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Abstract—Triangular current mode (TCM) modulation is a well-
researched technique for optimizing the trade-off between con-
verter power or gravimetric density and power efficiency. However,
its application in multilevel ac-dc converters has been limited. This
article extends the TCM concept to a three-level active-neutral-
point-clamped converter and addresses key implementation chal-
lenges. First, two fundamental TCM commutation sequences are
introduced. Building on these, a doubled-frequency TCM (DF-
TCM) modulation method is proposed to offer additional benefits.
A major drawback of conventional TCM is its complex switching
frequency profile, which imposes significant computational bur-
dens and can easily excite circuit resonance. To address this, this
article proposes replacing it with sinusoidal frequency profiles. In
addition, considerations for parameter design are discussed, and a
model for semiconductor conduction losses is developed. Finally, a
hardware prototype is constructed to validate the feasibility of the
proposed DF-TCM strategy.

Index Terms—Active neutral-Point-clamped (ANPC) converter,
multilevel converter, power factor correction (PFC), triangular
current mode (TCM), zero voltage switching (ZVS).

1. INTRODUCTION

MULTILEVEL converters are extensively used in medium to
high power applications, including motor drives, high-voltage
photovoltaic (PV) systems, wind energy generation, and elec-
tric vehicles (EVs). Their advantages include lower harmonic
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Fig. 1.  Circuit diagrams of (a) a 3L-NPC converter; (b) a 3L-ANPC converter.

distortion, high power efficiency at medium to high switching
frequencies, reduced dv/d¢, and an increased effective switch-
ing frequency [1], [2], [3], [4], [5]. Among the various mul-
tilevel topologies, the three-level neutral-point-clamped (3L-
NPC) converter, shown in Fig. 1(a), is one of the most widely
studied and implemented. Originally patented by Baker [6]
and later introduced in an academic paper by Nabae [7], the
3L-NPC topology offers a relatively simple circuit structure
while effectively reducing the voltage blocking requirement of
its semiconductor devices to approximately half of the dc-link
voltage.

A variation of the 3L-NPC, known as the three-level ac-
tive neutral-point-clamped (3L-ANPC) converter, is shown
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in Fig. 1(b). This topology was introduced and patented by
ABB [8]. The 3L-ANPC circuit is derived from the 3L-NPC
topology by replacing the two discrete clamping diodes with ac-
tive power switches such as MOSFETSs or IGBTs with antiparallel
diodes [9], [10]. This modification enables power loss balancing,
enhances thermal management, extends the converter’s lifespan,
increases the maximum switching frequency, and improves out-
put power capability by ensuring more uniform utilization of all
power devices [9], [11].

From a power conversion efficiency standpoint, the 3L-ANPC
converter does not provide a substantial reduction in total power
losses compared to the 3L-NPC topology. The key differences
lie in conduction and switching losses. Replacing the bipolar
clamping diodes with unipolar MOSFETs impacts conduction
losses, while switching losses are influenced by reverse recovery
characteristics. Specifically, the 3L-NPC topology experiences
dynamic losses due to the discrete diode, whereas the 3L-ANPC
configuration is affected by the MOSFET’s body-diode switching
losses.

In a MOSFET-based 3L-ANPC circuit, losses generated in the
power devices mainly consist of conduction losses due to the
ON-resistance Ry on and switching losses that are generated
at each instant of circuit commutation. When the converter
system is working at high switching frequencies in an effort to
improve the power density of passive filters, switching losses
become more prominent. Especially for the state-of-the-art
wide-bandgap (WBG) devices such as SiC MOSFETs that offers
relatively low Rgs on, switching losses can account for over 70%
of the total semiconductor losses, of which the turn-ON losses are
usually greater than the turn-OFFones [12], [13]. To increase the
system efficiency while maintaining a relatively high switching
frequency, it is crucial to implement a soft switching technique,
for example, zero voltage switching (ZVS), which can signifi-
cantly decrease the switching losses.

Triangular current mode (TCM) modulation is a well-studied
soft-switching technique that enables ZVS turn-ON for power
switches by leveraging existing magnetic components and par-
asitic capacitance, eliminating the need for additional aux-
iliary circuits. During commutation, the inductor current re-
verses polarity, allowing the parasitic output capacitor of the
switch to discharge to zero before its body-diode conducts,
ensuring ZVS activation when the gate signal is applied [12].
The inductor current follows a triangular waveform, toggling
polarity twice per switching cycle (hence the name TCM).
This technique has been widely adopted across various ac—dc
and dc—dc converter topologies, including three-phase two-level
voltage source inverters, single-phase full-bridge rectifiers, and
four-switch buck—boost converters [14], [15], [16], [17], [18],
[19]. Note that, as discussed in [14], for the three-phase three-
wire ac—dc implementation of TCM, a virtual ground (VG)
path for the zero-sequence components of the ac current is
necessary to shape the triangular waveform. An example of
VG connection enabling the TCM operation of the 3L-NPC
and 3L-ANPC converters are shown in Fig. 1(a) and (b),
respectively.

While TCM has been widely applied across different con-
verter topologies, its use in multilevel ac—dc converters remains
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relatively underexplored. In [20], the electromagnetic interfer-
ence (EMI) performance of a three-level T-type (3 L T-type)
inverter using TCM is analyzed in detail. Unlike the 3 L T-type,
which requires the upper and lower switches to block the full
dc-link voltage, the 3L-ANPC topology ideally has voltage
stress of half the dc-link across all six switches. This article
builds on that foundation by exploring TCM implementation
in the 3L-ANPC, which offers more modulation flexibility
than the 3 L T-type and shows promising potential for power
loss distribution among the power devices. Specifically, two
alternative TCM methods tailored for the 3L-ANPC converter
are developed, incorporating a combination of high-frequency
(HF) and low-frequency (LF) switching modules. By integrating
these two approaches, a doubled-frequency TCM (DF-TCM)
modulation strategy is naturally formulated, offering additional
advantages. Conventional TCM modulation, however, involves
a time-varying switching frequency profile, which imposes a
heavy computational burden on microcontrollers, complicates
theoretical analysis, and increases susceptibility to circuit res-
onance. To mitigate these challenges, this article proposes re-
placing the conventional approach with a sinusoidal frequency
profile (SFP). This alternative maintains nearly the same ZVS
turn-ON capability throughout the utility cycle while signifi-
cantly simplifying computational requirements.

A key challenge of TCM modulation is its inherently large
current ripple, which can violate grid harmonic regulations
and necessitate larger supra-harmonic and EMI filters. Two
primary approaches exist to mitigate this issue: integrated TCM
(ATCM) [15], [21]; and interleaved TCM [18], [22]. The iTCM
topology incorporates a branch notch filter that confines a por-
tion of the HF current ripple within the branch circuit and
phase-leg, preventing it from propagating to the ac side (grid
or machine side). Conversely, the interleaved TCM topology
reduces grid or machine-side current ripple by parallelizing
multiple switching cells and operating them in an symmetrically
interleaved manner. This article addresses these concerns and
provides both theoretical and experimental validation on how
iTCM and interleaved TCM can be implemented in the studied
circuit alongside the fundamental TCM strategy.

All in all, this article contributes to the following:

1) The TCM modulation strategy is extended to the 3L-
ANPC converter, with an in-depth discussion on practical
implementation challenges.

