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Abstract—This paper proposes and analyzes a two-stage iso-
lated dc-dc converter for electric vehicle charging applications,
where high efficiency over a wide range of battery voltages is
required. It employs a first pre-regulation stage and a second
half-bridge LLC stage, integrated with the first. The second stage
is always operated at resonance, ensuring high efficiency. The first
pre-regulation stage is responsible for the desired input-to-output
voltage conversion ratio and the zero-voltage switching operation
of all the switches. This allows low conversion losses even with
voltages that may vary over a wide range. The paper presents
the conversion structure, the converter analysis, the design of
the magnetic elements, and demonstrates the converter operation
considering an experimental prototype interfacing a 750 V dc-
link with an output bus with nominal voltage range 250 V-
500 V. The implemented module is rated 5 kW and achieves
a peak efficiency of 98.0% at 3 kW output power.

Index Terms—Dbattery charger, buck-boost, dc-dc con-
verter, DCX, fast-charging, resonant LL.C, pre-regulation, soft-
switching.

I. INTRODUCTION

HE ELECTRIC transportation paradigm is gaining

ground in many countries. DC-DC converters with gal-
vanic isolation are the beating heart of an effective electric-
vehicle (EV) battery charging systems [1]-[4]. This applica-
tion field calls for novel conversion solutions with extraordi-
nary features in terms of size, efficiency, and cost [5].

Many topologies are described in the literature differing in
terms of zero-voltage switching (ZVS) capabilities, efficiency,
power density, cost, and complexity. Among these, the
dual-active-bridge (DAB) and the resonant LLC converter
are often considered for their several merits [2], [6]. The
DAB converter offers straight-forward voltage regulation and
its voltage step-up/down capability is convenient in many
applications, such as for the connection of renewable sources
to dc distribution busses operating at different voltage levels
in stationary microgrids [7] as well as for battery chargers
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Fig. 1. EV-charging application.

[2]. However, if operated with input/output voltage ratios far
from the transformer turns ratio or at light-load, the DAB
converter reactive power can increase dramatically and lose
ZNS conditions, which severely degrades the efficiency of
conversion, especially at high switching frequencies [2], [8].
This condition on the voltage ratio is often encountered in the
considered application, represented in Fig.1, where battery
state of charge variations due to typical mission profiles may
bring to wide ranges of operating voltages [2], [5], [9]-[11].
Recently, even if different techniques were proposed to
overcome these limitations, like, for example, [8], [12], [13],
resonant topologies proved to be the most suitable choice when
aiming at high power density, full ZVS, and low cost [2], [6].

The resonant LLC converter is renown for its simple struc-
ture and efficient power conversion [6], [10], [14]. LLC reso-
nant converters can achieve ZVS operation for the primary-
side switches and zero-current switching (ZCS) operation
for secondary-side switches, but performance significantly
degrades at input or output voltages that do not allow near-
resonance operation [2], [14]. The literature reports differ-
ent approaches to overcome the limitations of frequency-
modulated LLC converters [2], [10], [15], [16]. In the fol-
lowing, in order to provide a representative overview of the
different approaches and the several contributions available
in the literature, these are classified based on whether the
approaches focus on:

1) primary-side [15], [17]-[19] or secondary-side structures
[11], [20]-[22];

2) resonant tank [23];

3) conversion structure considering partial-power conversion
[3], [24], [25], and

4) number of stages [10], [26]-[31].

Table I summarizes the main features and limitations related to
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TABLE I
OVERVIEW OF REPRESENTATIVE APPROACHES FOR HIGH-EFFICIENCY DC-DC CONVERTER STRUCTURES

Class  Reference Features Limitations
1 [11] o Wide output voltage range, o Two additional switches at low-voltage side,
e ZVS of primary switches independent from | e parallel-connected LLC converters can suffer from unbalanced power sharing
load conditions, due to asymmetries in the two resonant tanks,
o high component count.
1 [20] e Very wide output voltage range, o Efficiency decreases rapidly far from nominal conditions,
o passive rectification with no additional active | e reconfigurable structure requiring phase-shift control to mitigate current and
switches. voltage stresses on the components,
o parallel-connected LLC converters can suffer from unbalanced power sharing
due to asymmetries in the two resonant tanks: control provisions needed.
1 [17] e Very wide output voltage range, o Efficiency decreases rapidly far from nominal conditions.
o passive rectification with no additional active
switches,
e ZVS of primary switches independent from
load conditions.
1 [22] o Very wide range of output voltages. o Frequency modulation and PWM modulation of auxiliary switches,
o additional switches with dedicated modulation capable of smooth transitions
between the different configurations.
1 [21] o Wide output voltage range. o Hybrid modulation required to ensure a wide output voltage range,
o limited efficiency improvements due to high output-stage conduction loss.
2 23] o Wide range of output voltages, e Additional LCL-T resonant tank,
e smooth transitions between the configura- | e careful design of the additional resonant tank required to limit related losses.
tions.
3 [24] o Low switching losses on output switches. e Narrow range of operating voltages,
o active rectification with very low conduction losses but relatively high number
of switches (8 for active rectification, plus 8 for output voltage modulation),
e use of two transformers.
3 [25] o High efficiency. o Additional complexity in the structure, DCX stages design, and modulation,
e increased component count.
3 [32] o Wide input voltage range. o Complex modulations,
o high component count,
e no galvanic isolation.
4 [30] o Wide input voltage range, e High component count.
o high efficiency.
4 28] e Good efficiency over a wide range of input | ¢ No galvanic isolation,
and output voltages. e poor efficiency at light-load.
4 herein o Wide output voltage range, e Poor efficiency at light-load, which requires adequate modulation.
e low component count,
o galvanic isolation,
o passive rectification with no additional active
switches.

