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ABSTRACT Unfolding-based single-stage ac-dc converters offer benefits in terms of efficiency and power
density due to the low-frequency operation of the Unfolder, resulting in negligible switching losses.
However, the operation of the Unfolder results in time-varying dc voltages at the input of the subsequent
dc-dc converter, complicating its soft-switching analysis. The complication is further enhanced due to
the nonlinear nature of the output capacitance (Coss) of MOSFETs employed in the dc-dc converter.
Furthermore, unlike two-stage topologies with a constant dc-link voltage, as seen in high-frequency grid-
tied converters, grid voltage fluctuations also impact the dc input voltages of the dc-dc converter in
unfolding-based systems. This work comprehensively analyzes the soft-switching phenomenon in the
T-type primary bridge-based dc-dc converter used in unfolding-based topologies, considering all the
aforementioned challenges. An energy-based methodology is proposed to determine the minimum zero-
voltage switching (ZVS) current and ZVS time during various switching transitions of the T-type bridge. It
is shown that the existing literature on the ZVS analysis of the T-type bridge-based resonant dc-dc converter,
relying solely on capacitive energy considerations, substantially underestimates the required ZVS current
values, with errors reaching up to 50%. The proposed analysis is verified through both simulation and
hardware testing. The hardware testing is conducted on a 20-kW 3-ϕ unfolding-based ac-dc converter
designed for high-power electric vehicle battery charging applications. The ZVS analysis is verified at
various grid angles with the proposed analysis ensuring a complete ZVS operation of the ac-dc system
throughout the grid cycle.

INDEX TERMS Electric vehicle (EV) charging, Coss energy estimation, multi-level converter, nonlinear
capacitance, resonant converter, T-type converter, unfolding-based, Unfolder, zero-voltage switching (ZVS).

I. INTRODUCTION
The surging global adoption of electric vehicles (EVs) un-
derscores the critical demand for efficient battery chargers
and accessible public charging infrastructure. Standard two-
stage ac-dc converter topologies face challenges such as
hard-switching of the power factor correction stage and
reduced power density due to the use of large filter compo-
nents [1], [2]. To overcome these limitations, recent years
have witnessed the emergence of single-stage converter

topologies [3]–[9], [11], [13]–[15], aiming to enhance the
efficiency and power density of the converter.

One increasingly adopted single-stage topology for high-
power converters is the unfolding-based ac-dc converter [6]–
[15]. The 3-ϕ Unfolder circuit comprises a conventional 3-ϕ
diode bridge rectifier along with a third harmonic injection
network (Qz, z ∈ {a,b,c}), as shown in Fig. 1. Another
variant of 3-ϕ Unfolder is a neutral point clamped unfolding-
based rectification system as employed in [6]. The 3-ϕ
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FIGURE 1. Circuit schematic of a single-stage 3-ϕ unfolding-based ac-dc conversion system comprising a 3-ϕ Unfolder-based rectifier and a T-type
primary bridge-based LCL-resonant converter with passive rectification on the secondary side of the transformer.

Unfolder rectifies 3-ϕ ac voltages into two time-varying dc-
link voltages, with minimal switching losses due to switching
instances occurring at most twice the grid frequency. The
time-varying dc-link voltages of the Unfolder can be con-
verted into a suitable constant dc voltage by various high-
frequency dc-dc converter topologies. In [6], two separate
dc-dc converters are employed at the output of Unfolder,
while in [7], two H-bridges feed a common secondary diode
rectifier. However, each of these two dc-dc converters must
be rated for peak power equal to the rated power of the 3-ϕ
Unfolder. Additionally, each of these dc-dc converters has its
own separate tank circuit, which results in reduced power
density. Alternatively, utilizing a three-port converter like
a T-type bridge requires only one high-frequency isolation
transformer [9], [11]. With a well-designed soft-switched
isolated dc-dc stage, the entire ac-dc conversion system can
be designed to achieve high power density, high efficiency,
and reduced electromagnetic interferences.

The recognized advantages of unfolding-based topolo-
gies based on T-type resonant converters have fueled their
increasing adoption in EV charging applications. Despite
their prevalence, conducting a thorough analysis of the soft-
switching behavior in the dc-dc converter for unfolding-
based applications proves challenging. This complexity is
attributed to the time-varying nature of the Unfolder out-
put voltages, compounded by the nonlinear and voltage-
dependent characteristics of the output capacitance (Coss) of
the MOSFETs. While unfolding-based converter topologies
proposed in the literature claim either complete [9], [24]
or partial soft-switching [11], the specific conditions for
achieving soft-switching remain unspecified. The nonlinear-
ity associated with Coss has been addressed in numerous
scholarly works to estimate minimal zero-voltage switching
(ZVS) energy requirements in an H-bridge [16] or half-
bridge circuit [17]. However, to the best of the authors’
knowledge, a comprehensive analysis of soft-switching in a
T-type bridge-based resonant converter for unfolding-based
applications, while incorporating the nonlinear Coss effect,
remains unexplored in the current literature.

ZVS is a widely adopted technique for achieving soft-
switching in MOSFETs. The state-plane method has been
used in the past to analyze ZVS conditions in dual active
bridge converters [18]. In the context of a T-type structure,
the state-plane method employed to estimate the ZVS re-
quirements is conducted for constant dc-input voltages to the
T-type bridge, fixed values of Coss, and with an assumption
of tank current as a constant current source [19], [20]. These
factors introduce inaccuracies in the results when applied to
unfolding-based ac-dc converters. In [21], zero current ZVS
boundary is determined for a T-type bridge with four-level
output voltage. However, the determination of accurate ZVS
current when dealing with a five-level output voltage for a
full-bridge T-type bridge, as utilized in this work, makes the
state-plane method application notably intricate.

Another approach for ZVS analysis is the energy-based
method, as adopted for a half-bridge circuit in [17]. However,
a similar approach has not been employed for the ZVS
analysis of a T-type bridge in the literature so far. The
T-type bridge-based resonant converters in [22], [23] do
not consider the energies delivered by the voltage sources
while estimating ZVS energy requirements. Consequently,
the minimum ZVS current derived in these works relies
solely on capacitive (Coss) energies. A similar assumption is
noted in [24], which utilizes a T-type bridge for unfolding-
based applications, and in [25] for an NPC-type three-
level resonant converter. In [25], a lower ZVS range than
predicted is reportedly observed during experiments. This
paper demonstrates that the energy contributions from the
voltage sources are not negligible. Ignoring these contribu-
tions and considering only capacitive energies leads to an
underestimation of the minimum ZVS current requirement,
with errors reaching up to 50%.

This work proposes an energy-based methodology to esti-
mate the ZVS requirements of a T-type bridge for unfolding-
based applications, taking into account the nonlinearity of
Coss. A generalized solution is offered for the minimum ZVS
current and ZVS time for a T-type bridge, applicable to any
resonant tank circuit. The solution is also valid for differ-
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ent kinds of modulation schemes adopted in the literature
including center-aligned modulation [11] and leading-edge
aligned modulation [9]. Furthermore, in T-type bridge-based
resonant converters, certain switching transitions may exhibit
hard-switching behavior, as seen in the case of center-aligned
modulation. In such cases, the Coss losses are shown to be
a dominant part of hard-switching losses for high-frequency
wide-bandgap devices [26]. This emphasizes the necessity
of analyzing the Coss losses occurring in a T-type bridge
during each transition separately while including the effect of
nonlinear Coss. This work analyses the Coss energy loss in a
T-type bridge during each switching transition. Furthermore,
a simplified solution is presented for estimating total Coss

losses, proving valuable in comparing conduction losses with
switching losses during the tank circuit design process.