2) Two fundamental TCM modulation methods are proposed
for the studied circuit, forming the basis for the devel-
opment of a more advantageous DF-TCM modulation
strategy.

3) The concept of SFP is proposed as a practical solution
to overcome the drawbacks of conventional frequency
profiles.

The rest of this article is organized as follows. Section II
provides a brief overview of the 3L-ANPC converter’s operation
and details the working principles of TCM modulation specific to
this topology, followed by the derivation of the DF-TCM strat-
egy. A practical implementation approach incorporating SFP
is then introduced. Section III discusses the system parameters
used in hardware experiments and presents analytical models for
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Fig. 2.

TABLE I
SWITCHING STATES OF A THREE-LEVEL ANPC CONVERTER

State  Terminal Volt. S; S S3 Sz S5  S¢
P Ve /2 1 1 0 0 0 1
N —Vie/2 0 0 1 1 1 0

ouU, 0 0 1 0 1 1 0

OU, 0 0 1 0 0 1 0

OL, 0 1 0 1 0 0 1

OL, 0 0 0 1 0 0 1

conduction losses. Section IV validates the functionality of the
proposed converter system using a hardware prototype. Finally,
Section V concludes this article.

II. CIRCUIT TOPOLOGY AND MODULATION METHOD
A. Operation of 3L-ANPC Converter

The circuit topology of a 3L-ANPC converter is illustrated in
Fig. 1(b), where S7 and S, are the outer switches, Sy and S5
are the inner switches, and S5 and Sg function as the clamping
switches. The switching states and the corresponding voltages
at the switching node of the phase terminal are summarized
in Table I. A key distinction between the 3L-ANPC and the
conventional 3L-NPC topology is that the 3L.-ANPC converter
features four redundant zero states (i.e., OU;, OUs, OL4, and
OLs), whereas the 3L-NPC or 3L T-type topologies have only
one [7]. This additional degree of freedom allows for precise
control of switching losses during commutation and current
flow during the implementation of the zero state. Notably, Sg
should be turned ON during the “P” state to ensure that S3
and S, equally share the dc-link voltage when in OFF-state.
Similarly, S5 should be turned on during the “N” state for the
same reason. Among the four redundant zero states, “OU;”” and
“OUy” involve the upper inner switch So and upper clamping
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High Freq. Modulated

Low Freq. Modulated

Low Freq. Modulated

High Freq. Modulated

Switching loss generated for the corresponding current commutation sequences.

switch S5 conducting the freewheeling current, while “OL; " and
“OLy” involve the lower inner switch S35 and lower clamping
switch Sg. The only distinction between “OU;” and “OUs” (or
between “OL;” and “OL5”) is the switching state of Sy (or S7),
which does not impact the free-wheeling path. The selection
of the appropriate zero states depends on the next switching
transition. If Sy (or S7) is required to be on in the upcoming
switching state, preturning it on enables zero-current switching
(ZCS). In such cases, “OUy” (or “OL5y”) should be chosen to
facilitate this transition efficiently.

B. Working Principles of TCM on 3L-ANPC Converter

One of the primary causes of switching losses during com-
mutation is the overlap between current and voltage waveforms.
Considering the switching commutations of the phase-leg of a
3L-ANPC circuitin Fig. 2, when the switched phase current g is
positive and alternates between the “P” state and the “OU” state,
as shown in Fig. 2, turn-OFFloss Fopp occurs in S during the
transition from “P” to “OU,” while turn-ON loss Fon and reverse
recovery loss Fy, occurs in S7 and S5, respectively, during the
transition from “OU” to “P.”” Conversely, if 75 flows in the reverse
direction, Fon and Eopr occurs in S5, while E;, appears in S,
following the exact opposite pattern. For MOSFETs, particularly
those based on WBG technology, Fox is typically much greater
than Eopr and E;;. Notably, Eon occurs only when transitioning
from “OU” to “P” for positive 75 and from “P” to “OU” for
negative i5. However, in TCM, 45 is modulated such that it
remains positive during the transition from “P” to “OU” and
negative during the transition from “OU” to “P.” This ensures
that Eoy is mitigated, thereby achieving ZV'S turn-ON. A similar
loss analysis applies to the commutation between the “P” state
and the “OL;” state in Fig. 2.

ZVS turn-ON avoids Eoy losses by utilizing 5 to discharge the
parasitic output capacitor of the switch, Cog.q, to zero before
the switch is commanded to turn ON. This requires i to flow in



14926

< oP

C

oN

Fig. 3.  Circuit diagram for a single phase of a TCM-modulated 3L-ANPC
converter with LC'L filter on AC side.

the direction of the body-diode of the switch being turned ON
at the switching instant. Once 75 has fully discharged Cogs,q, it
freewheels through the body-diode until the turn-ON gate signal
is applied. Since the gate signal is only applied after the voltage
across the switch drops to zero, the transition remains soft. The
soft-switching process is essentially a resonance between the
effective ac-side inductance L. and the equivalent capacitance
Ceq» Which can be represented by the u-Zi diagram as discussed
in [12]. Usually, L. is much larger than C¢q, and therefore,
during resonance ¢s can be viewed as constant. Based on this
assumption, the minimum current required for full ZVS turn-oN
I,ys can be derived as (1) in terms of Qs, the charge stored
in Cyq, or equivalently as (2) in terms of the charge-equivalent
capacitance Coq,q [23]. Ceq,q is dominated by the switching
devices Cogs,q, PCB added drain-to-source parasitic capacitance
Cheb,q, and L. winding capacitance Cyqg,q, as given by (3)

| Lvs| = v/2Qoss (Vi) - Viae/ Le (1
Ll = /2Ceaq (Vie) - V2/Le o)
C'Q,eq - 2COSS,Q + 2C'pcb,Q + deg7Q- (3)

For a 3L-ANPC converter with an LC'L filter, as depicted in
Fig. 3, two fundamental TCM modulation schemes can be for-
mulated, as summarized in Fig. 4. TCM-I operates by switching
one outer switch and one clamping switch at the utility frequency
(50 or 60 Hz), while the two inner switches are modulated at HF.
Under this modulation strategy, the six switches in the phase
leg are categorized into two LF-modulated modules and one
HF-modulated module. During the positive half-cycle of the ac
voltage (v,.), switches S7 and Sg remain clamped, while .S,
and S5 switch at HF to generate a PWM-modulated voltage that
alternates between +Vy./2 and 0 at the switching node. The
circuit transitions between “P” and “OL,.” Similarly, during
the negative half-cycle, switches S, and S5 are clamped, while
Sy and S5 are switched at HF, producing a PWM-modulated
voltage that transitions between —Vg./2 and 0 at the switching
node. In this case, the switching states shift between the “N”
state and “OUs,.” To achieve ZVS transition, 75 must be positive
during the commutation from S; to S5 and negative during the
transition from S3 to So. Furthermore, i should be regulated
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such that its fundamental component matches the desired ac
current magnitude ¢,. given by (4), here P denotes the nominal
power for a single-phase system

lae = 2P/ Dye. 4)

The minimum required current ripples Aig are then given by
(5), where the phase 6 is given by 6 = wot + g

Nig(0) = 2|Lys| + 20| sin(0)]. (5)

The time allocations for the “P” state (¢,), and the “O” state
(to), whenug > 0, are given by (6), where L denotes the effective
system inductance, which should approximate L.. The time
allocations for the “N” state and the “O” state when ug < 0
can be derived in similar way

Nig (0
t(0) = Tt L
(6)

N (0
to(0) = Ua;ga; L.