the relevant approaches defined above and discussed in more
details next.

1) Approaches considering the primary or secondary side
structures: An LLC structure reconfigurable for half-bridge
or full-bridge operation combined with auxiliary switches at
secondary side is proposed in [22]. Such a solution is able
to cover a very wide range of output voltages, but additional
switches and dedicated modulation capable of smoothly transit
between the configurations are required. Similarly, [21] pro-
poses a full-bridge LLC working at resonance frequency with a
voltage quadrupler and an auxiliary switch at the output. Such
a converter shows limited efficiency improvements, due to the
high conduction loss of the output stage. In [17], an interleaved
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LLC is proposed with series-connected secondary sides and
shared rectifier. Such a solution adopts phase-shift modulation
between the two parallel LLC working at resonance frequency.
It shows good performance at close-to-zero phase-shift but
the efficiency decreases rapidly when far from the nominal
conditions. Similarly, [20] describes an interleaved LLC with
reconfigurable voltage multiplying rectifier that changes con-
figuration from voltage doubler to voltage quadrupler. Such
an approach adopts passive rectification and does not require
additional MOSFETs, unlike conventional approaches as [11],
[22]. Smooth transitions between the two configurations are
achieved, however a phase-shift control must be introduced in
order to mitigate current and voltage stresses on the compo-
nents. Additionally the two parallel-connected LLC converters
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Fig. 2. Two-stage converter with pre-regulation & LLC stage.

can suffer from unbalanced power sharing due to asymmetries
in the two resonant tanks, implying the adoption of additional
tricks in the control strategy of the converter. An interleaved
LLC is proposed in [11], achieving voltage regulation in
a wide range similar to the one considered in Fig.1. The
converter can achieve ZVS for the primary switches regardless
of the operating condition, however the component count is
doubled and the efficiency drops when operating far from
nominal condition.

2) Approaches considering the resonant tank: A recon-
figurable topology employing an additional LCL-T resonant
tank and with smooth transitions between the configurations
is proposed in [23]. With this solution, a careful design of the
additional resonant tank is required to limit the related losses
and preserve overall efficiency.

3) Approaches exploiting partial power processing: A so-
lution using input-parallel and output-series partial power
processing (PPP) and resonant CLLC-type DCXs is proposed
in [24], considering a narrower range of operating voltages
with respect to the one considered herein. The topology is
characterized by low switching losses on the output switches,
but it requires an active rectification with very low conduction
losses and a relatively high number of devices. The conven-
tional LLC-type DCX design has been widely investigated in
the literature [24], [28], [30], [33]. Partial power conversion
solutions show potential advantages to accommodate wide
operating voltage ranges for applications like in Fig. 1, at the
cost of high components number, complex design of DCXs
stages, and complex modulations [24], [25], [32].

4) Approaches considering additional conversion stages:
Input voltage regulation is a practical solution in case wide
input and output voltage regulation is needed, featuring
simplicity, low component count, and adaptation to resonant
or quasi-resonant stages with optimal efficiency and switching
frequency [10], [26], [27], [30]. In [30], a two-stage structure
for an input-series output-parallel modular power supply is
proposed. With an input voltage < 1kV for each module,
a solution with a buck pre-regulator and an LLC converter
operated as dc-transformer is adopted. [28] proposes an
interleaved CLLC with buck-boost pre-regulation. The
converter shows good efficiency over a wide range of input
and output voltages, with the disadvantage of no galvanic
isolation and poor efficiency at light-load.
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Based on the brief literature overview reported above, to
improve the performance of the LLC resonant dc-dc converter
in a wide output-voltage range, in this paper a two-stage con-
version structure is considered, analyzed, and experimentally
evaluated. The structure is shown in Fig.2, where the two
stages appear highlighted [29], [34]. They are constituted of
a pre-regulation stage and a DCX-LLC, employing the LLC
converter at its maximum efficiency condition and avoiding the
efficiency degradation due to the classical frequency modula-
tion. The topology was studied in [29] considering telecom
applications with input voltage range 250 V-420V, output
voltage 24 V and power ratings 750 W. In [34], the potentiality
of adopting a phase-shift modulation is not considered to
improve the ZVS performances of the topology and the pre-
regulator is operated in hard switching at lower switching
frequency. Moreover a bulkier capacitor is needed to stabilize
the intermediate bus voltage. In this paper, the topology
is studied and demonstrated considering a battery changing
application with nominal input voltage 750 V, output voltage
250 V-500V, implementing a prototype module rated 5kW.
Based on the analysis, a modulation scheme is also derived to
operate the converter at high efficiency.

