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Four-Level TCM-Operated Inverter With Full
Soft-Switching Capability Using a Hybrid

Si+SiC Configuration
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Abstract—Triangular current mode (TCM) modulation is a
promising technique for achieving zero-voltage switching (ZVS)
in dc–ac power inverters, which already inherently offers a high
output voltage quality without a sine-wave filter. Despite slightly
higher conduction losses than hard-switched inverters using con-
ventional pulsewidth modulation (PWM), TCM-operated inverters
achieve outstanding efficiency by significantly reducing switching
losses, especially under low-load conditions. However, TCM faces
the challenge of a wide variation in switching frequency throughout
the fundamental cycle, which is often managed by suspending TCM
operation near zero-crossings to prevent exceeding frequency lim-
its. This article introduces a novel multilevel TCM inverter topology
featuring two cascaded stages and an asymmetrically subdivided
dc-link. For optimized cost and performance, the two stages employ
a hybrid configuration using silicon carbide (SiC) MOSFETs in the
high-frequency stage and Si IGBTs in the low-frequency stage.
This design reduces the voltage stress on all power semiconductors
and ensures full soft-switching capability even near voltage zero-
crossings without excessive switching frequency fluctuations. The
effectiveness of the presented topology is maximized when paired
with a control algorithm that ensures continuous soft-switching
across all devices and manages the necessary voltage control for the
subdivided dc-link. A single-phase 2 kW hardware demonstrator
with a 1.5 kV dc-link was designed and implemented to validate
this concept, incorporating the proposed control algorithm. The
demonstrator achieves a peak efficiency of more than 98.6% at
nominal load, demonstrating the effectiveness of the full soft-
switching capability provided by the new topology.

Index Terms—Charge balancing, four-level asymmetric dc-link,
multilevel inverter, novel topology, silicon carbide (SiC), soft-
switching, triangular current mode (TCM), voltage control, zero-
current switching (ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

POWER electronic voltage-source inverters (VSIs) have un-
dergone continuous improvements over the past decades to
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meet the ever-increasing demands across various applications.
High efficiency, a compact and lightweight design, low elec-
tromagnetic interference (EMI), high reliability, high durability,
high robustness, and low costs are among the most important
objectives of every converter design [1], [2]. With the current
design trend of increasing switching frequencies enabled by
wide band-gap (WBG) devices, high power density and low
costs can be achieved by downsizing or even eliminating passive
components [3], [4]. However, higher switching frequencies also
yield higher switching losses in power semiconductor devices.
This increases the cooling effort, limiting both the achievable
efficiency of the inverter and the power density [4]. To overcome
these boundaries, solutions are required to achieve low losses
despite high switching frequencies. One way to accomplish
this is through the principle of soft-switching operation, which
employs either zero-voltage switching (ZVS) or zero-current
switching (ZCS) in the power semiconductors. Soft-switching
is a key technique for reducing switching losses, enabling high
switching frequencies of up to hundreds of kilohertz, while also
allowing for softer voltage transients that decrease EMI [2], [5],
[6], [7].

The ability to achieve soft-switching in power electronic
inverters can be realized through hardware-based or software-
based techniques. Hardware-based approaches involve the addi-
tion of auxiliary circuits and can be classified into load-resonant
systems, systems with resonant dc-link, and resonant transition
systems [2], [7]. In contrast, software-based techniques em-
ploy peak current mode control, characterized by a low filter
inductor value and a large inductor current ripple. By revers-
ing the direction of inductor current flow in each switching
cycle, these techniques enable ZVS turn-ON during each cur-
rent commutation [8], [9], [10]. Compared to hardware-based
solutions, the implementation of soft-switching using a peak
current control technique achieves excellent reliability, lower
control complexity, and lower costs, as no additional auxiliary
components are required [2], [11]. Due to the characteristic
shape of the inductor current, this modulation method is widely
known as triangular current mode (TCM) and is sometimes also
referred to as boundary conduction mode or critical conduction
mode. Although TCM modulation results in an increase in rms
current, leading to higher conduction losses (≈ 30% higher
according to [12]) compared to hard-switched inverters using
conventional PWM schemes, this drawback can be more than
compensated by the significant reduction in switching losses [8].
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Fig. 1. Circuit diagram of the proposed soft-switching multilevel TCM in-
verter in a single-phase configuration, comprising a level stage and a TCM stage
supplied by an asymmetrically subdivided 4-level DC-link.

Consequently, TCM modulation is a promising candidate, espe-
cially for low-power applications that employ very high switch-
ing frequencies to maximize power density. Extensive research
has already been conducted on its use in rectifiers [12], [13], [14],
[15], [16], but also in inverters [8], [9], [17], [18] or bidirectional
converters [19], [20].

Inherent to the TCM operating principle is a wide, load-
dependent variation of the switching frequency. Specifically, a
2-level topology supplying a resistive load exhibits very high
switching frequencies at the output voltage zero-crossings. To
limit the switching frequency variation, the current envelope can
be partially widened [11], [13], [18], [21], or alternatively, TCM
operation can be suspended near zero-crossings by changing to
ZCS with discontinuous conduction mode (DCM) [19], [20],
[22]. Another approach is to employ multilevel topologies, in
which TCM modulation can also be applied. Previous research
has explored its use in ANPC [23] and T-type NPC [10], [24],
[25], [26] structure. In particular, [26] demonstrated that a
3-level topology reduces the variation in switching frequency
and thus decreases the required filter volume. However, the
3-level ANPC and T-Type inverter still face the problem that
TCM operation is not feasible near the voltage zero-crossings
due to the lack of sufficient voltage across the inductor to build
up the triangular inductor current, resulting in unacceptably low
switching frequencies. In addition, the high-side and low-side
transistors must block the full dc-link voltage Vdc in the T-Type,
which imposes constraints on component selection and limits
the attainable dc-link voltage. To combat these limitations and
maintain soft-switching in the area of voltage zero-crossings
without excessive switching frequencies, this article presents
a 4-level topology with an asymmetric dc-link. The suggested
TCM-operated inverter in single-phase configuration is shown
in Fig. 1.

The inverter is technically extended based on the Active-
Neutral-Point-Clamped (ANPC) topology. It comprises an
asymmetric subdivided 4-level dc-link (with v2 ≈ v3 � Vdc/2),
a level stage, and a TCM stage. The dc-link provides two
overlapping voltage ranges that feed the TCM stage via the
level stage. The principle of overlapping voltage ranges that
feed a downstream inverter stage was first introduced in [27]

and has now been applied to this topology. Due to this char-
acteristic, a minimum voltage is supplied to the inductor
even near voltage zero-crossings. This allows an alternating
inductor current of sufficient magnitude to build up within
a specific time frame, thereby maintaining a minimum per-
missible switching frequency. Consequently, the overlapping
voltage ranges enable unrestricted TCM operation with full
soft-switching capability throughout the entire fundamental
cycle.

