-
tion scheme with the following conditions:

d1 = 0 & d2 = d3 → SPS

d1 �= 0 & d3 = d1 + d2 → DPS.

In this work, three operating modes are considered. Fig. 6
showcases the TPS modulation scheme along with the three
modes of operation. For each mode, Table 3 provides the
constraints for the phase-shift ratios, expressions for the state
currents of the transformer (primary side), and expressions for
the operating power of the converter for electrolysis, where
A = NtVo

4L fsw
.
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TABLE 2. Operating Modes in DPS Modulation

FIGURE 6. Modes of operation in the TPS modulation scheme. (a) Mode-I, (d1 ≤ d2 ≤ d3). (b) Mode-II, (d2 ≤ d1 ≤ d3). (c) Mode-III, (d2 ≤ d3 ≤ d1).

TABLE 3. Operating Modes in TPS Modulation
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Figs. 5 and 6 showcase the output voltages of both H-
bridges VA and VB for DPS and TPS, respectively. Unlike
the two-level waveforms in the case of SPS, as illustrated in
Fig. 4, output voltages in DPS and TPS are three-level ac
waveforms. The presence of the zero level helps reduce the
area under the period during which the voltage undergoes zero
crossing, while the current does not. This area contributes to
the reactive power. TPS helps reduce this area significantly,
followed by DPS, compared to SPS at lower operating pow-
ers when reactive power becomes more dominant, as will be
evident in subsequent sections.

IV. CHOICE OF THE OPTIMIZATION SCHEME FOR DPS
AND TPS
The selection of phase-shift ratios for the SPS scheme is
relatively straightforward, as only one control variable exists.
However, DPS and TPS modulation schemes contain more
than one control variable. Therefore, there exist infinite pos-
sible combinations of d1, d2, and d3 to achieve an operating
power for a given operating mode. As a result, phase-shift
ratios in the case of DPS and TPS need to be determined based
on optimization objectives.

Kim et al. [50] have modified the DPS scheme by im-
plementing various optimization strategies. Three different
optimization strategies are considered: minimum reactive
power, minimum peak current, and minimum RMS current.
The efficiency of the converter has been compared over a
wide voltage range for each of the optimization methods.
It has been concluded that the peak current and RMS cur-
rent optimization strategies performed the best. Similarly,
Hou and Li [51] performed a comprehensive comparison of
modulation and control strategies for the DAB converter. It
has been concluded that the minimal current stress optimiza-
tion and minimal RMS current optimization performed the
best.

In this work, the determination of the phase-shift ratios for
both DPS and TPS will be carried out based on the peak
current optimization for electrolysis. Contrary to the approach
reviewed in [51], this work employs a different approach to
perform the peak current optimization for the process of elec-
trolysis. The following assumptions have been made while
conducting the optimization process.

1) The effects of dead time are neglected.
2) The parasitic effects of the circuit are neglected for the

sake of simplicity.
To perform peak current optimization, this work uses the

“fmincon” function in MATLAB to determine the phase-shift
ratios for DPS and TPS schemes.

The minimum of a problem is specified by

min
x

f (x) �

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

c(x) ≤ 0

ceq(x) = 0

Aineq · x ≤ bineq

Aeq · x = beq

l ≤ x ≤ u

(10)

TABLE 4. Selection of Kx for the Modulation Schemes and Their Associated
Modes Under Study

where f (x) is the objective function that needs to be min-
imized. c(x) is the inequality cost function. ceq(x) is the
equality cost function. Aineq is the inequality constraint matrix.
Aeq is the equality constraint matrix. bineq and beq are constant
column matrices. l and u are the lower and upper bounds of x,
respectively.

