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ABSTRACT This study explores the use of a magnetically controlled transformer within a dual active bridge
(DAB) converter. This novel approach introduces a new degree of freedom to the control of the topology
through the variation of the equivalent turns ratio of its high-frequency transformer. By adjusting the turns
ratio, the converter maintains a primary referred DC voltage gain of one, regardless of varying input/output
voltages. This theoretical approach represents the simplest solution to achieve minimum effective currents
and enables zero voltage switching (ZVS) under light-load conditions, particularly for unmatched voltage
scenarios. This paper provides a comprehensive analysis of the converter’s currents, output power, efficiency,
and their relationship with the magnetic flux density conditions in the transformer. Furthermore, the trade-
off between the total turns ratio variation and the circulating currents in the converter is described in detail.
Additionally, considering the specific characteristics of this controllable magnetic device, a straightforward
modulation strategy to minimize the effective currents under wide output voltage variations is introduced.
An experimental prototype with an input voltage of 100 V and a rated power of 1.2 kW presents a minimum
efficiency of 90% under light-load conditions (5% of the maximum load), considering output voltage
variations ranging from 130 V to 180 V.

INDEX TERMS Controllable magnetic devices, DAB, variable transformer, ZVS.

NOMENCLATURE Ly DAB transformer leakage inductance.
Vi Input voltage. d Primary referred DC-voltage gain of the DAB.
Vs Output voltage. wp Variable transformer primary winding.
vac1  AC voltage generated by the input full bridge. ws  Variable transformer secondary winding.
vaea  AC voltage generated by the output full bridge. Np Number of turns of the primary winding.
n Transformer turns ratio. ws1  Variable transformer secondary winding part a.
fs Switching frequency. Ng1 Number of turns of secondary winding part a.
T Switching period. w2 Variable transformer secondary winding part b.
a Phase shift angle between vac1 and vgca. Ny Number of turns of secondary winding part b.
P,  DAB average output power. we,, Variable transformer control winding.
L DAB converter series inductance. N, Number of turns of the control winding.
L,  DAB transformer magnetzing inductance. Rvy  Variable reluctance.
Lg, NRvy associated inductance.
1. Control current.
The associate editor coordinating the review of this manuscript and ¢DC Control DC magnetic flux.
approving it for publication was Nagesh Prabhu . Ne Fixed reluctance.
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Nec Air-gap reluctance.
L, Re + Ny associated inductance.
dac, AC magnetic flux generated at wp,.
dac, AC magnetic flux generated at wy;.
dac, AC magnetic flux through Rv,,.
L, Transformer’s equivalent series inductance.
Ly Transformer’s equivalent parallel inductance.
Neg Equivalent turns ratio.
i Transformer’s primary current.
i Transformer’s secondary current.
irp Transformer’s parallel inductance current.
Iy i1 RMS value.
s i» RMS value.
Coss Switching device output capacitance.
Ny Turns ratio of the secondary winding.
K Parallel-series inductance ratio.
G Equivalent turns ratio gain.
L, Equivalent series inductance total variation.
Poyr DAB average output power with.
variable transformer.
Byce, AC magnetic flux density in.
the core-set ‘x’.
BAC‘X,,k AC magnetic peak flux density at.
the core-set ‘x’.
Ving Voltage in the secondary winding wy;.
Vi Voltage in the secondary winding wy,.
Ac Magnetic core effective area.
Ve Control voltage source.
R, Voltage source series resistance.
Ieus Sum of the currents /1, and I,
n Efficiency.
DAB Dual Active Bridge.
ZNS Zero Voltage Switching.
CPM Conventional Phase-shift Modulation.
DPS Dual Phase-Shift Modulation.
TPS Triple Phase-Shift Modulation.
VT Variable Transformer.
DUT Device Under Test.
FEA Finite Element Analysis.

I. INTRODUCTION

The dual active bridge (DAB) converter, first introduced in [1]
and depicted in Fig. 1, offers a variety of advantages, such
as high efficiency potential, high power density, bidirectional
power flow, galvanic isolation, low electromagnetic interfer-
ence (EMI), and flexibility. Consequently, it has become a
popular choice for various applications, including renewable
energy systems, electric vehicles, and data centers.

When the DAB is operated under conventional phase-
shift modulation (CPM) and matched voltage conditions
(V1 = V,/n), it achieves zero voltage switching (ZVS) in
both bridges, maintaining high efficiency under a wide range
of load conditions, as shown in Fig. 2. However, as discussed
in [2], for Vi <« Vp/n or Vi > V,/n high effective cur-
rents and hard commutation in the switching elements arise,
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FIGURE 2. ZVS region in a DAB converter under CMP modulation.

particularly for low power levels, affecting the overall perfor-
mance of the converter.

The regulation of the DAB-CPM output power, defined by
equation (1) as established in [3], relies on the shift angle
o between the bridge voltages v,c1 and v,eo. Although the
switching frequency f; can be utilized for this purpose, large
variations in this parameter are avoided, and it is employed
mainly as complementary variable [4]. However, the control
of these two elements alone is often insufficient to achieve
high efficiency under wide load and voltage conditions.

Vida o
Py =1 1—— 1
2T 2fiL ( n) M
where
Vs
d=— 2
Vi (2

To overcome this challenge, sophisticated modulation
techniques such as dual-phase-shift (DPS) and triple-
phase-shift (TPS) have been developed, leading to notable
improvements [5], [6], [7], [8], [9], [10], [11], [12], [13].
Nonetheless, due to the analytical and implementation com-
plexity associated with these techniques, their widespread
adoption has been limited. Therefore, ongoing research is cur-
rently focused on developing simplified variants that reduce
the computational resources required, aiming to promote
their practical implementation. Additionally, these research
efforts aim to tackle other issues, including the discontinuous
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transition of the modulation parameters between the differ-
ent power modes and reducing the reliance on large lookup
tables [14], [15], [16], [17].