To summarize, the major contributions of this work are
listed below:

1) The minimum ZVS current and ZVS time for a T-type
bridge with time-varying dc-link voltages in unfolding-
based applications are determined using an energy-
based method, which also considers the impact of the
nonlinear, voltage-dependent Coss.

2) A comprehensive analysis of the Coss losses in a T-type
bridge for each switching transition is conducted, and
a simplified solution for calculating total Coss losses
is also provided.

3) The ZVS requirements have been verified on a 20-kW
high-power unfolding-based hardware with a T-type
bridge-based dc-dc converter. It is found that the ZVS
analysis using the proposed method results in less than
1% error for ZVS current calculation and less than 5%
error for ZVS time calculation.

The subsequent sections of this paper are structured as
follows: Section II provides an overview of unfolding-based
ac-dc converter topologies. Section III details the method for
addressing the nonlinearity associated with Coss. Section IV
outlines the T-type bridge switching pattern and commuta-
tion process. The ZVS conditions for different switching
transitions in a T-type bridge are derived in Section V.
This section includes the calculation of the minimum ZVS
current and ZVS time, along with Coss energy loss, at each
switching transition of the T-type bridge. The analysis is
verified through simulation using PLECS in Section VI.
Experimental results are presented in Section VII, followed
by the conclusion in Section VIII.

II. Topology Description of Unfolding-Based AC-DC
Converters
Fig. 1 depicts the unfolding-based ac-dc conversion system
employed in this work. The 3-ϕ Unfolder circuit comprises
a conventional 3-ϕ diode bridge rectifier along with a third
harmonic injection network (Qz, z ∈ {a,b,c}). The Unfolder
connects the input ac phases to the positive (p), negative (n),
or midpoint node (o) of the dc-link based on the specific
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FIGURE 2. (a) 3-ϕ grid voltages and time-varying dc-link voltages, vpo and
von, at two input ports of T-type bridge; and (b) switching sequence of the
Unfolder devices as per grid voltage sectors.

switching sequence outlined in Fig. 2(b). The input phases
with the maximum and minimum instantaneous voltages are
linked to the p node and n node of the dc-link, respectively,
while the remaining phase is linked to the o node. As
a result, the injection network’s switches Qa, Qb, and Qc
operate at twice the grid frequency, while the 3-ϕ rectifier
switches Da1, Da2, Db1, Db2, Dc1, and Dc2 operate at the
grid frequency, resulting in negligible switching losses in
the Unfolder circuit. The switching scheme of the Unfolder
results in two time-varying dc-link voltages at its output,
as illustrated in Fig. 2(a). The time-varying dc-link voltage
across the nodes p and o is termed as vpo, and across the
nodes o and n is termed as von. These time-varying voltages
can be expressed as

vpo(θgrid) =

Vmsin
(
θgrid +

2(k+1)π
3

)
for even k;

Vmsin
(
θgrid +

(2k+3)π
3

)
for odd k;

(1)

and

von(θgrid) =

Vmsin
(
θgrid +

2kπ
3

)
for even k;

Vmsin
(
θgrid +

(2k−1)π
3

)
for odd k;

(2)

Here, the grid angle, θgrid, for the kth Unfolder sector varies
within the range kπ

3 ≤ θgrid ≤ (k+1)π
3 , and Vm represents the

peak of 3-ϕ line-to-line input voltages. The voltages vpo and
von vary from 0 to

√
3Vm

2 . To process the power from the
two output ports of the Unfolder, either two dc-dc converters
or a single three-port dc-dc converter capable of handling
two input voltages is essential. This work adopts a three-
port T-type bridge-based dc-dc converter, chosen for its noted
advantages in terms of power density and efficiency.

This work focuses on Unfolder sector ‘0’, where θgrid
varies from 0 to π

3 , for conducting ZVS analysis of the
T-type bridge. However, it is important to note that the
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FIGURE 3. Charge and energy-equivalent capacitance values for
drain-to-source voltage variation from 0 V to 1000 V for two of the Omsemi
SiC MOSFETs employed in this work, represented by solid and dotted
lines, respectively.

presented analytical approach can be applied to other sectors.
The time-varying output voltages of the Unfolder are two
input voltages for the T-type bridge. The time-varying nature
of these voltages introduces complexities in analyzing ZVS
conditions due to the nonlinear and voltage-dependent nature
of the MOSFETs Coss. Therefore, the subsequent section is
dedicated to first addressing the nonlinearity of Coss.

III. Nonlinear Coss Equivalents
Semiconductor devices exhibit capacitance between their
various terminals due to the depletion region formed at their
junctions. For MOSFETs, Coss is a nonlinear function of the
drain-to-source voltage (vds). This voltage dependence varies
among different semiconductor technologies and manufac-
turers’ device implementation techniques. Although there are
several SPICE model-based approaches documented in the
literature [27], [28], it is often challenging to fit all these
curves with a general empirical curve-fit formula, especially
for modern devices with complex structures such as wide-
band-gap or super junction devices. Therefore, defining an
equivalent capacitance value that stores the same amount of
charge or energy for a given voltage change proves to be
valuable. If Coss|v represents the Coss value evaluated at a
voltage v, the charge stored in Coss can be described by

dqC = Coss|v dv (3)

in the small signal domain, where dqC is a small signal
change in the charge for a voltage change of dv. As Coss

is a function of voltage v, integration must be performed to
calculate the total charge accumulated. The total charge Qc

accumulated while charging Coss from 0 to vc is

Qc

∣∣∣vc
0

=

∫ vc

0

Coss|v dv. (4)

Similarly, the energy stored when charging Coss from 0
to vc, denoted as Ec, is

Ec

∣∣∣vc
0

=

∫ vc

0

v Coss|v dv. (5)

Due to the nonlinearity involved, numerical integration
must be performed. As the nonlinearity cannot be correctly

modeled in terms of time, energy, and charge simultaneously
using a single capacitance value, the energy-equivalent ca-
pacitance denoted by Ceq,E, and charge-equivalent capaci-
tance denoted by Ceq,Q are introduced [16]. These charge
and energy-equivalent capacitance values are

Ceq,Q

∣∣∣vc
0

=
1

vc

∫ vc

0

Coss|v dv, (6)

Ceq,E

∣∣∣vc
0

=
2

vc2

∫ vc

0

v Coss|v dv. (7)

Here, the energy stored in Ceq,E at voltage vc is the same
as energy stored when the voltage across Coss changes from
0 to vc. Similarly, the charge stored in Ceq,Q at voltage vc
is the same as the charge stored when charging Coss from 0
to vc, where vc can be any value from 0 to rated operating
voltage of the MOSFET.

To compute the charge-equivalent capacitance in the sce-
nario where Coss charges from v1 to v2, the initial step
involves calculating the total charge, given as

Qc

∣∣∣v2
v1

=

∫ v2

0

Coss|v dv −
∫ v1

0

Coss|v dv,

Qc

∣∣∣v2
v1

= Ceq,Q

∣∣∣v2
0

v2 − Ceq,Q

∣∣∣v1
0

v1. (8)

This provides the charge-equivalent capacitance value when
Coss charges from v1 to v2 as

Ceq,Q

∣∣∣v2
v1

=
Ceq,Q

∣∣∣v2
0

v2 − Ceq,Q

∣∣∣v1
0

v1

v2 − v1
, (9)

where v1 and v2 can be any values from 0 to the rated
operating voltage of the MOSFET. Fig. 3 shows the charge
and energy-equivalent capacitances calculated for two of the
1200 V Omsemi Silicon Carbide (SiC) MOSFETs employed
in this work, details of which are provided in the experimen-
tal section. These values are calculated at various drain-to-
source voltages ranging from 0 V to 1000 V. To create these
curves, data points are extracted from the Coss - vds curves
provided in the datasheets [29], [30], and numerical integra-
tion is performed in MATLAB as provided in Appendix A. In
Fig. 3, the term Ceq,Q(HB) represents the charge-equivalent
capacitance for half-bridge switches (Sx1, Sx2, Sy1, and Sy2)
and Ceq,Q(CS) represents the charge-equivalent capacitance
for common-source switches (Sx3+, Sx3-, Sy3+, and Sy3-).

