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Abstract—This manuscript focuses on effective modulation
techniques that enable the extension of soft-switching operations
for a three-phase three-level dual active bridge under light-load
conditions at both 400 V and 800 V, typical for electric vehicle
batteries, without the need for auxiliary switches. The proposed
methods take advantage of the high switch count typical of the
three-phase three-level structure, allowing it to be reconfigured
into a single-phase dual active bridge and a hybrid configuration
composed of one half-bridge at the input and one full-bridge at the
output with double transfer inductance. These reconfigurations
significantly reduce the number of switching events, minimize
current-invariant losses, and ensure zero-voltage switching turn-on
for both the input and output bridges due to the unity voltage gain
ratio at both 400 V and 800 V, resulting in enhanced efficiency
during light-load operation.

Index Terms—Dual active bridge, EV charging, morphing,
light-load efficiency, soft-switching, wide output voltage range.

I. INTRODUCTION

Since its proposal, the dual active bridge (DAB) collected
interest in virtue of its inherent galvanic isolation, step-up/-down
operations, zero voltage switching (ZVS), and bidirectional power
flow capability [1]. 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 in terms of light-load
operations, soft-switching, and back-flow power minimization [2],
[3]. However, such topology does not allow the exploitation of
commercially available three-phase modules, limiting the overall
power density and cost competitiveness [4]. This issue is addressed
with a three-phase two-level DAB which in its simplest form
implements SPS with a six-step modulation. Advanced modulations
are generally not available in symmetric operations, limiting the
flexibility compared with the single-phase counterpart [5]. The
latter limitation has been solved by using three-level power modules
(e.g., neutral-point-clamped or T-type), leading to the highly flexible
and reconfigurable three-phase three-level DAB [6]-[9].

In recent years, DAB has been regarded as one of the
most promising topologies in electric vehicle (EV) charging
applications [10]. EV loads cover a huge power range during the
charging process, which are typically classified into 400 V and
800 V battery packs [11], [12]. These load characteristics often
result in low efficiency at light loads and reduced soft-switching
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Fig. 1. Three-phase three-level (T-type) DAB with star-connected transformers,
whose parameters are listed in Table I.

capabilities across the wide output voltage range. To tackle these
issues, complex and expensive structures employing interphase
inductors, auxiliary switches, and modular configurations are
usually employed [13], [14].

The current manuscript proposes a morphing technique
applied to three-phase three-level DAB, which ensures a
wide output voltage range, enhanced light-load efficiency,
and extended ZVS turn-on operation without using additional
components. The remaining parts of the paper are organized as
follows. Section II explains the proposed light-load morphing
techniques suitable for 400 V and 800 V battery packs. After
that, Section III defines the analytical equations used in
modeling the converter’s power, power transfer efficiency, and
the conduction and switching power losses. These analytical
models are validated with circuit simulations in Section IV.
Finally, the main conclusions are summarized in Section V.

II. PROPOSED LIGHT-LOAD SOFT-SWITCHING MORPHING

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 [15]. Further efficiency reduction is
caused by the loss of ZVS during wide voltage range operations.
To address these issues, the current manuscript leverages the
multiple degrees of freedom given by the three-phase three-level
topology in Fig. 1. 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 Us
depends on the voltage level of the EV battery, which is 400 V or
800 V. The main circuit parameters are summarized in Table .



TABLE I

THREE-PHASE THREE-LEVEL DAB MAIN PARAMETERS FROM [4].
Parameter Symbol Value
Transformer turns ratio N:1 1:1
Transfer-inductance L 11.7 pH
DC-link capacitance Czy 600 uF
Primary voltage U 800 V
Secondary voltage Uz 200-900 V
Switching frequency fsw 20 kHz
Maximum outer phase shift d 0.1523
Three-phase DAB rated power! P %(1)2 llig Zt g; ; 288¥
Vertical MOSFETsSs 1z, 2x CAS300M17BM2
Horizontal IGBTs 3z SKM300GM12T4

TConsidering SPS according to [1].

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 [16]. 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 [17].

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 condition is:

U1U;N
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which corresponds to about 171 kW with the parameters of
Table I and assuming Us = 800 V. If compared with the
theoretical maximum power of the three-phase three-level
DAB, it corresponds to a reduction of about 19 % [1]. Actual
maximum power values are usually sharply smaller because
of accounting for the real components’ ampacity.

In this working condition, it is still possible to leverage the
classical five degrees of freedom of the three-level DAB. Namely,
outer phase shift, inner phase shifts, and primary and secondary
pole voltages zero-level durations [18]. This allows for primary
and secondary voltages vap and vy, to be characterized with up
to five levels ranging the +U; and £U, diapasons respectively. If
operated in SPS modulation, the ZVS is almost always ensured
by virtue of the voltage gain ratio G = UsN/U; =~ 1 [1].