The principle of the considered conversion structure is to
operate the second stage at conditions that ensure maximum
efficiency, namely, at resonance, and exploit the pre-regulation
stage to impose such an optimal operating condition for
the second, LLC stage. The pre-regulation stage can also
help in achieving zero-voltage turn-on of the switches that
drive the second stage over a wide range of output voltages
[2], [10]. Of course, the exploitation of latest wide-bandgap
power semiconductors allows to further reduce semiconductor
loss [35]. In spite of the presence of an additional stage,
some valuable characteristics are highlighted and shown in
terms of overall conversion efficiency. In particular, light-
load low-voltage operation is possible with limited efficiency
degradation, which is instead difficult to achieve with the LLC
topology.

This paper extends the results preliminary presented in [36],
[37], reporting additional analyses, discussion, and experimen-
tal results. In the following, the topology is introduced in
Sect. II. Its main loss contributions are analyzed in Sect. III and
experimentally evaluated in Sect. V. Conclusions are reported
in Sect. VL.

II. CONVERTER STRUCTURE AND OPERATION
A. Converter Description and Operation

The two-stage topology is displayed in Fig. 2. Its peculiarity
is the integration of the two power switches Sy and Spz of
the buck-boost stage as primary switches of the half-bridge
LLC [29], [34]. Thanks to such a peculiarity, the inductor
current 7, and the resonant current ¢, in Fig.2 may jointly
contribute in reducing the conduction loss of Sy and Sy,
and, notably, achieve ZVS. In this way, ZVS can be achieved
even with lower values of magnetizing current, which also
helps in reducing overall losses.

In order to exploit the high performance of the LLC stage
working as dc-transformer (DCX) [25], the right-leg (i.e.,
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Fig. 3. Main converter waveforms for different phase-shift values considering
(a) boost case and (b) buck case. Switching events are marked at time instants
t (k=0,...,4), with tc = 0 and t4 = Ts. The corresponding switching
modes are defined analytically in TableII.

Sy and Spr) duty-cycle is fixed at 50%. Whereas, the two
remaining degrees of freedom, that is, the duty-cycle d of the
left-leg referred to the upper switch S,y and the phase-shift
o between the driving signals of the two legs, can be used
to adjust i) the inductor current at switching instants, which
is important for ZVS constraints, and ii) the output voltage,
which is important to allow operation at resonance of the LLC
stage. Therefore, the total voltage gain of the structure can
be computed as the product of the voltage gain of the pre-
regulation buck-boost and the half-bridge LLC working as
DCX:

Vo BB e Vo Vo 1 d

vang -M 7Vg'\/§,72d.2nin (1
Remarkably, the voltage gain is a function of the duty-cycle
d of the left-leg only. Whereas, the phase-shift ¢ represents
a degree of freedom that can be used to shape the piece-wise
linear current ¢, to ensure ZVS of the four switches. The
phase-shift ¢ is herein defined as the time distance between
the centers of the positive pulses of v, and v;, normalized by
T, as shown in Fig. 3.

Two main operation modes may be distinguished, namely,
boost mode, when d > 0.5, and buck mode, when d < 0.5. For
each operation mode, phase-shift variations give rise to four
different shapes of the inductor current ¢, herein refereed to
as switching modes (SM). The total eight SMs, depending on
the values of d and ¢, are displayed in Fig.3a and Fig.3b.
TableIIla and TableIIIb report an analytical description of
the SMs, which is useful for the analysis of the converter
operation. Remarkably, Fig. 3 and Table II mark the switching
events at the time instants %, t1, to, and t3; this nomenclature
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(a) Boost operation mode (i.e., d > 0.5)

switching instants
SM  values 4.t1/Ts 4.ty/Ts 4.t5/Ts
1 241 < < 152d 1—dp—2d 1—4¢+2d 2
2 1-2d ¢ o < 142d 1—4p +2d 2 5— 4p — 2d
3 142d o, < 8-2d 2 5—4p—2d 5— 4o+ 2d
4 324 < < 342d 5 — 4p — 2d 2 5 — 4p +2d

(b) Buck operation mode (i.e., d < 0.5)

is used in the following to compute the corresponding values
of inductor current 7; at those mentioned instants, that is, I,
I, I, and I3, respectively.