Another key benefit of the proposed topology is its ability
to employ a hybrid configuration of Si and SiC devices, which
reduces costs while improving performance. In this configu-
ration, SiC MOSFETs operate at high switching frequencies to
generate the sinusoidal output, while the Si IGBTs act as voltage
level selectors by switching at the fundamental frequency. This
concept is well known in hard-switched ANPC topologies [28],
[29], [30], [31], [32] and can be applied here as well. As
suggested in [28], [32], [33], [34], the TCM stage is decoupled
from the level stage using a snubber capacitor Csn to shorten the
commutation loops and mitigate the forward recovery effects
caused by the hybrid configuration. In addition, by implementing
precise timing and actively charging/discharging Csn during the
transition between two states, the level-stage transistors can also
be soft-switched using ZVS and ZCS. Moreover, the switches
S1, S2, and SL1 to SL4 only need to block slightly more than half
of the dc-link voltage, which reduces the voltage stress on all
components and allows the use of lower-voltage devices even at
higher dc-link voltages.

To prevent a potential drift at the inner dc-link levels, it is cru-
cial to balance the dc-link capacitors during each fundamental
cycle. Voltage balancing is realized by two low-voltage 250 V
Si MOSFETs. Based on the voltage deviation, these MOSFETs are
controlled to direct the current through either C2 or C3, thereby
maintaining the voltage balance of the dc-link capacitors.

The concepts presented have been implemented, and their
functioning has been experimentally verified using a 2 kW
inverter prototype with a 1.5 kV dc-link. The main advantages
of the novel topology are as follows.

1) Continuous soft-switching under TCM operation without
excessive switching frequency fluctuations.

2) Soft-switching across all semiconductor devices, includ-
ing those in the level stage.

3) Cost and performance optimization using a Si+SiC hybrid
configuration.

4) Lower voltage stress on all semiconductor devices.
The rest of this article is organized as follows. After intro-

ducing and classifying the proposed inverter topology within
the current state-of-the-art in Section I, Section II describes the
operation principle of the topology applying TCM modulation.
Building on this, Section III analyzes the switching frequency in
the TCM stage and introduces a dc-link voltage control scheme.
Section IV then deals with the realization of soft-switching in
the level stage. Section V addresses the experimental realization
of the proposed circuit and provides detailed insights into its
implementation. The experimental results are then presented
and discussed in Section VI. Finally, Section VIII concludes
this article.
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Fig. 2. Four valid switching states of the level stage: (a) and (b) correspond to switching states A© and B© used during the positive half-wave of the output voltage
vac. (c) and (d) correspond to switching states C© and D© used during the negative half-wave of vac.

II. OPERATION PRINCIPLE OF THE TOPOLOGY

The dc-link capacitors subdivide the dc-link of the topology
into four asymmetrical parts, which provide the overlapping
voltage ranges [−v3, Vdc/2] and [−Vdc/2, v2]. The overlap sec-
tion [−v3, v2] ensures the necessary voltage across the inductor
L of the TCM stage to build up an alternating inductor current,
thereby achieving full ZVS even in the area of zero-crossings
of the output voltage. The inner dc-link voltages v2 and v3 must
always satisfy the following criteria:

v2 ≥ Vres ∧ v3 ≥ Vres (1)

where Vres is the reserve voltage, indicating the required mini-
mum voltage across the inductor. Any number of phases can be
connected to the dc-link. However, this article intends to explain
and validate the operation principle based on the topology in a
single-phase inverter structure. The findings and the principle
discussed can easily be transferred to a three-phase setup.

A. Level Stage

The level stage consists of six switches SL1 to SL6 and works
as a level selector. This stage has four valid switching states, as
depicted in Fig. 2(a)–(d).

Three switches are always conducting at the same time, with
the simultaneous turn-ON of SL1 and SL4 prohibited due to the
voltage stress within the TCM stage. The switching states A© and
C© correspond to normal operation, whereby the TCM stage is

supplied with the two overlapping voltage ranges [see Fig. 3(a)].
However, to control the dc-link voltages with the output current
iac during operation, the switching states B© and D© must be

TABLE I
VOLTAGE CRITERION FOR DC-LINK VOLTAGE CONTROL THROUGH CAPACITOR

CHARGE BALANCING

additionally used. As indicated in Fig. 3(a), SL1∼L4 must alter-
nate only once per fundamental cycle to synthesize the positive
[ A© and B©] and negative [ C© and A©] voltage half-waves. The
voltage criterion defined in Table I specifies when each switching
state can be applied during the fundamental cycle.

Since SL1∼L4 switch at the fundamental frequency, resulting
in very low switching losses, low-cost IGBTs with a blocking
voltage slightly higher than [Vdc/2 + v2,3] can be used. The
change from normal to balancing operation occurs twice within
a fundamental cycle, resulting in a switching frequency of 2fac

for SL5 and SL6. These transistors only need to block a voltage of
[v2 + v3], making cost-effective low-voltage Si MOSFETs with a
low Rds,on preferable for this purpose.

B. TCM Stage

The fundamental principles, timing, and analytical descrip-
tion of TCM operation have already been thoroughly covered in
the past literature, for example [11], [35]. For this reason, only
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Fig. 3. Calculated key waveforms of the topology over a fundamental cycle
Tac. (a) Inverter output voltage vac and node potentials ϕtcm+ and ϕtcm− of the
TCM stage. (b) Characteristic triangular inductor current iL and its specified
current envelope with a FRC Itcm synthesizes the sinusoidal short-term average
value iL,avg. Note that the resonant transition is short compared to the linear
current rises/falls and is therefore neglected. (c) Switching frequency fsw of the
TCM switches S1 and S2. (d) Relative short-term average currents through the
inner DC-link capacitors C2 and C3.

the fundamental and most important relationships are recalled
to enable a cohesive article.