Based on the assumption that the converter works in the power
factor correction (PFC) mode, the time function of the switching
frequency fy can be then obtained as follows:

02, - (sinf — M -sin?6) 1
205c + | Lpys| +4P -sinf L’

Fau(0) = (7)

Note that to maintain a constant reverse current ||, TCM
requires a time-varying switching frequency, as illustrated
in Fig. 5. The switching frequency profile follows a peri-
odic pattern with a period of 180°, and within each period,
it exhibits symmetry about its centerline at 90°. Note that
only under PFC operation, that is, when the power factor is
unity, the switching frequency profile is symmetrical about
90°, which is an important feature for the analysis afterward.
Therefore, for the rest of the article, only PFC operation is
considered.

TCM-II, similar to TCM-I, employs a combination of HF and
LF modulated modules. Under TCM-II, S5 remains clamped,
while S; and S5 switch at HF during the positive half-cycle,
causing the circuit to transition between the “P” state and “OU;.”
During the negative half-cycle, S5 is clamped, while S, and
S are switched at HF. This modulation scheme is summarized
in Fig. 4(b). The current ripple constraints and the switching
frequency profile for TCM-II are identical to those of TCM-1.

A well-known drawback of TCM modulation is the large
current ripple required to achieve ZVS turn-ON, as defined by
(5). In most applications, such large ripples cannot be directly
injected into the ac side, necessitating measures to mitigate their
impact. Currently, two widely adopted solutions address this
issue: interleaved TCM and iTCM.

Fig. 6(a) illustrates the circuit diagram of an interleaved TCM-
modulated 3L-ANPC converter. The interleaved TCM topology
consists of multiple parallel-connected cells, each comprising
a HF module and a converter-side filter inductor L.. To ensure
ZVS transitions for each pair of HF-modulated switches (S2 and
S3) the minimum TCM current ripple, as defined in (4) and (5),
must flow through each cell. In this case, the power P in (7)
should be adjusted to reflect a fraction Nth of the total system
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Fig. 4. Commutation sequences and correspondingly generated switching loss for: (a) TCM-I; (b) TCM-IL.
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Fig. 5. Illustration of the waveforms of TCM modulation for the studied
topology in one fundamental period: (a) The current flowing out of the switching
node 45 and filtered current flowing into AC terminal 74 (b) The instantaneous
switching frequency function fg. (a) Current is and iz [A]. (b) Switching
Frequency [kHz].
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Fig. 6.  Circuit diagrams for a single phase of (a) a 3L-ANPC converter with
interleaved-TCM modulation; (b) a 3L-ANPC converter with iTCM modulation.
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Fig. 7. Illustration of the waveform of the interleaved TCM waveforms for
the studied topology in one fundamental period. (a) The inductor current ¢¢ and
ic2. (b) The current flowing out of the switching node 75 and the filtered current
flowing into AC terminal 7. (a) Current ic1 and ic2 [A]. (b) Current is and ig
[A].

power, where N represents the number of parallel-connected
cells. This circuit arrangement effectively mitigates output
current ripple by operating the parallel cells in an symmetric
interleaved manner. Specifically, the same modulation signal is
applied to all cells, but their carrier signals are phase-shifted by
360°/N. For instance, in a two-cell configuration, as shown in
Fig. 6(a), the two carrier signals are phase-shifted by 180°. Fig. 7
illustrates the main waveforms of interleaved TCM modulation
with two parallel switching cells. It can be observed that the
current triangular component or the current ripple in g, seen
in Fig. 5, is distributed between i.; and i.,, where the current
ripple are 180° out of phase. As a result, their sum, 75, exhibits
significantly reduced ripple, demonstrating the effectiveness of
interleaving in minimizing current ripple. Notably, from the L,
and Cf design perspective, the two cells parallel interleaved
3L-ANPC topology depicted in Fig. 6(a) will function as an
equivalent five-level ANPC (5L-ANPC) circuit.

Further details on the interleaved TCM method can be found
in [12]. It is important to note that only TCM-I can be applied to
this configuration. In contrast to the interleaved arrangement,
both TCM-I and TCM-II can be implemented in the iTCM
topology, as depicted in Fig. 6(b). In this topology, Ly, and C,
form an integrated notch filter that effectively traps a portion
of the TCM current ripple within the circuit. The proportion of
ripple that remains and flows into the ac side is determined by
the relationship between L. and Ly,. This current-division ratio,
denoted as , is expressed by (8). For a more detailed discussion
on the iTCM method, refer to [15]

Ly,

ot Ly ®

r
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Fig. 8. Illustration of the waveform of the iTCM waveforms for the studied
topology in one fundamental period. (a) The current flowing out of the switching
node ig, the inductor current 7, and the filtered current flowing into AC terminal
ig. (b) The current flowing into the notch filter 4y,. (a) Current is, ic and ig [A].
(b) Filter Current iy, [A].

Fig. 8 illustrates the operating waveforms of an iTCM-
modulated ANPC converter. It can be observed that a significant
portion of the current ripple is confined within the dc side by
the notch filter as 41, while only a small fraction remains in i,
reducing the filtering requirements on the ac side.

C. DF-TCM Modulation

It can be observed from Fig. 4 that the roles of the HF
and LF modulated modules are complementary in TCM-I and
TCM-II. Specifically, the HF modules in TCM-I serve as the LF
modules in TCM-II, and vice versa. DF-TCM, summarized in
Fig. 9, can be regarded as a combination of TCM-I and TCM-II,
where the two modulation methods alternate. As a result, all
six switches operate at HF, but at half the frequency of the
switched voltage at the switching node. From an implementation
perspective, DF-TCM can be considered the TCM counterpart
of DF-PWM, a PWM modulation strategy introduced in [24]
for the 3L-ANPC topology. Assuming identical designs for the
magnetic components and the same TCM current ripple, the HF
modules in TCM-I and TCM-II switch at f,,, whereas in DF-
TCM, all switches operate at fs, /2. Consequently, the switching
frequency profile for DF-TCM is defined by the following:
02, - (sin@ — M -sin®6) 1

ac '

2ﬁac'|lzvs|+4P'Sin9 f

1

IMOESS ©)

Note that fi () in (9) represents the actual switching fre-
quency of each switch or the carrier frequency if a carrier-based
PWM (CBPWM) method is used. However, the apparent switch-
ing frequency observed at the switching node remains defined
by (7). As previously discussed, TCM-II is not compatible with
the interleaved topology, meaning that DF-TCM can only be
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Fig. 9.

implemented with the iTCM topology. Similar to its PWM
counterpart, DF-TCM offers several advantages over TCM-I
and TCM-II, including: maximizing the effective switching
frequency achievable within the studied topology; greater im-
munity to dead-time effects, and; more balanced distribution of
switching losses across all switches [24].