In contrast to sole control over the switching elements,
the authors in [18] propose the use of a variable inductor in
series with the high-frequency transformer of the converter,
allowing a reduction of the effective currents under light-load
conditions by an increment in the converter’s inductance L.
Similar results were obtained in [19] by the modulation of a
coupled series inductance in an input-series output-parallel
DAB. However, none of these solutions considered wide-
voltage operating conditions in the converter.

A simple approach to address this problem is the use of
re-configurable transformers, as presented in [20] and [21].
However, the dynamic response of the employed tap-changer
mechanism remains a major concern. Nevertheless, the use
of a variable transformer (VT) in a DAB converter capable of
maintaining d & 1 for large variations of V> and P, would
overcome some limitations of the topology.

In this context, the magnetically controlled transformer
introduced in [22] is a suitable alternative. Unlike the tap-
changer solution, the change in the equivalent turns ratio is
continuous and is given by the control of the transformer’s
equivalent series and parallel inductance by means of a DC
current. The variation of its series inductance allows for an
improvement in the converter efficiency under light-loads,
whereas matched voltage conditions derived from the control
of the equivalent turns ratio result in minimum effective
currents and ZVS.

The voltage matching range of this VT is inversely pro-
portional to its parallel inductance, which presents one of the
trade-offs of the solution. Nevertheless, the use of loosely
coupled transformers is known to extend the ZVS region of
the DAB converter while considering the parasitic capaci-
tance of the switches [15], [23], [24].

As such, this paper provides a comprehensive analysis of
the utilization of this magnetically controlled transformer
within a DAB converter. The study begins by introducing the
fundamental aspects of the chosen VT and a brief descrip-
tion of the device under test (DUT), including its parameter
characterization under small-signal conditions. Subsequently,
in the third section, the impact of the variations in the trans-
former’s inductances on the DAB effective currents and the
ZVS region is examined. This section also provides insights
into the integration of a VT on a DAB converter and its trade-
offs. The fourth section discusses the necessary magnetic
flux density conditions for the proper operation of the VT,
along with the converter’s power and current expressions,
and the derivation of its extended ZVS region. In addition,
a modulation strategy is proposed to minimize the effective
currents of the converter. The fifth section presents experi-
mental validation of the analysis, including the transformer
re-characterization under the selected operating conditions,
average power measurements, proposed modulation strategy
results, and converter efficiency. Finally, the conclusions of
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the study are summarized, highlighting the potential bene-
fits of utilizing a VT to achieve a wide-voltage range DAB
converter.

Il. THE VARIABLE TRANSFORMER

The VT employed in this study is a magnetic device having
controllable parameters. This is achieved by applying DC
current to an auxiliary winding in the structure. The induced
DC magnetic flux shifts the operating point in the B-H curve
of the core’s material towards its non-linear region, causing
a change in its permeability. Consequently, a variation in
the transformer’s inductances, equivalent to a change of its
effective turns ratio, is achieved.

A. EMPLOYED STRUCTURE

[22, Fig. 3] shows the selected VT structure, it consists of
three U-U ferrite core sets and five windings, in which wind-
ing wp, with N, turns, is tightly coupled to winding w;1, which
has Ny turns, and loosely coupled to winding wy,, comprising
Nj; turns. Nonetheless, this coupling factor can be modified
by injecting DC current into the windings w12, changing
the transformer’s equivalent turns ratio between the primary
winding, wp, and the secondary winding (constituted by the
series connection of wg; and wy). Furthermore, the control
windings w2, with N, turns, are connected in anti-series
and are ideally decoupled from the remaining transformer’s
windings.

Part Description
a,b,c core sets # a,b,c
d primary
winding (wp)
ef secondary
winding (ws1,2)
g,h control/
aux. windings (we1,2)
i air-gap

FIGURE 3. VT description.

B. EQUIVALENT MAGNETIC AND ELECTRIC MODELS

Fig. 4 depicts the AC equivalent magnetic and electric circuits
of the VT. In this representation, the DC magnetic flux gen-
erated by the current of the control windings, ¢pc, modifies
the reluctance of the core sets a and b, represented by N,,,.
Consequently, its dual element Ly, varies as a function of
the control DC current /.. Furthermore, the reluctance of the
core set ¢ and its air gap, ¢ and N, are not affected by the
control flux, resulting in a fixed value for Ly, . Nevertheless,
the models are accurate only for ¢pc > ¢ac3. This condi-
tion allows neglecting the induced voltage on the auxiliary
windings and the oscillations on J,, owing to the flux’s
variations through the transformer primary and secondary
windings, ¢ac1 and ¢ac». For a detailed analysis, modelling
and characterization procedure of the VT, refer to [22].
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FIGURE 4. VT small-signal magnetic and electric circuit representation.
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FIGURE 5. VT electrical circuit - cantilever representation.

Although the VT’s circuit representation in Fig. 4b is pre-
cise, the cantilever model in Fig. 5, simplifies the analysis
when the device is integrated into a DAB converter, enabling
a direct correspondence between the VT’s parameters, L, Ly,
and n., and the DAB’s L, L,, and n. Therefore, the power,
current and ZVS region of the DAB+VT converter can be
easily extrapolated.

C. bur

Fig. 6 displays the DUT, its specifications, and its parameter
characterization under small-signal conditions. Furthermore,
Fig. 6¢c shows how the equivalent series inductance L,, the
parallel inductance L, and the equivalent turns ratio n.q
decrease as the control current /. increases.