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 42 % of the current invariant losses and by 50 % of the
number of switching events, with respect to three-phase three-
level operations, greatly improving light-load efficiency [17].

Such a working condition is equivalent to a single-phase
three-level hybrid configuration constituted by one half-bridge
at the input and one full-bridge at the output having double
transfer-inductance (2L) [19], [20]; see Fig. 2(b). The theoreti-
cal maximum power processed in this condition is:
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Fig. 2. Equivalent circuit of the three-phase DAB in Fig. 1 under light-load.
(a) Phase C-c shedding, suitable for 800 V-800 V operation. (b) Phase B-C-c
shedding and switch 3B turned on, suitable for 800 V-400 V operation.
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which corresponds to about 42 kW with the parameters
of Table I and assuming Us=400V. If compared with the
theoretical maximum power of the three-phase three-level DAB,
it corresponds to a reduction of about 60 % [1]. Clearly, such
a technique should be employed at a very light load.

If compared with Section II-A, the primary side loses one
degree of freedom (i.e., inner phase shift) and the related primary
voltage vap = vaN to assume up to three levels ranging the
diapason +U; /2. Clearly, the secondary side remains unchanged
to maintain the voltage gain ratio G = 2UsN/U; ~ 1, which
ensures ZVS while operating in SPS modulation [21].

Pmax =

(@)

ITI. ANALYTICAL MODELING
A. Power transfer calculation

Considering that the circuits in Fig. 2 are operated in SPS, the
only degree of freedom in controlling the power processed by the
converter is the outer phase shift d between the input and output
bridges. The SPS processed power depends on d € [—0.25 : 0.25]
and can be found from the equivalent circuit in Fig. 3 by applying
the superposition principle, which results in:

UapUuN
2fewlL

where Usp=U; and U,,=U; in the 800 V-800V operation,
while Uy p=U;/2 and U,,=Us in the 800 V-400V operation.
The typical waveform of iy (d,t) is shown in Fig. 4.
Assuming a positive phase shift, (i.e., d > 0), it can be
found from (3) that the maximum power transfer occurs at
d = 0.25. Indeed, replacing d = 0.25 in (3) leads to (1) and (2)
for the two light-load morphing operations. However, it should
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Fig. 3. Equivalent ac circuit of the configurations in Fig. 2.
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Fig. 4. Typical waveforms related to the transfer inductors in Fig. 3.

be noted that conduction losses increase noticeably for high
values of d. Therefore, the outer phase shift is usually limited
to d = 0.1523, leading to sharply lower maximum power levels
than the theoretical ones specified in Table I.

B. Power transfer efficiency

The overall DC-to-DC power transfer efficiency 7 can be
computed by considering the SPS processed power P(d)
in (3) and the lumped conduction and switching losses of
the components operating in the light-load configurations of
Fig. 2. The expression of 7 results in:

P(d)
P(d) + Zi Pcond,i + Zn Psw,n ’

The calculation of the conduction losses P.,,q and the

n= 4

switching losses Py, is discussed in the following paragraphs.

C. Conduction losses

The conduction losses P,,,q in the light-load converters of
Fig. 2 are due to the equivalent on-state resistance R,,, of the
semiconductor devices which can be computed as:

Pcond = Ronlg’RMS 5 (5)

having I's rass the RMS current value over active switches [13].

Note that the instantaneous current over the switches is the
half-wave of 7. In the case of clamped switches, as in the
800 V-400 V operations, Is rys is equivalent to the RMS
value of the DAB current I, pass. Additionally, other sources
of conduction losses are the equivalent series resistance ESR
of the passive components, such as the mid-point DC-link
capacitors, the transfer inductors, and the transformers, which
can be computed similarly as:

P.ona = ESR 12, RMS - (6)

TABLE I
LIST OF COMPONENTS TO BE CONSIDERED FOR THE CONDUCTION LOSSES
CALCULATION IN THE TWO LIGHT-LOAD CONFIGURATIONS OF FIG. 2.

Location 800 V-400 V 800 V-800 V
Input bridge 1A, 2A, 1B, 2B la, 2a, 1b, 2b
Output bridge 1A, 2A, 3B la, 2a, 1b, 2b
DC-link capacitors Ci1, Ci2 -

Transfer inductors® 2L 2L
Tincluding the ESR of the primary and secondary transformer windings.

The I1 rams values are computed from the instantaneous
currents by following the general approach for periodic
piecewise waveforms explained in [22].

The two light-load configurations in Fig. 2 envision the
conduction of different components, meaning that the total
P.,na calculation will differ in the two cases. The list of
components to be considered in the two configurations is
summarized in Table II. Moreover, the step-by-step calculation
of Is rms and If, rars can be found in Appendix A.