Although TCM strategy is capable of mitigating the turn-ON
losses Eon, which occur due to the overlap between rising
current and falling voltage, significant losses still persist in
each switching cycle, primarily due to turn-OFFtransitions and
dielectric losses in the parasitic output capacitor. In other words,
while TCM ensures soft turn-ON, it may still result in hard
turn-OFFlosses [25], collectively referred to as residual ZVS
losses in [26]. As a result, in conventional TCM schemes, HF-
modulated switches experience higher losses due to their more
frequent commutations compared to LF-modulated switches.
This imbalance leads to thermal stress variations across different
components, necessitating more complex thermal management.
In contrast, DF-TCM ensures that all six switches share the
switching burden more evenly while still guaranteeing ZVS
turn-ON, significantly improving thermal balance. Table II sum-
marizes the comparison between different modulation methods,
including the conventional continuous current mode (CCM),
TCM-I, TCM-IL, and DF-TCM. It is also important to distinguish
between the commutation sequence and circuit topology when
referring to these modulation strategies. Specifically, DF-TCM

Commutation sequences and correspondingly generated switching loss for DF-TCM.

and TCM-I/II refer to the commutation sequence used in the
converter, and iTCM and interleaved TCM refer to specific
circuit topologies implementing TCM. These terms address
two distinct aspects of a TCM-modulated converter system and
should not be used interchangeably.

In practical applications as well as in the experiments con-
ducted for this article, the proposed TCM-I, TCM-II, and DF-
TCM can be implemented with the CBPWM method, where
modulating signals and carrier waves are involved to gener-
ate PWM signals for the switches. In such cases, what TCM
modulations differ from other conventional modulations is that
the carrier waves, instead of having a fixed frequency, fea-
ture a specifically calculated time-varying frequency profile to
ensure TCM currents. The modulating signals, on the other
hand, are the same with conventional modulations, which means
that some established strategies such as third harmonic PWM
(THPWM), space vector PWM (SVPWM), or discontinuous
PWM (DPWM) could easily migrate to the TCM modulations.
More importantly, for multilevel converters such as the 3L-
ANPC studied in this manuscript, neutral point (NP) voltage
balancing has been a crucial consideration and many established
active control methods for NP voltage balancing are based on
the injection of certain common-mode components into the
modulating signals. The carrier-based implementation of TCM
makes the modulation methods compatible with these control
algorithms.
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TABLE II

COMPARISON OF DIFFERENT MODULATION METHODS

Modulation

Advantages

Disadvantages

Suitability

CCM

TCM-I

TCM-II

DF-TCM

CCM places a lower computational load on the
controller, improving real-time performance. It
requires fewer magnetic components and sup-
ports simpler topologies, easing system design.
Its harmonic spectrum is well understood, simpli-
fying EMI filter design. Smaller current ripples
also lead to lower conduction losses in switches
and inductors.

Same as other TCM modulations, ZVS turn-on
is ensured for the whole grid period, enabling
the converter to switch at a high frequency while
keeping system efficiency relatively high. TCM-
I features combination of HF modules and LF
modules, making it possible to employ mixed
switch technology, for example, Si MOSFETs for
LF modules and SiC MOSFETs for HF modules.

Same as TCM-I, a combination of HF and LF
modules enables use of mixed switch technology.

Higher maximum switching speed can be
achieved with the same switch technology. All

CCM can result in higher switching losses due
to the existing hard turn-on transitions. It also
increases reverse recovery losses in the diodes,
which can impact switch reliability. Additionally,
the clustered harmonic spectrum demands more
complex EMI filtering, often requiring larger
filters.

As with other TCM schemes, the approach
requires more magnetic components, increasing
design complexity. It also introduces large cur-
rent ripples that must be carefully managed to
meet grid harmonic standards. Calculating the
instantaneous switching frequency adds compu-
tational load, which can challenge the system’s
real-time performance. In TCM-I, modules oper-
ate at significantly different frequencies, leading
to thermal imbalance among switches and com-
plicating thermal management.

Besides the disadvantages of TCM-I, TCM-II has
the following drawbacks: unlike TCM-I, TCM-
II requires strict synchronization between HF
pairs of outer and clamping switches, posing
challenges on the system reliablity; unlike TCM-
I, TCM-II is not suitable to parallel interleaved
circuit topology.

Same as TCM-II, DF-TCM is not compatible
with the interleaved circuit topology.

CCM is suitable for generic ap-
plication scenarios where system
switching frequency is relatively
low and high power density is not
the main concern.

TCM is well-suited for appli-
cations demanding high power
density. TCM-I, on the other
hand, supports mixed switch
technologies for better cost-
performance trade-offs and is
ideal for interleaved topologies,
enabling efficient load sharing in
high-power systems.

Generally speaking, TCM-II is
unfavorable to TCM-I in most
application scenarios.

As compared to TCM-I, DF-
TCM is suitable for application

switches more evenly bear the residual ZVS
losses, simplifying thermal analysis and design
for the system.

scenarios where system thermal
design is of great concern. DF-
TCM is suitable for iTCM circuit

topology.

D. SFP Method

As discussed in Section II-B, the switching frequency must
vary over time, as illustrated in Fig. 5, to achieve the desired
current ripple characteristics defined by (5). In practical imple-
mentation, the instantaneous switching frequency is computed
within each interrupt service routine (ISR) by the microcon-
troller unit (MCU). However, this approach imposes a significant
computational burden on real-time applications, particularly due
to the division operation in (7), which typically requires consid-
erable processing time on most MCUs. Beyond computational
challenges, the switching frequency profile in Fig. 5 contains
sections with steep slopes, highlighted in red. Considering that
in practice the calculation and update of fg, is carried out in
a regularly happening ISR in an embedded controller, these
rapid increases and decreases of fg,, in the vicinity of 0° and
180° in fundamental period would effectively be like turning
ON and OFFof a HF voltage source twice every fundamental
cycle from the perspective of the LCL filter, which function as
a resonance-exciting source for the LCL filter circuit, causing
problems of ringing in the circuit and posing challenges to
the system stability. To address these practical limitations of
traditional TCM modulation, this article proposes replacing the
conventional method with a SFP with offset. The SFP concept
was first introduced in [16], referred to as sinusoidal-TCM

(STCM), for achieving ZVS modulation in a three-phase two-
level ac/dc voltage source converter (VSC). In this approach,
the discontinuous f;,, profile of conventional TCM is replaced
with a continuous function, easing both theoretical analysis and
computational complexity. A more detailed theoretical analysis
of STCM is provided in [27], [28], [29]. However, the switching
frequency characteristics of different converter topologies vary,
which affects how STCM can be applied. For examples, in a
TCM-modulated three-phase two-level VSC, the local maxi-
mum switching frequency occurs at zero-crossing points, while
the local minimum occurs at inductor current peaks. This prop-
erty allows the STCM method in [16] to ensure ZVS throughout
the fundamental period. In contrast, for topologies such as the
single-phase H-bridge PFC converter or the 3L-ANPC converter
studied in this article, the switching frequency dips both at the
zero-crossing moment and at the current peak (cf. Fig. 5). This
makes it challenging to guarantee ZVS for the full period using
a simple SFP.

The SFP shown in Fig. 10 has its switching frequency curve
of sinusoidal shape that centers around fofse With a magnitude
of fmag as given by the following:

fsw(e) = foftset + fmag - sin (29 + g) . (10)
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TABLE III

COMPARISON BETWEEN THE PROPOSED SFP AND CONVENTIONAL FREQUENCY PROFILE

Frequency Features

Profile

Advantages

Disadvantages

SFP Derived based on the conven-
tional frequency profile. SFP
employs a sinusoidal function
with offset to fit the original fre-
quency profile, which involves
two additions, two multiplica-
tions and one trigonometric op-
eration.