More precisely, L,, Ly and n,, exhibit a 43%, 55% and
28% drop respectively. As shown, the equivalent turns ratio
of the transformer varies between 1.89 and 1.38 for a control
current between 0 A and 5 A. Likewise, the series inductance
decreases from 44.4 uH to 25.4 uH and the parallel induc-
tance from 564 ©H to 212 uH.

Furthermore, the rate of change of the transformer induc-
tances differs, causing variations in the parallel series ratio
Ly/L,, which are not appreciated when plotted individually.
To fully recognise these variations, the relative changes of the
parameters are depicted in Fig. 6d. As shown, Ly /L, is not
constant and reaches a minimum value of 7.4 between the
initial and final states of VT.
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(a) DUT under test
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FIGURE 6. DUT specifications and small-signal characterization
(Open-short circuit test).

As observed, the flow of DC current through the con-
trol winding induces changes in the transformer’s cou-
pling factor. Consequently, the equivalent turns ratio can be
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modified, allowing matched voltage conditions in a DAB
converter within a range of the output-input voltage ratio of
1.38 < Vo/V1 < 1.89.

Therefore, setting the parameter d close to one through a
variation of n.g, it is possible to improve the converter effi-
ciency under varying voltage conditions and light loads. This
improvement is achieved by the reduction of the converter’s
effective currents and switching losses. Notably, the use of the
DUT results in negligible increases in circulating currents due
to the relatively high minimum ratio between Ly /L, (> 7.5).
Further details are provided in the following section.

Ill. VT'S PARAMETERS VARIATION IMPACT ANALYSIS
ON THE DAB CONVERTER

In this section, a three-step analysis is conducted to examine
the implications of the VT’s parameter variations on the DAB
performance. First, the effect of varying the transformer’s
magnetizing inductance, L,,, under different voltage ratios is
assessed. Next, a similar analysis is performed in terms of
the leakage inductance, L. Finally, the VT’s parameter varia-
tions as a whole are discussed to obtain a better understanding
of the proposed solution trade-offs.

A. VARIATION OF THE MAGNETIZING INDUCTANCE
Typically, the magnetizing inductance in a DAB transformer
is sufficiently high to be ignored. However, for values of
L,, close to L, the effective currents of the transformer
might significantly increase. To evaluate this condition, the
normalised equivalent DAB circuit in Fig. 7a is analysed. The
effective currents of the transformer /; 2rys under matched
voltage conditions are plotted as a function of the output
power P, while varying L,,, see Figs. 7b-7c.

As this scenario illustrates, for V| = V,/n, the circulating
currents are not particularly high, even for low values of the
magnetizing inductance, as low as L,,/L; = 5. However, for
unmatched voltage conditions (V] <« Va/nor Vi > Va/n),
the effective currents increase substantially, despite high L,,
values of 100Lg, as shown in Fig. 8.

By comparing the effective currents of the DAB trans-
former in Figs. 7b, 7c and Fig. 8b under light load conditions,
it becomes evident that maintaining Vi =~ V3/n proves to
be more advantageous than achieving a high parallel-series
inductance ratio in the transformer. This is relevant in the
VT analysis where a significant change in the equivalent
turns ratio implies a pronounced drop in the parameter L /L,
becoming one of its main trade-offs.

However, as described by the authors in [23], [24], [25],
[26], and [27], a reduction in the magnetising inductance of
a DAB’s transformer can lead to an extension of the ZVS
region. As shown in Fig. 9, the output bridge ZVS boundary
of the circuit in Fig. 7 shifts to the left as L, decreases. Thus,
a reduced selection of the parallel-series inductance ratio
can improve the converter’s performance, even under no-
load condition. Nevertheless, a precise definition of the ZVS
region requires consideration of the charge-based conditions
detailed in [28].
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FIGURE 7. DAB transformer’s effective currents having L, as parameter
under-matched voltage conditions.

B. VARIATION OF THE SERIES/LEAKAGE INDUCTANCE
The transformer’s leakage inductance partly regulates the
DAB converter output power, as defined by equation (1).
Under unmatched voltage conditions, reducing the value of
Ly increases P, along with the circulating currents, particu-
larly under light-load conditions. This is illustrated in Fig. 10,
where decreasing L; by half doubles the effective currents
for Vi # Va,/n, represented by the color lines, and extends
the power range by a factor of two when compared to the
case shown in Fig. 8. Moreover, this causes the ZVS region
to narrow at low power levels, as shown in Fig. 10c.
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(a) DAB converter having L,, > Lj under unmatched
voltage conditions
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FIGURE 8. DAB transformer’s effective currents having V, as parameter
and high magnetizing inductance.
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FIGURE 9. DAB current-based ZVS region having L,; as parameter.

Conversely, under matched voltage conditions, V| & V,/n,
reducing Ly results in a quasi-linear behavior of the effective
current across a broader range of power, with minimum val-
ues in this region (see Fig. 10b, black line). However, when
this behaviour no longer holds at P, > 1.08 W, the operation
in boost mode (V| < V,/n), represented by the green and
purple lines in Fig. 10b, results in lower values of I1 2rus.

In terms of soft commutation, the current-based conditions
to achieve ZVS for both bridges are satisfied for virtually all
power levels.
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FIGURE 10. DAB effective currents for a Ly = 0.5 H and current-based
ZVS region having Ly as parameter.

In general, a gradual reduction of L; as the converter’s
load increases enables the achievement of minimum effective
currents associated with the particular input-output voltage
conditions while extending the ZVS region, as explained
in [18]. Consequently, a significant variation of L; leads to
an efficient wide-load operation capability. However, it is
essential to ensure matched voltage conditions for light loads.