The TCM stage comprises a conventional 2-level half-bridge
topology, incorporating an inductor L, an output capacitor Cac,
and a snubber capacitor Csn. SiC MOSFETs with a blocking
voltage of at least [Vdc/2 + v2,3] are employed for the half-bridge
switches S1 and S2, operated with TCM modulation as detailed
in [36], [37]. The output capacitances Coss of the switches and
the inductor L form a resonant circuit, in which the inductor
current iL is controlled to reverse the direction once during each
switching cycle. The alternating current flow charges/discharges
the MOSFET’s Coss and passes through the body diode before
each switching transition, thus enabling the ZVS turn-ON for
S1 and S2. The reverse inductor current Itcm is an additional
design parameter and must be selected adequately to drive the
drain-source voltage of the transistor to 0 V, ensuring complete
ZVS [10], [20].

The implementation of TCM control requires setting the upper
and lower boundaries of the inductor current iL, referred to as
the envelope of a nonlinear current hysteresis. The short-term
average value of this triangular current synthesizes the desired
sinusoidal output current iac ≈ iL,avg. The durations of the in-
ductor current build-up and build-down phases are defined by
the current envelope and the inductor voltage vL. The inductor

voltage is calculated by subtracting vac from the node potentials
ϕtcm+ andϕtcm−. This results in a wide switching frequency vari-
ation for S1 and S2 over the fundamental cycle. The fsw-variation
leads to a broad spectral distribution of the total switching
noise energy, which is beneficial for meeting EMI regulatory
standards [10], [21]. However, it is essential to ensure that the
switching frequency range does not exceed certain application-
specific or regulatory boundaries. Efforts to limit the frequency
variation while maintaining ZVS have led to the development of
various current control techniques [13], [20]. Three fundamental
schemes have emerged from the basic operation principle. They
are each defined by their current envelope curves and classified
into fixed reverse current (FRC), constant hysteresis current
mode (CHCM), and variable hysteresis current mode (VHCM).
Among these, FRC modulation achieves the highest efficiency,
but also the highest distortion, while CHCM offers the lowest
distortion accompanied by the lowest efficiency [8], [9]. Given
the high achievable efficiencies and simpler current control,
standard TCM modulation with FRC was selected for this study.
Fig. 3(b) illustrates the characteristic TCM current waveforms
along with their envelope over a fundamental cycle.

Using the overlapping voltage ranges [−v3, Vdc/2] and
[−Vdc/2, v2] maintains TCM operation near the voltage zero-
crossings during transitions between states A© and C©. The same
overlap also limits the switching frequency by appropriately
choosing Vres. The corresponding switching frequency fsw pro-
file of the TCM stage is shown in Fig. 3(c). Its upper and lower
limits are determined by the operating point and the selected
design parameters, see also Section III-A.

C. Avoidance of Forward Recovery in Si+SiC Configurations

Previous literature [34], [38], [39] has investigated hybrid
topologies that combine fast-switching SiC MOSFETs with slow-
switching Si IGBTs, identifying the forward recovery effect
of bipolar switching devices as a major challenge. The carrier
density of the IGBT’s drift region is insufficient to sustain the
current with a high di/dt caused by the rapid switching of the SiC
devices, resulting in a temporary lower effective conductivity of
the already turned-ON Si IGBTs. The elevated resistance leads to
a temporary additional voltage drop across the IGBTs, causing
significant induced losses and simultaneously increasing the
voltage stress on SiC MOSFETs [34], [38], [39]. To mitigate the
adverse effects of high di/dt on IGBTs, a snubber capacitor,
as described in [28], [32], [33], [34], can be used to decouple
the TCM stage from the level stage. For this purpose, a snubber
capacitorCsn with a small capacity is placed on the dc-side of the
TCM stage, as shown in Fig. 1. This simple measure minimizes
the adverse effects of forward recovery while reducing the
commutation loop inductance of the switching cells. With Csn

in place, its voltage must be adjusted during state transitions to
also achieve soft-switching in the level stage. More details are
provided in Section IV.

III. MATHEMATICAL ANALYSIS

For the following analysis of inverter operation and dc-link
voltage control, several common assumptions and simplifica-
tions are made as follows.
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1) The passive components are assumed to be ideal, and
all power semiconductors are regarded as ideal switches
(output capacitance, voltage drop, and switching times are
neglected).

2) The commutation duration is assumed to be negligibly
short, resulting in an ideal triangular inductor current.

3) The ripple of the dc-link voltage over a fundamental cycle
is considered negligible due to a sufficiently large dc-link
capacitance.

4) The inner and outer dc-link capacitances are equal (C1 =
C4 and C2 = C3) and perfectly balanced.

5) The inverter’s output voltage vac and current iac are con-
sidered to be a perfect sine wave.

6) The entire inverter system operates in a steady state.
The output voltage vac and output current iac of the inverter

can generally be described as follows:

vac(t) = M
Vdc

2︸ ︷︷ ︸
v̂ac

sin (ωt) ,with M ∈ [0, 1) (2)

iL,avg ≈ iac(t) = îac sin (ωt− ϕ) (3)

with M as the modulation index, ω as the fundamental angular
frequency, îac as the current amplitude, and ϕ as the phase shift
angle of the load. In the case of a balanced dc-link, the voltagesv2
and v3 are equal and can both be replaced by vn. Along with this,
we simplify the analysis by assuming that the reserve voltage
also equals vn following:

v2 = v3 = vn = n
Vdc

2
= Vres (4)

with n as the voltage ratio between the inner and outer dc-link
capacitors.

A. Switching Frequency in the TCM Stage

A defining property of the proposed topology is its markedly
reduced variation in switching frequency over the fundamental
cycle. Based on the assumptions outlined above, the resulting
switching frequency can be expressed as

fsw (ωt) =
Vdc [1−M |sin (ωt)|] [M |sin (ωt)| ± n]

4L (1± n)
[̂
iac |sin (ωt− ϕ)|+ Itcm

] (5)

where the “+” sign applies during normal operation [states A©
and C©] and the “−” sign during balancing operation [states
B© and D©]. The switching frequency heavily depends on the

electrical angle ωt. The maximum is

fsw,max =
Vdc (1 + n)

16LItcm
(6)

and occurs at

|vac| = Vdc

4
(1− n) with iac = 0. (7)

With n = 1 for a 2-level TCM inverter, fsw,max is roughly twice
as high as in the proposed topology and occurs at the output
voltage zero-crossings for purely resistive loads (ϕ = 0◦).

TABLE II
CURRENTS THROUGH THE INNER DC-LINK CAPACITORS C2 AND C3

AVERAGED OVER A SWITCHING CYCLE

By contrast, the switching frequency at the voltage zero-
crossings in the proposed topology is

fsw,0 (ωt = 0) =
nVdc

4L (1 + n)
(
îac sin |ϕ|+ Itcm

) (8)

and it reaches its minimum for purely reactive loads (ϕ = ±90◦).