Furthermore, the Coss variation with external factors such
as temperature, gate-to-source voltage, and any tolerance (if
known) for the specific device technologies should be con-
sidered when calculating equivalent capacitance values [31]–
[33]. Finally, using these equivalent capacitances, the time-
varying nature of dc-link voltages can be handled during
ZVS analysis. Before delving into the ZVS analysis, Sec-
tion IV first provides a thorough exploration of the T-
type bridge switching pattern and the charging-discharging
process of the Coss within a switching cycle.

IV. T-type Bridge Switching and Commutation Pattern
In comparison to a two-level half-bridge structure, a T-
type bridge leg incorporates two additional series-connected
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TABLE 1. Possible switch states and corresponding voltage vxy.

Sx1 (Sx3+) Sx2 (Sx3-) Sy1 (Sy3+) Sy2 (Sy3-) vxy

0 0 0 0 0

0 0 0 1 von
0 0 1 0 − vpo
0 1 0 0 − von
0 1 0 1 0

0 1 1 0 − vpn
1 0 0 0 vpo
1 0 0 1 vpn
1 0 1 0 0

common-source switches between the switch nodes (x node
or y node) and the midpoint (o node) of the input dc-link.
For the x leg, the switches Sx1 and Sx2 need to block total dc-
link voltage across the p node to n node, whereas common-
source switches, Sx3+ and Sx3- combined only need to block
the voltage across one of the input ports (either vpo or von)
at a given instant. A similar statement can be made for the
y leg. The switches Sx1, Sx3+, Sy1, and Sy3+ are collectively
responsible for applying ±vpo voltages across switch nodes x
and y. Additionally, the remaining four switches apply ±von
voltages across the switch nodes x and y.

There are several ways to generate a switching pattern for
a T-type bridge. However, to prevent a short circuit condition
in the dc-link, it is imperative to ensure that the switches
Sz1 and Sz2, z ∈ {x, y}, are never simultaneously turned on
within one leg. With this constraint, the possible states of
the switch node voltage vxy are listed in TABLE 1, where
the switch state ‘0’ represents ‘off’, and ‘1’ represents ‘on’.
As observed from TABLE 1, there are a total of six possible
active states and three possible zero-states.

Out of the various switching patterns that can be derived
from TABLE 1, one possible switching pattern is shown in
Fig. 4, along with the T-type bridge switch node voltage vxy.
In Fig. 4, Ts denotes one complete switching period of the
converter.

The duty ratios, dp and dn, correspond to the durations
for which vpo and von, respectively, are applied at the T-
type bridge output. Both dp and dn can vary from 0 to 1.
The analysis in this section considers commutation sequence
specific to the case when von ≥ vpo which is the case for
grid angle π

6 ≤ θgrid ≤ π
3 for Unfolder sector ‘0’, as can be

seen from Fig. 2. The analysis is similar for the other case
with vpo ≥ von, and it is omitted for brevity. The switching
patterns depicted in Fig. 4 reveal that each T-type bridge
leg undergoes four switching transitions (I, II, III, and IV).
Transition I is defined as the transition during which the
switch node of leg x transitions from the n node to the o
node. Other transitions are defined similarly and shown in
Fig. 4.

The previous literature outlines modulation strategies for
T-type bridges based on various switching patterns. These
strategies include leading-edge aligned modulation [9],

von

vpn

dpTs/2

0
dnTs/2

0

0

0

0

Sx1

Sx2

Sy1

Sy2

Sx3+ ,

Sx3- ,

Sy3+ ,

Sy3- ,

tTs/2 Ts

t

t

t

t

Ts

Ts

Ts

Ts

Ts/2

Ts/2

Ts/2

Ts/2

-von

-vpn

I II III IV

vxy

Sx1

Sx2

Sy1

Sy2

0 0 1 0 0 0 0 0 0 0

1 1 11 00 0 1 1 1

10 0 0 0 0 0 0 0 0

1 1 1 1 1 1 00 10

FIGURE 4. The switching pattern for the T-type bridge with a five-level
output voltage, vxy.

where the leading edges of the quasi-square voltage wave-
forms generated corresponding to voltages vpo and von are
aligned, and center-aligned modulation [11], where the two
waveforms are center-aligned. To minimize the inductive
loading of the tank circuit while ensuring ZVS for all
switching transitions, aligning transition I and transition II
is beneficial, resulting in leading-edge aligned modulation.
However, this alignment causes a direct transition of the
switch node of leg x from the n node to the p node,
resulting in incomplete soft-switching of common-source
switches, as elaborated in [9]. Therefore, this work adopts
leading-edge aligned modulation with a delay time termed as
the staggering time (approximately equal to the dead time)
provided between transition I and transition II. It is worth
noting that the need for such staggering time arises from
the unequal input voltages in the case of unfolding-based
converters.

To understand the T-type switching transitions, each
switching transition for leg x is analyzed separately. The
switching transitions of leg y are also similar and they are
skipped for brevity. In Fig. 5 and Fig. 6, the switches that
are turned on are shown in black, and the switches that are
turned off are shown in gray. The active section of the circuit,
where the current is flowing, is highlighted in red.

A. Transition I (n to o node)
During transition I, as shown in Fig. 5(a), the switch Sx2
initially turns off. Since there is no path for the Coss of Sx2
to charge with an open-circuited tank, the circuit remains
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device turns on.

unchanged in Fig. 5(a)(i) and (ii). After the dead time, Sx3-
turns on, and its Coss discharges through its own channel.
This also allows the Coss of Sx2 to charge from 0 to von.
Simultaneously, switch Sx1, which is already off, discharges
from vpn to vpo.

B. Transition II (o to p node)
During transition II, as shown in Fig. 5(b), switch Sx1
discharges completely from vpo to 0, connecting the switch
node x to p node. Switch Sx3+ charges from 0 to vpo, and
switch Sx2 charges from von to vpn. It is crucial to note that
despite the switch Sx2 remaining off during transition II, it
continues to charge. Therefore, an additional commutation

TABLE 2. Coss charging and discharging during different transitions.

Transition Sx1 Sx2 Sx3+ Sx3-

I (n to o node) vpn to vpo 0 to von - von to 0

II (o to p node) vpo to 0 von to vpn 0 to vpo -

III (p to o node) 0 to vpo vpn to von vpo to 0 -

IV (o to n node) vpo to vpn von to 0 - 0 to von

loop is present during each switching transition in the case
of a T-type bridge. This observation holds true for all other
transitions as well.

C. Transition III (p to o node)
In Fig. 6(a), switching transition III is shown, where the
transition from the p node to the o node takes place with
Sx1 charging and Sx3+ discharging from vpo to 0. As previ-
ously mentioned, an additional commutation loop due to the
discharging of non-active device Sx2 can be observed.

D. Transition IV (o to n node)
In Fig. 6(b) switching transition IV is depicted, during which
switch Sx2 discharges completely from von to 0, connecting
switch node x to the n node.