C. VT SOLUTION TRADE-OFFS

As mentioned before and depicted in Fig. 6c¢, the variation
of the VT’s equivalent turns ratio n., (and its capability to
match V5) implies a decrease in the structure’s parallel and
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series inductances L, and L. Although a reduction in these
parameters might represent an improvement in the converter’s
performance under light-load and wide-voltage range condi-
tions; it can also significantly increase the circulating currents
and conduction losses. To mitigate this problem, the VT’s
secondary turns ratio, N, must be selected to guarantee a
minimum predefined parallel-series inductance ratio K that
achieves the required turns ratio gain, G, given by (3) (4) and
(5) respectively.

Ny
Ny = — 3
=N (3
neq|lc=0
= Jeak=0 4)
Teg | Le=lcpqy
Ly(1
K = min (M) (@)
L)

Fig. 11 illustrates the relation between K, G, and Ny, for
the DUT, consistent with the expressions derived in [22].
As shown, the gain of the VT’s turns ratio can be increased by
adjusting Nj,, allowing it to change its value from 1.37 to a
maximum of 1.46. However, this would result in a substantial
reduction of K, decreasing from a minimum value of 7.4 to
25, leading to a significant increase in the transformer’s sec-
ondary effective current, as shown in Fig. 7c. Moreover, the
series inductance total variation (L, in equation (6)) would
be reduced, limiting the extension of the quasi-linear relation
region between the output power and the transformer effec-
tive currents.

L, (6)

Laly.=1.

“max

This particular implementation of the VT presents a rela-
tively limited gain capability, which can pose challenges to
fully understand the trade-offs among the parameters. This
can be attributed to the minor overall variation of the control-
lable reluctance M, , mainly caused by the influence of the
transformer stray reluctance. Thus, the parameter G barely
undergoes significant changes, as depicted in Fig.11b.

Nonetheless, it is possible to substantially enhance the
turns ratio gain, as described in [22], by employing modified
core arrangements that increase the coupling among the VT
windings. This results in a higher value of K without altering
the ratio between the turns of the secondary winding. Despite
this improvement, the inherent trade-off of the structure
remains: the variation of the transformer’s turns ratio gain,
G, is inversely proportional to both K and L,

IV. DAB+VT CONVERTER ANALYSIS

The power and current expressions used to analyze a regular
DAB converter can also be applied to the DAB+VT. However,
to ensure the validity of this approach, the parameters L,
Ly and n., should only vary against the control current /..
Consequently, the fluctuation of these parameters due to the
transfomer AC magnetic fluxes must be negligible. Consid-
ering this, the small-signal representation of the DAB+VT is

90986

K8
Lr 1.74419

e L
K8 K
G 1.37101 -

. 1.6 1

KvsN
sr
15 :
DUT
10 - N, 0.5
K8
M ‘e,
sl Gmax design
N,, 0.695
K 2.52575
—
O L L L L L L
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
N
Sr
(a) K vs Ng,
VT G and Lr vs K as parameter
1.5 T T 2.2
EK 2.52575 12
1451 / G 1.46882 /

K 2.52575 114
Lr 1.2896

G
\/

1371 G, 03(R. + %gc) <3?,VU<3.5(9&‘:C + ﬂa‘:gc) 12

K03 (%C + §Rgc) <§RVU<3.5(§RC + ?Rgc)

1.25 1
0 5 10 15

K
(b) Gand L, vs K

FIGURE 11. DUT’s turns ratio gain G and series inductance total variation
Ly vs minimum parallel-series inductance ratio K.

Lineqg(Ie

La(L) |
i1 i2
+ +
1 Ly(Ic) | V2
irb

FIGURE 12. DAB+VT small signal equivalent circuit representation.

3

depicted in Fig. 12, and its power expression is given by (7),
directly derived from (1).

V1 VzOl

Pavr = (1-2) 7
S T RTATTA G @

A. DAB+VT MAGNETIC FLUX DENSITY AND
TRANSFORMER'’'S SMALL-SIGNAL OPERATION
CONSIDERATIONS

To determine the AC flux densities in the VT’s cores
(Bacc,—.)» the transformer’s windings voltage are defined
and given by the equations (8)-(10), according to the VT’s
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FIGURE 13. DAB+VT spice model.

magnetic and electric circuit representation shown in Fig. 4.

v _ Ns1vacl

Wil —Np
d(éac,)

Vacl = NPTI

d(¢ac,)
Vwgo = Vac2 — Vwg = Np——=

dt

where

dac, = AcBace,
dac; = dac, T Pac,
PACs1,—o) = 2AcBac,
BACCa ~ BAch

Thus, considering the voltage waveforms of the DAB
under CPM, the core peak flux densities of the VT can be
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Parameters
Jparams pi=3.1416

.params uD=4*pi*1e-7 Np=10 Ns1=20 Ns2=10

.params Nc=50

.params Le=354m Ac=448uLg

Brauer's Diff permeability model
func ud(B) {1/(k1*(1+2+k2* B*B)* exp(k2*B*B)+k3)}

=120u Large Signal Parametrization

.params k1=9.1*1e-10 k2=120.4882 k3=215.1176 _step param alpha 0.1u 5u 2u

.param airLk=500
.tran 0 301m 0 0.5u uic

.step param Vs 130 180 10

derived as follows:

1 a 1 Na\ Vi V2
BACCapk= AT l—— )= - ’
2Afs 2 4 Ny Np 4Ny
®) Vo  Ng —Ngp
= > % (15)
) Vi N,
B 1 ((0{ I)V +V1NS1)
ACcopk = 7 a7 \\ = 5] "2 )
(10) Cepk 2N A fs T 2 2N,
V: N,
72 < sl (16)
Vi N,
To ensure the operation of the VT at small-signal level,
the AC magnetic peak flux density of the cores subject
(1) to pre-magnetization (Bacc,,,) should not exceed 50 mT,
(12) in accordance with the considerations of the authors in [29].
(13) If this condition is not satisfied, simulations are required
(14) to determine the converter’s operation, with finite element

analysis (FEA) being the most precise method. However,

conducting FEA simulations requires considerable time and

resources. Alternatively, SPICE-based behavioral models can
be utilized. Hence, based on the work presented in [30] a
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FIGURE 14. VT magnetic core flux densities vs « having V, as parameter
for Ic = 0A: analytical expressions vs simulation results.