The objective function for the peak current during electrol-
ysis, iL(peak) for a given mode in both DPS and TPS schemes,
is given by

iL(peak)(d, k) = max(K0I0, K1I1, K2I2, K3I3). (11)

As the reaction during electrolysis continues, I0, which has
been considered as the peak current with reference to Figs. 5
and 6, may not necessarily be the peak current for the entire
operating region of the electrolyzer. The peak current value
keeps shifting between I0, I1, I2, and I3. By using (11), this
shift in the peak current is taken into account over the entire
operating region of the electrolyzer and across all modes of
operation under study. Furthermore, it simplifies the formula-
tion process of the objective function. Table 4 provides values
for Kx in (11) for each modulation scheme and its associated
modes.

Using (10), the peak current optimization problem for DPS
and TPS can be defined

min
d

iL(peak)(d, k) �

⎧⎪⎨
⎪⎩

Po(d, k) = Pstack

Aineq · d ≤ bineq

dmin ≤ d ≤ dmax.

(12)

Table 5 provides the equality and inequality constraint ma-
trices Aineq, Aeq, bineq, and beq for DPS and TPS. These
inequality matrices are constructed based on the constraints on
the phase-shift ratios in each mode of DPS and TPS schemes,
respectively.

The equality cost function for both DPS and TPS is given
by

ceq(d, k) = Po(d, k) − Pstack = Po(d, k) − vstackistack (13)

where Po is the output power for various operating modes of
DPS and TPS from Tables 2 and 3, respectively. Pstack is the
target operating power that needs to be achieved based on
the electrolyzer’s characteristics, which can be obtained us-
ing (1)–(5). d is the phase-shift ratio matrix defined as [d1, d2]
for DPS, and [d1, d2, d3] for TPS. The lower and upper bounds
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TABLE 5. Selection of Equality and Inequality Matrices for DPS and TPS
Modulation

TABLE 6. Considered DAB Converters for Electrolyzers

are defined by dmin = [0, 0] and dmax = [1, 1] for DPS, and
dmin = [0, 0, 0] and dmax = [1, 1, 1] for TPS. Fig. 7

illustrates the optimization scheme.

V. COMPARISON OF MODULATION STRATEGIES
Based on the peak current optimization scheme for electroly-
sis presented in the previous section, an analysis is carried out
by comparing the primary transformer peak currents during
electrolysis. Three different electrolyzers are considered, each
with a different power rating, i.e., 1, 10, and 100 kW, to ad-
ditionally consider the effect of rated power. The phase-shift
ratios for DPS and TPS schemes and, therefore, the result-
ing peak currents are determined based on the peak current
optimization scheme described in the previous section. Elec-
trolyzers are unique, nonlinear, low-voltage, and high-current
loads. To illustrate this distinction, a similar analysis is con-
ducted for a 500-V CV load (high-voltage and low-current
load) with the same power rating.

Tables 6 and 7 showcase the DAB converter specifications
for each case. The peak currents on the primary side of the
transformer were measured for 19 operating power points:
starting from 10% of rated power to the rated power.

Fig. 8 showcases a comparison of the transformer primary
peak currents between DPS and SPS operation based on the
analytical results of peak current optimization. For 1- and
10-kW electrolyzers, DPS Mode-I and SPS perform the best

FIGURE 7. Flowchart to determine optimal modulation scheme during
electrolysis for peak current optimization.

for both the loads, achieving minimum peak current until 0.4
and 5.5 kW, respectively. In both cases, DPS Mode-II offers
the lowest peak current below 0.2 and 4 kW, respectively.
However, in the case of the 100-kW power level, while DPS
Mode-I/SPS performed the best overall for the CV load, this is
not the case for the electrolyzer load. In the electrolyzer load,
as the operating power begins to decrease, the peak currents
for DPS Mode-I and SPS begin to increase. At an operating
power close to 50 kW, a crossover is observed between the
DPS Mode-I/SPS and DPS Mode-II. Below 50-kW power,
DPS Mode-II performs the best by achieving the lowest peak
current compared to DPS Mode-I, Mode-III, Mode-IV, and
SPS.
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FIGURE 8. Comparison of studied DPS modes with conventional SPS operation for electrolyzer and CV loads. (a) 1-kW electrolyzer. (b) 10-kW electrolyzer.
(c) 100-kW electrolyzer. (d) 1-kW CV load. (e) 10-kW CV load. (f) 100-kW CV load.

