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ABSTRACT This work presents an efficiency-oriented modulation and morphing strategy for a three-phase
three-level dual active bridge converter operating across both 800V and 400V electric vehicle battery
systems. By reconfiguring the converter into a single-phase dual active bridge or a hybrid half-bridge/full-
bridge structure at light-load, the proposed approach reduces current-invariant losses. A unified dual
phase-shift framework is formulated to analytically model power flow and peak-current minimization across
all three-level modulation variants, inner phase shift, duty-cycle control, and T-type zero-level modulation,
demonstrating that all combinations produce equivalent voltage and current waveforms. Simulation efficiency
maps are generated for all valid primary/secondary modulation pairs and indicate that inner and duty-
cycle modulation achieve the highest efficiency across the full operating window. Hardware-in-the-loop
experiments confirm stable three-phase-to-single-phase morphing and accurate power tracking between
reference and measured power profiles for both voltage levels. The results validate that the proposed
morphing strategy enables wide-range, auxiliary-free light-load operation suitable for next-generation EV
charging architectures.

INDEX TERMS Dual active bridge, Dual-phase-shift, EV charging, morphing, light-load efficiency, wide
output voltage range.

High-power dc fast charging for battery electric vehicles is
increasingly moving toward hundreds of kilowatts of charging
power and wide battery voltage ranges [[1]. Recent standards
and demonstrators show dc charging modules delivering 150-
350 kW or more, while the dc link on the vehicle side can span
roughly 200-1000 V, with the mainstream clustering around
400 V and 800 V battery systems [2]-[4]]. This trend is driven by
the need to shorten charging time without exceeding cable and
battery current limits, and it directly translates into demanding

requirements for the isolated dc-dc stage of the charger in terms
of power density, efficiency, and controllability 5], [6].
Among isolated dc-dc topologies, the dual active bridge
(DAB) has emerged as a strong candidate for such ap-
plications thanks to its galvanic isolation, step-up/-down
operations, zero voltage switching (ZVS), and bidirectional
power flow capability [7]. The single-phase DAB reached
great popularity because of its great modulation flexibility. In
fact, besides the conventional single-phase-shift (SPS), several
other techniques like extended-, dual-, and triple-phase-shift
took advantage of inner phase shifts to achieve optimizations
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in terms of light-load operations, soft-switching, and peak
current minimization [8]], [9]. However, the single-phase
structure limits the straightforward use of commercial three-
phase power modules, constraining both power density and
cost competitiveness at the very high power levels targeted
by next-generation fast chargers [[10].

To address this, three-phase two-level DAB converters have
been proposed [7|]. In their simplest implementation, they
operate under a six-step SPS modulation, offering high power
capability and leveraging mature three-phase module technology.
Yet, in symmetric operation they lack many of the advanced
modulation features available in the single-phase case, which
restricts control flexibility, especially under light-load and
wide-voltage conditions [[11]]. This limitation has motivated
the adoption of three-level power modules (e.g., neutral-point-
clamped or T-type), leading to the three-phase three-level DAB,
which combines the benefits of multilevel operation with the
high-power capability of a three-phase structure [[12]—[15].

In the context of EV charging, however, even a three-phase three-
level DAB suffers from low efficiency at light-load and experience
soft-switching degradation across a wide output voltage range,
unless additional hardware, such as interphase inductors, auxiliary
switches, or modular converter stages, is introduced [16], [[17].
These solutions increase cost and architectural complexity and are
not always attractive for industrial deployment.

To address this challenge, this paper proposes a morphing
technique that reconfigures the three-phase three-level DAB into
different effective topologies depending on the operating point,
while keeping the physical hardware unchanged. In high-power
regions, all three phases remain active and the converter exploits
the full three-phase three-level structure; at light-load, one or
more phases are intentionally shed, and the converter transitions
into a single-phase DAB, which ensures a wide output voltage
range, and enhanced light-load efficiency.

Once the converter is morphed into a single-phase equiv-
alent, it becomes possible to apply modulation strategies
commonly used in single-phase DABs, including SPS as
well as extended-, dual-, and triple-phase-shift variants. In
particular, prior work in [[I8] focused on SPS operation,
addressing soft-switching boundaries and light-load efficiency
in the morphed configuration. This paper represents a direct
extension of that concept by investigating dual-phase-shift
(DPS) control applied to the morphed topology and evaluating
how the additional degree of freedom can be exploited for
current shaping and loss reduction.