B. DC-Link Voltage Control

A suitable dc-link voltage control is crucial for the stable and
efficient operation of inverters with a split dc-link configuration.
To control the voltages of the individual dc-link capacitors
during operation, their charges are balanced by additionally
utilizing the states B© and D© [see Fig. 3]. Achieving this balance
requires meeting several essential criteria. These criteria depend
on the modulation index, the phase shift angle of the load, and the
voltage ratio between the outer and inner dc-link capacitors. The
balancing method was first described in [40] and is implemented
in a simplified version in this work.

In practical operation, the switching frequency of the TCM
stage is chosen to be much higher than the fundamental fre-
quency (fsw 
 fac = 1/Tac). Consequently, the inductor current
iL and the capacitor currents i2 and i3 can be considered constant
during a switching cycle and are referred to as iL,avg, i2,avg and
i3,avg. iL,avg can thus be equated with the output current iac. The
short-time average currents i2,avg and i3,avg can be calculated
based on the duty cycles applied to the TCM switches S1 and
S2. Table II summarizes the results for the four switching states.

Fig. 3(d) illustrates the simulated short-term average dc-link
currents over one fundamental cycle. In a fully balanced opera-
tion, the areas of the same color in the figure add up to zero.

1) Required Criteria for Voltage Balancing: In addition to
compliance with the voltage criterion outlined in Table I, the
current criterion must also be fulfilled to apply the balancing
states during operation. The mean values of the capacitor cur-
rents over a fundamental cycle I2 and I3 will be first considered
without active voltage balancing. These currents can be obtained
through integration and with the help of (2) and (3) as follows:

I2 =
1

Tac

Tac∫
Tac/2

i2,avg(t)dt =
îL,avg cos (ϕ) (πM − 4)

4π
(
2 v2

Vdc
+ 1

) (9)

I3 =
1

Tac

Tac/2∫
0

i3,avg(t)dt =
îL,avg cos (ϕ)(4− πM)

4π
(
2 v3

Vdc
+ 1

) . (10)
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TABLE III
CURRENT CRITERION FOR DC-LINK VOLTAGE CONTROL THROUGH CAPACITOR

CHARGE BALANCING

Equations (9) and (10) demonstrate that the sum of the two
currents averaged overTac can theoretically only be zero without
balancing during pure reactive (ϕ = ±90◦) power operation.
Under all other load conditions, nonzero currents I2 and I3
cause the inner levels of the dc-link to drift, requiring appro-
priate dc-link voltage control. By accurately setting the time
durations [tb0, tb1] and [tb2, tb3] of the switching states B© and
D© [compare Fig. 3], the capacitor currents I2 and I3 can be

compensated to zero, according to (11) and (12) shown at the
bottom of this page. Table III provides an overview of the current
criterion required for voltage balancing across different load
scenarios. Fig. 4 displays the essential waveforms for different
load situations.

Here, Tb denotes the time required to balance the dc-link
capacitor voltages using the states B© and D©, with Tb,max in-
dicating the maximum available balancing time. Assuming a
uniform voltage distribution at the dc-link, the duration of state
B© equals the duration of state D©, and half symmetry of the

waveforms is achieved as described by the following:

tb2 = tb0 + Tac/2 and tb1 − tb0 = tb3 − tb2 = Tb. (13)

Along with (4), the capacitor currents are now denoted by In

In = −I2 = I3. (14)

The start of the balancing operation for load scenarios, as
shown in Fig. 4(a) and (c), is constrained by the voltage criterion.
The starting angle, at which the voltage criterion is satisfied, is
denoted by α0 and can be calculated as follows:

α0 = arcsin

(
2Vres

v̂ac

)
= arcsin

(
2n

M

)
with tb0 =

α0

ω
. (15)

However, for phase shift angles ϕ ∈ [α0, π/2] and ϕ ∈ [−π +
α0,−π/2], as shown in Fig. 4(b), the beginning of the balancing
operation is constrained by the current criterion. Therefore,
balancing is only feasible from t ≥ tb0 = ϕ/ω and t ≥ tb2 =
(ϕ+ π)/ω, respectively.

2) Feasibility Limits for Voltage Balancing: Various calcu-
lations were conducted based on previous simplifications and
equations to determine the feasibility limits of voltage balancing
and, consequently, the applicability of the proposed topology.
The results of this analysis are presented in Fig. 5.

Voltage balancing is independent of the output current but
relies significantly on the output voltage. A minimum modula-
tion index Mmin can be derived from the voltage criterion, below
which the available balancing time Tb,max is insufficient for com-
plete charge equalization. Fig. 5(a) shows the average dc-link
current and the utilization of the available balancing time over
the modulation index and phase shift angle. Balancing is theoret-
ically only possible aboveM = 2nwithTb,max > 0. Stable oper-
ation with full balance (In = 0) can only be accomplished above
Mmin with Tb ≤ Tb,max. Without or with incomplete balancing
(In �= 0), the positive and negative areas in Fig. 3(d) would not
cancel each other out, causing the dc-link potentials to drift
in one direction. Consequently, the implementation precludes
operation below Mmin.

Fig. 5(b) shows the required balancing time versus the total
available balancing time as functions of the modulation index
and phase shift angle. As the modulation index increases, the
angle α0 required to meet the voltage criterion decreases, re-
sulting in a greater available margin of the balancing time.
The calculations also indicate that balancing is theoretically
unnecessary for purely reactive loads.

As seen from Fig. 5(c), the chosen voltage ratio determines
the minimum possible modulation index. For the implemented
design (n = 50V / 750V ≈ 0.067), the theoretical minimum
modulation index is Mmin ≈ 0.15. It can be observed from the
equations provided in Table II that the current through the inner
dc-link capacitors increases as the modulation index decreases.
Consequently,Mmin is not only limited by the current and voltage
criterion, but also by the allowable voltage fluctuations acrossC2

and C3, which must be carefully considered during the design
process. Within the limits analyzed above, the controller selects
the sequence of switching states, and a PI controller adjusts
the duration of the balancing states Tb based on the voltage
imbalance of the dc-link. The state transitions are determined
by (13) and (15).