FIGURE 9. Comparison of studied TPS modes with conventional SPS operation for electrolyzer and CV loads. (a) 1-kW electrolyzer. (b) 10-kW electrolyzer.
(c) 100-kW electrolyzer. (d) 1-kW CV load. (e) 10-kW CV load. (f) 100-kW CV load.
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TABLE 7. Considered DAB Converters for CV Loads

Similarly, Fig. 9 showcases the transformer primary peak
currents based on the peak current optimization for the TPS
modulation scheme, as well as during the SPS modulation
scheme for electrolyzer and CV load for the considered test
cases. For the test case of 1-kW CV load, SPS and all TPS
modes of operation provide the same value of peak current for
a given operating power. On the other hand, minor differences
are observed during electrolysis. At the rated power, TPS
Mode-I and SPS offer the lowest possible peak current, fol-
lowed by TPS Mode-II, and finally TPS Mode-III. However,
this trend begins to change as the operating power begins to
decrease. As operating power approaches 400 W, the peak
currents obtained with TPS Mode-III begin to decrease and,
therefore, align with the peak currents of TPS Mode-I, TPS
Mode-II, and SPS at 400 W. Below 200 W, the crossover
finally occurs, wherein TPS Mode-II and TPS Mode-III
provide the lowest possible peak current. For the case of
10- and 100-kW CV loads, the peak currents showcase a
relatively similar trend. At the rated power, TPS Mode-I and
SPS provide the lowest possible peak current. As the operating
power decreases, the difference in performance between the
TPS modes and SPS begins to decrease, too. However, this is
not the case for the 10- and 100-kW electrolyzers. The dif-
ference in performance is clearly observed for these test cases
in contrast to the 1-kW electrolyzer discussed previously. For
both the electrolyzer loads, TPS Mode-I and SPS performed
the best, followed by TPS Mode-II and TPS Mode-III. As the
operating power decreased, a crossover was achieved at 6 kW,
below which, TPS Mode-II and TPS Mode-III outperformed
TPS Mode-I and SPS. A similar trend is observed for the 100-
kW electrolyzer. The crossover occurs between 60 and 80 kW.
TPS Mode-II and TPS Mode-III outperform TPS Mode-I and
SPS by a significant margin.

Using Figs. 8(a)–(c) and 9(a)–(c), comparison of studied
DPS modes and TPS modes is carried out from the context
of peak current reduction with SPS modulation as a base-
line. This comparison is illustrated in Figs. 10 and 11, where
positive percentage values indicate improvement, while neg-
ative percentage values indicate worse performance. In DPS
Mode-I, peak current reduction is nearly identical to SPS, with
only a minor reduction of 3.62% at 0.35 p.u. for the 100-
kW electrolyzer, as illustrated in Fig. 10(a). In contrast, DPS
Modes II–IV underperform near rated power but achieve sub-
stantial improvements at lower operating points. At 0.1 p.u.,
DPS Mode-II reduces peak current by 55.83%, 40.52%,

and 15.09% for the 100-, 10-, and 1-kW electrolyzers, re-
spectively, as shown in Fig. 10(b). Mode-III and Mode-IV
show similar behavior, with the 100-kW electrolyzer reaching
38.51% reduction at 0.1 p.u., as shown in Fig. 10(c)–(d).

In case of TPS modulation, TPS Mode-I resembled DPS
Mode-I but delivered greater peak current reduction for the
100-kW case, achieving 7.41% reduction at 0.35 p.u., as illus-
trated in Fig. 11(a). TPS Modes II and III, while less effective
near rated power, provide significant peak current reduction at
low power levels. At 0.1 p.u., both modes achieved reductions
of 60% (100 kW), 42.71% (10 kW), and 15.75% (1 kW), as
shown in Fig. 11(b) and (c).