B. Inductor Current Derivation

The equivalent circuit in Fig.4 can be referred to for the
derivation of the current ¢; through the inductor L;. Source
voltages v; and v, model the voltages imposed by the half-
bridges in Fig.2, according to TableII.

The instantaneous inductor current 7; in the time domain
can be computed as:

t

ip(t) = Ip + S (vo (1) = vi(7)) dr )

Ly Jy,
where Iy = iy(to), to < t, is the initial value of the inductor
current. Being the inductor current waveform piecewise linear,
(2) can be computed as:

UL, (t)
Ly
for £k = 1,2,3,4. Let us call I the inductor current val-
ues ip(ty) and Vp, the voltage across the inductor during
[tk—1, tx). The initial value Iy = i(to) is calculated imposing
the capacitor charge balance during the conduction phase of

Sy, between ¢ = 0 and ¢t = Ty /2, thus:

T, /2 n <
in(t) dt = o ;Atk(lk_l +I) &

ip,, (1) = iy (th—1)+ c(t—tp—1), t€[tp—1,tr) 3)

2n
Iy = —
0 T, J,

1}
n 000

@

Fig. 4. Equivalent circuit for inductor current analysis.
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where At = tp —tx_1 and N = 1,2, or 3 is the number
of piecewise representations in the considered half-period,
depending on the SM. Observing that I, = Ij,_1+Vr, Aty /Ly
and S0 Aty = Ts/2, (4) yields:

IO n
Iy =n=2
0=y YL

N
> Vi, Atp(AtyA 20t 1420t 42) (5)
k=1

with Aty = 0 for kK > N. Equation (5) allows to determine
the initial value I, once the output current is known.

An additional parameter worth computing is the inductor
rms current:

4

IR 1 o,
?/0 2(t) dt = Tz/tmzbk(t)dt ©)

8 k=1

Z'st —

v,
where iy, (t) = Ir_1 + #t, t € [the1, ti). it yields:
b

4

1
Grms il
b \j T 2

I, 1V
|:I£_1Atk+uAti+(
k=1

Vi, \2 At
Ly

T T} M

The equations reported above can help to properly define the
modulation parameter ¢, as shown in the following sections.

III. MAIN LOSS CONTRIBUTIONS

Since all the diodes of the DCX-LLC can achieve ZCS
turn-off and, with a proper modulation of the phase-shift ¢,
ZVS turn-on can be achieved for all the active switches, the
main loss components include conduction losses of MOSFET's
and diodes, magnetic components losses, and MOSFETsSs turn-
off losses. Phase-shift modulation has a significant impact on
both MOSFETs switching and conduction losses and inductor
losses. The ac resistance and the ferrite losses of the inductor
should be accurately took into account in the design of the
component to allow a convenient exploitation of the phase-
shift modulation. Instead, the transformer losses of the LLC
are not affected by ¢ variations. Besides, optimal design for
maximum efficiency of the LLC transformer is facilitated by
the fixed operation at nominal conditions allowed by the pre-
regulation stage.

The following paragraphs discuss the ZVS conditions for
switching losses minimization, the conduction losses eval-
uation of the inductor and the transformer, and the design
procedure of the magnetic components.

A. Conditions for Zero-Voltage Switching Operation

Switching losses mainly depend on the switches output
capacitance C,4s, the inductor current at switching instants
tr, which are marked as [; in Fig.3, and the chosen dead-
times. To minimize such a loss contribution, ZVS at turn-
on is necessary [38]. This poses minimum switched current
constraints for ZVS, which can be determined as discussed in
[38]-[40].

Fig.5 shows a couple of equivalent circuits helping in the
analysis of the SMs in Fig.3. Generators v;, in Fig. 5a, and
Vg, in Fig. 5b, are set as per the considered SM, resulting in
different minimum current conditions, function of the input
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(b) Turn-on Sy and Spr,

(a) Turn-on S,y and S,

Fig. 5. Equivalent circuits during ZVS transients.

and output voltages. By the methods in [39], [40], the min-
imum current condition for the ZVS of the left-leg (refer to
Fig. 5a) can be calculated by solving iteratively the following
expression for tzys < tgead:

dva  (8)

Csw ('Ua)

. 2 [ve
st o | Conlo)(wi—v) do

Vg
tzvs :/
"y

where tzyg is the duration of the transition with an initial
inductor current izys, and Cy, is the equivalent charge
capacitance at the switching node [39]. Equation (8) can be
adapted to the equivalent circuit in Fig. 5b by substituting Vj,
with V;, and v; with v,, respectively.

