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Design and Implementation of a Flyback-Assisted
Wide-Range Fully Soft-Switched T-Type Inverter

Naim Suleyman Ting , Member, IEEE, Yakup Sahin , and Mehmet Cihat Ozgenel

Abstract—A novel soft-switched three-level T-type inverter is
proposed in this article. The proposed inverter provides turning-ON
by zero-voltage transition and turning-OFF by zero-voltage switch-
ing (ZVS) for main switches without any voltage or current stresses.
The switching energies are transferred to the snubber capacitors, so
the turning-OFF process of the main switches is improved by these
snubber capacitors. Besides, the auxiliary switches are turned ON
by zero-current switching and turned OFF by ZVS. Furthermore,
all snubber diodes are operated by soft-switching (SS), and the
proposed SS snubber cell decreases the electromagnetic interfer-
ence noises. The novel snubber cell has a simple structure, ease
of application, common-ground switches, and low-cost features.
The theoretical analysis of the inverter is clarified, and the op-
erating modes for steady-state analysis are presented in detail.
The experimental results rated 1-kW output power and 100-kHz
switching frequency are provided to justify the theoretical analysis.
The proposed unique snubber cell can be easily implemented in
other three-level inverters, and the practice is demonstrated in the
article.

Index Terms—Active snubber cell, soft switching (SS), three-level
inverter (3LI), T-type inverter, zero-voltage transition (ZVT).

I. INTRODUCTION

DC–AC power converters are used in many critical fields in
which power density and efficiency are significant issues,

including photovoltaic power systems, electric vehicle drivers,
and uninterruptible power supply systems. DC–AC convert-
ers are configured as two-level (2LIs), three-level (3LIs), and
multilevel inverters (MLIs). Conventional 3LIs have several
advantages over 2LIs, including improved harmonic distortion,
reduced switching losses, and higher power density. Besides,
MLIs provide many advantages over 3LIs, such as more si-
nusoidal output voltage, reduced semiconductor voltage stress,
and improved efficiency. Although increasing the voltage level
at output voltage provides many advantages, it induces more
complexity, control difficulty, and increased cost. Accordingly,
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Fig. 1. Circuit of a conventional single-phase 3LT2I.

the price–performance ratio is essential for choosing an inverter,
and 3LIs present a great opportunity for such.

Three-level T-type inverter (3LT2I) illustrated in Fig. 1 is a
popular converter and presents unique advantages in the family
of 3LIs. This inverter has fewer components: a simple structure,
ease of control, and low-cost features. Besides, it can handle
higher power levels due to its multilevel capability [1].

The three-level I-type inverter, named three-level neutral-
point clamped inverter (3LNPCI), was first introduced in [2].
Notwithstanding the structure of 3LT2I and 3LNPCI converters
is similar, a 3LNPCI includes two extra power diodes than 3LT2I.
These additional semiconductor diodes lead to conduction loss
and decrease the total efficiency of the converter [3]. Hence,
3LT2I has better efficiency, in particular, at low switching fre-
quencies. However, the efficiency of 3LT2I is reduced compared
to 3LNPCI at high switching frequencies and high input volt-
ages, since the leg power MOSFETs of 3LT2I are exposed to more
dc voltage, and the high voltage leads to an increased switching
power loss. Consequently, a 3LT2I has a lower cost and simple
structure than a 3LNPCI owing to fewer component numbers
[4].

3LT2I has received great attention from researchers, particu-
larly in medium to high power [5]. Subsequently, several other
topologies have been introduced to the literature to improve
3LT2I. A new topology called a square T-type module is created
by connecting two T-type inverters as back-to-back connections
[6]. This converter increases both the voltage level and output
power. Additionally, reducing the number of components used
in the converter is essential when the voltage level is increased.
Therefore, a generalized switch-ladder topology with the low-
est switch count among all the currently available cascaded
MLIs is created, further optimizing the T-type-based module
structure [7].
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3LT2Is have two dc bulk filter capacitors to supply divided
input voltage, and these capacitors have large equivalent se-
ries resistors (ESRs) that increase power losses. Moreover, the
inverters require an LC output filter because the output volt-
age is square. The internal resistor inductor and ESR of the
capacitor increase power consumption. Additionally, the input
bulk capacitors and output filters increase the power loss and
cost while decreasing the power density because they have
large sizes. Increasing the switching frequency decreases the
size of the inductor and the capacitor used in the converter.
Consequently, using smaller value inductors and capacitors in-
creases power density and reduces power loss and cost. How-
ever, the switching power loss and electromagnetic interference
(EMI) are increased at high switching frequencies. To over-
come these issues at high switching frequencies, soft-switching
(SS) techniques should be implemented [8]. These techniques
performed by snubber cells keep the total efficiency higher
because of the reduced switching loss, and decrease the cost
as well as increase the power density due to smaller value
LC components and size of heatsinks. Moreover, the dynamic
performance of the converter is improved and the EMI is re-
duced owing to slowing dv/dt and di/dt [9], [10], [11], [12].
SS techniques are provided by the passive and active snubber
cells.