Each mode of operation in both DPS and TPS is optimized
for the lowest possible peak current it can offer while strictly
operating in that specific mode. However, additional steps
need to be considered so that the best possible mode of op-
eration among all three modulation schemes can be identified
for optimal operation of the converter during electrolysis. The
detailed steps, as illustrated in Fig. 7, showcase subsequent
steps post optimization scheme in order to obtain an optimized
operating trajectory for the converter during electrolysis by se-
lecting the best possible mode of operation among the studied
modulation schemes for N operating points.

The determination of an optimal modulation scheme
mainly depends on evaluating the deviation between the peak
current during SPS modulation and either the DPS or the TPS
modulation scheme∣∣∣∣ ipeak(SPS) − ipeak(X)

ipeak(SPS)

∣∣∣∣ × 100% > ε (14)

where ε determines the deviation threshold. X in (14) can
either be SPS, DPS, or TPS.

With reference to the flowchart illustrated in Fig. 7, the op-
timal operating trajectory of the converter during electrolysis
is determined for the considered power levels, as illustrated
in Fig. 12. Operation under the SPS scheme is used as the
reference. To highlight the effect of the deviation threshold,
ε, Fig. 12 presents the optimized trajectories of the DAB
converter for 1-, 10-, and 100-kW electrolyzers at ε = 2%,
ε = 5%, and ε = 10% illustrated in Fig. 12(a)–(c), (d)–(f),
and (g)–(i), respectively.

For a deviation threshold of ε = 2%, the preferred op-
eration varies with electrolyzer size. In the case of a 1-kW
electrolyzer, TPS Mode-III is selected up to 200 W, after
which the converter transitions to SPS modulation for the
remainder of the operating range, as shown in Fig. 12(a). In
the case of a 10-kW electrolyzer, TPS Mode-III is used up to
4 kW, TPS Mode-I is selected between 4 and 6.5 kW, and SPS
modulation is applied above 6.5 kW, as shown in Fig. 12(b). In
the case of a 100-kW electrolyzer, TPS Mode-III is preferred
up to 60 kW, TPS Mode-I between 60 and 75 kW, and SPS
modulation beyond 75 kW, as shown in Fig. 12(c).

For a deviation threshold of ε = 5%, fewer transitions
between modulation schemes are observed compared to ε =
2%, as shown in Fig. 12(d)–(f). In the case of 1-kW elec-
trolyzer, SPS modulation is favored for most of the operating
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FIGURE 10. Comparison of studied DPS modes with conventional SPS operation from the context of peak current reduction during electrolysis: (a) DPS
Mode-I, (b) DPS Mode-II, (c) DPS Mode-III, and (d) DPS Mode-IV.

FIGURE 11. Comparison of studied TPS modes with conventional SPS operation from the context of peak current reduction during electrolysis: (a) TPS
Mode-I, (b) TPS Mode-II, and (c) TPS Mode-III.

range, except below 200 W where TPS Mode-III is selected.
In this region, a peak current reduction of up to 15.75% at
100 W is achieved, as shown in Fig. 12(d). In the case of a
10-kW electrolyzer, SPS modulation is preferred above 4 kW,
while below this level, TPS Mode-III provides superior per-
formance, yielding a peak current reduction of up to 42.71%
at 1 kW, as shown in Fig. 12(e). Similarly, for the 100-kW

electrolyzer, SPS modulation is selected above 60 kW, and
TPS Mode-III is used below 60 kW, resulting in a peak current
reduction of up to 60% at 10 kW, as shown in Fig. 12(f).