:La(IC) 1 neq(-[c) 1

11 : : 19

) 100 Ly(I.) {() 130 — 180),a V
; DUT

FIGURE 15. DAB+VT experimental voltage conditions (fs = 50kHz).

SPICE model for the DAB using a VT was built as shown
in Fig. 13.

A comparison between the flux density at the VT’s cores
obtained using the analytical expressions (15)-(16) and the
SPICE model is depicted in Fig. 14. The selected voltages,
Vi = 100 V and 130 V < V, < 180 V correspond to
those employed in the experimental section of this paper, see
Fig.15. As seen, the obtained results validate the conducted
analysis, showing a clear correspondence between both cases.
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FIGURE 16. DAB+VT ZVS current-based boundary conditions region
having Ic as parameter.

When the reluctance of the stray path is disregarded, the
fluxes within the transformer cores remain unaffected by
the control current /.. However, even when this element is
considered, the maximum flux densities in the VT cores occur
at I, = 0 A. Thus, it is necessary to verify the achieve-
ment of small-signal conditions for the VT for this particular
scenario.

For high magnetic flux variations (Bacc, ,, > 50 mT) the
concept of differential permeability, employed to describe the
VT’s parameters variation, becomes inaccurate. Therefore,
the previous models discussed in this paper do not properly
describe the non-linear behavior of the resultant transformer
currents.

B. DAB+VT CURRENTS AND ZVS REGION
Under small-signal operation, the derivation of the DAB+VT
currents values in equations (17)-(18) follows the analysis

performed in [3].
Vi %% b4 b
27fiLa(le) (neqac) (5-)- 5) a

V1 (i T (e 18
2fLale) (“ E(neq(lc) )) (1%)

Similarly, the ZVS current-based boundary conditions for
the input and output bridges are given by (19) and (20)
respectively.

i1(0) =

i1 (o) =

i1(0)<0

i (o) —irp(e) = 0

19)
(20)
where the current of the parallel inductor iz, is derived by
inspection from the circuit in Fig. 12.

Vs
- dnegUf L)

Thus, considering the previous expressions, the ideal turn-
on soft-switching region for the DAB+VT converter under

iy (o) = 21
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FIGURE 17. Theoretical total transformer effective current I7pys Vs Pyyr
having Ic as parameter for different V, voltages.

the aforementioned experimental conditions are illustrated
in Fig. 16. As shown, the input and output boundaries
shift towards the left with an increase in the control cur-
rent I, which indicates a decrease in the equivalent turn
ratio of the VT. Additionally, a drop in the series induc-
tance leads to an increase in the power level, indicated by
the dotted lines. Furthermore, the reduction in the parallel-
series inductance ratio extends the ZVS region at low
power levels.

C. EFFECTIVE CURRENTS AND MINIMIZATION STRATEGY

The modulation strategy proposed in this study aims to min-
imize the effective currents of the DAB+VT, particularly
under wide voltage and light-load conditions. The approach
involves assessing the combination of the converter’s con-
trollable parameter Lyney(Ic), and shift angle o to achieve
a specific output power Poyr at a given output voltage V>.
Then, the (I, o) pair that minimizes the sum of the VT’s
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(a) VT’s working principle measured signals and voltage source
configuration

55 e T

Part  Description

1 pController voltage source: Delta EST 150
2 V.: Delta EST 150

3 DUT: VT

4 V1: Delta SM500-CP-90

5

6

7

DAB converter (MOSFET:C3MO0030090K)
Va: Delta SM500-CP-90
Power analyzer: Zimmer LMG 500

(b) Experimental set-up description

FIGURE 18. DAB+VT current measurement schematic and experimental
set up.

effective currents (equation (22)), is registered into the lookup
table of the modulation.

Irpis = Digys + D2puss (22)

Fig. 17 displays the theoretical values of I7,,, of the DUT for
different output bridge voltages, plotted against the DAB+VT
output power, with the control current as parameter. As shown
in Fig. 17a, at Vo = 130V, I, = 5 A yields the lowest
effective currents and highest power range, owing to the
combined effect of a reduction in the series inductance and
the equivalent turns ratio. On the other hand, for V> = 180V,
I. = 0 A leads to a significant reduction in the circulat-
ing current at light loads. Moreover, as the load increases,
an increment in the control current results into the entry
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FIGURE 19. VT's experimental currents waveforms following the configuration in Fig.18: (a)-(k) /; and i, (blue) for control currents (0, 0.5, 1, 1.5,
2, 2.5, 3, 3.5, 4, 4.5, 5) A. (I) Primary and secondary currents (blue) in response to a continuous variation of /c from 0 to 5 A.

of the converter in boost mode and the maintenance of the
quasi-linear relationship between Ppyr and Iry,,, clearly
shown in Fig. 17b.

In line with the analysis presented in Section III, when
operating under light-load conditions, adjusting d =~ 1 by
means of the VT enables a reduction in the circulating

90990

currents. Conversely, at heavy-load conditions, irrespective
of the primary referred DC-voltage gain, a decrease in the
series inductance is desirable. It is important to note that the
transition of current values for different voltage conditions
is continuous thanks to the ability to continuously adjust the
control current as well.
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FIGURE 20. Measurement schematic of the DUT’s parameter estimation
under operating conditions.