Passive snubber cells include passive components, such as
inductors, capacitors, and diodes. They provide zero-current
switching (ZCS) or zero-voltage switching (ZVS) for the power
semiconductors to reduce switching power loss. The passive
snubber cells are easy to implement owing to their simple
structure. Therefore, the application of passive snubber cells is
commonly used as seen in [13], [14], [15], and [16]. The total
cost of the converter may increase since the snubber cell creates
voltage or current stress on the power semiconductors, despite
the passive snubber cells having a low price. Yet again, this
leads to an increased cost for the converter since the voltage or
current rating of semiconductor devices used in the converter is
increased [17], [18], [19], [20]. Furthermore, the working prin-
ciple of a passive snubber cell depends on the resonance between
inductors and capacitors used in the snubber cell. Thus, the LC
resonance duration is crucial for the operating performance of
the snubber. The best performance of the snubber cell is set
to the maximum output power to achieve high efficiency. As a
result, the performance of the passive snubber cell is reduced
at the light loads because of the long resonance duration [21],
[22].

Active snubber cells include an active switch in addition to
passive components to eliminate power losses [23], [24], [25].
Even though the reliability of the converters diminishes due to
the active semiconductor switch, the active snubber cells present
excellent benefits. The switching power losses can be eliminated
by zero-voltage transition (ZVT) and zero-current transition at
the turning-ON and turning-OFF switching, respectively. Besides,
the cost of the main circuit does not increase because, generally,
there is no extra voltage or current stress on the main semi-
conductors [26]. It is commonly known that the active snubber
cells at the light loads usually perform well since they have an
active control method. The inherited feature of active snubber

Fig. 2. Circuit schema (a) and the control block diagram (b) of the proposed
single-phase 3LT2I.

cells enables the operation within a comprehensive output power
range to compensate for the sophistical control of the converter.

This article introduces a novel soft-switched with active snub-
ber cell 3LT2I. This article is the extension of the previously
published conference paper in [5]. The proposed snubber cell
consists of an auxiliary switch, a coupled inductor, two diodes,
and two snubber capacitors for one main power switch. The
proposed inverter enables the main switches to turn ON by ZVT
and turn OFF by ZVS without any voltage or current stresses.
Additionally, the auxiliary switches are turned ON by ZCS and
turned OFF by ZVS. Besides, all snubber diodes are operated by
SS.

II. OPERATION MODES OF THE PROPOSED 3LT2I

A. Conventional Three-Level T-Type Inverter

The circuit of a conventional single-phase 3LT2I, where the
output of each inverter leg is connected to the neutral point of
the inverter through a bidirectional switch is illustrated in Fig. 1.
The bidirectional switches allow a controllable path between the
neutral point inverter and the load terminal. This inverter creates
three states at the output voltage level. The output voltage is 0.5
Vdc when the upper switch Sm1 is in ON-state; the output voltage
inverter is −0.5 Vdc when the lower switch Sm2 is in ON-state;
and the output voltage is zero when Sm3 or Sm4 is in ON-state.

B. Proposed Three-Level T-Type Inverter

The novel soft-switched 3LT2I and its control block diagram
are presented in Fig. 2.

In the inverter’s main circuit, Sm1 and Sm2 are the main leg
switches; Sm3 and Sm4 are the neutral main switches; and also
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Dm1 and Dm2 are the neutral diodes. The proposed snubber cell
includes Sa1 and Sa2 as the auxiliary switches, and the auxiliary
capacitors and diodes are symbolized between Ca1 to Ca4 and
Da1 to Da4, respectively. La1p and La2p exhibit the primary
windings, while La1s and La2s indicate the secondary windings
of each coupled inductor. Finally, ZLoad is the load constructed
by a power resistor and inductor.