For a higher deviation threshold of ε = 10%, SPS mod-
ulation becomes dominant. In the 1-kW electrolyzer, TPS
Mode-III is applied only up to 150 W, with SPS modulation
covering the remainder of the range, as shown in Fig. 12(g). In
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FIGURE 12. Optimized operation for electrolysis based on deviation threshold: ε = 2%: (a) 1 kW, (b) 10 kW, and (c) 100 kW. ε = 5%: (d) 1 kW, (e) 10 kW,
and (f) 100 kW. ε = 10%: (g) 1 kW, (h) 10 kW, and (i) 100 kW.

the 10-kW case, TPS Mode-III is preferred below 3.5 kW and
SPS above this point, as shown in Fig. 12(h). For the 100-kW
electrolyzer, TPS Mode-III is selected up to 50 kW, while
SPS modulation is used for higher power levels, as shown in
Fig. 12(i).

The results in Fig. 12(a)–(i) show that a lower deviation
threshold enables utilization of different modulation schemes
and their associated modes. Conversely, a higher deviation
threshold minimizes transitions, leading to operation primar-
ily in the SPS scheme. Thus, ε = 5% is considered in this
work, which provides a balance between the number of tran-
sitions between modulation schemes and the minimization of
peak current.

With reference to Fig. 12(d)–(f), another important obser-
vation is that the region where SPS modulation is preferred
decreases as the rated electrolyzer power increases. For
low-power electrolyzers, SPS provides the lowest peak current
across most of the operating range, with TPS Mode-III applied

only near the lower power limit, as shown in Fig. 12(d).
However, for medium- and high-power electrolyzers, TPS
becomes essential. The SPS scheme cannot minimize peak
current effectively at lower operating points, which can re-
sult in increased reactive power within the system. In these
cases, TPS outperforms both SPS and DPS, as demonstrated
in Fig. 12(e)–(f).

VI. SIMULATION AND EXPERIMENTAL RESULTS
Fig. 13 showcases the experimental setup for this work. A
1-kW 20-kHz DAB prototype is designed and controlled in
open loop using PLECS RT-Box 2 by implementing the mod-
ulation logic within PLECS. Based on the identified optimal
operating trajectory, the phase-shift ratios (d1, d2, and d3) are
calculated offline and stored in a lookup table. The Infineon
AIMZH120R020M1T silicon carbide MOSFETs are chosen as
semiconductor switches in this prototype. Two bidirectional
programmable dc power supplies are used. One of them is
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FIGURE 13. Experimental setup.

TABLE 8. Comparison of Simulation and Experimental Results Based on
the Identified Optimized Trajectory (ε = 5%) for the 1-kW Prototype

programmed as a dc source and set at 500 V, while the other is
configured as a dc load that follows the electrical characteris-
tics of the 1-kW electrolyzer. The efficiency measurement has
been carried out with the help of a Yokogawa WT500 power
analyzer. The peak value of the primary-side transformer cur-
rent is measured using a Yokogawa DLM3034 oscilloscope.

The prototype is operated to follow along the optimal op-
eration curve, as shown in Fig. 12(a). On the other hand,
in order to validate the 10- and 100-kW cases, equivalent
Simulink models are made to operate along their respective
optimal operation curves. Table 8 provides a comparison of
peak currents measured from the experimental setup against
the simulation model operating on the optimized phase-shift
ratios for the 1-kW system, and Fig. 14 showcases the primary
transformer currents obtained from the prototype. On the other
hand, Tables 9 and 10 provide a comparison between the
peak currents of simulation results against the value of the
objective function of the optimization problem for the 10- and
100-kW systems, respectively. Figs. 15 and 16 showcase the
primary transformer currents for the 10- and 100-kW systems,
respectively. The phase-shift ratios determined by the opti-
mization scheme correctly result in the expected primary peak
transformer current during electrolysis for the 1-kW case. On
the other hand, simulation results for the 10- and 100-kW
cases are in accordance with the peak current values obtained

TABLE 9. Comparison of the Optimization Results With the Simulation
Results Based on the Identified Optimized Trajectory (ε = 5%) for the
10-kW System

TABLE 10. Comparison of the Optimization Results With the Simulation
Results Based on the Identified Optimized Trajectory (ε = 5%) for the
100-kW System

through the objective function of the optimization problem,
showcasing that the proposed optimized operation for the con-
verter during electrolysis effectively helps minimize the peak
transformer current at lower operating power points during
electrolysis.