The conventional DPS implementation introduces an inner
phase shift between the legs of each bridge to synthesize a three-
level voltage waveform [[19]. However, the same waveform can
also be generated through duty-cycle modulation, which directly
regulates the conduction intervals, or by activating the T-type
horizontal devices to synthesize explicit zero-voltage levels [20].
These alternative mechanisms allow several primary/secondary
combinations, inner-inner, duty-duty, inner-duty, duty-inner, and
T-type-based variants, each offering the same average power
capability but exhibiting different conduction paths, switching
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FIGURE 1: Three-phase three-level (T-type) DAB with star-
connected transformers, whose parameters are listed in Table/[l

events, and therefore distinct loss characteristics. This work
systematically analyzes these options in the context of morphing-
based operation and evaluates their impact on efficiency across
the full 400 V/800 V operating regions. The feasible three-level
modulation combinations are comparatively evaluated through
device-level simulations to identify the most efficient primary-
secondary pairs, and the approach is validated experimentally
through hardware-in-the-loop testing, confirming stable morphing,
clean current transition, and a good power-tracking accuracy.

The remainder of the paper is organized as follows. Section
[] reviews the proposed light-load morphing schemes for
the 800 V-800 V and 800 V-400 V operating conditions and
derives the associated maximum power limits. Section [[I]
introduces the analytical models for six-step three-phase op-
eration and DPS-based single-phase operation, including the
peak-current optimization. Section [[V] presents the simulation
setup and efficiency maps for all modulation combinations.
Section [V] reports the hardware-in-the-loop verification of
the morphing and control strategy under realistic charging
profiles. Finally, Section [Z[] summarizes the main findings
and outlines possible extensions of this work.

Il. PROPOSED LIGHT-LOAD MORPHING TECHNIQUE

In virtue of the great number of switches that characterize
the three-phase three-level DAB, the operation in light-load
conditions leads to low-efficiency values [21]. To address this
issue, the current manuscript leverages the multiple degrees of
freedom given by the three-phase three-level topology in Fig.
To set a scenario popular in EV charging applications, it is
assumed from now on that the primary DC-link voltage U; is
fixed at 800 V while the secondary voltage U, depends on the
voltage level of the EV battery, which is 400 V or 800 V. The
main circuit parameters are summarized in Table[T]

A. LIGHT-LOAD OPERATIONS AT 800 V-800 V
In this operative condition, one of the DAB phases is
alternatively turned off; i.e., implementing the so-called
rotation phase shedding [22]. An example of phase C-c being
turned off can be seen in Fig. [2(a). This adaptation allows
for a rough reduction by 1/3 of the current invariant losses
share, improving the light-load efficiency [23]].

Such working conditions are equivalent to a single-phase
three-level DAB having double transfer-inductance (2L); see
Fig. 2[@). The theoretical maximum power processed in this
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) Beyond SPS, the three-level DAB can also be operated
TABLE 1: Three-phase three-level DAB main paramete(gih ppS modulation. The most conventional implementation
from [10]. of the DPS is introducing an inner phase shift between the

?gﬁggﬁer I Symt?ol' V‘:F‘ie legs of each bridge, allowing botng and v, to assume
Transfer-inductance L 0.117 mH three effective voltage Ievels. during the switching .penod [19].
DC-link capacitance G 600 F The same three-level behaviour can also be obtained by duty-
Primary voltage Y 800V cycle modulation, where the power is regulated by directly
Secondary voltage 4 200-900 V controlling the duty of the switches, which implicitly sets
fﬂggfmh:?r?] Zﬁ?e”re;ﬁ;’se <hift j";x gggz the duration of the zero-voltage interval, or by turning on the
Three-phase DAB rated power P 265 kW at U = 800 V horizontal IGBTs of the T-type structure to synthesize zero-

133 kW at Y =400 V level segments [20]. As a result, several valid combinations
Vertical MOSFETs 1x, 2x  CAS300M17BM2 exist for shaping the primary and secondary pole voltages:
Horizontal IGBTs _ 3x_ SKM300GM12T4 inner phase shift on both bridges, inner on one bridge and
Considefing SPS according to [7]- duty on the other, duty-cycle on both bridges, or cases where
one of the bridges or both the bridges employs the T-type zero-
level generation. Therefore, in total, nine combinations can be
implemented, and each combination provides a distinct trade-
off between current shaping, switching losses, and control
complexity. The study of SPS modulation has already been
investigated in [18]. Thus, this paper investigates all DPS
modulation combinations to assess their impact on light-load
operation and to identify the most suitable strategy for the
considered application.