TABLE 2 summarizes the changes in voltages of the
MOSFET capacitances for these four transitions. With an
established understanding of the charging and discharging
process of MOSFETs involving nonlinear Coss and the
commutation sequence of the T-type bridge, energy-based
ZVS analysis can be introduced in the next section.

V. ZVS Requirements For the T-type Bridge
A. Minimum ZVS current requirement
The equivalent circuits during dead times for all four tran-
sitions are shown in Fig. 7. Here, the LCL tank circuit
depicted in Fig. 1 is replaced by an equivalent circuit
consisting of inductor Lp and a voltage source vCpp. The
voltage source vCpp represents the instantaneous capacitor
voltage of Cpp during the switching transition under study.
The voltage across the capacitor remains relatively constant
during the dead time and is treated as a constant voltage
source for ZVS analysis. However, different values of vCpp

for different switching transitions as well as the variation of
vCpp over the grid cycle are considered. It is important to
note that a similar equivalent circuit can be obtained for any
other type of resonant tank circuit; hence, the ZVS analysis
remains applicable for all types of resonant tank circuits. The
transition I and transition II are investigated thoroughly to
establish the ZVS requirements. For achieving ZVS for the
x leg, current going into the switch node x is required for
transition I and II, whereas current going out of the switch
node x is required for transition III and IV. To calculate the
energy required from tank inductance Lp, the energies of
each component in the circuit are calculated, and the energy
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FIGURE 7. Commutation with ZVS during the dead time at (a) transition I (n node to o node), (b) transition II (o node to p node), (c) transition III (p node
to o node), and (d) transition IV (o node to n node).

conservation equation [17], given by

Ec,initial + Edelivered = Ec,final + Edissipated, (10)

is employed. Here, Ec,initial is the total initial capacitive
(Coss) energy in the circuit before the particular switching
transition and Ec,final is the total final capacitive energy in
the circuit after the switching transition. The terms Edelivered

and Edissipated denote the total energy delivered and the
total energy dissipated in the circuit during the switching
transition, respectively. This section will demonstrate that
the energies associated with the two input sources, vpo and
von, and the reflected tank voltage, vCpp, are significant and
cannot be ignored.

1) Transition I (n node to o node)
During transition I, switches Sx1, Sx2, and Sx3- of x leg remain
in active commutation loops. Meanwhile, with the switch Sy2
turned on, the switch node y is tied to the n node of the dc-
link. To achieve ZVS during transition I, the current going
into the leg x is necessary. From Fig. 7(a), it is evident that
the current icx1 flowing through the source vpo is the same
as the discharging current of switch Sx1. Consequently, the
energy delivered by the source vpo denoted as Evpo , can be
calculated as

Evpo = −
∫

icx1vpodt = −Ceq,Q(HB)

∣∣∣vpn
vpo

vpovon, (11)

The negative sign for Evpo indicates that the source absorbs
energy during the transition. The energies delivered by the
other two sources can also be calculated in a similar manner.
The energies delivered by the input voltage source von and
reflected tank voltage source vCpp are

Evon = −v2on
(
Ceq,Q(HB)

∣∣∣vpn
vpo

+ Ceq,Q(CS)

∣∣∣von
0

)
, (12)

EvCpp
= vCppvon

(
Ceq,Q(HB)

∣∣∣vpn
vpo

+ Ceq,Q(CS)

∣∣∣von
0

+ Ceq,Q(HB)

∣∣∣von
0

)
. (13)

The total energy delivered by the three sources and the
inductor during the switching process can be written as

E(delivered) = ELp
+ EvCpp

+ Evpo + Evon . (14)

For complete ZVS, the energy dissipated in the circuit is
zero (Edissipated = 0), and using (10), the energy that needs

FIGURE 8. (a) Energies delivered by vpo, von, and vCpp (with negative
signs denoting energy absorption), the contribution of change in
capacitive (Coss) energy ∆Ec, and total energy required from the inductor
Lp during switching transition I as a function of θgrid, (b) time-varying
input voltages vpo, von, and reflected tank voltage vCpp .

to be processed by the inductance Lp is

ELp(trI) = −EvCpp
− Evpo − Evon −∆Ec, (15)

where ∆Ec is the total change in capacitive energy during
the switching transition. From TABLE 2, the total change in
the capacitive energy during transition I is

∆Ec = Ec,initial − Ec,final (16)

=
1

2
Ceq,E(HB)

∣∣∣vpn
0

v2pn − 1

2
Ceq,E(HB)

∣∣∣vpo
0

v2po

+
1

2

(
Ceq,E(CS)

∣∣∣von
0

− Ceq,E(HB)

∣∣∣von
0

)
v2on.

If vCpp is negative during transition I, as is typically the
case for forward power flow direction, the term EvCpp

in (13)
is negative. Consequently, all the terms Evpo , Evon and EvCpp

are negative in (11)-(13), as all sources are absorbing energy
during transition I. These energies must be provided by Lp

in addition to the change in capacitive energy required.
Fig. 8 illustrates the energies absorbed by vpo, von, and

vCpp as a function of θgrid within a specific Unfolder sector
(sector ‘0’: 0 < θgrid < π/3). It is important to note that
the contributions of the voltage sources play a pivotal role
in determining the minimum energy demand from inductor
Lp. The overall change in capacitive energy during the
transition, denoted as ∆Ec, remains notably minimal and,
in fact, reduces the energy requirement for ZVS from the
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FIGURE 9. Variation of minimum ZVS current required as a function of
θgrid and input voltage von during transition I and transition II.

FIGURE 10. Minimum ZVS current variation for transition I as a function
of θgrid, with ±10% variation in the grid voltage.

FIGURE 11. Minimum ZVS current variation for transition II as a function
of θgrid, with ±10% variation in the grid voltage.

inductor Lp. This observation is not limited to unfolding-
based topologies; it holds true even when constant input
voltages are applied to the T-type bridge.

It can further be seen from Fig. 7(a) and Fig. 7(d) that
transitions I and IV are identical except for the direction of
currents. Hence the minimum ZVS current condition is the
same for the transition from n node to o and vice-versa.

2) Transition II (o node to p node)
A similar process can be adopted for the transition II. The
energies delivered by the three sources during transition II

can be calculated as

Evpo = −v2poCeq,Q(HB)

∣∣∣vpo
0

, (17)

Evon = −vonvpo
(
Ceq,Q(HB)

∣∣∣vpo
0

+ Ceq,Q(CS)

∣∣∣vpo
0

)
. (18)

EvCpp
= vCppvpo

(
Ceq,Q(HB)

∣∣∣vpn
von

+ Ceq,Q(CS)

∣∣∣vpo
0

+ Ceq,Q(HB)

∣∣∣vpo
0

)
, (19)

Equation (15) can be used again to find ELp(trII), where ∆Ec

for transition II can be calculated using TABLE 2. Finally,
the minimum current for ZVS during a particular switching
transition in a T-type bridge can be calculated as

ILp(min) =

∣∣∣∣∣
√

2ELp

Lp

∣∣∣∣∣, (20)

where ELp
for transition I (or IV) is ELp(trI) given by (15),

and for transition II (or III) can be calculated using (15)
and (17)-(19). In cases where ELp

is negative or zero, no
minimum energy requirement exists and ZVS is achieved if
adequate dead time is provided.