IV. REALIZING SOFT-SWITCHING IN THE LEVEL STAGE

When switching between different states, the voltage across
the snubber capacitor (vC,sn = ϕtcm+ − ϕtcm−) can deviate con-
siderably from the voltage supplied by the dc-link segment to
be connected. The voltage discrepancy would cause the level

0 = I2 =

∫ tb1

tb0

iL,avg

(
Vdc/2− vac

Vdc/2− v2

)
dt︸ ︷︷ ︸

switching state B©

+

∫ tb2

Tac
2

iL,avg

(
Vdc/2 + vac

Vdc/2 + v2

)
dt︸ ︷︷ ︸

switching state C©

+

∫ Tac

tb3

iL,avg

(
Vdc/2 + vac

Vdc/2 + v2

)
dt︸ ︷︷ ︸

switching state C©

. (11)

0 = I3 =

∫ tb0

0

iL,avg

(
Vdc/2− vac

Vdc/2 + v3

)
dt︸ ︷︷ ︸

switching state A©

+

∫ Tac
2

tb1

iL,avg

(
Vdc/2− vac

Vdc/2 + v3

)
dt︸ ︷︷ ︸

switching state A©

+

∫ tb3

tb2

iL,avg

(
Vdc/2 + vac

Vdc/2− v3

)
dt︸ ︷︷ ︸

switching state D©

. (12)
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Fig. 4. Current, voltage, and potential waveforms over one fundamental
cycle Tac for different load scenarios. (a) ϕ ∈ (−α0, α0) or ϕ ∈ (π − α0, π].
(b) ϕ ∈ [α0, π/2] or ϕ ∈ [−π + α0,−π/2]. (c) ϕ ∈ (−π/2,−α0] or
ϕ ∈ (π/2, π − α0].

stage transistors to turn-ON at nonzero voltage, leading to hard-
switched behavior with high transient currents, which in turn
increases switching losses and EMI [41]. To prevent this and
enable full soft-switching even in the level stage, the voltage
across Csn must be actively adjusted during state changes to
match the voltage supplied by the dc-link after the transition. For
this purpose,Csn is charged or discharged by the high-frequency
alternating inductor current iL within a TCM switching cycle
1/fsw. The transition from normal to balancing operation is
particularly critical, as Csn needs to change its voltage by 2vn.
Achieving a smooth transition between different switching states
requires a precise timing of the switching operations. Therefore,
the switching signals of the transistors are synchronized using a

Fig. 5. Feasibility limits for voltage balancing as functions of the (a) modu-
lation index M, (b) phase shift angle ϕ, and (c) voltage ratio n.

dedicated logic circuit, which will be described in Section V-A.
The concept of soft-switching in the level stage during a transi-
tion from state A© to B© is schematically displayed in Fig. 6.

During these transitions, the switching states of the transistors
SL1 to SL4 remain unchanged, while the transistors SL5 and SL6

are both turned-OFF between t1 and t3, thereby allowing Csn to
be charged or discharged by iL. In state A©, Csn is charged to
[Vdc/2 + vn] by the dc-link. But the capacitor voltage in state
B© is equal to [Vdc/2− vn]. As a consequence, Csn must be

discharged by 2vn during the state transition so that SL5 can be
turned-ON at zero voltage at t3. The charge drawn from Csn is
denoted as Q. Note that the voltage across L also decreases in
magnitude during the transition state I©, which slows the rise of
iL. In addition to ZVS, ZCS is realized at t1 and t3 by switching
the level stage transistors only at the zero-crossings of iL. When
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Fig. 6. Voltage adjustment of Csn with switching signal synchronization
during the transition A©→ B©. The same principle applies to transitions from B©
→ A© or C©→ D© and vice versa. (a) Switching signals during state transition.
(b) and (c) Current paths during transition states I© and II©.

the magnitude of iL reaches the charge current level icharge, which
is used to adjust vC,sn, the system changes the transition state
from I© to II© at time instant t2.

Energy balancing techniques can be used to estimate the
minimum charge current icharge,min needed to achieve a complete
voltage adjustment from the source to the target state. During
the transition from A© to B©, the energy released from Csn can
be estimated as follows:

–©ΔEsn =
1

2
Csn

[(
Vdc

2
+ v3

)2

−
(
Vdc

2
− v2

)2
]
. (16)

The increased energy in the dc-link capacitors C1 and C2 is
given by

+©ΔEdc = Csn (v2 + v3)
Vdc

2
(17)

TABLE IV
MINIMUM CHARGE CURRENT REQUIRED TO ENSURE COMPLETE VOLTAGE

ADJUSTMENT DURING DIFFERENT STATE CHANGES

whereas the decreased energy in the output capacitor Cac can be
expressed as

–©ΔEac = Csn (v2 + v3) vac (18)

and the increased energy in the TCM inductor L, assuming a
starting value of iL = 0 (ZCS), can be estimated using

+©ΔEL =
1

2
L · icharge,min

2. (19)

In consideration of the energy balance

ΔEL +ΔEdc = ΔEac +ΔEsn (20)

the required icharge,min to achieve full soft-switching in the level
stage can be determined. The results are summarized in Table IV
for all possible state transitions.

The above calculation neglects the output capacitance of the
transistors SL5 and SL6. To achieve complete voltage adjustment,
the set value of the inductor current envelope must always exceed
icharge,min to ensure full ZVS in the level stage. In some cases,
icharge,min dictates the value of the current envelope rather than the
TCM strategy. If this is the case, the controller must also adjust
the current envelope in the reverse direction during operation
to synthesize the desired iL,avg. As soon as Csn is discharged
to [Vdc/2− v2], the current automatically commutates to the
body diode of SL5, since SL3 is permanently turned-ON during
transition state I© and II©. The diode’s conduction condition
is fulfilled somewhere between t1 and t2 when ϕtcm– ≈ v2.
Fig. 6(b) and (c) illustrates the current paths during both transi-
tion states.

In the second case shown in Fig. 7, a state transition from A© to
C© at the zero-crossing of the phase output voltage is considered.

The two dc-link voltages v2 and v3 are usually slightly differ-
ent during operation, necessitating a small voltage adjustment. In
this example, the need for a slight discharge ofCsn is considered.
At t1, the IGBTs SL1 and SL3 are turned OFF at zero current
during the falling edge of the current sign. Subsequently, the
inductor current dischargesCsn to [Vdc/2 + v2] in transition state
I© and charges/discharges the output capacitances of the IGBTs
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Fig. 7. Voltage adjustment of Csn with switching signal synchronization
during the transition A© → C©. The same principle applies to a transition from
C©→ A©. (a) Switching signals during state transition. (b) and (c) Current paths

during transition states I© and II©.

accordingly. Again, the IGBTs SL2 and SL4 turn-ON with the
falling edge of the current sign at zero voltage and zero current at
t3. In the case, where charging ofCsn is necessary, the procedure
follows the same signal synchronization, with charging occur-
ring during transition state II©. The same principle applies to
the reverse switching actions. The detailed implementation with
switching signal synchronization is covered in Section V-A.