B. LIGHT-LOAD OPERATIONS AT 800 V-400 V

Similarly to what was discussed in Section II-A, one of the
DAB phases is alternatively turned off. Additionally, to ensure
ZVS conditions, one of the primary active legs can be clamped
to the split-capacitor middle point. With reference to Fig. 2(b),
switch 3B can be permanently turned on while switches 1B
and 2B are turned off. This operation allows for a reduction by
fZ % of the current invariant losses and by 50 % of the number

FIGURE 2: Equivalent circuit of the three-phase DAB in Fig. oo .
of switching events, with respect to three-phase three-level

under light-load. (a) Phase C-c shedding, suitablesir\V-

800 V operation. (b) Phase B-C-c shedding and switch 3B tumg@erations, gregitly impr(_)\_/ing_light-lc_)ad efficiency_ [23]
on, suitable for 800 V-400V operation. Such a working condition is equivalent to a single-phase

three-level hybrid con guration constituted by one half-
bridge at the input and one full-bridge at the output having
condition is: double transfer-inductancel() [25], [26]; see Fig. 2(b). The

- YN (1) theoretical maximum power processed in this condition is:

M 16fgul
sw
which corresponds to about 171 kW with the parameters of Ponax = UiUzN )
Table 1 and assuming, = 800 V. If compared with the 32fsul

theoretical maximum power of the three-phase three-lewehich corresponds to about 42 kW with the parameters of
DAB, it corresponds to a reduction of about 35 % [7]. Actualable 1 and assuming, = 400V. If compared with the
maximum power values are usually sharply smaller becaubeoretical maximum power of the three-phase three-level
of accounting for the real components' ampacity. DAB, it corresponds to a reduction of about 68 % [7]. Clearly,
In this working condition, it is still possible to leveragesuch a technique should be employed at a very light-load.
the classical five degrees of freedom of the three-level DAB.If compared with Section 1I-A, the primary side loses one
Namely, outer phase shift, inner phase shifts, and primatggree of freedom (i.e., inner phase shift) and the related primary
and secondary pole voltages zero-level durations [24]. Thigltagevag = V an t0 assume up to three levels ranging the dia-
allows for primary and secondary voltageg andv,, to be pasonU ;=2 Clearly, the secondary side remains unchanged
characterized with up to five levels ranging the; and U , to maintain the voltage gain rat® = U;=2NU, 1 , which
diapasons respectively. If operated in SPS modulation, the Z¥8sures ZVS while operating in SPS modulation [27].
is almost always ensured by virtue of the voltage gain ratio Although the primary bridge behaves as a half-bridge in
G=U31=NU, 1]7]. this condition and therefore loses the inner phase shift degree
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of freedom, the implementation of DPS modulation remains

possible. In particular, duty-cycle modulation can be applied

to the primary bridge, whereas, the secondary full-bridge

still offers the capability to generate three voltage levels

through different mechanisms, inner phase shift between

the legs, duty-cycle modulation that adjusts the duty of the

switches, or activation of the horizontal devices of the T-type

structure to synthesize the zero-level interval. As a result,

three valid modulation options exist for this hybrid single-

phase operating mode, each providing a different trade-6#GURE 3: Operational waveforms under DPS wign 1
between current shaping, switching effort, and achievati&f (2) Mode 1 and (b) Mode 2.
conversion ef ciency. Thus, even in this case, apart from the

SPS modulation which has already been discussed in [18], all

of the three-level modulation combinations are investigated

to assess their impact on light-load operation and to identify

the most suitable strategy for the considered application.

ll. ANALYTICAL MODELLING

A. THREE-PHASE DAB OPERATION UNDER SIX-STEP

MODULATION

In the three-phase three-level DAB, the power transfer

mechanism can be interpreted through the classical six-sEIGURE 4: Operational waveforms under DPS wi@gr 1
operation originally introduced for the three-phase DARbr (a) Mode 1 and (b) Mode 2.

topology [7]. In this mode, each bridge synthesizes a three-

phase line-to-neutral voltage set where each phase remain@nder DPS, two operating modes arise depending on the

clampeq.to e'.thleU 1, 0,0r U, for 1=6intervals, produplng relative values ofl andD ;. Mode 1 corresponds to the range
the familiar six-segment waveform over half of the swﬁchmg_5 d D 4, while Mode 2 applies whed D ; <0:5 d

period. The'prrmary and secondary bridges operate W"Eﬂg corresponding voltage and current waveforms for these
the same six-step structure but are phase-shifted by {96, 4eq are illustrated in Fig. 3(a)~(b) and Fig. 4(a)—(b).
controllable valued, S0 the eﬁecrrve volt.age applied to the1’he transferred power under DPS can be expressed in closed
transformer leakage inductanteis the difference between form for each mode as:

the two six-step waveforms. Because the transformer is Y-Yr ' )

connected and the phase currents saiigfyig +ic =0, p = NUiU d(1 2d) (0:5D 1) Mode 1 @

the system dynamics reduce to a single equivalent leakage Lfsw d(2D; d) Mode 2

inductance per phase, and the inductor current can bg, pps modulation, the transferred power depends on both
solved piecewise over the six conduction intervals. Thyg,;nq D1, as given in(4). The role ofD; is to provide

the resulting average transferred power can be calculated g5, qditional degree of freedom, enabling current shaping
NU,U, d % d 0 d 1=6 and peak-current reduction for a given power reference by