By this approach, ZVS regions for all the switches in the
output-current, output-voltage (i.e., duty-cycle d), and phase-
shift space can be computed, as displayed in Fig. 6. Fig. 7a and
Fig. 7c show the ZVS region at minimum and nominal output
voltage respectively. Notably, ZVS is achieved over the whole
range of transferred power and output voltages. In Fig. 6, and
then in Fig.7a and Fig.7c, red lines highlight those points
where ZVS is achieved for all the switches with minimum
inductor rms current, which relates to the minimum phase-shift
values to achieve ZVS. Such an inductor current computed
as in (7) is shown in Fig.7b and Fig.7d for minimum
and nominal output voltages, respectively. Fig.8 shows the
switches rms currents at V, = 400V and I, = 12.5A. For
low phase-shifts, where ZVS is achieved for all the switches
with minimum inductor rms current, the effect of the current
compensation of the right-leg switches is appreciable, which
is one of the peculiarities of the analyzed topology in Fig. 2.

It is worth remarking that absence of ZVS turn-on makes
switching losses become a predominant portion of the total

I, (A) 27

hS)

Fig. 6. ZVS regions for the whole output voltage range. Converter parameters
are reported in Table ITI.
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Fig. 7. Results obtained by exploiting the phase-shift ¢ to achieve ZVS.
At V, = 250V, I, = 12 A: (a) ZVS region, (b) inductor rms current. At
Vo = 400V and I, = 12.5A: (c) ZVS region; (d) inductor rms current.
Optimal values of phase-shift ¢ are those lying along the line labeled as
“ZVS & min. i{}ms”, for which ZVS is achieved with minimum circulating
rms currents. Switching modes as defined in Fig.3 are also reported on the
bottom of (a) and (c).
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Fig. 8. Switches rms currents at V,, = 400V, I, = 12.5 A. The red-dashed
line shows the resonant current component ¢, on the right-leg MOSFETSs.

converter loss, especially in high-voltage applications [41]. For
this reason ZVS turn-on is aimed herein, especially at low
output voltages, where state-of-the-art LLC topologies present
significant efficiency degradations due the lost of ZVS [2].

B. Conduction Losses Estimation

Generally, the conduction losses of a magnetic element can
be modeled by summing dc losses, related to the windings
dc resistance R and the dc value of the current 9°, and
ac losses, which can be estimated by considering the rms of
the first M ac frequency components :*“™ and the related ac
winding resistances. Therefore, the conduction losses related
to the inductor L; can be modeled as:

M
Pff;nd — Rgc . igC2 + Z chm . ila;cm 2 (9)
m=1

Equation (9) is adopted for the estimation of the winding
losses of the inductor in Sect. V. In the considered case, the
number of harmonics for an acceptable estimate is set M = 3.
Instead, the conduction losses of the transformer of the LLC
stage are not affected by any modulations. The LLC behaves
as a DCX and the winding losses of the transformer can be

simplified as:

P~ RS- is? (10)

where R7' is the ac resistance of the windings referred to
the primary side at fundamental frequency and ¢ is the
rms value of the resonant current. In this approximation,
the magnetizing current effect on the conduction losses is
overestimated, which is acceptable when such a current is
relatively small, as in the considered DCX-LLC structure.

C. Optimal Switching Mode (SM) Selection

In Sect.II-A, eight SMs are identified depending on the
phase-shift ¢ and the duty-cycle d, as defined in Fig.3 and
TableII. Each SM is characterized by a unique switching

ed on September 22,2022 at 18:24:29 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2022.3199195

MANUSCRIPT SUBMITTED TO IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS 7

sequence, which gives rise to eight different shapes of the
inductor current 7. A proper SM must be selected in order
to obtain a shape for the current ¢; that is suitable to ensure
ZVS for all the switches. This can be performed by verifying
condition (8) for each of the converter switches. Moreover, if
multiple SMs appear suitable for the aimed ZVS conditions,
the SM ensuring minimum circulating currents should be
selected. To better explain the procedure, the modulation
planes for a couple of representative operating points are
reported in Fig.7. It is possible to notice that there is a wide
range of phase-shifts, covering multiple SMs, that allow to
satisfy ZVS conditions. Notably, the SM that encloses all the
operation points while in ZVS with minimum inductor rms
currents (i.e., all the operating points highlighted with the red
lines in Fig. 7a and Fig. 7c) is SM 2. This is verified for buck
and boost operation modes and for the whole output power
range.

IV. DESIGN CONSIDERATIONS

A design procedure of the converter in Fig.2 is shown in
the following based on the analyses presented in Sect. II.

A. Transformer Design: Preliminary Considerations

From (1), the transformer turns ratio n is set to 1 to
make the LLC converter operate at the resonant frequency
fs at the output nominal voltage V,, equal to 400V and the
intermediate-bus voltage V} equal to 800 V.