The variation in the minimum ZVS current during tran-
sition I and transition II can be observed, along with the
time-varying input voltage von, in Fig. 9 for the Unfolder
sector ‘0’ with Lp = 29.3 µH. Moreover, in unfolding-based
ac-dc converter topologies, any fluctuations in the 3-ϕ grid
input are directly seen at the input of the T-type bridge,
consequently influencing the minimum ZVS current require-
ment. For the development of a well-designed converter, due
consideration must be given to this aspect. This variation
is illustrated in Fig. 10 and Fig. 11 for transition I and
transition II, respectively, where the minimum ZVS current
variations are presented under ±10% fluctuation in the 3-ϕ
grid voltage. Such challenges are not present in a typical
T-type bridge with constant input dc voltages.

B. ZVS time requirement
In addition to the minimum ZVS current requirement, de-
termining the time necessary for achieving ZVS of the
MOSFETs during the switching transitions is also a crucial
parameter for resonant converters. This calculation plays
a key role in establishing the appropriate dead time to
ensure that MOSFETs do not turn on prematurely before
the complete discharge of their Coss. As discussed earlier,
in the context of the T-type bridge-based resonant converter
in unfolding-based topologies, the minimum ZVS currents
required vary based on T-type input voltages, vpo and von,
which are functions of θgrid. Consequently, the ZVS time also
exhibits variations throughout the grid cycle, unlike typical
resonant converters operating with fixed input dc voltages.
The analysis here considers that the tank current during the
transitions is maintained at the minimum ZVS current level,
as given by (20). Nonetheless, this analysis is also expanded
to accommodate scenarios where the tank current during the
transitions exceeds the minimum requirement.

VOLUME ,

This article has been accepted for publication in IEEE Open Journal of Power Electronics. 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/OJPEL.2024.3400256

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



FIGURE 12. Variation in ZVS times over the grid cycle as a function of
θgrid for transition I and transition II.

The determination of the ZVS time for the transition I
involves the application of Kirchhoff’s Current Law (KCL)
at the node x in Fig. 7(a), expressed as

iLp
= −icx1 − icx2 − icx3− ,

= Coss-x1
dvds-x1

dt
− Coss-x2

dvds-x2

dt
+ Coss-x3-

dvds-x3−

dt
.

(21)
From (21), the charge needed by the MOSFETs’ Coss can be
equated to the charge supplied by the tank current, iLp

, es-
sentially representing the area under the current waveshape.
The computation of the time requirement is then expressed
as

tzvs-trI =

2 von
(
Ceq,Q(HB)

∣∣∣vpn
vpo

+ Ceq,Q(CS)

∣∣∣von
0

+ Ceq,Q(HB)

∣∣∣von
0

)
ILp(min-trI)

.

(22)

A similar analysis can be done for transition II to calculate
the corresponding ZVS time as

tzvs-trII =

2 vpo
(
Ceq,Q(HB)

∣∣∣vpn
von

+ Ceq,Q(CS)

∣∣∣vpo
0

+ Ceq,Q(HB)

∣∣∣vpo
0

)
ILp(min-trII)

.

(23)

The variation of the ZVS times required during the tran-
sitions I and II for θgrid = 0 to π

3 is depicted in Fig. 12.
The repetitive nature of this variation pattern extends to the
remaining grid angles. The figure indicates that a dynamic
adjustment of dead time throughout the grid cycle is essential
to mitigate the occurrence of partial ZVS. Alternatively,
a more straightforward strategy involves setting the dead
time to the maximum required ZVS time, at the cost of
increased conduction losses through the body diodes of the

MOSFETs. As mentioned earlier, if the tank current exceeds
the minimum ZVS current requirements for transitions I and
II as depicted in Fig. 9, (22) and (23) can be modified to the
equations provided at the bottom of the page. In (28) and
(29), ILp-m represents the peak of the tank current, and ωs

denotes the angular switching frequency of operation.
Lastly, Fig. 13 presents a flowchart detailing the process

of determining the minimum ZVS current and ZVS time in
a T-type bridge as described in this paper.

C. Estimation of Coss energy losses
Insufficient tank inductor energy or ZVS time to achieve
ZVS in a particular switching transition leads to either partial
soft-switching or complete hard-switching. To provide a
complete analysis, this section outlines the energy loss due to
Coss for each switching transition, focusing on the scenario
of hard-switching. For this, tank current iLp is assumed to be
zero, as shown by Fig. 5 and Fig. 6. A thorough explanation
of the energy loss calculation during switching transition I is
presented, while the details for other transitions are tabulated
in TABLE 3.

During switching transition I, the current flows through the
channels of switches Sx3+ and Sx3-, leading to energy losses
in channels of these switches. The energy loss happening
during the switching process can be calculated by using the
energy conservation expression given in (10). The energies
delivered by the two sources vpo and von can be calculated
as

Evpo = −
∫

icx1vpodt = −Ceq,Q(HB)

∣∣∣vpn
vpo

vpovon, (24)

Evon =

∫
icx2vondt = Ceq,Q(HB)

∣∣∣von
0

v2on. (25)

The negative sign for Evpo indicates that the source absorbs
energy during the transition. The total energy delivered
during transition I is then calculated as

Edelivered = Evpo + Evon . (26)

The total energy loss or energy dissipation occurring
during the transition I can be determined as

Edissipated(trI) = Evpo + Evon +∆Ec, (27)

where ∆Ec is given in TABLE 3, and Evpo and Evon are
given by (24) and (25), respectively. Similarly, energy losses
during the remaining three transitions can be calculated using
the expressions listed in TABLE 3. The total Coss energy
loss during one switching period, obtained by summing all

texcess-zvs-trI =

ILp(trI) −
√

I2Lp(trI) − 2 ωsILp-mvon
(
Ceq,Q(HB)

∣∣∣vpn
vpo

+ Ceq,Q(CS)

∣∣∣von
0

+ Ceq,Q(HB)

∣∣∣von
0

)
ωsILp-m

, (28)

texcess-zvs-trII =

ILp(trII) −
√

I2Lp(trII) − 2 ωsILp-mvpo
(
Ceq,Q(HB)

∣∣∣vpn
von

+ Ceq,Q(CS)

∣∣∣vpo
0

+ Ceq,Q(HB)

∣∣∣vpo
0

)
ωsILp-m

. (29)
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TABLE 3. Summary of energy contributions from two sources and the change in total capacitive energy in the x-leg of a T-type circuit at various

transitions (Tr) when estimating Coss energy losses for a T-type bridge.

Tr Evpo Evon ∆Ec = Ec,initial − Ec,final

I −Ceq,Q(HB)

∣∣∣vpn
vpo

vpovon Ceq,Q(HB)

∣∣∣von
0

v2on
1
2
Ceq,E(HB)

∣∣∣vpn
0

v2pn - 1
2
Ceq,E(HB)

∣∣∣vpo
0

v2po + 1
2

(
Ceq,E(CS)

∣∣∣von
0

-Ceq,E(HB)

∣∣∣von
0

)
v2on

II
(
Ceq,Q(HB)

∣∣∣vpn
von

+

Ceq,Q(CS)

∣∣∣vpo
0

)
v2po

Ceq,Q(HB)

∣∣∣vpn
von

vonvpo 1
2
Ceq,E(HB)

∣∣∣von
0

v2on - 1
2
Ceq,E(HB)

∣∣∣vpn
0

v2pn + 1
2

(
Ceq,E(HB)

∣∣∣vpo
0

-Ceq,E(CS)

∣∣∣vpo
0

)
v2po

III Ceq,Q(HB)

∣∣∣vpo
0

v2po −Ceq,Q(HB)

∣∣∣vpn
von

vonvpo 1
2
Ceq,E(HB)

∣∣∣vpn
0

v2pn - 1
2
Ceq,E(HB)

∣∣∣von
0

v2on + 1
2

(
Ceq,E(CS)