Fig. 17 presents the measured efficiencies of the 1-kW
experimental prototype operating under SPS, DPS, and TPS
modulation schemes during electrolysis. At the rated power
of 1 kW, all three schemes exhibit nearly identical efficiencies,
with SPS at 96.20%, DPS at 96.17%, and TPS at 96.36%. This
convergence occurs because, at rated power, DPS and TPS
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FIGURE 14. Experimental results of primary transformer current based on the identified optimized trajectory (ε = 5%): TPS-III in (a) 100 W, SPS in
(b) 200 W, (c) 300 W, (d) 400 W, (e) 500 W, (f) 600 W, (g) 700 W, (h) 800 W, (i) 900 W, and (j) 1 kW.

FIGURE 15. Simulation results of primary transformer current based on the identified optimized trajectory (ε = 5%): TPS-III in (a) 1 kW, (b) 2 kW,
(c) 3 kW, SPS in (d) 4 kW, (e) 5 kW, (f) 6 kW, (g) 7 kW, (h) 8 kW, (i) 9 kW, and (j) 10 kW.

FIGURE 16. Simulation results of primary transformer current based on the identified optimized trajectory (ε = 5%): TPS-III in (a) 10 kW, (b) 20 kW,
(c) 30 kW, (d) 40 kW, (e) 50 kW, SPS in (f) 60 kW, (g) 70 kW, (h) 80 kW, (i) 90 kW, and (j) 100 kW.

68 VOLUME 7, 2026



FIGURE 17. Measured efficiency of the 1-kW prototype in SPS, DPS, and
TPS modes with an emulated 1-kW electrolyzer load.

effectively operate in a manner similar to SPS, as described in
Section III-C. As the operating power decreases, the efficiency
of SPS begins to drop, while DPS and TPS maintain a similar
trend and even show slight improvements up to 600 W. Below
600 W, TPS efficiency gradually declines and falls slightly
below that of DPS. At 100 W, DPS demonstrates the highest
efficiency at 90.89%, followed by TPS at 89.46%, and SPS
at 88.15%. While the proposed peak current optimization en-
ables TPS to achieve the lowest peak current at low power,
it also results in a slightly higher RMS current compared to
DPS. As a result, DPS delivers marginally higher efficiency
due to its lower RMS current despite the slightly higher peak
current as compared to TPS, as shown in Fig. 17.

VII. CONCLUSION
This article has investigated state-of-the-art modulation
schemes for the DAB converter with a focus on electrolysis
applications. Due to their nonlinear, low-voltage, and high-
current characteristics, electrolyzers pose distinct challenges
compared to conventional CV loads. A comparative analysis
across SPS, DPS, and TPS modulation schemes using peak
primary transformer current as the evaluation metric has been
conducted at three power levels: 1, 10, and 100 kW. To achieve
this, a peak current optimization method based on MATLAB’s
fmincon function has been developed to determine optimal
phase-shift ratios for DPS and TPS schemes. The results
revealed that electrolyzers exhibit fundamentally different be-
havior than CV loads under the same operating conditions,
highlighting the need to study modulation strategies for elec-
trolysis.

Extending the optimization scheme, optimized operating
trajectories for the DAB converter have been identified for
each power level. While SPS remains the most effective for
low-power electrolyzers, it proves suboptimal at medium to
high power due to increased circulating currents and reactive
power—issues that can be significantly mitigated with DPS
and TPS schemes.

The proposed optimization framework has been validated
through experiments using a 1-kW 20-kHz prototype and
simulations for 10- and 100-kW systems. The optimized tra-
jectories resulted in peak current reductions of up to 15.75%
at 100 W for the 1-kW system, 42.71% at 1 kW for the 10-kW
system, and 60% at 10 kW for the 100-kW system, compared
to conventional SPS operation.
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