V. PRACTICAL REALIZATION OF THE PROPOSED TOPOLOGY

To verify the proposed concepts, a single-phase 2 kW inverter
prototype operating with TCM modulation and powered by a
1.5 kV 4-level dc-link was designed and built. A photograph of
the assembled prototype is presented in Fig. 8.

Fig. 8. Experimental prototype of the single-phase 4-level TCM inverter.

It consists of several key components arranged on two stacked
PCBs and an inductor designed with a ferrite core. The upper
PCB includes a microcontroller unit (MCU) with a measurement
processing unit for inverter control, TCM switches equipped
with gate drivers, output and snubber capacitors, and a shunt
resistor for inductor current measurement. The lower PCB con-
tains the level stage switches with their gate drivers and heat
sink, along with the dc-link capacitors and voltage measurement
circuitry. Data communication is carried out over a serial link
using optical fiber. Thanks to the advantages of soft-switching,
the inverter requires no active cooling and is cooled by natural
convection.

A. Hardware Design and Control Algorithm Implementation

The control unit’s schematic and the hardware setup for gate
signal generation with synchronization capability are shown in
Fig. 9.

The control system consists of a hybrid circuit that uses both
analog and digital components. The TCM controller shown in
Fig. 9(a), implemented using discrete logic devices, is integrated
into a separate circuit at the output potential and operates at a
high variable frequency. The MCU samples at a lower constant
frequency of 30 kHz to control the current envelope gener-
ator, the dead-time generator, and the level stage controller.
Digital isolators separate the TCM controller and the MCU.
Since the logic circuit of the TCM controller is at the output
potential, a precise wideband analog signal isolator is no longer
necessary. Consequently, the signals between the grounded
MCU/synchronization circuit and the TCM controller at the
output potential are exclusively digital.

Controlling the proposed inverter requires measuring the out-
put voltage vac as well as the dc-link voltages v2, v3, and Vdc.
Furthermore, measuring the inductor current iL and detecting
its zero-crossing is essential for the correct operation with TCM
modulation and for achieving a precise switching timing of
the level stage transistors. Therefore, iL is measured using a
shunt resistor, amplified, and its current sign is determined. The
measurement method provides a low-cost solution with very
high accuracy and high bandwidth. Compared to the current
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Fig. 9. (a) Schematic of the basic control unit consisting of a TCM controller
floating at the output potential and a ground-referenced MCU. (b) Generation of
the gate signals for the level stage switches SL1∼L6 with synchronization unit.

measurement method presented in [17], this approach is sim-
plified and does not require galvanic isolation of the analog
signal, making it ideally suited for the proposed TCM-operated
topology.

Based on the voltages and currents sampled, the MCU gener-
ates the required current envelope, as depicted in Fig. 3(b), with a
sampling frequency of 30 kHz during operation. The current en-
velope values are then transmitted through the serial peripheral
interface (SPI) to the digital-to-analog converter (DAC), which
converts them back into an analog signal. Using the current
envelope and the measured inductor current, the TCM controller
generates the control signals s1 and s2 for the TCM transistors at
a high operating frequency. To achieve full ZVS, the rising edges
of the control signals are delayed by the required dead-time, and
the adapted switching signals are subsequently forwarded to the
gate driver units.

The control signals are synchronized in two stages using a
simple logic circuit to ensure optimal timing of the synchroniza-
tion unit, as depicted in Fig. 9(b). Examples of the synchronous
control concept employed to achieve ZVS and ZCS in the level
stage during different state transitions are illustrated in Figs. 6
and 7. At time instant t0, the recalculated switching states of
the level stage transistors are stored in the buffer using the rising
edge of s1 or s2. The switching signals are then synchronized for
execution at t1 and t3 with the zero-crossing of iL, using either
the rising or falling edge of the current sign for synchronization.

The signal and edge selection of the two-stage synchroniza-
tion process are summarized in Table V for all state transitions.

B. Component and Parameter Selection

Selecting appropriate components and parameters is crucial
for the correct operation of the proposed 4-level TCM inverter.
The optimal design depends on the specific application and its
design objectives, such as the minimum and maximum switching
frequency. The following discussion highlights the key consid-
erations for the assembled prototype. An overview of the design
is provided in Table VI.

Semiconductor devices: Given the asymmetrical dc-link, a
hybrid configuration with different semiconductor technologies
and voltage ratings is optimal for cost and performance. Accord-
ing to [42], minimizing residual ZVS losses in soft-switched
operation requires power devices with a very low internal gate
resistance Rg,int and a low input capacitance Ciss. Based on
this, the design employs four 1200 V / 75 mΩ SiC MOSFETs
Sanan AMS1200075P (two devices paralleled per switch) to
form the 2-level TCM half-bridge. As shown by [34], Infineon’s
High Speed 3 IGBTs demonstrate particularly favorable forward
recovery characteristics. Therefore, the level stage includes four
1200 V Si IGBTs Infineon IKY50N120CH3 with co-packaged
freewheeling diodes and two 250 V / 20 mΩSi MOSFETs Infineon
IPB64N25S3-20.

Inductance L: The choice of the inductance decisively de-
termines the switching frequency of the TCM transistors. To
enable high switching frequencies with short rise and fall times
of the current, a small inductance of 40 μH is entirely sufficient,
thereby contributing to a compact and lightweight design. It is
important to highlight that L also influences the selection of the
design parameters n and Itcm, as well as the value of icharge,min.
Therefore, the optimal design may require an iterative approach,
starting with the choice of L.

Snubber capacitance Csn: To effectively decouple the TCM
stage from the level stage and mitigate the forward recovery
effects, a snubber capacitor is installed between the two stages.
Csn serves to reduce the high current slopes through the IGBTs
and absorbs the current surges. Class 1 ceramic capacitors or
film capacitors are preferred for this purpose due to their ability
to handle high current gradients without significant piezoelectric
effect, as well as their low ESR for minimal heat generation and
high stability [34]. The snubber capacitor should be chosen as
large as possible to enhance the decoupling effect and minimize
forward recovery effects. However, as indicated in Table IV,
icharge,min is determined by the ratio Csn/L and thus increases
with larger capacitance values. Therefore, a tradeoff must be
made when selecting Csn. According to [34], even a relatively
small capacitance on the order of tens of nF is sufficient to
achieve the desired effect. In this design, C0G MLCCs with
a total capacitance of 56 nF were chosen to balance these
considerations.