∣∣∣vpo
0

-Ceq,E(HB)

∣∣∣vpo
0

)
v2po

IV Ceq,Q(HB)

∣∣∣vpn
vpo

vpovon
(
Ceq,Q(HB)

∣∣∣vpn
vpo

+

Ceq,Q(CS)

∣∣∣von
0

)
v2on

1
2
Ceq,E(HB)

∣∣∣vpo
0

v2po - 1
2
Ceq,E(HB)

∣∣∣vpn
0

v2pn + 1
2

(
Ceq,E(HB)

∣∣∣von
0

-Ceq,E(CS)

∣∣∣von
0

)
v2on

Determine 𝐶eq,Q and 𝐶eq,E for the 

selected MOSFETs (Appendix A)  

Determine the 

switching transition 

for T-type bridge

Determine equivalent 

tank circuit

Find ∆𝐸𝑐 (Table 3)

Find 𝐸𝑣𝑝𝑜 , 𝐸𝑣𝑜𝑛
and 𝐸𝑣𝐶𝑝𝑝

eq. (17) – (19)

else if

𝐼𝐿𝑝(tr) > 𝐼𝐿𝑝(min)

if

𝐼𝐿𝑝(tr) = 𝐼𝐿𝑝(min)

Find 𝑡zvs
eq. (22)

Find 𝐸𝑣𝑝𝑜 , 𝐸𝑣𝑜𝑛
and 𝐸𝑣𝐶𝑝𝑝

eq. (11) – (13)
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eq. (23)

Find 𝐸𝐿𝑝 eq. (15), 𝐼𝐿𝑝(min)
eq. (20)
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𝐼𝐿𝑝(tr) = 𝐼𝐿𝑝(min)
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FIGURE 13. Flowchart depicting the process to determine ZVS current
and ZVS time for the T-type bridge.

the losses calculated at different switching transitions and
adding a factor of two for incorporating y leg energy loss,
is

Eloss = 2
(
Ceq,Q(HB)

∣∣∣von
0

+ Ceq,Q(CS)

∣∣∣von
0

)
v2on

+ 2
(
Ceq,Q(HB)

∣∣∣vpo
0

+ Ceq,Q(CS)

∣∣∣vpo
0

)
v2po

+ 2 Ceq,Q(HB)

∣∣∣vpn
vpo

v2on + 2Ceq,Q(HB)

∣∣∣vpn
von

v2po. (30)

Equation (30) reveals that the total Coss energy loss
is solely dependent on the charge-equivalent capacitance
and is independent of the energy-equivalent capacitance.
Thus, using (30) alone is adequate for calculating total Coss

energy loss. Alternatively, (30) can be directly derived from
TABLE 2 by identifying the switches involved in charging.

FIGURE 14. (a) Variation of total Coss-based switching loss, denoted by
PCoss(total), as a function of θgrid for 85 kHz switching frequency, (b) total
conduction losses in the T-type bridge (Pconduction) and combined
Coss-based switching loss for transition I and transition II
(PCoss(trI+trII)), and (c) the corresponding variations of two time-varying
voltages vpo and von with θgrid.

Fig. 14(a) shows the variation of total Coss-based switching
loss, denoted by PCoss(total), as a function of θgrid.

Moreover, equations specifying energy loss at each spe-
cific switching transition remain useful when only a few
switching transitions are subjected to hard switching as in
the case of center-aligned modulation [11]. To illustrate
losses in such scenarios, Fig.14(b) compares the Coss-based
losses resulting from hard-switching transitions I and II
(PCoss(trI+trII))) with the conduction losses (Pconduction) in
the T-type bridge switches. Such hard-switching may occur
due to insufficient tank current available for the ZVS of
MOSFETs. These losses are plotted for the time-varying
input voltages, vpo and von, shown in Fig. 14(c). The charge-
equivalent capacitances of two types of SiC MOSFETs, as
illustrated in Fig. 3, are utilized for the calculation. While
Coss-based losses are relatively low compared to the T-type
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(b)
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(a)

Excess ZVS Boundary ZVS Partial ZVS

FIGURE 15. Simulation results for verifying the calculation of the minimum ZVS current for (a) transition I at θgrid = 30◦, (b) transition I at θgrid = 40◦,
(c) transition II at θgrid = 30◦, and (d) transition II at θgrid = 40◦.

bridge conduction losses, they represent only the minimum
possible losses, as they do not include hard-switching over-
lapping losses, which would further elevate overall switching
losses. Therefore, it is important to accurately perform ZVS
analysis for the T-type bridge, as provided in this work, to
design the tank components and eliminate these switching
losses entirely, thus enhancing the efficiency of the system.

VI. Simulation-Based Verification
To verify the accuracy of the ZVS analysis, simulations are
performed using PLECS software for a T-type bridge-based
dc-dc converter with a commutation sequence depicted in
Fig. 4. The nonlinear output capacitances are introduced
across the drain-to-source of an ideal MOSFET device in
the simulation. The Coss nonlinearity of the MOSFETs is
modeled using a 1D look-up table, making Coss a voltage-
dependent quantity. The verification of minimum ZVS cur-
rent is conducted at various dc input voltages corresponding
to different grid angles throughout the grid cycle.

Simulation results validating the minimum ZVS current
and time for transition I are presented in Figs. 15(a) and
(b), while Figs. 15(c) and (d) show the simulation results
for transition II. The verified simulation waveforms have
been provided for two grid angles: 30◦ and 40◦. To ensure
the overall accuracy of the ZVS analysis, three distinct
simulations are conducted at each of the specified grid angles
by introducing a slight variation in the tank current, iLp .
This variation is achieved by adjusting the duty ratios, dp
and dn, of the T-type bridge, resulting in partial, boundary,
and excess ZVS conditions. For instance, in Fig. 15(a), the
minimum ZVS current for transition I at θgrid = 30◦ is

FIGURE 16. Simulation-based verification of the minimum ZVS current at
a range of grid angles for (a) transition I and (b) transition II, along with a
comparison to prior studies [22]–[25].

displayed. The three curves represent situations where the
ZVS current exceeds (green), equals (blue), and falls below
(red) the calculated ZVS current value.

Fig. 16(a) and Fig. 16(b) present simulation results ob-
tained at a range of grid angles for transition I and transition
II, respectively. These figures also illustrate the minimum
ZVS current values obtained using the analysis provided
in [22], [23], where the energies delivered or absorbed by
the sources are excluded. Only the sum of the absolute
values of charging and discharging energies required by
the MOSFETs Coss is considered in these previous works,
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TABLE 4. Comparison of the calculated minimum ZVS current and ZVS time with simulation results and previous literature works.

Transition θgrid
Minimum ZVS current (ILp(min)

) ZVS time (tzvs)
Simulation Analysis References [22]–[25] Simulation Analysis

I
30◦ 5.217 A 5.195 A 2.963 A 157.5 ns 167.8 ns
40◦ 5.945 A 5.916 A 3.414 A 163.7 ns 175.9 ns

II
30◦ 6.154 A 6.217 A 2.963 A 136.8 ns 143.7 ns
40◦ 5.602 A 5.643 A 2.256 A 120.7 ns 124.1 ns

FIGURE 17. Simulation results for verifying the calculation of ZVS time
during transition I and transition II at a range of grid angles.

potentially leading to percentage errors as high as 50%.
The corresponding minimum ZVS current values, along with
a comparison to previous literature, are further detailed in
TABLE 4. Moreover, the estimated ZVS times are also
verified through simulations, as illustrated in Fig. 17 and
tabulated in TABLE 4.