The value of the magnetizing inductance L,, is typically
chosen to ensure a sufficiently high magnetizing current to
allow ZVS and a desired voltage gain [20]. Lower L,,
values give lower voltage gains and ease ZVS, but it also
implies higher transformer losses. Differently, with the aimed
DCX operation of the LLC stage in Fig.2, ZVS can be
achieved regardless of the contribution by the magnetizing
current. This is illustrated in Fig.9 considering the operating
point V, = 250V, I, = 10A. The red dashed-line at the
boundary represents the minimum absolute switched current
to achieve ZVS, estimated via (8). The red dotted-line shows
the additional contribution by the magnetizing current at the
switching instants. Notably, ZVS conditions can be satisfied
by a proper modulation of the phase-shift ¢, then, even large
magnetization inductances can be selected. For example, a
transformer with L,, = 180 pH was designed and adopted
in the prototype shown herein, while a classical design for a
DCX-LLC would require a magnetizing inductance not higher
than:

|

4fsizvs
where izys is the constant current needed for zero-voltage
transition at the bus voltage V;,, and f; is the switching
frequency. In the considered prototype, the classical design
procedure would result in L,, < 90 uH in order to fulfill
ZVS constraints of the LLC leg, with consequently higher
rms currents.

For what concerns the design of the resonant L,.C, tank,
the transformer leakage inductance can be exploited for the
implementation of the inductive part. Given the DCX-LLC

(1)
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Fig. 9. Inductor current at switching instants versus p; Vo, = 250V, I, =
10 A. The term % + ¢, shows the additional contribution by the magnetizing
current.

operation mode, low values of L,, can be used, which is
beneficial in terms of transformer design, losses, and resonant
capacitor voltage stress. Interleaving is also possible for the
primary and secondary-side windings to limit the leakage
inductance. The capacitive part can be selected on the basis
of the desired resonant frequency (i.e., converter switching
frequency given the DCX-LLC operation).

B. Transformer Losses Minimization

Magnetic losses include winding loss and core loss, both
of which should be carefully estimated for overall minimum
losses. The transformer design procedure adopted herein is
based on [42]. Once the magnetic core is selected, with given
magnetic volume V., window winding area W,, core cross-
sectional area A., Steinmetz parameters K., «, and 3, and
maximum window filling factor k, of the transformer (typ.,
assume k, < 40%), it is possible to calculate the winding
losses as:

Pcond — RF(fs)pwVwkng

. S VA
o~ K’UfskamaackuAp

12)

where p,, is the copper resistivity, V,, is the total windings
volume, RF(f,) = R* /R is the resistivity factor for the
selected litz wire at fundamental frequency [42], Jy is the
current density, » . V' A is the power rating of the transformer,
K, is the waveform factor, f, is the fundamental frequency,
Binas 1s the peak flux density, ky is core stacking factor, and
A, = AW, is the area product of the core. While, core losses
are given by Steinmetz equation:

P = VK .fOB)

max

13)

where K., o and ( and the Steinmetz parameters for the
considered material.
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The total loss of the transformer is finally computed as:

Pcond + peore (14)
Such a total loss must be lower than the thermal dissipation
capability of the component, which can be estimated during
the design phase.

Fig. 10 reports the results using (14), showing a total loss
of 17 W at nominal conditions, namely, V, = 400V and P, =
5kW. At the point of minimum total loss, B! = 89mT
and the total loss is equally shared among winding and total
losses. A prototype of the transformer was implemented using
a core PQ50/50 N87 and two parallel litz wires 500 x 71 pm,
resulting in a measured total power loss of 21 W at the same
nominal conditions.

Fig. 11 depicts the winding layout of the designed trans-
former. The transformer has an unitary turns ratio n, current
density of Jy = 4.3 A/mm?, and number of windings per turn
of N, = Ny = 17 given by:

Vo
Np=Ny= —r—r 15
' Ko fsBifur Ac =
where B2P? is the selected peak flux density. Remarkably, a

corresponding transformer design for a full-bridge LLC with
the same B,,,, and current density Jy would lead to a required
area-product A, higher by 10% than the obtained design, that
is, to higher wire resistance and core loss.

30 .
(Pconcl 4 peore )min e O’
§20 Design
210
Q.‘ Pcore Pcond
050 75 100 125 150
B (mT)

Fig. 10. P-B plot for transformer design at V'™ = 400V and Pj°™ =
5kW. The design point is obtained with two parallel litz wires 500 X 71 um
each and number of turns N, = N = 17.

1 ==V, =250V,
==V, = 400V,
15 V, =500V,

0.2 0.3

Fig. 12. Selection of the optimal inductance value, at maximum output current
I, = 12.5 A. ZVS is always achieved for each point.

C. Inductor Design Considerations

In order to minimize conduction losses, the inductor value
is selected to minimize the rms value of the current 7, that
is, 4;™%, over the entire voltage conversion range. Specifically,
the inductance value was selected aiming at ZVS with mini-
mum circulating current. Fig. 12 reports the required minimum
phase-shift and resulting inductor rms current considering
different inductor values, while always ensuring ZVS. Data are
reported for different output voltage values and nominal output
current. In this comparison, L, = 30 uH emerges as the best
overall choice in terms of rms current for the output voltage
range in the considered application, and shown in TableIIl.
This value was selected for the implementation of an inductor
Ly, by a procedure similar to the one used for the transformer
design in Sect.IV-B. It is worth reporting that, a wider output
voltage range would require an inductor with larger core and
wire sections in order to satisfy thermal constraints.