Reverse inductor current Itcm: This design parameter defines
the FRC set point within the hysteresis control, enabling an alter-
nating current flow through the inductor during each switching
cycle. Achieving full ZVS requires a sufficiently high reverse
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TABLE V
TWO-STEP SWITCHING SIGNAL SYNCHRONIZATION OF THE TRANSISTORS SL1 TO SL6 IN THE LEVEL STAGE

TABLE VI
MAIN DESIGN PARAMETERS AND COMPONENTS OF THE PROTOTYPE

current, which is determined by the inductance L and the output
capacitance Coss of the transistors S1 and S2 [12], [43]. At the
start of each commutation process, the energy stored in L must
exceed the energy required to fully charge and discharge the out-
put capacitances. During the output voltage zero-crossing, the
energy necessary to charge Coss reaches its maximum, thereby
estimating the minimal required Itcm under the simplification
that Vdc/2 
 vn as follows:

1

2
LItcm

2 > 4Eoss = 4

[∫ 800 V

0

vdsCoss (vds) dvds

]
. (21)

According to (21), with a stored energy in Coss of Eoss = 30 μJ
at Vds = 800V [44], the minimal Itcm is approximately 2.5 A.
To maintain a margin and avoid unnecessary additional conduc-
tion losses, a reverse inductor current of 3.5 A was set in the
controller.

Voltage ratio n: The voltage ratio n and the inner dc-link
voltage vn are key design parameters in the 4-level topology. The
lower limit of vn is set by the minimum acceptable switching
frequency and the maximum tolerable output-voltage ripple.
Considering the load phase-angle range, the design parameters
Itcm, L, and a specified minimum switching frequency at the
voltage zero-crossing, the minimum required voltage ratio nmin

is derived from (8). From (6), it is evident that n has only a

minor effect on fsw,max as long as n � 1. The upper bound is
constrained by the device voltage ratings and the required charge
current during state transitions when using a hybrid Si+SiC
configuration. Since the voltage across Csn must be actively
adjusted by 2vn at each transition,n should be selected so that the
charge current remains within the allowable limit. Using (20),
an upper limit with a given permissible Icharge,min during state
transitions can be estimated as

nmax =
Icharge,min

Vdc

√
L

2Csn
. (22)

A value of vn = 50V (with n = 1/15) was chosen to balance
these considerations and ensure safe operation with 1200 V
power devices.

DC-link capacitance C1∼4: To keep the voltage fluctuation
within acceptable limits during a fundamental cycle, a capac-
itance of sufficient size must be installed in the dc-link. From
both an energy-related safety perspective and a cost perspective,
it is preferable to design the inner low-voltage capacitorsC2 and
C3 with a large capacitance.

Dead-time Tdead: The required dead-time of the TCM
switches depends on the instantaneous value of iL. The controller
sets it so that Coss of both TCM switches are fully charged and
discharged to achieve complete ZVS during each switching tran-
sition. Therefore, the dead-time varies between 50 and 400 ns
throughout the fundamental cycle.

The control algorithm is fully implemented in an Infineon
XMC4800-F144K2048 AA general-purpose MCU.

VI. EXPERIMENTAL RESULTS

Unless otherwise specified, the inverter design discussed
above was experimentally verified at the operating point
presented in Table VII. A Keysight MXR608A oscilloscope with
DP0001A and N2790A differential voltage probes and N2783B
current probes were used to acquire all relevant time signals
simultaneously.

A. Results Over Fundamental Cycles

Fig. 10 presents the inverter’s key waveforms and the time-
dependent switching frequency of the TCM switches over two
and a half fundamental cycles.
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TABLE VII
EXPERIMENTAL OPERATING POINT PARAMETERS

Fig. 10. Experimental results at nominal load over two and a half fundamental
cycles. (a) Inverter output voltage and node potentials of the TCM stage.
(b) Triangular inductor current and output current. (c) Instantaneous switching
frequency of the TCM switches, with fsw,min = 60 kHz and fsw,max = 400 kHz.

Due to the high switching frequencies, the inverter achieves
quasi-sinusoidal output waveforms solely through the filtering
action of the inherent LC components in the TCM stage. TCM
operation is maintained throughout the entire fundamental cycle.
Symmetrical potential waveforms indicate a balanced dc-link
with a uniform use of the states B© and D©, demonstrating the
effectiveness of the applied balancing method. The parasitic
oscillation between L and Coss of S1 and S2 after the TCM
switch turns OFF causes slight deviations between the mea-
sured inductor current envelope and the simulated waveform
in Fig. 3(b) with FRC. This discrepancy can be attributed to
the varying resonance amplitudes throughout the fundamental
cycle. Boundary compensation techniques, such as those men-
tioned in [25], would further improve the envelope shape. In
addition, individual current peaks in iL are noticeable in the area
of state transitions. At these specific time instants, the controller
sets iL based on the required value of icharge,min as outlined in
Table IV, rather than following the specified current envelope
of the TCM operation. The inductor voltage and load current

Fig. 11. Voltage adjustment of Csn with switching signal synchronization
during the transition (a) A©→ B© and (b) B©→ A©.

primarily determine the instantaneous switching frequency of
the TCM switches. For the present design and operating point,
the minimum and maximum switching frequencies were roughly
60 and 400 kHz, respectively, corresponding to a frequency
ratio of 6.7 (fsw,max/fsw,min). The switching frequency obtained
from the measurement results aligns well with the waveform in
Fig. 3(c) using (5). However, due to the mentioned current peaks
at state transitions, fsw is observed to dip below the analytical
prediction. This should be considered when selecting n in the
design process.

B. Results During Switching State Transitions

To verify the soft-switching operation within the level stage,
different switching transitions were acquired to assess the cor-
rect functioning of the switching signal synchronization and the
voltage adjustment of the snubber capacitor. Fig. 11 shows the
measured curves for the switching transitions between states A©
and B©.

A closer look at the potential waveforms ϕtcm+ and ϕtcm−
reveals a minimal, negligible forward recovery effect in response
to switching within the TCM stage. The output voltage ripple
is larger in Fig. 11(b) due to the lower instantaneous switching
frequency and the higher output current. However, the ripple
remains within the desired range thanks to the selection of a
sufficiently large output capacitance Cac. The control signals
forwarded to the gate driver units are displayed at the bottom.
In practical implementation, the entire signal synchronization
is slightly shifted to compensate for component-induced de-
lays within the signal path. Thus, the switching signals of the
transistors SL5 and SL6 change their value prematurely, with a
current hysteresis of ± 2 A. The charge/discharge duration of
Csn depends on the instantaneous inductor current iL. Once the
voltage vC,sn across Csn has fully adjusted to the voltage of the
target state, the respective transistor turns ON at zero voltage.