VII. Experimental Verification
Experiments are conducted on a 20-kW ac-dc converter
circuit comprising a grid-tied 3-ϕ Unfolder followed by a
T-type primary bridge-based resonant dc-dc converter, as
shown in Fig. 18. For a 480 V line-to-line (rms) 3-ϕ input
voltage to the Unfolder circuit, both vpo and von vary from
0 V to 588 V. The half-bridge MOSFETs must withstand
peak voltage stress equal to the peak of the line-to-line
grid voltage, which is 678 V. Furthermore, the common-
source MOSFETs must withstand peak voltage stress equal
to the peak of either vpo or von voltage, which is 588 V.
Additionally, MOSFETs are selected considering grid volt-
age fluctuations of ±10%. The MOSFETs employed in the
T-type bridge are specified in TABLE 5. The commutation
pattern shown in Fig. 4 is applied to the T-type bridge. The T-
type bridge output connects to the LCL-resonant tank circuit
with a diode bridge rectifier on the secondary side.

The subsequent two subsections present the experimental
results for verifying the calculations for ZVS requirements
and validating the calculation of total Coss-based switching
losses, respectively.

A. Experimental verification of the ZVS requirements
To verify the ZVS analysis, the complete unfolding-based ac-
dc conversion system is operated at its rated output power of
20 kW. The 3-ϕ grid input voltages of 480 V are emulated
with the California Instruments MX-30 power supply. The
output of the converter connects to the NH Research 9300 dc

TABLE 5. SiC MOSFETs used in the hardware setup.

Component Description
Half-bridge MOSFETs (HB) Onsemi NVH4L020N120SC1

Sx1, Sx2, Sy1, Sy2 1200 V, 28 mΩ

Common-source MOSFETs (CS) Onsemi NVH4L040N120SC1
Sx3+, Sx3-, Sy3+, Sy3- 1200 V, 56 mΩ

power supply, which is utilized in a battery mode to emulate
the load. The commutation sequence depicted in Fig. 4 is
implemented with a staggering time of 200 ns between
transition I and transition II. The tank circuit components
are designed to ensure that the instantaneous current values
of iLP

during switching transitions are greater than the
minimum ZVS currents required throughout the grid cycle.
The values of tank circuit components are Lp = 29.3 µH,
Cpp = 120.1 nF, and Ls = 6.23 µH. The LCL-resonant
tank with an appropriate quality factor renders the tank
current iLP

fairly sinusoidal, as seen in Fig. 19. There-
fore, the fundamental harmonic approximation is used to
determine the instantaneous value of iLp during switching
transitions and vCpp voltage variation throughout the grid
cycle. Fig. 20 depicts the variation in voltage, vxy, and
current, iLp , throughout the grid cycle. As the two duty
ratios, dp and dn, are varied to maintain sinusoidal grid
currents, the instantaneous value of iLp available during
transitions I and II also varies. This figure confirms the
continuous ZVS operation of the T-type bridge throughout
the grid cycle. To further validate ZVS conditions, transition
II is analyzed at different grid angles, noting minimum
ZVS currents and ZVS times. Fig. 21 displays three cases
including a boundary ZVS case, an excess ZVS case, and
two partial ZVS cases, each of which is explained in the
following:

1) Boundary ZVS case
Fig. 21(a) illustrates an instant in the grid cycle when

θgrid = 35◦. The available tank current at the switching tran-
sition II, ILp(tr) of 6.3 A matches closely with the calculated
minimum ZVS current, ILp(min) of 6.24 A. The boundary ZVS
case is evident from the zero crossing of iLp

coinciding with
the drain-to-source voltage reaching zero.

2) Excess ZVS case
Fig. 21(b) shows an instant when θgrid = 38◦. At this

moment, the available current is much higher than the ZVS
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FIGURE 18. A 20-kW hardware prototype of an unfolding-based ac-dc converter comprising a 3-ϕ Unfolder, the T-type primary bridge, and the
LCL-resonant tank circuit, along with passive diode rectification.

iLp

vxy

FIGURE 19. Hardware results of the T-type bridge output voltage, vxy, and
tank current, iLp , at one instance of a grid cycle, with an output power of
20 kW.

current required for transition II, as evidenced by the zero
crossing of the current lagging the time instant when the
drain-to-source voltage falls to zero. The available tank
current of 6.5 A is higher than the calculated minimum ZVS
current of 6.2 A, ILp(tr) > ILp(min), resulting in a complete
ZVS with a higher current than required. The corresponding
ZVS times are calculated using (29), as discussed earlier.
Fig. 21(e) shows another excess ZVS case at θgrid = 45◦.

Furthermore, a special excess ZVS case is shown in
Fig. 21(f), where vpo = von at θgrid = 30◦. In this case,
the staggering time is not required, as mentioned earlier.
The corresponding minimum ZVS current can be calculated
following the ZVS analysis described in this paper.

3) Partial ZVS case
To confirm the minimum ZVS current calculation more

precisely, the load is gradually reduced from the full power
of 20 kW, and the corresponding waveforms are observed.
Fig. 21(c) shows the case when the load is slightly reduced
and the current available at transition II, which is 5.7 A,
is slightly less than the required current of 6.03 A, ILp(tr) <
ILp(min), resulting in partial ZVS. Partial ZVS can be observed
as the drain-to-source voltage of switch Sx1 is slightly higher
than zero at the zero crossing point of the tank current iLp

.
This signifies the accuracy of the estimated ZVS current
value. The load is further reduced to observe the partial
ZVS condition more clearly and corresponding waveforms

iLp

vxy

FIGURE 20. Experimental results showing the variation of the vxy and iLp

throughout the grid cycle in Tektronix MDO3014 oscilloscope’s infinite
persistent mode. The leftmost leading edge of the vxy waveform
corresponds to transition I for θgrid = 0◦, where vpo = vpn = 588 V and von
= 0 V. The rightmost leading edge corresponds to θgrid = 30◦, where vpo =
von = vpn/2 = 339 V. A similar pattern is repeated in all other Unfolder
sectors.

are shown in Fig. 21(d). In this case, the available current
of 4.2 A is much lower than the calculated ZVS current
value of 5.42 A at θgrid = 46◦. It is important to note that
the minimum ZVS current values vary with grid angle. The
calculated values for each of these instances are provided in
TABLE 6, along with the experimental results.

TABLE 6 confirms the experimental validation of the
ZVS analysis. The percentage errors between the estimated
minimum ZVS currents and the corresponding experimental
values are less than 1%. It can be further observed that,
although calculations based on previous works consistently
suggest that the minimum ZVS current requirement is always
met for all six cases, the proposed analysis reveals that
this postulation is not true. The proposed analysis validates
partial, boundary, and excess ZVS conditions for all six
cases.

Furthermore, the ZVS times for the boundary case and
the excess ZVS case are measured from experimental data
and compared with analytically calculated ZVS time values
using (23) and (29) respectively. The comparative values,
detailed in TABLE 6, indicate a maximum percentage error
of 4.94%, affirming the close accuracy of the calculations.