D. Switching losses

The bridges’ switching losses of the light-load converters in
Fig. 2 are determined by the operating condition. For instance,
the switching losses Py, of a semiconductor device can be
computed as:

PSW = (Eoff + Eon + QRRVdiode)fsw s (7)

where E,r; is the turn-off energy loss, E,, is the turn-on
energy loss, and the term QprgrVyiode i due to the reverse
recovery of the body diode which accompanies a hard turned-
on transition. All these parameters depend on the selected
semiconductor device, and they can be found in its datasheet.
Note that the currents at the turn-on and turn-off instants can
be found as explained in Appendix A.

The input and output bridges of Fig. 2 operate in ZVS
turn-on if the anti-parallel diode enters conduction before the
switch during the turn-on transition. In this case, the switching
losses are limited to only the turn-off losses, meaning that (7)
simplifies to Py = E,ff fow. As explained in [1] and [21],
the full-load ZVS turn-on is theoretically guaranteed in DAB
converters operating in SPS if the voltage gain ratio satisfies
G = 1. The input bridge achieves ZVS turn-on if:

1
G < , 8
ST 1 (®)
while for the output bridge, the ZVS turn-on condition is:
G>1-4d, C)

assuming a positive phase shift such that 0 < d < 0.25 [13].
The actual ZVS turn-on threshold would also depend on the
drain-source capacitance of the bridge semiconductor devices,
the dead time, and the turn-off current during the switching
instant. However, (8) and (9) are usually considered of sufficient
precision in most applications. It must be noted that the double
transfer inductance 2L in the light-load circuit configurations
in Fig. 2 contributes to extending the ZVS turn-on operating
regions. More consideration on this matter can be found in [13].



IV. SIMULATIONS

The proposed morphing technique has been numerically
validated in PLECS (Plexim Gmbh) environment for the cases
of 800V and 400V EV battery packs considering the circuit
configurations in Fig. 2 and the parameters of Table I.

A. EV battery charging profiles

The proposed light-load operation has been validated based on
the measured battery charging profile of the Audi Q4 e-tron, which
is illustrated in Fig. 5. The original load is suitable for the 800 V-
400V operation since the output voltage U, is 320 V at the start
of the charging processes, i.e., when the battery state of charging
(SoC) is 0 %, and reaches 390 V at full charge. The output voltage
U> has been doubled to have a charging profile suitable for the
800 V-800 V operation. All the parametric instances related to the
EV battery charging profile in Fig. 5 are listed in Table III. It must
be noted that the shaded areas in Fig. 5 highlight the operating
regions where the proposed light-load morphing technique is
implemented. As it is visible, power levels are sensibly smaller
compared to the converter-rated power. In fact, the discussed
technique is particularly effective in light-load operations.
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Additionally, Fig. 6 depicts the power processed by the two
light-load circuit configurations in Fig. 2 under both types
of morphing as a function of the outer phase shift d in SPS
operation. The values of d corresponding to minimum Ps ¢yq
and maximum P poundary poWer levels are indicated in Fig. 6.
The theoretical power prediction in (3) is fairly consistent
with the numerical results from the simulations, validating
the proposed morphing technique. It is interesting to note
from Fig. 6 that the 800 V-800 V operation foresees the outer
phase shift to vary in the range [0.0085:0.0596] while the
800 V-400V case presents a larger diapason [0.0173:0.1523].

B. Soft-switching operating regions

Based on the analytical modeling of Section III-D, Fig. 7
shows the ZVS turn-on operating regions in terms of the voltage
gain ratio G with respect to the outer phase shift d. The
two effective G ranges assumed by the EV battery charging
profiles in Fig. 5 are plotted for both the 800 V-800V and the
800 V-400 V operating schemes.

It must be noted that the proposed morphing technique
maintains the ZVS turn-on of the input and output bridges for
the whole light-load operation since G 1. According to Fig. 7,
the operation is close to losing the ZVS turn-on of the output
bridge only around the minimum values of d. This shows that the
proposed method is effective even with the considered battery
voltage values Uz, which are not exactly 400 V or 800 V.

—— P, 800-800 V numerical

P; 800-400 V. o

d=0.0085

d=0.0596

0.10
d (p.u.)

0.20

Fig. 6. Validation of the power processed by the two circuit configurations of
Fig. 2. These ranges indicate the effective operating regions of the proposed
light-load morphing based on the EV charging profile in Fig. 5.

t (min)

Fig. 5. EV charging profile of Audi Q4 e-tron. The measured load is suitable
for the 800 V-400V operation (Upqgt¢,1=320V and Upq¢t,2=400 V). The
output voltage Uz has been doubled to have a charging profile suitable for
the 800 V-800V operation. All parameters are listed in Table III.

TABLE IIT
DEFINITION OF THE PARAMETERS IN FIG. 5 FOR THE LIGHT-LOAD
OPERATION OF THE TWO BATTERY VOLTAGE OPTIONS.