La Vs Ic having a as parameter
55 T T T
—+—a=0.06 rad
50} ——a=0.16 rad| |
——a=0.31rad
—— a=0.47 rad
——a=0.79 rad| |

Z —%— =094 rad
T35 —*—qa=1.57 rad
g
27301
25 r
20
|
15 L L L L
0 1 2 3 4 5
I [A]
(a) Lq vs I. having « as paramerter
n, vs IC having o as parameter
1.9 T . |
s —— :=0.06 rad
1.8 —>—a=0.16 rad |
——a=0.31rad
1.7 1 —— a=0.47 rad |
——a=0.79 rad
1.6 —7— a=0.94 rad |
o —*—qa=1.57 rad
151
1471
3
13} i
1.2 L L L L
0 1 2 3 4 5
I [A]

(b) neq vs I. having « as parameter

FIGURE 21. VT parameters characterization at converter’s operating
conditions.

V. EXPERIMENTAL VALIDATION

A. DAB+VT WORKING PRINCIPLE

The working principle of the DAB+VT converter is verified
by inspecting the ratio between the transformer’s currents as a
function of the control current /., following the configuration
and experimental DAB set-up shown in Fig. 18. As seen, V1,
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FIGURE 22. VT parameter’'s comparison according to the characterization
procedure.

V>, and « are fixed, whereas the control current varies from
0AtoS5SA.

Fig. 19a-19c illustrates the behavior of the transformer’s
currents for I, < 1 A. In this range, the VT maintains a
nearly constant value of n,, ~ 1.89, resulting in V| ~
V2 /n.4. Consequently, the primary current i; (shown in black)
remains steady during the time interval % <t < T/2. For
this condition, the current slope is nearly null as the voltage
difference at the transformer series inductor is close to zero.

As the control current increases, both i; and i> increase,
leading to higher output power from the converter due to
a reduction in L,. Simultaneously, the amplitude difference
between the transformer’s currents is reduced, indicating a
decrease in n., (shown in Fig. Fig. 19d-19j). When the final
transformer state is reached (I, = 5 A, as depicted in
Fig. 19k), both currents have comparable magnitudes, indi-
cating that the equivalent turns ratio is close to one, deriving
in a current variation for the same interval, as V1 # V3 /neqy.
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FIGURE 23. DAB+VT average power small-signal estimation vs operating
conditions measurements.
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FIGURE 24. ZVS waveforms for input (top) and output bridge (bottom) for
the theoretical voltage region limits.

Finally, Fig. 191 shows the transition of the transformer’s
currents for a continuous variation of the control current /.
form 0 A to 5 A. As seen, the increments of the primary and
secondary currents are continuous and monotonic during the
transformer’s states variation.
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FIGURE 25. Reference DAB converter (DAB REF.).
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FIGURE 26. Modulation parameters and experimental results for
V, =180 V.
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FIGURE 27. Modulation parameters and experimental results for
V, =150 V.

B. VT'S PARAMETER ESTIMATION AT

OPERATING CONDITIONS

A re-characterization of the VT is conducted to detect devia-
tions in the parameters presented in Section II resulting from
large variations in the flux density of the core, associated
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FIGURE 28. Modulation parameters and experimental results for
V, =130V.

with the converter’s specific operating voltage levels. In this
context, L, and n,, are estimated directly from the converter’s
operation by imposing a trapezoidal current waveform for iy,
concordant with the condition expressed in (23), and measur-
ing the average output power of the converter, as illustrated
in Fig. 20. Consequently, by adjusting V> to obtain i| () =
i1 (7r) for a given pair (o, 1), neq and L, can be solved from
equations (24) and (7), respectively.

Vi = ity
Ai1=T(l—i)¢=O (23)
2 2m L.(.)
”eq(lc) =W/ 24)

It is worth noticing that the condition in (23) is only
achieved at V| = %, as derived from the circuit analysis
of the DAB converter under CPM in Fig. 15.

As shown in Fig. 21a, L, is highly dependent on the shift
angle «, resulting in a wide variation of this parameter. This
behavior is linked to the proportional increment of B¢,
leading to a larger deviation from the characterization results
obtained under small-signal conditions. Additionally, the
estimation procedure does not account for the converter’s
efficiency, causing the losses of the system to be represented
by an increase in the value of L,,.

In contrast, there is no direct relation between « and 7y,
as illustrated in Fig. 21b. This behavior can be partially
attributed to the negligible influence of the converter’s effi-
ciency on the parameter estimation.

A statistical comparison between the VT’s param-
eters, considering the converter operating conditions,
and the small-signal characterization results is presented
in Figs. 22a and 22b.

The observed differences indicate deviations in the esti-
mation of the converter’s nominal power, revealing its
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dependence on the magnetic flux density levels within the
transformer’s cores.

C. DAB+VT AVERAGE POWER MEASUREMENTS

The converter’s output power Pyt was calculated using the
transformer’s parameters in Section II and compared to the
experimental measurements, as shown in Fig. 23. Voltage
V1 was kept constant at 100V while V, was set at 130 V,
150 V, and 180 V. For each of these conditions, an I, sweep
was performed with the converter’s shift angle « as a param-
eter.

As seen, increasing the output voltage and shift angle
directly contributes to a higher power mismatch, as the AC
magnetic flux is proportionate to V, and «. Consequently,
there is a decrease in the overall power capacity of the con-
verter. However, this limitation can be addressed by restrict-
ing the shift angle to values below 7 /4. By doing so, the
power of the converter remains within the quasi-linear region
and limits the flux density of the core, without significantly
derating the converter’s output power.

The calculated values obtained using the VT small-signal
characterization align well with the experimental results,
especially for « < m/4. This correspondence suggests that
expression (7) provides a good balance between accuracy and
complexity when small-signal conditions are met, as defined
in Section IV. Although deviations occur for higher magnetic
flux values exceeding 50 mT, resulting in a decrease in the
converter’s power capacity, the power curves still present
the expected trend. Furthermore, the variations to the trans-
former’s equivalent turns ratio are in line with the model.