Lf s d 2d 2 % 1=6 d 1=3 ®3) seler_:ting an appropriate (d;D pair. _

_ ) _ ~Itis worth noting that under inner phase shift control, the
This power equation describe the fundamental behawqg)tgty of all MOSFETSs remains xed at 50 %, and only the
of the three-phase six-step DAB and provide the analyticgljative phase shift between the two legs is modulated through
reference for the operating region from which the convertgy, Wwhereas, in duty-cycle modulation, the same parameter

P

later morphs into the single-phase mode. D, is interpreted as the duty ratio of the MOSFETS, while the
phase shift between the legs is kept xed at half a switching

B. SINGLE-PHASE DAB OPERATION UNDER DPS period. As a result, the duty-cycle variant produces the same

MODULATION effective voltage and current waveforms shown in Fig. 3 and

In contrast to SPS, which relies solely on the outer phaség. 4, despite relying on a different control mechanism.
shift d, DPS introduces an additional inner phase shift ratio, A similar behaviour arises with the T-type modulation.
denoted a®,, between the two legs of both the primaryHere,D, is applied as the duty ratio of the vertical MOSFETS,
and secondary bridges. This additional degree of freedavhile the horizontal IGBTs are activated according to the
generates a three-level voltage waveform for bdthand complementary switching combinations that synthesize the
U,, and can be exploited to minimize the peak currer#iero-voltage level. This also results in a three-level pole
The combined use af andD provides substantial control voltage identical to that produced by the inner phase shift
exibility and enables improved current shaping [28]. and duty-cycle methods, and therefore yields the same voltage
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L ) o expressions, together with the corresponding lirdjtg;, and
TABLE 2: Optimization results of DPS with minimum peakdIimz are de ned as:

current. 8
2p . G’*2G 3
P G D, d Mode ml = — 5= o
1. 3 > 3 1’
Pim:1] G>1 (G 1d G+ [dim;0:25] 1 * Plim2 = ZG; +1G + >
G+1

[0; Pim] G>1 Tl [0; dim1 ] 2 2 dijma =

et 16 4G ®)
Pim2;1] G 1 ot g0 [dme;025] 1 ? i = 1 46

D 1+G -

[0; Pim2] G 1 T [0; dimz2] 2

IV. NUMERICAL VALIDATION
In the study, the analytical DPS power expression was used to

and current waveforms illustrated in Fig. 3 and Fig. 4. Since@mpute the operating points by deriving the corresponding
all three modulation strategies ultimately generate the sai@ues ofd andD, for each reference power and voltage
power-transfer behaviour, whe(d) is always valid, they can Pair. Once these modulation parameters were obtained, the
be freely combined on the primary and secondary sidesGfnverter was simulated in PLECS using the detailed thermal
multiple con gurations, as outlined in Section 1. models of the semiconductor devices CAS300M17BM2 and
Furthermore, the DPS modulation offers a large set §KM300GM12T4, which are listed in Table 1 and the param-
feasible(d; D) combinations for a given reference power. T&ters are taken from the datasheets. These models account for
identify the most favourable operating point within this set, aifie switching and conduction losses of the MOSFETs and
optimization criterion is required. In this work, the minimumlGBTS, calculated at a xed junction temperature at 1@,
peak-current condition is selected, as reducing the curr@i@bling a realistic estimation of the converter ef ciency.
extrema directly lowers conduction losses and improves ligiince all modulation combinations generate equivalent voltage
load ef ciency. The optimal paifd; D) can be obtained and current waveforms and the same transformer is used in
by applying a Lagrange multiplier to the power expressid@very case, the corresponding transformer losses are not
in (4), enforcing the power constraint while minimizing théncluded in the comparison. For the same reason, auxiliary
current peak. This procedure yields the analytical relationsHgsses are also neglected, as their inclusion would uniformly
betweerd andD; that de nes the optimal operating trajectoryShift the absolute ef ciency values without affecting the

for DPS modulation. The Lagrangian function in this papéglative ef ciency trends among the modulation strategies.
is given by the following: The operating power was swept from zero up to the

maximum valuePax de ned in Section Il, while the input

LD )=T@D )+ [PED ) P 1. voltageU; was xed at800V and the output voltage 5vas
where T(d;D;) is the target function, which representyaried betweerb00V-920V for the 800 V-800V case and
the formula for peak currenP (d; D) refers to the trans- 200 V-500V for the 800V-400V case. This results in a
mission power, and the constraint condition is given byoltage-gain range of approximately 0.86 to 1.6 in 8@®V
P(d;D;) =P . The is the Lagrange multiplier. battery case and 0.8 to 2 in tHO0 V battery case, thereby