V. EXPERIMENTAL RESULTS

The experimental prototype displayed in Fig. 13 of a 5-kW
module with parameters in TableIII has been implemented to
validate the reported analysis, modulation, and design choices.

TABLE III
PROTOTYPE PARAMETERS.

[ core PQ50/50

v_

w = 30.4mm

Fig. 11. Winding layout of the designed transformer. Number of turns N, =
Ng = 17. Each turn is composed of two parallel litz wires 500 x 71 um
each.

© 2022 IEEE. Personal use is permitted, but republication/redistribution ret
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Parameter Symbol Value
O Np, litz 500x0.071mm Input voltage Vy 750 \Y%
O Ns, litz 500x0.071mm Output voltage Vo 250-500 \Y%
O bty shace Nominal power prom 5 kW
_pfy P Switching frequency fs 200 kHz
[ coil former -
) ) Leakage inductance L, 1.8 uH
— kapton tape Magnetizing inductance Lo, 180 pH
Inductance Ly 30 nH
Turns ratio n 1 -
Resonant capacitance Cr 290 nF
SaH, SalL SCT3040KR, SiC MOSFETs
SvH, SbL G3R30MTI12K, SiC MOSFETs

Output Rectifier SK20KDD12SCp, SiC diodes

guwes IEEE permission. See https://www.ieee. oggé)ubl|cat|ons/r|ghts/|ndex html for more information.
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Fig. 13. Photo of the implemented experimental prototype.

A. Switches Zero-Voltage Turn-on

Operation at ¢ = 0.25, output voltage of 250V, and
output current of 10 A has been evaluated experimentally and
shown in Fig. 14. At this operating point, ZVS is verified
for all the switches. Notably, according to Fig.7, ZVS can
be achieved with phase-shift values between ¢ = 0.16 and
¢ = 0.65. At the boundary condition for ZVS of ¢ = 0.16
the inductor conduction losses are 35% lower than the losses
at the operating point in Fig. 14, with ¢ = 0.25.

With ¢ = 0, non-ZVS transitions for S,z occur at low
power levels, as expected based on simulation models. This
precludes operation at output powers higher than 1.1 kW, due
to excessive switching loss in Spz. Converter operation at
such an operating point is displayed in Fig. 14a (i.e., o = 0,
V, = 250V, I, = 4.4A). At this point, S,; experiences
non-ZVS transitions, while ZVS is achieved for all the other
switches. An increase of delivered output power with ¢ = 0
leads to higher switching and conduction loss and to non-ZVS
transitions for switch S,z too.

The thermometric images in Fig. 15 show significant differ-
ences in case temperature of Sz, while at the two operating
points considered above. In spite of the lower transferred
power, operation with ¢ = 0 gives temperatures of about
70°C, indicating significantly high losses on the transistor.
Such a dissipation is not observed after properly adjusting ¢,
which is the degree of freedom available for modulation. By
exploiting ¢, ZVS for all the switches is achieved, allowing
higher output power with overall lower losses, as shown by
comparing Fig. 15a and Fig. 15b.

B. Power Losses Measurement

Fig. 16 shows the thermal figure of the transformer at the
nominal design conditions in Fig. 10. The estimated power loss
of the prototype is about 21 W. Fig. 16 also reports core and
windings temperatures, showing a uniform temperature profile
for the component.

X i © 2022 IEEE. Personal use is permitted, but republication/redistribution re rg/
Authorized licensed use limited to: POLO BIBLIOTECARIO DI INGEGNERIA. Downloaged on September 22,2022 at 18:24:29 U'Ig(? from IEEE

ns/div

div)

/\\ -~
AW

iy, (4A/div

0s 400ms 200ns 12ps 16ps ps 24ps 283 32ps 3683
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Fig. 14. Experimental waveforms at V,, = 250 V during (a) ZVS operation
at ¢ = 0.25, P, = 2.5kW, (b) non-ZVS operation at Spy,, ¢ = 0, P, =
1.1kW.

Fig. 15. Thermography of S, -Syr, at V, = 250 V during (a) ZVS operation
at ¢ = 0.25, P, = 2.5kW, (b) non-ZVS operation at Sy, ¢ = 0, P, =
1.1kW.
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102 °C
£=0.96
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Fig. 16. Thermography of the transformer at V,, = 400V, P, = 5kW.