In the control block diagram of the proposed inverter, si-
nusoidal PWM (SPWM) signals are obtained by comparing a
reference ac signal to a carrier signal. The SPWM signals are
delayed from the time delay blocks to produce the control signals
of the main switches Sm1 and Sm2. Then, the reverse of produced
signals from the time delay block and the SPWM signals are
passed through the AND logic gate, and the control signals of the
auxiliary switches Sa1 and Sa2 are produced. Finally, the control
signals of the Sm3 and Sm4 switches are created by converting
the reference ac voltage to square waves. Some assumptions are
utilized to help simplify the steady-state theoretical analysis of
the proposed 3LT2I during one switching cycle as follows:

1) The input voltage Vdc and load current io are constant.
2) The auxiliary capacitors Ca1 and Ca2 include parasitic

capacitors of power switches.
3) All parasitic effects and voltage drops are neglected.
In the steady-state analysis of the inverter, the eight oper-

ational modes occur during one switching cycle. The neutral
switch Sm3 is in ON-state, and there is no transition during these
eight modes. Fig. 3 illustrates the equivalent circuits for each
operational mode. Furthermore, the fundamental waveforms of
all operating modes are portrayed in Fig. 4.

Mode 1 [t0 < t< t1: Fig. 3(a)]: Before this mode, all semicon-
ductor switches are in OFF-state except Sm3. This mode starts
when the control signal is applied to the gate of the auxiliary
switch Sa1 at t0. This switch is turned ON by ZCS with the aid of
the series inductor La1p, and so the turning-ON switching power
loss is reduced. The current of Sa1 increases linearly under the
constant input voltage Vdc/2, while the current of Sm3 decreases
during this mode.

When the current of Sa1 reaches the output current, then the
current of Sm3 falls to zero at t1, and this mode is terminated.
The following equations are valid for this mode:

iSa1 = iLa1p =
Vdc

2La1p
(t− t0) (1)

iSm3 = Io − iSa1 = Io − Vdc

2La1p
(t− t0) (2)

t01 =
Io2La1p

Vdc
. (3)

Mode 2 [t1 < t < t2: Fig. 3(b)]: This mode starts when the
neutral main switch Sm3 is turned OFF at t1. An LC resonance
occurs between the inductor La1p and the equivalent capacitors
represented by CS1. The voltage of Ca1 decreases to zero while
the voltage of Ca2 increases to the Vdc level during this mode.
The current of La1p reaches a peak rating when the voltage of
Ca1 falls to zero, and this mode is terminated at t2. Fundamental

equations for this mode are as follows:

iSa1 = iLa1p = Io +
Vdc

2Z1
sin (ω1 (t− t1)) (4)

vCa1 = vSm1 =
Vdc

2
cos (ω1 (t− t1)) (5)

vCa2 = vSm2 =
Vdc

2
(1 + cos (ω1 (t− t1))) (6)

where

CS1 = Ca1 + Ca2 (7)

ω1 =
1√

La1pCS1

(8)

Z1 =

√
La1p

CS1
. (9)

Mode 3 [t2 < t < t3: Fig. 3(c)]: The internal diode of the
main switch Sm1 is turned ON, and this mode is initiated at t2.
This mode is called ZVT mode since the voltage across the main
switch Sm1 is zero during this mode. The control signal is applied
to the gate of Sm1 in the middle of this mode, and the switch
is turned ON by ZVT. The turning-ON switching loss of Sm1 is
eliminated thoroughly and the switch is turned ON completely
lossless. The duration of the ZVT mode should be as short as
possible for fewer conduction losses. The mode terminates when
the control signal of Sa1 is removed at t3. The basic equations
at the end of the mode are as follows:

iLa1p = ILa1p(peak) (10)

iSa1 = Io − ILa1p(peak). (11)

Mode 4 [t3 < t < t4: Fig. 3(d)]: This mode starts when the
auxiliary switch Sa1 is turned OFF. The energy stored in the
primary inductor La1p is transferred to the secondary inductor of
coupled inductor La1s, and resonance occurs between La1s and
Ca3. The Sa1 is turned OFF by ZVS due to the resonance, and the
turning-OFF switching power loss of the switch is reduced. The
output current starts to flow through the main switch Sm1 from
the beginning of this mode. This mode terminates at t4 when
the voltage of Ca3 reaches Vdc/2. For this mode, the following
equations apply:

iLa1s = ILa1s(peak) cos (ω2 (t− t3)) (12)

vCa3 = ILa1s(peak)Z2 sin (ω2 (t− t3)) (13)

where

ω2 =
1√

La1sCa3

(14)

Z2 =

√
La1s

Ca3
. (15)