For DPS, the peak current behavior in mode 1 and modevering bothG 1 and G > 1 operating conditions.
2 is in uenced by the relationship betwedéh andNU,. As These voltage intervals also align with practical EV-charging
illustrated in Fig. 3(a) and Fig. 4(a), the peak currents occumquirements reported in the CharIN speci cations [29]. For
att, whenG 1, and attz whenG > 1. Similarly, in each operating point, the ef ciency was extracted from the
mode 2, the peak current appeardadndt, under the two simulated waveforms, enabling a direct comparison among
respective voltage conditions, as shown in Fig. 3(b) and Fibe different modulation combinations. In addition to the
4(b). Thus the corresponding expressions for both modes c@miconductor conduction and switching losses, a xed gate-

be summarized as: driver loss of 5 W per device was included to account for
8d+D (4G 4) G>1 the _auxiliary power cqnsumptiqn of the con_verter. _
I'tp=1 max ' (6) Figure 5(a) summarizes the simulated ef ciency for all nine

8Gd+D.(4 4G) G 1 possible modulation combinations in tB80 V-800V case.
where | max is NUy=16Lfg, in 800V-800V case and The top-left plot shows the four combinations obtained when
NU,=32Lfg, in 800V-400V case. both the primary and secondary bridges use inner phase shift
Having these current expressions and using the Lagrang@nduty-cycle modulation; the top-right and bottom-left plots
condition in(5), the optimal solutions for DPS with minimum correspond to the two mixed cases where one bridge uses
peak current can be calculated as a functio®@f;, Pim2, inner/duty modulation and the other uses T-type modulation;
dim1, anddim2 and are summarized in Table 2. HeRyn1, nally, the bottom-right plot represents the case where both
Pim2 are normalized with respect ®,,x, and their analytical bridges use T-type modulation. As expected, inner phase
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FIGURE 5: (a) Efficiency maps for the 800 V-800V case
under all nine primary/secondary modulation combinations.

(b) Efficiency maps for the 800 V-400 V case under all three
primary/secondary modulation combinations.

shift and duty-cycle modulation yield identical efficiency
curves, since both strategies generate the same three-level
voltage waveform and involve the same number of switching
transitions. In contrast, T-type modulation consistently results
in a slightly lower efficiency, primarily due to the larger
number of semiconductor devices involved in generating
each switching state, which increases both conduction and
switching losses. This trend is evident in all operating regions
and across both voltage-gain conditions.

For the 800 V-400 V case, shown in Fig. [5[b), the primary
side operates as a dual active half bridge and therefore
cannot apply inner phase shift modulation; only duty-cycle
modulation is feasible on the primary side. On the secondary
side, inner phase shift, duty-cycle modulation, and T-type
modulation were implemented. Even in this case, the T-type
modulation consistently exhibits slightly lower efficiency due
to the increased number of semiconductor devices involved,
which raises both conduction and switching losses.

Across all operating points, the simulations showed that
inner phase shift and duty-cycle modulation achieve nearly
identical efficiency, since both produce the same three-level
voltage waveform and involve the same number of active
devices. Consequently, although four inner/duty combinations
were examined in simulation, their efficiency overlapped
completely. The efficiency contour lines in Fig. 5] enable a
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FIGURE 6: (a) Real-time HIL experimental setup. (b) Plecs
schematic of real-time HIL test depicting converter and
morphing technique controller.

direct comparison among the modulation strategies over the
entire operating range and show that inner phase-shift and
duty-cycle modulation consistently yield the highest efficiency
across most operating points, which therefore represent the
recommended operating regions for practical implementation.

For the HIL validation, it was therefore sufficient to
implement only the representative cases: inner-inner and
duty-duty for the 800V case, and duty-inner and duty-duty
for the 400V case, respectively on the primary-secondary
sides. The T-type combinations were not considered further,
as their efficiency remained consistently lower throughout
the simulation study.