D. DAB+VT ZVS REGION

Fig. 24 illustrates the current and voltage waveforms asso-
ciated with achieving zero voltage switching at the input
and output bridges of the converter under the output voltage
conditions outlined in Fig. 16. The effect of the reduced
parallel inductance, Ly, is offset by the MOSFETS’ output
capacitance, C,g. This implies that non-zero power levels
are required to achieve soft commutation [25]. Consequently,
to effectively extend the ZVS region by taking advantage of
the variation in the equivalent turns ratio, a careful selec-
tion of the VT’s parameter K, winding capacitance, and
MOSFETsS characteristics is necessary. Nevertheless, the VT
has been shown to be effective in attaining the ZVS current-
based conditions stated in [3] under the considered voltage
variations.

E. MODULATION RESULTS

The proposed modulation technique for reducing the effective
currents of the converter is based on evaluating the power
of the converter in all possible scenarios using « and /. as
parameters. The obtained results can be compared to those of
a conventional DAB operating in boost mode. To ensure an
accurate comparison, the turns ratio and leakage inductance
of the reference converter are set equal to the minimum values
achieved by the DUT, while a large magnetizing inductance is
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FIGURE 29. DAB+VT Converter efficiency for V, =130V, 150 V, 180 V: (a) -(c) impact of the control winding operation on the modulation strategy
efficiency, (d)-(f) Ic sweep, (g)-(i) converter power surface and efficiency color map.

kept, see Fig. 25. This condition ensures that both converters
have the same power capability, thereby facilitating a com-
prehensive assessment between them.

Figs. 26 - 28 compare the theoretical effective currents in
the VT against the experimental results, considering the same
control parameters, o and /., as determined by the modulation
algorithm. Additionally, the ideal reference DAB currents are
plotted as a comparison element between a conventional DAB
implementation and the DAB+VT solution.

The results demonstrate the reduction of the effective cur-
rents achieved through the adopted modulation technique
when compared to the reference DAB, particularly under
low load and mismatched voltage conditions (see, Figs. 26c,
26d, 27c, 27d). However, it is important to note that attained
power levels are lower for high V> and « values, attributed
to large magnetic flux variations in the VT resulting from
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these operating conditions. Additionally, for « > /4, the
presence of high effective currents in relation to the con-
verter’s power translate into higher conduction losses,
decreasing its efficiency.

Furthermore, for Vi ~ V,/ne,, the currents of the
DAB+VT and the reference DAB match, indicating the low
negative impact of the reduced parallel-series inductance ratio
of the VT in the converter topology, see in Figs. 28c, 28d.

F. CONVERTER'S EFFICIENCY

The primary goal of incorporating a VT into a DAB is to
minimize power losses under wide voltage and load con-
ditions. In particular, for light-loads, increasing the series
inductance, L,, effectively reduces the circulating currents
in the converter, achieving a minimum at Vi ~ V3/ng,.
Ideally, this condition results in ZVS for both bridges,
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FIGURE 30. DAB+VT performance comparison under light-load and wide
voltage operation.

leading to improved efficiency compared to the traditional
implementation. However, the incorporation of the VT con-
trol winding incurs additional conduction losses during oper-
ation. Furthermore, the effects of the MOSFETSs’ and the
transformer’s capacitances can limit the achievement of soft
commutation at light-loads, despite achieving matched volt-
age conditions through the controllable transformer.

Figs. 29a-29c illustrate the impact of the control winding
operation on the efficiency of modulation strategy, showing
significant losses for Vo = 130 V, where [, is set to 5 A to
achieve a unitary value of the primary referred DC voltage
gain, d. While increasing N, reduces the control winding
losses, it is essential to take into account the resultant higher
inter-winding capacitance, aiming to minimize its impact on
the converter’s ZVS region.

Figs.29d - 29f show that slight deviations in the control
current obtained by the modulation strategy can enhance the
efficiency by achieving the actual conditions for ZVS or
quasi-ZVS. As such, efficiencies n > 90% across wide load
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and voltage conditions were obtained by the implementation
of the VT.

Finally, Figs. 29g-291 demonstrate that « > /4 results
in a generalized drop in converter efficiency. Therefore,
maintaining « < 7/4 is recommended, not only to reduce
Bacc, . and avoid high variations in the VT parameters
(increased L,), but also to maintain the DAB operating close
to its power quasi-linear region limiting the converter’s con-
duction losses.

G. DAB+VT PERFORMANCE

The DAB+VT is assessed by comparing it with state-of-the-
art DAB converters operating under similar power ranges
and conditions, with particular focus on advanced modulation
techniques implementations. While the efficiency of a power
converter is affected by factors beyond modulation strategy
(e.g., switching device, switching frequency), the presented
results offer a preliminary evaluation within the constraints
of performing a comparison under non-identical conditions.
Nonetheless, the analysis provides valuable insights into the
observed differences.

To evaluate light-load operation consistently, the efficiency
is compared at 10% and 20% of the maximum load, as defined
by (1) for @ = 7 /2. Furthermore, wide-voltage conditions are
rated by the variation of parameter d, defined by (2).

The results are illustrated in Fig. 30, where implemen-
tations using CPM are represented in color and considered
comparable to the presented solution in this paper. Con-
versely, studies employing complex modulation techniques
are displayed in gray, indicating the potential improvements
that can be achieved by incorporating these techniques into
the DAB+VT.