Power dissipation was measured based on thermal mea-
surements of the magnetic component at thermal steady-
state. Approaches based on similar principles and applications
can be found adopted, for example, in [43]. For the results
presented herein, in particular, the thermal resistance of the
component was evaluated first, by means of a test consisting in
the measurement of the average temperature of the component
at thermal steady-state while stimulated by a constant dc
current. Temperature measurements were performed through
thermal couples positioned at four different points on the
component surface, two on the windings and two on the core.
A thermal resistance of about 4 W/°C was estimated as the
average of different tests at different dc currents. Then, once
the component-to-ambient thermal resistance Ry is estimated,
power dissipation could be computed. Other, more advanced,
thermometric approaches are possible and described in the
literature, like, for example, [44]. Similar considerations can
be done for the inductor losses measurement.

A similar approach was applied to estimate the power
dissipation of the switches. Switches temperatures were taken
considering the spot at higher temperature on the case of the
devices (see, e.g., Fig. 15). Thermal resistances of 1.6 W/°C
and 1.8 W/°C were estimated for the left-leg and the right-
leg MOSFETSs, respectively. Then, referring to Fig. 15, it is
possible to estimate losses of the devices: temperatures in
Fig. 15a of Spr correspond to about 9 W, temperatures in
Fig. 15b of Sy correspond to about 26 W.

C. Efficiency and Loss Breakdown

Fig. 17 shows the converter efficiency measured at the min-
imum, nominal, and maximum output voltage, that is, 250 V,
400V, and 500V, respectively. Efficiency measurements were
performed by means of a Keysight PA2203A power analyzer.
The measured peak efficiency at minimum output voltage is
97.25%, while at maximum output voltage is 97.9%, which
are both very close to the absolute maximum efficiency of
98.0% measured in nominal conditions.

A loss breakdown over the considered wide output voltage
range of operation is reported in Fig. 18. The loss breakdown
was performed based on the models presented in the previous
sections, which have been validated experimentally by means
of the thermal measurements discussed in Sect. V-B. The total
discrepancy among estimations based on the described models

98

97

S 96

Z 95

504

2

£ 93 ~V, =250V, V, = 750V
92 [+ = V, =400V, V, =750V
91 / V, =500V, V, = 750V
9D 1 2 3 4 5

output power (kW)

Fig. 17. Measured efficiency at minimum, nominal, and maximum output
voltage.

B Trasformer loss
S,y and S,1, loss
l:leH and SbL loss

Bl Inductor loss (Ly)

[ Diodes loss

/e, C,, C, and Cy loss

output power (kW)

0 25 50 75 100

power losses (W)

125 150

Fig. 18. Loss breakdown at different output power and minimum, nominal,
and maximum output voltages.

and the collected measurements resulted lower than about 10%
of the measured total power loss.

Finally, to prove ZVS operation achieved by exploiting the
derived phase-shifts ¢ based on the analyses and consider-
ations in Sect.IIl, Fig. 19 shows the converter waveforms at
other relevant points of operation. Remarkably, ZVS for all
the switches is achieved with minimum phase-shift of 0.2 for
V, =250V and P, = 3kW, of 0.12 for V, = 400V and
P, =5kW, and of 0.24 for V, = 500V and P, = 5kW, as
expected based on the discussion in Sect. III-C. The complete
set of minimum phase-shifts for ZVS is reported in Fig. 7a at
minimum output voltage, in Fig. 7c at nominal output voltage.

VI. CONCLUSION

A two-stage topology is proposed in this paper for in-
creasing the efficiency of the LLC converter, targeting battery
charging applications with a wide range of operating voltages.
The two stages share part of the switching components,
then a coordinated operation of the stages to achieve low
loss operation has been researched. The topology has been

analyzed, highlighting the available parameters for modulation

ublications/rights/index.html for more information.
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Fig. 19. Converter waveforms for (a) V, = 250V, P, = 3kW; (b) V,, =
400V, P, = 5kW; and (¢) V, =500V, P, = 5kW. Such points refer to
those ones labeled in Fig. 17. ZVS is achieved at minimum phase-shift and,
then, at minimum rms currents.
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and demonstrating how to exploit these parameters in order
to achieve ZVS for the active switches and minimum rms
current circulation. As a result, a modulation scheme has
been derived for high-efficiency operation, aiming at ZVS
with minimum rms currents. The design of the main compo-
nents has been outlined considering the targeted application,
also reporting loss evaluations experimentally validated. The
reported analysis and the experimental characterizations and
tests were performed on a 5-kW prototype module based on
silicon-carbide (SiC) devices. The results confirmed that ZVS
is crucial in order to achieve minimum total loss, which can
be obtained by the derived modulation scheme. Conversion
performances covering the whole power and voltage ranges
have been reported experimentally, showing high efficiency
over a wide range of operating conditions, recording a peak
efficiency of 98.0% at 3kW transferred power. The considered
output voltage range is 250-500V, which may be easily
extended > 1 kV by the series connection of more modules.
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