The switching transitions in the area of a voltage zero-crossing
from state A© to C© and vice versa are shown in Fig. 12. As
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Fig. 12. Voltage adjustment of Csn with switching signal synchronization
during the transition (a) C©→ A© and (b) A©→ C©.

SL5 and SL6 are synchronized to the same current sign reversal
when transitioning between the states A© and C©, both transis-
tors would switch simultaneously according to the procedure
described in Section V-A. To prevent a possible short circuit,
a dead-time of about 100 ns is incorporated into the practical
implementation. The value td indicated in the time diagram
represents the sum of the dead-time set in the gate driver plus
the response delay of the gate circuit, totaling roughly 195 ns.

C. Efficiency

Further investigation included efficiency measurements using
the precise power analyzer Yokogawa WT5000. The measured
efficiency excludes the power losses of the gate driver, voltage
and current measurement circuits, and the control circuitry,
which are minor and amount to only a few watts. To ensure
realistic efficiency results, measurements at each operating point
were conducted under steady-state conditions for more than
5 min. Fig. 13 shows the inverter’s efficiency versus the modu-
lation index for two resistive loads (ϕ ≈ 0).

The lowest output power measured at M = 0.3 was 100 W.
Lower modulation indices down to M ≈ 0.15 are achievable,
but they require an extended control scheme to maintain voltage
balance among the dc-link capacitors. The results indicate that
efficiency increases with higher output power, achieving a full-
load efficiency of more than 98.6% atM = 0.9 andPac ≈ 2 kW,
despite the use of a hybrid topology consisting of Si IGBTs and
low-voltage Si MOSFETs. Since the novel TCM-operated inverter
inherently achieves high output voltage quality, it eliminates the
need for additional sine-wave filtering. Consequently, efficiency
reductions due to downstream filtering, often required by con-
ventional PWM-operated inverters, are not expected.

Fig. 13. Measured efficiency as a function of the modulation index. The
measured modulation indices range from 0.3 to 0.9, corresponding to rms output
voltages between 160 and 478 V.

Fig. 14. Switching frequency profile over one fundamental cycle using TCM
operation in different topologies: (a) proposed 4-level topology and (b) conven-
tional 2- and 3-level topologies.

Several approaches are available to further improve efficiency.
One involves combining TCM with discontinuous modulation
(DPWM) schemes, as demonstrated in [45]. Conversely, in [19],
[20], [22], [46], the inverter control alternates between TCM
at high load currents and DCM at low load currents within
each fundamental cycle. Furthermore, the combination of TCM
at low load currents and continuous conduction mode (CCM)
at high load currents has been examined in [47]. All these
operational strategies, including the various current envelope
schemes mentioned in Section II-B, are also applicable to the
proposed topology. If cost is not a primary concern, unipolar
devices can replace Si IGBTs in the level stage as an additional
measure to reduce power losses, especially the forward recovery
losses associated with the hybrid configuration discussed in
Section II-C.

VII. COMPARISON WITH OTHER TOPOLOGIES

To evaluate the presented topology based on its characteris-
tics, it will be qualitatively compared in the following with the
TCM-operated 2-level and 3-level variants as well as with the
hard-switched 3-level ANPC in CCM operation. Fig. 14 displays
the switching frequency profile over one fundamental cycle for
different voltage levels, all evaluated at the same operating point
and with the same design parameters listed in Tables VI and VII.
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TABLE VIII
COMPARISON OF DIFFERENT TOPOLOGIES APPLYING TCM AND CCM MODULATION

Based on the simplified analysis, continuous TCM operation
is feasible for the proposed topology within an fsw-range of
90 to 450 kHz. In the 2-level case, the switching frequency
diverges at integer multiples of π (voltage zero-crossings) when
using a FRC envelope. Widening the current envelope around
zero-crossings can reduce the maximum switching frequency,
but this incurs the penalty of increased rms current and higher
conduction losses. In the 3-level case, the voltage across the
inductor at the voltage zero-crossing is insufficient to build up
a sign-reversing TCM current. Therefore, the transistors must
either switch hard or the output voltage must be clamped in that
region. For the specific case of the T-type NPC topology, TCM
can only be realized through unipolar modulation1 in the region
of voltage zero-crossings. Table VIII summarizes and compares
the main characteristics of the different topologies and operating
principles.

In the proposed topology, either two or three switches conduct
the inductor current at any given time. The average number
of current-carrying devices depends on the modulation index
and, consequently, on the output voltage. This differs from a
conventional 2-level inverter, where only one switch conducts
the current, and from a 3-level T-type NPC inverter, which
requires one or two switches. However, this topology reduces
the voltage stress on the semiconductor devices to roughly half,
enabling operation at double Vdc using the same components.
Consequently, the output current is halved for the same Pac and
M . Therefore, current conduction through multiple devices does
not necessarily constitute a notable disadvantage.

1Switching is performed exclusively between the positive and negative dc-link
rails, with the zero-voltage state suspended.

The output voltage harmonic distortion is lowest in both
the proposed topology and the 3-level T-type inverter because
they provide more than two output voltage levels, allow higher
switching frequencies compared to CCM operation thanks to
soft-switching, and already include the sine-wave filter by de-
sign. The main tradeoff lies in system and control complexity,
which is greatest in the proposed topology due to the more com-
plex charge balancing of the 4-level dc-link and the continuous
adjustment of the voltage across Csn during operation.

VIII. CONCLUSION

This article introduces a novel TCM-operated inverter topol-
ogy with an asymmetrically subdivided 4-level dc-link that
integrates Si and SiC power semiconductor devices. The de-
sign successfully achieves full soft-switching capability for all
transistors and across all transitions without requiring additional
resonant components. This is accomplished by overlapping
voltage ranges, which provide the necessary voltage to build
up an alternating triangular inductor current, even at output
voltage zero-crossings. The hybrid configuration combines the
fast switching capabilities of SiC MOSFETs with cost-effective
Si IGBTs and low-voltage Si MOSFETs, achieving a peak
efficiency of more than 98.6% at nominal load. Experimen-
tal results validate the design’s capability in maintaining soft-
switching and demonstrate the effectiveness of the dc-link volt-
age control method. Due to its advantageous characteristics, the
proposed multilevel TCM inverter is capable of covering low-
power applications in the medium-voltage range, where high
requirements for power density, EMI, and voltage quality must
be met. Future work might focus on refining design parameters
and further optimizing the topology for specific applications.
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