Derived based on accurate cir-
cuit analysis. Calculations in-
cluding four multiplications, one

Conventional

The method reduces computational load by min-
imizing mathematical operations, notably avoid-
ing division. A freely chosen center frequency
ensures a continuous profile, even when con-
ventional methods are clamped. The smooth,
sinusoidal variation in switching frequency also
helps prevent unwanted resonance in the circuit.

The switching frequency is more accurate to
result in the minimum required |1,y | that ensures
ZVS.

Full ZVS is lost in the vicinity of zero cross-
ing points. Parts of the current envelopes get
expanded, leading to slight increases in RMS
conduction losses.

Conventional frequency profile demands greater
computational resources, posing issues to real-
time capability of the system. Parts of the profile
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trigonometric operation, two ad-
ditions and one division.

curves are so steep that circuit resonance could be
excited. Clamping to the limit might be necessary,
which leads to discontinuity of the profile.

s original frequency profile
SFP with higher center frequency

memmmms  SFP with lower center frequency
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Fig. 10.  Comparison of the operating waveforms for conventional frequency

profile and the proposed SFP. (a) The current envelopes of the switching node
current i5. (b) The switching frequency functions with respect to time, where
the line segments in red on SFP curves signify loss of full ZVS. (a) MOSFET
Current is [A]. (b) Switching Frequency [kHz].

The center offset frequency fosser Serves as a degree of
freedom that can be selected based on a trade-OFFbetween
harmonic filtering effort and switching losses. The frequency
variation magnitude fnae should then be derived accordingly
to ensure that the local minimum of the SFP matches fsw min
of the original switching frequency function in Fig. 5, i.e.,
fofiset — fmag = fsw,min- As previously mentioned, ZVS is not
guaranteed throughout the entire fundamental period when using
SFP. In particular, full ZVS is lost in small regions around
the zero-crossing point, which are highlighted in red as over-
switched regions in Fig. 10. However, it is important to note that

switching losses F,, are strongly correlated with the switched
current I, as described by (11), where a, b, and c are component-
specific curve-fitting coefficients [18].

ESW(ISW) =a+ b‘Isw‘ + C|Isw|2- (11)

Therefore, turn-ON losses are inherently minimal around the
zero-crossing point, making SFP a practical and well-balanced
approach for implementing TCM. This method effectively main-
tains ZVS for most of the operating period while only sacrific-
ing a few switching cycles that contribute low turn-ON losses.
Table III summarizes the comparison between the proposed SFP
and the conventional frequency profile.

III. SYSTEM DESIGN AND ANALYSIS

A. Parameter Design Considerations

For both iTCM and interleaved TCM, the key parameter that
must be determined is the range of switching frequency. On one
hand, fs, should have a minimum limit fsy min that remains
sufficiently higher than the intrinsic resonance frequency of the
LCL filter to prevent resonant oscillation and enhance closed-
loop control stability. Moreover, in iTCM additional attention
is required to ensure that f;, does not approach the resonant
frequency of the LC branch circuit, as this could lead to high
current circulation. This constraint implies that if f, drops
below fsw min at any point, it should be kept at this minimum
value to prevent undesirable effects. In addition, for practical im-
plementation, it is recommended that the preliminary choice of
fsw,min should not be lower than 20 kHz to avoid the generation
of audible noise. Within each fundamental period, f;, reaches
its local minimum fgyw min at 90°. Given an initial choice of
fsw,min, the effective inductance L in (6) can then be computed
using the following:

I 02 - (1— M) _ 1 .
4P + 2'[)ac : |Izvs| fsw,min
On the other hand, for practical implementation, f, cannot

be excessively high, necessitating the definition of an upper limit
fmax before parameter design. By taking the first derivative of

12)
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(7) and solving for zeros, the angle 0,,,x at which f,, reaches its
local maximum, can be determined, as given in (13) show at the
bottom of this page. Consequently, fsy max and the switching
frequency ratio -, defined as the ratio of fsy max t0 fsw, min, can
be derived as shown in (14) show at the bottom of this page.
In this article, fiax is set to 150 kHz for both simulation and
hardware experiment. Whenever f;,, attempts to exceed fiax., it
is clamped at this limit. As a result, the current envelopes of i
expand, leading to increased conduction losses. Therefore, it is
preferable to keep fow max below fmax to prevent clamping and
ensure that the switching frequency remains a continuous time
function.

Another critical consideration for the studied converter system
is the resonance frequency f,qs of the LC'L filter, as it plays a cru-
cial role in avoiding undesired circuit resonance and maintaining
control stability. For a TCM-modulated 3L-ANPC converter, as
depicted in Fig. 3, fics is given by the following:

1[Iy,
27 L.L,Cy’

Atthe preliminary design stage, fsw, min sShould be chosen well
away from f.s to prevent instability and unwanted resonance
effects. For an iTCM-modulated topology, as shown in Fig. 6(b),
additional caution is required regarding the resonance frequency
fres,L.c of the LC' branch circuit, which is connected in series.
This frequency can be determined using (16). If f;,, approaches
fres,1.c» it can lead to excessive short-circuit currents, potentially
damaging components and compromising system reliability

frntio = 5 A/ 7o
res,LC — I Lbe-

For the interleaved topology shown in Fig. 6(a), the effective
resonance frequency fr.s, which accounts for all the parallel-
connected switching cells along with L, and C¢, is lower than the
resonance frequency given in (15). Assume there are N switch-
ing cells, each with the same inductance value L.. The voltage
at the switching node of each cell can be modeled as a harmonic
voltage source with phase shift of (2n7/N'), where n denotes
the nth switching cell, ranging from 0 to (N — 1). To determine
the effective resonance frequency, the circuit is analyzed by
finding its Thevenin equivalent from the dc side to the common
connection point of all output terminals of L.. The Thevenin-
equivalent impedance, denoted as Ly, is given by L./N. This
value represents the effective system inductance used in the
calculation of fes. In addition, the Thevenin-equivalent voltage

fres = (15)

(16)
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Fig. 11.  Typical characteristic curve of fres int With respect to the number of
parallel switching cells N.

source V, exhibits harmonic spectra starting from N times the
fundamental frequency of a single switching cell. Consequently,
the effective resonance frequency of the interleaved system,
denoted as fres,int, can be derived as (17). This formulation
highlights how parallel interleaving reduces the effective system
inductance and shifts the resonance frequency, impacting the
overall system stability and harmonic behavior. As illustrated
in Fig. 11, fres,int decreases as the number of parallel switching
cells increases, emphasizing the importance of choosing fsw, min
at a safe margin away from fies int to prevent unwanted circuit
oscillations and ensure stable operation

Frooi = o2 [Let N Ly
res,lnt—2ﬂ_ N LCLng .