Mode 5 [t4 < t < t5: Fig. 3(e)]: The neutral main switch
Sm3 is turned ON by ZVS, and this mode starts at t4. Mode 5
occurs when stored energy in the La1s is more than the energy
Ca3 can store. Otherwise, this mode is obsoleted. The current
of La1s decreases linearly under constant Vdc/2 voltage, and a
ripple occurs on the current of Sm1 during this mode. The neutral
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Fig. 3. Equivalent circuits of the operating modes in the proposed 3LT2I: (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5, (f) mode 6, (g) mode 7,
and (h) mode 8.

main switch Sm3 is turned OFF by both ZVS and ZCS when the
current of La1s falls to zero at t5. The equations for this mode
are as follows:

iSm3 = iLa1s =
Vdc

2ILa1s4
(t− t4) (16)

iSm1 = Io − Vdc

2ILa1s4
(t− t4) . (17)

Mode 6 [t5 < t < t6: Fig. 3(f)]: The output current flows
through the main switch Sa1 during this mode. This mode is
called inverter ON-state mode, and the snubber cell is passive in

this mode. The equation for Sm1 is

iSm1 = Io. (18)

Mode 7 [t6 < t < t7: Fig. 3(g)]: The control signal of Sm1

is removed, and this mode starts at t6. The main switch Sm3 is
turned ON at the beginning of this mode. Ca2 and Ca3 discharge,
while Ca1 is charging during this mode. The main switch Sm1 is
turned OFF by ZVS since the voltage across the switch is equal
to zero. Thus, the turning-OFF switching power loss of Sm1 is
reduced. Ca1, Ca2, and Ca3 concurrently reduce the turning-
OFF switching loss, so the snubber cell provides excellent ZVS
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Fig. 4. Fundamental SS waveforms of the proposed 3LT2I.

performance. The voltage equations for the auxiliary capacitors
are as follows:

vCa1 = vSm1 =
Ca1Io
CS2

(t− t6) (19)

vCa2 = vSm2 = Vdc − Ca2Io
CS2

(t− t6) (20)

vCa3 =
Vdc

2
− Ca3Io

CS2
(t− t6) (21)

where

CS2 = Ca1 + Ca2 + Ca3. (22)

Mode 8 [t7 < t < t8: Fig. 3(h)]: This mode starts at t7 and
is called inverter OFF-state mode. The duration of this mode
depends on PWM duration, and the output current flows through
the neutral main switch Sm3. When the control signal is applied
to the gate of Sa1, one switching cycle is completed. At t8, it
returns to Mode 1 and repeats these eight intervals for the next
cycle. The equation for Sm3 is provided as follows:

iSm3 = Io. (23)

III. PERFORMANCE EVALUATION OF THE PROPOSED 3LT2I

A. Design Guideline of the Proposed 3LT2I

1) Determination of La1p and La1s: The primary inductor
windings of the coupled inductors affect the turning-ON switch-
ing power loss of Sa1. To obtain a sufficient ZCS, the current
rise time of La1p must be lower than the rise time of Sa1. Finally,

the value of La1p is equal to the value of La1s because the turns
ratio is equal to 1

La1p = La1s >
1

CS1

(
2tr
π

)2

(24)

where tr is the rise time of the Sa1.
2) Determination of Ca3 and Ca4: The energy storage ca-

pacity of Ca3 should be equal to the stored energy in the La1p at
the maximum output current rating. The large capacity leads to a
long transient resonance duration, while the small value causes
a ripple in the current of main leg switches

Ca3 = Ca4 = La1p

(
2Io(peak)

Vdc

)2

. (25)

3) Determination of Ca1 and Ca2: The ZVS turning-OFF for
the Sm1 strictly depends on the equivalent capacitor CS1. The
duration of voltage rising across the Sm1 should be longer than
the fall time of the switch

CS1 = Ca1 + Ca2 >
2Io(peak)

Vdc
tf (26)

where tf is the fall time of the Sm1.
4) Determination of Turns Ratio (n): The turns ratio is n =

N1/N2, where N1 represents the number of primary windings,
while N2 is the number of secondary windings. The voltage
reflected across the Sa1 decreases when the turns ratio is under
one. However, the coupled inductor may not be reset because
the resonance duration increases. On the contrary, despite the
reduced resonance duration, high-voltage stress occurs across
the Sa1 when the turns ratio is under one. Accordingly, the turns
ratio is selected equal to one for optimum design (La1p = La1s

and La2p = La2s).