G 800-800 V. === G 800-400 V

Parameter 800 V-400 V 800 V-800 V
Upatt,1 320V 640V
Ubatt,2 400V 800V
Upatt,maz 390V 780V
Pyast 100 kW 200 kW
Ps poundary 35.0kW 70.0 kW
P end 5.60 kW 11.1 kW

2.0 —
Output bridge ZVS .-~ ZVS
1.5 o )
é Lobepan ﬁ(ibﬂi(:li\/_chzginipr:ﬁle of Audi Q4 e-tron 35 ]
G}
0.5 ; ]
Input bridge ZVS
0
0 0.05 0.10 0.15 0.20 0.25
d (p-u.)

Fig. 7. ZVS turn-on regions depending on the voltage gain ratio G and outer
phase shift d for the circuits in Fig. 2. The GG values assumed during the
light-load morphing operation are highlighted for both considered EV charging
profiles in Fig. 5 depending on the d operating ranges specified in Fig. 6.
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C. Circuit waveforms

As visible in Fig. 8 left frames, primary and secondary voltages
vap and vy, range the diapason £800V and +400V in the two
cases. Both scenarios ensure a voltage gain ratio G ~ 1 and, there-
fore, ZVS turn-on. The latter statement can be visually appreciated
in the commutation trajectory visible in Fig. 8 right frames. Indeed,
soft switching turn-on is achieved in both conditions at different
outer phase shifts calculated at the output power boundary and at
the end of the charging cycle.

D. Power losses and power transfer efficiency

The power loss breakdown and efficiency curves in the two
cases are shown in Fig. 9 and Fig. 10, respectively. Switching
losses, i.e., the sole turn-off component, present a similar trend
in both cases. However, conduction losses, i.e., MOSFET and
magnetics, appear to be predominant in the 800 V-400 V
case. Such a characteristic is visible in the steeper decreasing
efficiency tail. In both cases, the efficiency behavior predicted
by the analytical model is well validated by the numerical
results from the circuit simulations. The four-point efficiency
is 98.98 % and 98.03 %, respectively for the 800 V-800V and
the 800 V-400 V operating schemes.

V. CONCLUSION

Two morphing techniques for the three-phase three-level
DAB have been proposed to improve the converters’ light-load
efficiency. This method takes advantage of the reduction in the
number of active switches and, at the same time, guarantees a
unity voltage gain ratio, which is beneficial for achieving the
ZVS turn-on of both the input and output bridges. The analytical
equations used in modeling the converter’s power, power transfer

——800-800 V.——800-400 V. o numerical

100 : T T T T T
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X 98t
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Fig. 10. Light-load efficiency in the two morphing conditions. The output
power is normalized with reference to Pz poundary-

efficiency, and the conduction and switching power losses of the
two configurations have been defined and validated numerically
through circuit simulations. The solution was proved to be
effective in EV charging scenarios for both 400 V and 800V
battery packs, as it ensures soft-switching for the wide output
voltage range without the utilization of auxiliary components.
It is worth mentioning that the proposed light-load morphing
technique achieves notably high efficiency even at the end of the
battery charging cycle, that is, for an output power of about 6 %
of the nominal power level, reaching 99.3 % and 99.5 % for the
400V and 800V battery packs, respectively. Future research on
this topic will include the investigation of the optimal power level
boundary at which the proposed morphing technique begins to
be more advantageous than the three-phase DAB.
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APPENDIX A
STEP-BY-STEP CALCULATION OF Is rypss AND If rars

By considering the waveform of iy in Fig. 4, its RMS
value can be calculated by following the general approach for



periodic piecewise waveforms explained in [22]. For instance,
iy, during a switching period Ty,=1/fs can be split into four
trapezoidal segments, and I, rpss can be found as:

It rvs =

where DTy, is the length of the kth segment and by, is the
contribution of the k" segment. By taking the advantage of
the ¢, half-wave symmetry, the terms of the first (k = 1) and
the third (k = 3) segments result in:

Dy=D3=d
by = b3 = 3 [i(0)% 4+ iL(0)ig (dTsw + ir(dTyw)?]
On the other hand, the terms of the second (k = 2) and the

fourth (k = 4) segments result in:

Dy=Dy=3—d

by =by = % [7;[/(dT5W)2 — iL(O)iL(dTSW) + iL(O)Z]

The currents ir,(0) and i, (dT) can be found by using the
superposition approach in the ac equivalent circuit in Fig. 3 as:

) Uasp  NUgp (1
0) = — S —2d)
w0 == T3 (2 )
) Uap (1 NUg
ZL(dew):_2f L(2_2d>+4f 7

Additionally, the RMS current value over active switches
Is rvs can be computed considering the half-wave of ¢, as:

It rums
~75

Authors in [13] calculated Is rass in closed form with a
different approach, yielding the same result.

Isprys =
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