B. Conduction Loss Modeling

A7)

A theoretical model for semiconductor losses Piepnj is crucial
for the thermal analysis and design of the studied iTCM 3L-
ANPC system. Generally, Py, can generally be grouped into
two categories: conduction losses (P.onq), incurred when the de-
vice is conducting current; and switching losses (FPyy ), generated
during circuit transitions. Thus, the total semiconductor losses
can be expressed as Psemi = Peond + FPsw- For unipolar semicon-
ductors, Ponq is determined by the RMS current flowing through
the semiconductor device of interest, denoted as Iy rms, and

1
B0 = arcsin <2MP . <\/M2 02 L2+ 2M - P e - [pws] — M - e - |IZVS|)> (13)
F _P-\/B-2P+B)—-p+B-/B-2P+P)—2P-B 1
SW,max AP2? . B (2P—|—6) T
e (4P 4 2|Iys| - Dac) - (52 —P. \/5-(2P+ﬁ)+2p.ﬁ_5.,/T.(QP—Fﬁ)) . (14)
T= Fowmin 4P2. (M —1)-+/B- (2P +j)

ﬂ =M- '&ac ' ‘Izvs|
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the ON-state resistance [24s on. For a triangular-shaped current
waveform bounded by upper and lower envelopes 47, and i,
the RMS current 4., over one ripple interval can be calculated
using the following:
1 2 2
.2 . . . -
Yrms = g (z:;w + Z;;IV “Teny T Yeny ) .
Accordingly, the RMS value of 75 over one fundamental
period, denoted as I s can be calculated by the following:

(18)

1

2. =L [0
fe =1 [ 20)

171 .
- ;/0 3 ((IZVS+2-iac-sin0)2

4 (Iyys +2 - hc - 5in0) - (—Lpns) + (ffm)2) a6

2 ~9 4 A 1 2
— 5 5 lac Izv% _Izvg~
g fae g tae v 3y
By circuit symmetry, the two inner switches Sy and S3 are
stressed with the same I ., and therefore, the corresponding
RMS current Ii, s 1S given by the following:
9 14 2 . 1

Iin,rms = 3 Lo T 3 lac * Lavs + EIZQVS'

An examination on (6) reveal that the conduction time alloca-
tions for the two outer switches (51, S4) and the two clamping
switches (S5, Sg) are not equal. For the outer switches, the RMS
current Ioy rms can be determined by multiplying the integrand
by the corresponding time allocation percentage, as expressed in
(21). The % factor in the equation accounts for the fact that each
outer switch conducts only for half of the fundamental period.

2 1 1/”1 Uye - Sin 6
out,rmS_2 T Jo 3 ‘/(10/2

19)

(20)

((IZVS + 24, - sin 0)2

+ (Izvs + 2'zac -sin 9) . (_IZVS) + (_IZVS)2> o

ILA)aC T ) . < .
= 3V . /0 (4zac -sin® 0 + 2L,y - Gy - sin’ 6

+ 12, -sind) do

— 3;’% . (1—362‘30 7 Dpys - e + 213VS) .Q@D
Since the clamping switches and the outer switches together
share the currents through the inner switches, the RMS current
for the clamping switches I.1;, rms can be obtained by taking the
subtraction as given in the following:
e

2 _ 72
I =1 out,rms-

clp,rms in,rms

(22)
Note that the above derivation of the RMS current for all the
six switches is valid for TCM-I, TCM-II, and DF-TCM.
IV. EXPERIMENTAL VERIFICATION

Fig. 12 shows the hardware prototype used to verify the
feasibility of the proposed modulation methods on the studied
converter system. In the experiments, the 3L-ANPC converter

14933

Fig. 12.  Hardware prototype of the 3L-ANPC converter power circuit used in
the experiments.
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Fig. 13.  Recorded waveforms of the proposed soft-switched 3L-ANPC con-
verter employing DF-TCM. (a) Center offset frequency fofsser at 44.6 kHz and
frequency variation magnitude fiqe at 22.6 kHz. (b) Center offset frequency
foftset at 30 kHz and frequency variation magnitude fi, at 8 kHz.

works in inverter mode with the nominal system specifications
and key parameters listed in Tables IV and V, respectively.
The waveforms are recorded with the KEYSIGHT InfiniiVision
DS0X3024 A oscilloscope, and the conversion efficiency is
measured with a YOKOGAWA WT5000 power analyzer. The
AMD Zynq 7010 SoC is employed as MCU platform for the
experiments, which provides both accuracy and flexibility in
control.

As discussed in Section II-D, SFP provides a practical im-
plementation of TCM for the 3L-ANPC topology by mitigating
unwanted circuit resonance. Therefore, SFP is employed in all
the experiments conducted in this section.
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Uy (100 V/div) e v, (1 V/div)  memm i (1 A/div)
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Fig. 14.  Zoomed-in waveforms of the gate signal vy, the drain-to-source
voltage vgs, the semiconductor current 7 during the turn-ON process of: (a)
Outer switch S1; (b) Inner switch Ss.

TABLE IV
SYSTEM SPECIFICATIONS FOR HARDWARE EXPERIMENTS

System Specifications Symbol Value
AC Phase Voltage Vac 230 VRMS
Grid Frequency fo 50 Hz
DC Voltage Vie 800 V
Modulation Index M 0.8132
Nominal Output Power P, 1.058 kW
Reverse Current Reference | Lyvs | 1.5A

Fig. 13(a) presents the recorded ac output voltage and key
current waveforms under nominal operating conditions, using
the circuit in Fig. 3 to validate the DF-TCM modulation. In
Fig. 13(a), the phase-to-mid-point output voltage have a si-
nusoidal shape. It can be seen that ¢ has a triangular shape
and reverses its polarity within each switching cycle. Since the
center offset frequency fofrer for Fig. 13(a) is relatively high at
44.6 kHz, the current expansion is not obvious. Fig. 13(b) shows
the case where the same operating condition as for Fig. 13(a)
is applied but fyge is lower at 30 kHz. It can be observed that
the extent of current expansion is much higher for the case with
fofiset at 30 kHz as compared to that with foge at 44.6 kHz.
Fig. 14 shows the zoomed-in waveforms of soft-switched TCM
at the turn-ON moment of the current commutation. It is verified
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Fig. 15. Measured power conversion efficiency curves for the TCM and the
CCM modulated 3L-ANPC converter.
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Fig. 16. Recorded waveforms of the proposed soft-switched 3L-ANPC con-
verter employing TCM-I. (a) iTCM circuit topology with center offset frequency
fottser at 90 kHz and frequency variation magnitude fiag at 45 kHz. (b)
Interleaved-TCM circuit topology with center offset frequency fofser at 67 kHz
and frequency variation magnitude fm,e at 28 kHz.
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TABLE V

KEY CIRCUIT PARAMETERS FOR HARDWARE EXPERIMENTS
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converter, addressing key implementation challenges. First, two
fundamental commutation sequences, TCM-I and TCM-II, are
introduced, followed by the derivation of a more advantageous
DF-TCM scheme. In addition, to replace the computationally
intensive and resonance-prone switching frequency profile, this
article proposes SFP as a practical alternative. The study further
examines the impact of various circuit parameters and design
considerations, along with developing a conduction loss model
for accurate system evaluation. Finally, a hardware prototype is
constructed to validate the proposed TCM strategy, demonstrat-
ing ameasured system efficiency of 97.54% with output power at
1.058 kW, thereby confirming the effectiveness of the approach.

Basic TCM
Grid-Side Inductance Lg 500 uH
Converter-Side Inductance L 80 uH
LCL Filter Capacitance Cy 2.2 uF
iTCM

Grid-Side Inductance Ly 300 puH
Converter-Side Inductance L. 160 uH
LC Branch Inductance Ly 160 uH
LCL Filter Capacitance Ct 1.1 uF
LC Branch Capacitance Cy 1.1 uF

Current Sharing Coeficient r 0.5

interleaved TCM
Grid-Side Inductance Ly 300 uH
Converter-Side Inductance ~ L¢jp 160 uH
Number of Cells N 2

LCL Filter Capacitance Cy 2.2 uF

that by reversing the current polarity of ¢ the blocked voltage is
able to fall from Vj. /2 to zero before the gate signal is applied.