V. HARDWARE-IN-THE-LOOP VERIFICATION

To verify that the proposed morphing strategies can be executed
reliably by a real controller rather than only in offline simulation,
hardware-in-the-loop (HIL) tests were carried out. The simula-
tion study already indicated that the inner phase shift control and
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duty-cycle modulation on both the primary and secondary sides
deliver the highest efficiency among the examined combinations.
Therefore, both approaches were included in the HIL campaign.
The results presented in this section, focus on the transition from
full three-phase operation to the morphed single-phase mode
under DPS modulation, evaluating both the inner phase shift and
duty-cycle implementations.

Fig. [6(a) shows the real-time HIL experimental setup and
Fig. [6(b) depicts the Plecs schematic of HIL setup. The
tests were executed on an RT Box 3 platform from Plexim
GmbH. The converter architecture of Fig. [T] was implemented
using FlexArray blocks from the PLECS library. Due to
hardware limitations, the PWM signals were generated at a
switching frequency of 2 kHz, whereas the DAB converter
dynamics were emulated with a sampling frequency of
200 kHz. Increasing the number of samples per switching
period enables accurate reconstruction of the inductor current
waveforms and corresponding power transfer.

To reproduce a realistic charging scenario, the power and
voltage profile of a Fiat 500e battery during a full charging
cycle, derived from the datasets in [8], [30], was used as the
reference signals for the DAB converter. The original power
profile reaches approximately 80 kW, and the voltage ranges
between 390V and 450 V. To match the rated power and
operating limits of the converter parameters listed in Table [T}
the profile was uniformly scaled for both the 800 V-800 V
and 800 V-400V validation cases. This ensures that the HIL
controller is exercised across the full usable power range of
the proposed morphing strategies. In addition, the time axis
of the profile was accelerated so that the full charging cycle
is reproduced in approximately 20 seconds, allowing the HIL
platform to evaluate the entire operating range within a short
test duration.

During HIL execution, for each sampling step, the con-
troller computes the nominal phase-shift values directly from
the analytical steady-state power equations of Section [ITI}
in three-phase operation, only the outer phase shift d is
calculated, whereas in the morphed single-phase DPS mode,
both the outer and inner phase shifts d and D; are obtained
from the corresponding DPS expression. Since these equations
neglect losses, dead time, and quantisation effects, the purely
feedforward solution cannot perfectly track the reference
profile. To compensate for the resulting mismatch, the
measured power is compared with the reference power, and
the error is processed by a discrete PI regulator. The PI output
Ad is then added to the analytically computed feedforward
value of the outer phase shift d, while D1 is kept as given
by the DPS formula. In this way, the analytical model
provides the main phase-shift command, and the PI loop only
performs fine correction, ensuring accurate tracking of the
power profile in both three-phase and morphed single-phase
operation. Furthermore, the morphing operation does not alter
the form of the fundamental power-transfer relationship of
the converter, which remains governed by phase-shift-based
energy transfer between the primary and secondary bridges.

VOLUME ,

Instead, morphing results in an equivalent topology with
modified effective parameters, such as the transfer inductance
and the maximum transferable power. As a consequence,
the same analytical power expressions remain valid, while
the operating limits are adapted according to the morphed
configuration. Therefore, no retuning of control parameters is
required, and the same feedforward and PI control structure
is preserved before and after morphing.

From an implementation perspective, the proposed strategy
introduces limited additional complexity, as it relies on
standard phase-shift computation and a single PI regulator,
without requiring extra sensing or high-bandwidth control
loops, making it suitable for real-time execution on conven-
tional digital control platforms.

A. VALIDATION OF 800 V-800 V CASE

For the 800V-800V operating condition, the converter
starts in full three-phase mode and morphs into the single-
phase configuration when the transmitted power becomes
sufficiently low. The transition is not based on time, but
on the outer phase-shift value d, which directly reflects the
transferable power capability of the morphed single-phase
DAB topology. The morphing threshold is therefore selected
to correspond to the maximum power that can be safely
processed in single-phase operation. The exact value of the
threshold is not critical, as long as it is selected within a
safe margin below the analytical power limit, resulting in
limited sensitivity and ensuring reproducible behavior across
different implementations. In this experiment, the morphing
threshold was set at d = 0:15, ensuring that the transition
occurs while the converter is still operating in a safe region.

Fig.[7|presents the HIL results for inner phase shift modulation
applied on both the primary and secondary sides. The output
power in Fig. [7(a) closely follows the reference profile from
the scaled Fiat-500e dataset across the full charging window.
After reaching the morphing threshold, the controller commands
the single-phase DPS mode, and the power tracking remains
continuous, with only a minor undershoot highlighted in the
zoomed view on the right. The inductor currents in Fig. [7[b)
clearly show the three distinct operating stages: (i) balanced
three-phase currents during the high-power interval, (ii) a smooth
shedding of phases during the morphing interval, and (iii) stable
single-phase current with doubled transfer inductance in the light-
load region. The absence of irregular oscillations confirms that
the morphing action is fully controlled and does not introduce
dynamic stress.