With the analysis presented in this paper, ZVS-based
soft-switching of the T-type bridge with a five-level output
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(a) (b)

(c) (d)

 6.3 A

 5.7 A

 6.5 A

 4.2 A

 12.8 A
 9.8 A

(e) (f)

 Sx2 turns off

 Sx3+ turns off

 Sx3- turns on  Sx1 turns on

 Sx2 turns off

 Sx3+ turns off

 Sx3- turns on  Sx1 turns on

 Sx2 turns off
 Sx3+ turns off

 Sx3- turns on  Sx1 turns on

 Sx2 turns off

 Sx3+ turns off

 Sx3- turns on  Sx1 turns on

 Sx2 turns off

 Sx3+ turns off

 Sx3- turns on
 Sx1 turns on

 Sx2 and Sx3+ 

turns off
 Sx3- and Sx1 

turns on

FIGURE 21. Experimental results with a focus on the minimum ZVS current required for transition II during (a) boundary ZVS condition at θgrid = 35◦,
(b) excess ZVS case at θgrid = 35◦, (c) partial ZVS case at θgrid = 38◦, (d) partial ZVS case at θgrid = 46◦, (e) excess ZVS case at θgrid = 45◦, and (f)
excess ZVS case at θgrid = 30◦. The left y-axis shows drain-to-source voltages of switches Sx1 and Sx3-, along with the reflected tank voltage, vCpp.
The right y-axis shows gate-to-source voltages and the tank current, iLp .

TABLE 6. Comparison of calculated minimum ZVS current and ZVS time with hardware results and previous literature works.

Figure Case
Experimental

ILp(tr)

ZVS current (ILp(min)) ZVS time (tzvs)
Analysis References [22]–[25] Experimental Analysis % error

Fig. 21(a) Boundary ZVS 6.3 A 6.2 A 2.6 A 137 ns 139.9 ns 2.1%

Fig. 21(b) Excess ZVS 6.5 A 6.2 A 2.6 A 86 ns 90 ns 4.65%

Fig. 21(c) Partial ZVS 5.7 A 6.03 A 2.4 A - - -

Fig. 21(d) Partial ZVS 4.2 A 5.4 A 1.8 A - - -

Fig. 21(e) Excess ZVS 12.8 A 5.5 A 1.9 A 24 ns 25 ns 4.16%

Fig. 21(f) Excess ZVS 9.8 A 8 A 4.2 A 172 ns 180.5 ns 4.94%

voltage is successfully achieved throughout the grid cycle,
as depicted earlier in Fig. 20. Also, the temperatures of
the MOSFETs are maintained within safe limits with the
maximum device temperature measured to be 62◦C.

B. Experimental verification of total Coss-based switching
losses with open-circuited tank
To validate Coss-based switching losses, the 3-ϕ Unfolder
and tank circuit are disconnected and the T-type bridge
is connected directly to two dc power supplies (Croma
programmable dc power supply model 62024P-600-8). With

the tank circuit disconnected, voltage-current overlapping
switching losses do not occur. Also, the gate driver and
control card are powered separately, avoiding the inclusion of
their losses. The input capacitors (Cpo, Con, and Cpn) of the T-
type bridge provide high-frequency switching currents, while
the dc power supplies provide average power. The average
input currents are measured using Agilent 34401A digital
multimeters.

The losses are verified at different input voltages across
the two input ports of the T-type bridge. The measured and
estimated losses are shown in Fig. 22 as a function of the
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FIGURE 22. Experimental results of measured and estimated Coss-based
switching losses with an open-circuited tank are presented as a function
of input voltage vpn (where vpo = von = vpn/2) at a switching frequency
of 85 kHz. The results include losses with and without considering PCB
capacitance (left y-axis), along with % error (right y-axis).

input voltage vpn, where vpo = von = vpn/2. The figure
explores two scenarios: one incorporating losses attributed
to printed circuit board (PCB) capacitances and another
excluding these losses. Given the high power rating (20 kW)
of the converter, the impact of PCB capacitances cannot be
disregarded. To address this, PCB capacitances are measured
between a switch node to an input node (p or o or n) of the T-
type bridge, and a constant value of 150 pF is observed. The
loss due to this lumped PCB capacitance is added in (30),
reducing the error to less than 10%. Furthermore, precise
methods such as calorimetric loss measurement can signif-
icantly minimize the percentage error in loss measurement
by eliminating PCB trace resistances [26].

Another potential factor contributing to the slight differ-
ence between the measured and estimated Coss losses, even
with the inclusion of PCB capacitances, could be the hys-
teresis loss associated with Coss. Recent studies suggest that
up to 10% of the stored energy in SiC MOSFETs can be lost
due to Coss hysteresis loss, which is a phenomenon resulting
in unequal charging and discharging energies of Coss. The
Coss hysteresis losses vary for different semiconductor tech-
nologies, operating frequency, and dV/dt across the device.
Super Junction MOSFETs exhibit highly unpredictable Coss

hysteresis losses, varying between manufacturers [34], while
Gallium Nitride devices demonstrate an increase in losses
with higher dV/dt across the device [35]. Incorporating this
effect is complex [36], [37] and is beyond the scope of this
paper. Nonetheless, the experimental results closely match
the estimated values, which can aid in predicting Coss losses
in a T-type bridge for unfolding-based operation.

VIII. Conclusion
This work proposes an energy-based method to thoroughly
analyze ZVS-based soft-switching in a T-type bridge within
a single-stage unfolding-based ac-dc converter, which is
applicable to any type of resonant tank circuit. The variations
in the minimum ZVS current and ZVS time requirements
throughout the grid cycle are shown, resulting from the time-

varying input dc voltages and the nonlinear capacitance Coss.
Moreover, it is found that previous works determining ZVS
currents for a T-type bridge result in underestimation, with a
percentage error as high as 50%. This work also estimates the
Coss losses during each switching transition and provides a
concise solution for total capacitive losses, enabling efficient
comparison with other types of losses for overall design
optimization.

Validation of the minimum ZVS current and time re-
quirements is done with PLECS simulations by introducing
nonlinear Coss capacitances across the drain-to-source of the
MOSFETs. The ZVS analysis is further verified using an
unfolding-based ac-dc system with a T-type bridge-based
dc-dc converter hardware prototype at an output power
of 20 kW. It is found that the experimentally measured
ZVS current requirements and ZVS times closely match the
analytically calculated values with less than 1% and less than
5% percent errors, respectively. With the analysis presented
in this paper, complete ZVS of the unfolding-based ac-dc
conversion system is achieved throughout the grid cycle.
Additionally, experiments conducted on an open-circuited T-
type full-bridge validate the total Coss losses over a switching
cycle.

Appendix
A. Calculation for Ceq,E and Ceq,Q

The MATLAB code is presented here for the calculation of
the energy and charge equivalent capacitances.

1 Data = readtable(’Coss_Vds_data.xlsx’);

2 V_final = 1000;

3 Vds = Data{:,1};

4 Coss = Data{:,2};

5 arraylength = length(Vds);

6

7 for n = 1:arraylength-1

8 dVds(n) = Vds(n+1)-Vds(n);

9 mul_1(n) = dVds(n)*Coss(n);

10 Coss_Vds(n) = Coss(n)*Vds(n);

11 mul_2(n) = Coss_Vds(n)*dVds(n);

12 end

13 for i = 1:V_final

14 for n = 1:arraylength-1

15 if (Vds(n)<i)

16 totalE(i) = mul_2(n)+totalE(i);

17 totalQ(i) = mul_1(n)+totalQ(i);

18

19 end

20 end

21 CeqE(i) = 2*totalE(i)/(i^2);

22 CeqQ(i) = totalQ(i)/i;

23 end

Initially, the MOSFET datasheet is utilized to ob-
tain Coss - vds plot. The Coss data points across var-
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ious vds values are obtained from an online tool (eg.
https://apps.automeris.io/wpd/) and stored in an Excel
spreadsheet. It is observed that a logarithmic-logarithmic
scale is most suitable for the computation of equivalent
capacitances. The provided code enables the determination
of Ceq,E and Ceq,Q at each data point as the voltage is
incrementally varied from zero to the final specified voltage
level.
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