Fig. 15 compares the measured power conversion efficiency
for the TCM and the traditional CCM modulations at different
output powers as percentages of the nominal power at 1.058 kW.
The measured converter efficiency at the nominal output is
97.54% for the TCM modulated system ( fogrer at 44.6 kHz and
Jfmag at 22.6 kHz), as compared to 97.01% for the CCM modu-
lated one with a fixed switching frequency at 44.6 kHz, proving
the effectiveness of soft switching. Note that in the experiments
the ac side current peaks at 6.5 A under nominal load and ||
of 1.5 A is comparable to this value. The ratio of |I,y| to Tac
is much larger than that for practical applications, where |1,y
is usually only up to 5% of fac. As in (5), the presence of | Iy
enlarges the current ripples and leads to extra conduction losses.
Based on (19), the less the ratio of || to iac, the less influence
a fixed |I,ys| has on the RMS current, and consequently, TCM
modulation would have a larger improvement on the system
efficiency as compared to CCM modulation.

Fig. 16 shows the experimental results of the iTCM mod-
ulation and interleaved-TCM modulation respectively, where
for both cases TCM-I method is employed. In Fig. 16(a),
approximately half of the current ripples in ig are shared by
i, in the notch filter as L. and L, are designed to have the
same value. Note that to keep the same apparent switching
frequency in current ripples as that in the basic TCM scheme,
the carrier frequency used in TCM-I needs to be double of that
for the DF-TCM. For the waveforms of the interleaved-TCM
modulation in Fig. 16(b), the effective current harmonics in ig
are greatly decreased due to the fact that i.; and ¢, are equally
sharing the load current and are exactly 180° out of phase. One
of the advantages of the interleaved-TCM is the flexibility to add
more parallel-connected switching cells in case of an increase in
load or a desire to further decrease the harmonic contents in .

V. CONCLUSION

This work presents a comprehensive analysis of expanding
the soft-switching TCM modulation technique to the 3L-ANPC

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]
[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

A. Poorfakhraei, M. Narimani, and A. Emadi, “A review of multilevel
inverter topologies in electric vehicles: Current status and future trends,”
IEEE Open J. Power Electron., vol. 2, pp. 155-170, 2021.

G. Guo et al., “Series-connected-based offshore wind farms with full-
bridge modular multilevel converter as grid- and generator-side con-
verters,” IEEE Trans. Ind. Electron., vol. 67, no. 4, pp.2798-2809,
Apr. 2020.

H. Cheng, Z. Zhao, C. Wang, W. Yuan, and J. Hao, “A novel DC-link ca-
pacitor voltage balance control based on coordination of rectifier—inverter
stage in a modified unidirectional five-level converter for AC motor
drives,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 11, no. 5,
pp- 5156-5168, Oct. 2023.

T. B. Soeiro, K.-B. Park, and F. Canales, “High voltage photo-
voltaic system implementing Si/SiC-based active neutral-point-clamped
converter,” in Proc. 43rd Annu. Conf. IEEE Ind. Electron. Soc.,
2017, pp. 1220-1225.

J. Rodriguez, J.-S. Lai, and F. Z. Peng, “Multilevel inverters: A survey of
topologies, controls, and applications,” IEEE Trans. Ind. Electron., vol. 49,
no. 4, pp. 724-738, Aug. 2002.

R. H. Baker, “Bridge converter circuit,” in US Patent US4270163, 1979.

A. Nabae, I. Takahashi, and H. Akagi, “A new neutral-point-clamped
PWM inverter,” IEEE Trans. Ind. Appl., vol. IA-17, no. 5, pp. 518-523,
1981.

B. Bijlenga, “A converter device,” US Patent EP1051799B1, 1998.

T. Bruckner, S. Bernet, and H. Guldner, “The active NPC converter and
its loss-balancing control,” IEEE Trans. Ind. Electron., vol. 52, no. 3,
pp- 855-868, Jun. 2005.

T. Bruckner, S. Bernet, and P. K. Steimer, “Feedforward loss control of
three-level active NPC converters,” IEEE Trans. Ind. Appl., vol. 43, no. 6,
pp. 1588-1596, Nov./Dec. 2007.

Y. Deng, J. Li, K. H. Shin, T. Viitanen, M. Saeedifard, and R. G. Harley,
“Improved modulation scheme for loss balancing of three-level active NPC
converters,” IEEE Trans. Power Electron., vol. 32, no. 4, pp. 2521-2532,
Apr. 2017.

C. Marxgut, J. Biela, and J. W. Kolar, “Interleaved triangular current
mode (TCM) resonant transition, single phase PFC rectifier with high
efficiency and high power density,” in Proc. IEEE Int. Power Electron.
Conf., Jun. 2010, pp. 1725-1732.

U. Badstuebner, J. Miniboeck, and J. W. Kolar, “Experimental verification
of the efficiency/power-density (n-p) pareto front of single-phase double-
boost and TCM PFC rectifier systems,” in Proc. 28th Annu. IEEE Appl.
Power Electron. Conf. Expo., Mar. 2013, pp. 1050-1057.

G. Zhang, Y. Wu, J. Xu, and T. B. Soeiro, “iTCM-operated three-phase
three-wire voltage-source converter system featuring capacitor-split vir-
tual ground connection,” IEEE Trans. Power Electron., vol. 39, no. 8,
pp- 9415-9429, 2024.

D. Rothmund, T. Guillod, D. Bortis, and J. W. Kolar, “99.1% efficient
10 kV SiC-based medium-voltage ZVS bidirectional single-phase PFC
AC/DC stage,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 2,
pp- 779-797, Jun. 2019.

M. Haider et al., “Novel ZVS S-TCM modulation of three-phase
AC/DC converters,” IEEE Open J. Power Electron., vol. 1, pp. 529-543,
2020.

G. Yu, J. Dong, T. B. Soeiro, G. Zhu, Y. Yao, and P. Bauer, “Three-mode
variable-frequency ZVS modulation for four-switch buck boost converters
with ultra-high efficiency,” IEEE Trans. Power Electron., vol. 38, no. 4,
pp- 4805-4819, Apr. 2023.



14936

[18] J. Xu, T. B. Soeiro, Y. Wang, F. Gao, H. Tang, and P. Bauer, “A hybrid
modulation featuring two-phase clamped discontinuous PWM and zero
voltage switching for 99% efficient DC-type EV charger,” IEEE Trans.
Veh. Technol., vol. 71, no. 2, pp. 1454-1465, Feb. Feb. 2022.

[19] T. Liu, C. Chen, K. Xu, Y. Zhang, and Y. Kang, “GaN-based megahertz

single-phase inverter with a hybrid TCM control method for high efficiency

and high-power density,” IEEE Trans. Power Electron., vol. 36, no. 6,

pp. 67976813, Jun. 2021.

S. Miric, P. S. Niklaus, J. Huber, C. Stiger, M. Haider, and J. W. Kolar,

“Analysis and experimental verification of the EMI signature of three-

phase three-level TCM soft-switching converter systems,” IEEE Access,

vol. 11, pp. 57391-57400, 2023.

[21] J. Sun, Y. Wu, T. B. Soeiro, Z. Qin, and P. Bauer, “ZVS turn-on integrated
triangular current mode three-phase PFC for EV on-board chargers,”
in Proc. IEEE 20th Int. Power Electron. Motion Control Conf., 2022,
pp. 285-294.