A second HIL test evaluated duty-cycle modulation applied
on both the primary and secondary sides under identical
conditions, using the same morphing threshold of d = 0:15.
Fig. [8(a) again demonstrates tight tracking between the ref-
erence and measured power. The inductor-current waveforms
in Fig. [§(b) show the expected change in current shape after
morphing, and the three-phase-to-single-phase transition is
achieved without waveform distortion. These results show
that inner phase shift modulation and duty-cycle modulation
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FIGURE 7: HIL results for the 800 V-800 V operating case
using inner phase shift modulation on both the primary and the
secondary. (a) Measured and reference output power, including
a zoomed view during the morphing instant. (b) Inductor current
waveforms highlighting the three operating stages: balanced
three-phase operation, phase shedding during the morphing
instant, and steady single-phase operation at light-load.
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FIGURE 8: HIL results for the 800 V-800 V operating case
using duty-cycle modulation on both the primary and the
secondary. (a) Measured and reference output power, including
a zoomed view during the morphing instant. (b) Inductor current
waveforms highlighting the three operating stages: balanced
three-phase operation, phase shedding during the morphing
instant, and steady single-phase operation at light-load.
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produce effectively identical waveforms, as discussed in
Section confirming their compatibility with the proposed
morphing strategy. They also demonstrate that using the outer
phase-shift value as the transition trigger enables a stable and
reliable changeover.

B. VALIDATION OF 800 V-400 V CASE

For the 800 V-400 V operating case, the converter again starts
in full three-phase mode and transitions to the morphed single-
phase configuration once the transmitted power becomes
sufficiently low. In this scenario, the morphing threshold
was set to d = 0:2, corresponding to the power level that

can be reliably processed by the dual-active half-bridge
configuration.

Fig. [0 shows the corresponding results for duty-cycle
modulation applied on the primary, and the inner phase
shift is applied on the secondary side. The power-tracking
performance in Fig. [Oa) follows the reference profile through-
out the operating range, although a noticeable overshoot
appears immediately after morphing, as highlighted in the
zoomed plot. This behaviour arises because the duty-cycle
command reacts abruptly on the primary side, affecting the
split-capacitor voltage balance. The overshoot, however, is
short-lived, and the system quickly settles to the correct
power level. The inductor currents in Fig. [0(b) confirm the
expected three-phase operation before morphing, a transient
disturbance during the topology change, and the stable single-
phase waveform reached afterward. In practice, this transition
disturbance can be further minimized through more advanced
control strategies, if required by the application.

A second HIL test evaluated duty-cycle modulation on
both the primary and the secondary sides, using the same
morphing threshold of d = 0:2. Fig. [I0fa) demonstrates
the good tracking between the reference and measured
power. The inductor currents in Fig. [I0(b) confirm the
expected three-phase-to-single-phase transition. As dicussed
in Section [IT]} the voltage and current waveforms resulting
from duty-cycle control and inner phase shift control are
theoretically equivalent when operated in single-phase mode.
The experimental traces in Fig. 9] and Fig. [I0] confirm this
equivalence in practice, with both tests producing identical
waveforms once the converter settles after morphing.

It is noted that HIL validation does not capture all non-
idealities of a physical prototype, such as parasitic elements
and device-level transient stresses. Nevertheless, transient
handling during transitions between operating modes is a
well-established topic, with techniques such as zero-crossing-
based transitions and the use of DC-blocking capacitors
commonly adopted to mitigate transients [31]]. Since the
proposed morphing strategy involves a transition between
two known converter topologies, the HIL results effectively
validate the control logic and transition behavior.

To quantitatively assess the power-tracking quality of
the proposed controller, the measured power was compared
with the reference power over the complete charging profile,
illustrated in Fig. [T1] and Fig. [12] for both the 800 V-800 V
and 800 V-400 Voperating cases. In both cases, the measured
points align closely with the bisecting line, confirming that
accurate power regulation is maintained across the full operat-
ing range. The coefficients of determination is calculated to be
R2 = 0:9999 for all the modulation combinations, indicating
that the control performance remains excellent in both cases.
The zoomed regions simply highlight the slight deviation
from the measured points and the bisecting line, whereas the
transition point itself is clearly visible in the full plots. Overall,
the analysis confirms that both cases are compatible with the
proposed morphing strategy. Although the 800 V-800V and
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FIGURE 11: Measured power versus reference power across the
complete charging profile f{@800 V-800 V case: (a) inner phase
shift on both primary and secondary; (b) duty-cycle modulation
on both primary and secondary.
(b)