As seen, the highest efficiencies are achieved when the
converter operates near matched voltage conditions (d = 1).
In [31] (asterisk marker), the authors obtained 98 % efficiency
through complex modulation (Z mode), although at a high
computational cost. Meanwhile, in [24] (square marker),
the authors achieved efficiencies around 97% using CPM
along with reduced magnetzing inductance. However, for
operation under wide voltage and light-load conditions, the
implementation of TPS modulation is necessary. This is
evidenced by studies in [15] and [31] (x and triangle markers,
respectively).

In this context, Fig. 30a shows that the DAB+VT (circle
marker) outperforms the conventional CMP implementations
at 10% of the maximum load under wide-voltage conditions,
achieving comparable efficiencies to the TPS implementation
in [15] (triangle marker). As depicted in Fig. 30b, at 20%
of the load, the difference between the different modulation
techniques diminishes, however, it is important to notice how
DAB + VT presents a superior performance when compared
to DAB with a transformer tap changer mechanism in [33]
(pentagon marker) and the cascaded DAB plus buck converter
in [20] (diamond marker).

The remarkable results presented by the authors in [15]
deserve attention, as they are achieved in part by adopting
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a reduced magnetzing inductance, which extends the ZVS
region under light-load conditions. This approach aligns with
the operational characteristics of the DAB+VT converter.
Importantly, the adoption of complex modulation techniques
is not mutually exclusive with the approach in this study,
as these techniques can be combined to broaden the con-
verter’s operating capabilities.

VI. CONCLUSION AND FUTURE WORK

This study validates the concept of the VT in DAB con-
verters, which provides an additional degree of freedom to
the converter topology operation by controlling its equivalent
turns ratio n.4. The VT offers several benefits, including a
reduction in the effective currents under wide voltage and
load conditions, improved efficiency at light loads, and an
extension of the ZVS region under current-based conditions.

The requirement to maintain the core AC flux density of
the VT under small signal conditions results in a decreased
converter power density. Nevertheless, using alternative pre-
magnetisation methods to control the reluctance of the core,
and improved core shapes can lead to a more compact VT
solution. In general, the DAB+VT solution can be compa-
rable in terms of power density to those DAB systems that
require a series inductor, typically implemented at medium-
low power levels.

To fully exploit the advantages of the VT, it is necessary
to carefully select the minimum parallel-series inductance
ratio K to achieve a large gain G and an extended ZVS
region while limiting the circulating currents. Furthermore,
an optimisation procedure is required to reduce the con-
duction losses associated with the operation of the control
winding while maintaining a low winding capacitance to
reduce its impact on the attainment of soft commutation at
light loads.

Although the use of the VT in conjunction with the pro-
posed modulation technique achieves minimum effective cur-
rents at light loads, it does not necessarily result in maximum
efficiencies. Therefore, energy-based conditions must be con-
sidered to achieve ZVS or quasi-ZVS commutation under
such load conditions. However, on the basis of the efficiency
measurements of the converter, this is feasible.

Moreover, the utilization of the VT can be combined with
more sophisticated modulation strategies, such as TPS and
DPS, to enhance the DAB converter’s performance across a
wider range of voltage operating conditions beyond what can
be achieved by implementing a single technique.

APPENDIX A

VT FLUX DENSITY DERIVATION

According to the winding configuration of the transformer,
the secondary voltage is defined as follows:

(25)

Vac2 = szl + waz

Assuming a thigh coupling between the windings w)
and w1, the voltage of this winding is given by the
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following expression:

Ns1v
Vi R~ sl Vacl (26)
Np
Therefore, the voltage v,,, is obtained as:
Ns1vac
Vg = Va2 — RELLCA (27)
Np

Figure 31 depicts the DAB+VT typical voltage and magnetic
flux waveforms.

DAB voltage waveforms
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_
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Secondary winding waveforms

Voltage [V]
[=]
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FIGURE 31. DAB+VT typical voltage and flux waveforms.

As seen, the v,,, can be described by the following piece-
wise function:

Na ; oT
Va=Viyg: f0=t=7
—Vy — v NMa of T
Va=Wigy, g <t=3
Vg (1) = (28)
N T T T
—V2+V1N—5; fy<t<5+%
Vz—Vlllvv—Spl if%—i—‘;—;<t§T

Thus, the magnetic flux through this winding is defined as:

¢AC2(t):/VWy2(t) di 4 C (29
Ns2
where,
1 T
7/ dac,(®)dt =0 (30)
0

Hence, the magnetic flux density of the core-set c¢ is
given by:

Pac,
Bace. =
Ce AC

Similarly, the AC flux density of the core-sets a and b is
obtained as follows:

(3D

_ Pac, + Pac,

BACCa.b = 24 (32)
C
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where
bac, (1) = / Yal® gr 4 ¢ (33)
Np
1 T
7/0 Pac, (1) dt =0 (34)
APPENDIX B

DAB VT DESIGN STEPS

While a comprehensive explanation of the working principle
of the VT can be found in [22], the distribution of the mag-
netic flux density in the cores is influenced by the specific
converter topology. Consequently, a generalised procedure
for designing the transformer within a DAB converter is
provided as follows:

TABLE 1. VT design procedure.

Step Action
01 Specify Vi, Va, fs, Poyr, min(neq), Maz(neq)
and allowed control winding losses
02 Calculate the required equivalent turns ratio gain G
03 Estimate a total variation of the reluctance R, U
04 Obtain K and N, from [22, Figs 14-15]
05 Considering Pay 7 and min(neq) determine min(Lq)
06 Select the core size and material
based on a "non-saturated thermal design" approach for I. = 0
refer to [34]
07 Solve N, from expressions (15) and (16)
while keeping the small-signal conditions for the flux density
08 Solve N1 from [22, equation (19)]
09 Calculate/simulate min(L, ) and adjust the air-gap if required
10 If the air-gap was adjusted go to step 03, else go to step 11
11 Calculate the number of turns a wire specifications
of the control winding according to max allowed losses
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