[22] C. Marxgut, F. Krismer, D. Bortis, and J. W. Kolar, “Ultraflat interleaved
triangular current mode (TCM) single-phase PFC rectifier,” IEEE Trans.
Power Electron., vol. 29, no. 2, pp. 873-882, Feb. 2014.

[23] M. Kasper, R. M. Burkart, G. Deboy, and J. W. Kolar, “ZVS of power
MOSFETs revisited,” IEEE Trans. Power Electron., vol. 31, no. 12,
pp- 8063-8067, Dec. 2016.

[24] D. Floricau, E. Floricau, and M. Dumitrescu, “Natural doubling of the
apparent switching frequency using three-level ANPC converter,” in Proc.
Int. Sch. Nonsinusoidal Curr. Compensation, 2008, pp. 1-6.

[25] D. Rothmund, D. Bortis, and J. W. Kolar, “Accurate transient calorimet-
ric measurement of soft-switching losses of 10-kV SiC MOSFETSs and
diodes,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 5240-5250,
Jun. 2018.

[26] M. Haider et al., “Analytical calculation of the residual ZVS losses
of TCM-operated single-phase PFC rectifiers,” IEEE Open J. Power
Electron., vol. 2, pp. 250-264, 2021.

[27] Y. Wu, J. Xu, T. B. Soeiro, M. Stecca, and P. Bauer, “Optimal peri-

odic variable switching PWM for harmonic performance enhancement in

grid-connected voltage source converters,” IEEE Trans. Power Electron.,

vol. 37, no. 6, pp. 7247-7262, Jun. 2022.

Y. Wu, Z. Qin, T. B. Soeiro, and P. Bauer, “Interleaved AC/DC converter

operating with ZVS sinusoidal triangular-current-mode (S-TCM) for re-

duced voltage harmonics generation,” in Proc. IEEE Energy Convers.

Congr. Expo., 2023, pp. 161-167.

[29] Y. Wu,J. Xu, T. B. Soeiro, P. Bauer, and Z. Qin, “Frequency design of three-
phase active front-end converter with reduced filter in EV chargers,” IEEE
Trans. Transp. Electrific., vol. 10, no. 4, pp. 10083-10101, Dec. 2024.

[20]

[28]

Gang Zhang (Student Member, IEEE) was born
in Taiyuan, China, in 1995. He received the B.S.
degree in electrical engineering from the Hong
Kong Polytechnic University, Hong Kong, in 2018,
and the M.Sc. degree in information technology
and electrical engineering from the Swiss Federal
Institute of Technology (ETH), Zurich, Switzerland,
in 2023. Since 2023, he has been working toward the
Ph.D. degree in electrical engineering with Power
Electronics Group (PE), University of Twente,
Enschede, The Netherlands.
His research interests include
modulation of power converters.

topology and

Yang Wu (Student Member, IEEE) received the B.S.
degree in electrical engineering and eutomation from
Southeast University, Nanjing, China, in 2017, and
the M.Sc. (cum laude) and Ph.D. degrees in electrical
power engineering from Delft University of Tech-
nology, Delft, The Netherlands, in 2019 and 2024,
respectively.

From January to April in 2024, he was a Visiting
Scholar with Princeton Power Electronics Research
Lab, Princeton University, Princeton, NJ, USA. Since
August 2024, he has been a Research Scientist with
ABB Corporate Research Center, Sweden. His current research interests include
the modeling, control and variable switching frequency modulation of the power
converter for grid-applications.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

Rui Qiang (Student Member, IEEE) received the B.S.
degree in electrical engineering and automation from
Northwestern Polytechnical University, Xi’an, China,
in 2020, and the M.Sc. degree in electrical power
engineering from the Delft University of Technology,
Delft, the Netherlands, in 2022. Since 2023, he has
been working toward the Ph.D. degree in electrical
engineering with the Power Electronics Group (PE),
University of Twente, Enschede, The Netherlands.
His research interests include intelligent gate
drivers, power loss measurement, and modeling of
wide-bandgap semiconductor devices in power electronic systems.

Prasanth Venugopal (Senior Member, IEEE) re-
ceived the M.Sc. degree (cum laude) in electrical
power engineering and the Ph.D. degree in magnetic
energy transfer in roads, both from Delft University
of Technology, The Netherlands, in 2012 and 2016,
respectively.

He worked as a Senior Electrical Engineer with
Qualcomm Halo and later as a Technical Specialist
with TDK Europe GmbH, focusing on wireless EV
charging, high-frequency magnetics, and power elec-
tronics for XEV platforms. Since 2020, he has been an
Assistant Professor with the Power Electronics Group, University of Twente. His
research interests cover applications of power magnetics and passive devices,
intelligent electronics to battery management systems (EIS based intelligent
prognostics and applications of Al), energy storage management and wireless
power transfer. His designs target applications such as grid-connected systems,
EV charging systems, and modular battery packs. He is mission leader of the UT
Battery Centre and an active contributor to the Hydrogen UT (Hy.UT) initiative.
He has led or co-led major projects including EU Horizon, EU Widera and
multiple NWO Projects.

Dr. Venugopal was an Associate Editor for IEEE TRANSACTIONS ON TRANS-
PORTATION ELECTRIFICATION and contributes actively to IEEE PELS, IAS, and
IES. His recognitions include the IEEE PEMC Best Poster Prize, multiple society
prizes including IAS Ph.D. Thesis Award.

Junzhong Xu (Member, IEEE), photograph and biography not available at the
time of publication.

Thiago Batista Soeiro (Senior Member, IEEE) re-
ceived the B.S. (Hons.) and M.S. degrees from the
Federal University of Santa Catarina, Florianopolis,
Brazil, in 2004 and 2007, respectively, and the Ph.D.
degree from the Swiss Federal Institute of Technol-
ogy, Zurich, Switzerland, in 2012, all in electrical
engineering.

He was a Visiting Scholar with the Power Electron-
ics and Energy Research Group, Concordia Univer-
sity, Montreal, QC, Canada, and with the Center for
Power Electronics Systems, Blacksburg, VA, USA,
respectively. From 2012 to 2013, he was a Researcher with the Power Electronics
Institute, Federal University of Santa Catarina. From 2013 to 2018, he was a
Senior Scientist with the Corporate Research Center, ABB Switzerland Ltd.,
Baden-Dattwil, Switzerland. From 2018 to 2022, he was an Associate Professor
with the dc Systems, Energy Conversion and Storage Group, Delft University
of Technology, Delft, The Netherlands. From January to October 2022, he
was with the Power Management and Distribution Section (TEC-EPM) for the
European Space Research and Technology Centre, Noordwijk, The Netherlands.
Since October 2022, he has been a Full Professor in power electronics with the
Power Electronics Group, University of Twente, Enschede, The Netherlands.
His research interests include advanced high-power converters and dc system
integration.

Dr. Soeiro is a recipient of the 2013 IEEE Industrial Electronics Society
Best Conference Paper Award and the Best Paper Awards in the following
IEEE conferences: International Conference on Power Electronics (ECCE Asia
2011), the International Conference on Industrial Technology (ICIT 2013), the
Conference on Power Electronics and Applications EPE’15 (ECCE Europe
2015), and the International Conference on Power Electronics and Motion
Control 2020 and 2022 (PEMC 2020 and 2022).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