FIGURE 9: HIL results for th800 V-400 V operating case using

duty-cycle modulation on the primary and inner phase shift on the

secondary. (a) Measured and reference output power, including a

zoomed view during the morphing instant. (b) Inductor current

waveforms highlighting the three operating stages: balanced three-

phase operation, phase shedding during the morphing instant, and

steady single-phase operation at light-load. @ )

FIGURE 12: Measured power versus reference power across the
complete charging profile @300 V-400 V case: (a) Duty-cycle

on primary and inner phase shift on secondary; (b) Duty-cycle
on both the primary and secondary.

@) current results of Fig.]7—-Fi§. 0. In Fig.]13(a), the right-hand
plot corresponds to th800 V-800 V operating condition in
full three-phase mode, whereas the left-hand plot shows the
morphed single-phase DAB with inner phase-shift control
applied on both primary and secondary bridges. [Fig. 13(b)
presents the same comparison for the duty-cycle modulation
case, again showing three-phase operation on the right and

(b) the corresponding single-phase duty-controlled waveforms

FIGURE 10: HIL results for th&00 V-400 V operating case on the left. The reported RMS values illustrate the difference

using duty-cycle modulation on both the primary and iy switch current between the three-phase and single-phase

secondary. (a) Measured and reference output power, includﬂ_fg rtﬁtr'gg_rig;(s)gsi}];zrigﬁ'”g;?fﬁgg':fg ggv\\;eror;zvigrdler% (Ijeurlng
a zoomed view during the morphing instant. (b) Inductor curre di th'p tudv. th L RMS swit hp [{3 b d
waveforms highlighting the three operating stages: balancéef ¢ N tis study, the maximum switch current observe

three-phase operation, phase shedding during the morpﬁﬁ@
instant, and steady single-phase operation at light-load.

pproximately 204 A.
imilarly, Fig.[I4 illustrates thé&00V-400V operating
case. In Fig[ T4(a), the left-hand plot shows the morphed
topology with duty-cycle modulation on the primary and
800V-400V cases correspond to different power ratingsiner phase shift on the secondary, while Fig. 14(b) applies
these results primarily validate the proposed control amiity-cycle modulation on both sides. In both gures, the
morphing logic rather than a speci c converter rating. Scalingght-hand plot represents the original three-phase operation
the converter to higher or lower power levels mainly affectsrior to morphing. The reduced RMS currents observed in
hardware-related aspects, such as semiconductor selection single-phase plots re ect the lower transmitted power in
thermal design, and passive component sizing, while th&at region, while the morphing strategy enables operation
underlying control philosophy and morphing criteria remaiat this operating point without compromising ef ciency.
unchanged. Consequently, the proposed approach canFbe the800V-400V power pro le used in this study, the
extended to converters operating in different power classesaximum RMS switch current observed is approximately
Fig. [I3 and[ I§ present the measured switch curreit2 A. Thus, the RMS switch currents observed in all
waveforms for switch 1A under all tested modulation casespdulation cases fall within the continuous current capability
shown at the same time instants depicted in the inductfrthe CAS300M17BM2 module. In this work, the morphing
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@) @)

(b) (b)
FIGURE 13: Switch 1A current comparison for theFIGURE 14: Switch 1A current comparison for the
800V-800V case: three-phase operation (right) and singed0 V-400V case: three-phase operation (right) and single-
phase operation (left) for (a) inner phase-shift on both primapjase operation (left) for (a) duty-primary/inner-secondary and
and secondary sides and (b) duty-cycle control on both primghy duty-primary/duty-secondary, with RMS values shown.
and secondary sides, with RMS values indicated.

fast-charging applications. Future work will focus on the
threshold is selected based on the transferable power capabiperimental validation of the proposed morphing strategy
ity of the morphed topology. Alternatively, RMS current camn a hardware prototype, with particular attention to transient
be adopted as a criterion for threshold selection in applicatiobshavior and device-level stresses during topology transitions.
where thermal stress or lifetime considerations are madreaddition, the extension of the proposed approach to higher
critical. It is also acknowledged that single-phase operatigwitching frequencies and modular converter architectures,
may introduce thermal imbalance between the switches. Thhich are commonly adopted in lower-power or modular EV
can be mitigated through established techniques suchfast-charging systems, will be investigated. A detailed analysis
leg rotation shedding, which allow the thermal stress to lag current redistribution, thermal loading, and semiconductor
distributed among the semiconductor devices over time. stress under morphed single-phase operation will also be
addressed.
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