B. Soft-Switching Condition and Device Stresses

There are two resonances in the proposed snubber cell: the
first is before the main switch turning-ON process and the other
is at the turning-OFF process. The energy stored in the CS1

capacitor has to ensure adequate current for the ZVT operation.
The maximum ZVT current is obtained near the sinusoidal zero
crossing of the output current

IZVTmax =

√
CS1

La1p

Vdc

2
. (27)

Furthermore, the minimum ZVT current is obtained at the
sinusoidal maximum of the output current

IZVTmin =
√

I2o(peak) + CS1V 2
dc/ (4La1p)− Io(peak). (28)

The maximum value of the output current is considered to
ensure the minimum ZVT duration even in the worst-case con-
ditions

tZVTmin =
2La1p

Vdc
Io(peak) +

π

2

√
La1pCS1. (29)
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TABLE I
TRANSITIONS AND VOLTAGE/CURRENT STRESS OF SEMICONDUCTOR DEVICES

USED IN THE PROPOSED INVERTER

The snubber capacitor is charged by the energy stored in the
coupled inductor as follows:

vCa3 =

√
La1p

Ca3
(Iomax sin (ω3t))

2 +
CS1

Ca3

(
Vdc

2

)2

(30)

where

ω3 = 2πfo (31)

and fo is the output frequency.
ZVS reduces power dissipation on the turning-OFF process

for main switches. The equivalent snubber capacitor CS2 ensures
full ZVS for the main switch at Io(peak) because the design of the
converter is configured for the maximum output current. When
the output current is lower than the maximum level, VCa3 cannot
reach Vdc/2. So first, the ZVS is provided by the equivalent
snubber capacitor CS1 until its voltage reaches Vdc/2−VCa3;
last, CS2 provides ZVS. Accordingly, the ZVS duration can be
calculated as follows:

tZVS=
CS1

Io(peak) sin(ω3t)

(
Vdc

2
−vCa3

)
+

CS2

Io(peak) sin (ω3t)
vCa3.

(32)
The maximum current in the primary of the coupled inductor

is considered when choosing the core and calculated as follows:

ILa1p(peak) =
√

I2o(peak) + 2Ca1V 2
dc/ (4La1p). (33)

The turning-ON and turning-OFF transitions, as well as voltage
and current stress for each semiconductor device, are presented
in Table I. All semiconductor devices are switched by SS tech-
niques, and switching power losses are eliminated or reduced.
Additionally, any voltage and current stress do not occur on the
main semiconductor switches, and the auxiliary devices have no
voltage stress. The neutral switch Sm3 is in ON-state during half
of the output period. Therefore, switching power losses do not
occur, but conduction loss on the switch because the switch does
not require a transition.

C. Power Loss Evaluation

1) Calculation for HS 3LT2I: Two significant losses occur in
an HS 3LT2I: conduction and switching losses. The switching

power loss occurs because of the overlapping voltage across
the switch and the current flows through the switch during the
turning-ON or OFF process. The switching power loss occurs only
on Sm1 and Sm4. Since the neutral switches are continually in
ON-state for each half period, the switching power loss does not
occur on these switches. The switching power loss for each main
switch is equal, and hence the loss calculation for any switch
represents the loss that occurs and is formulated as follows:

Psw(Sm) =
VsmIo(rms)

2
(tr + tf ) fsw (34)

where Psw(sm) is the total switching power loss, fsw is the
switching frequency, and Vsm, tr, and tf are the voltage, the
rise time, and the fall time of the main switch, respectively.

Conduction loss is another loss and depends on the ON-resistor
for MOSFETs or voltage drop for diodes. Any of the power
switches is in ON-state during a switching period. So all switches
can be assumed as one switch for conduction loss calculation as
follows:

PCon(Sm) = RDS(on_Sm)I
2
o(rms)

(35)

where RDS(on˙Sm) is the ON-resistor of the main switch.
The total conduction loss of the main diodes is as follows:

PCon(Dm) = VF (Dm)Io/π (36)

where VF(Dm) is the forward voltage of the main diode.
2) Calculation for SS 3LT2I: The main switches do not have

switching loss but conduction loss in SS 3LT2I. Main switches
and diodes conduction losses are similar to HS 3LT2I. The
switching power loss does not occur on the auxiliary switches,
and the total conduction loss is as follows:

PCon(Sa) = RDS(on_Sa)I
2
Sa(peak)

DSa (37)

where RDS(on˙Sa) is the ON-resistor of the auxiliary switch. DSa

represents the duty cycle of the auxiliary switch and can be
calculated as follows:

DSa =

(
2IoLa1p

Vdc
+

π

2

√
La1pCS1 + topt

)
fsw (38)

where topt is an optional duration used to set ZVT time.
The total conduction loss of the auxiliary diodes is as follows:

PCon(Da) = VF (Da)

(
ISaπ

√
La1pCa3 + Ca3Vdc

)
fsw/2 (39)

where VF(Da) is the forward voltage of the auxiliary diodes.
The leakage inductor loss, the core loss, and the wire loss are

formulated as follows, respectively:

PLlk =
LlkI

2
Sa

2
fsw (40)

PCore = KcB
β
pkf

λ
sw (41)

PWire =
RwI

2
Sa

2

(
DSa +

π
√
La1pCa3

2
fsw

)
(42)

where Llk is the leakage inductor, Kc, β, and λ are constants
depending on the core, Bpk is the flux swing of the core, and Rw

is the wire resistor.
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TABLE II
POWER LOSSES OF EACH SEMICONDUCTOR DEVICE

The calculations are realized for each semiconductor device
used in HS and SS inverter operation at 1-kW output power
to determine the switching and conduction losses, as Table II
outlines.

D. Parasitic Effects on the Inverter

The parasitic capacitors of power MOSFETs have small values
than the snubber capacitors. Therefore, parasitic capacitors are
assumed in the snubber capacitors and are neglected in the
theoretical analysis. However, the leakage inductor of coupled
inductor leads to significant issues. The current stored in the
leakage inductor leads to a high-voltage spike when the auxiliary
switch is turned OFF. Besides, a power loss occurs because of
the leakage inductor. A basic snubber is added to the parallel
of the primary windings to overcome the voltage spikes. Hence,
the peak voltage of the auxiliary switch is reduced to about 1.5
Vdc/2, as illustrated in Fig. 5(b). A tight winding and a suitable
core selection are required to reduce the leakage inductor issues.
A powder core toroid is used in the coupled inductor since this
core leads to low loss, and the air gap is evenly distributed in the
core shape. Then, the value of the leakage inductor is reduced.

An oscillation occurs on the current flow through the main
switch, which can be observed in Fig. 5(a), and this underdamped
oscillation is expressed as follows [27]:

I (t) = K1e
−αt sin (ωrt) (43)

where K1 is the peak value of the oscillation current, α is the
damping factor, and ωr is the oscillation frequency. Ultimately,
this oscillation does not affect the proposed inverter’s SS or
normal PWM operation.

IV. HARDWARE IMPLEMENTATION AND EXPERIMENTAL

VERIFICATION

An experimental prototype of the proposed 3LT2I is set up
under 100 kHz switching frequency and 1 kW output power
to verify the theoretical analysis. The semiconductor devices
used in the proposed 3LT2I are introduced in Table III. The
corresponding fundamental parameters of the proposed inverter
are summarized in Table IV.

Fig. 5 presents the voltage and current waveforms of both
Sm1 and Sa1 with the control signals at full load. The voltage
of Sm1 has fallen to zero, and then the internal diode of the
switch is turned ON with the aid of the snubber cell. The voltage

Fig. 5. Experimental results at full load. (a) Control signals of Sm1, Sa1, the
voltage and current of Sm1. (b) Control signals of Sm1, Sa1, the voltage and
current of Sa1.

TABLE III
SEMICONDUCTOR DEVICES USED IN THE PROPOSED INVERTER

TABLE IV
PARAMETERS OF THE EXPERIMENTAL VERIFICATION

and the current of Sm1 are zero when the switch is turned ON,
as shown in the ZVT region in Fig. 5(a). Thus, the turning-
ON switching power losses are eliminated by ZVT switching.
Furthermore, when the switch is turned OFF, the voltage across
the switch is zero, and then the voltage rises slowly with the aid
of the equivalent snubber capacitor CS2. Hence, the turning-OFF
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Fig. 6. Experimental results at light load. (a) Control signals of Sm1, Sa1, the
voltage and current of Sm1. (b) Control signals of Sm1, Sa1, the voltage and
current of Sa1.

switching losses are significantly reduced by ZVS switching,
as shown in the ZVS region in Fig. 5(a). The extra voltage or
current stress does not occur on the Sm1.

Fig. 5(b) shows that the current of the auxiliary switch rises
slowly because of the series La1p inductor when the switch
is turned ON. The turning-ON switching power losses of Sa1
are reduced by ZCS switching. Additionally, when the switch
is turned OFF, the energy stored in the coupled inductor is
transferred to the snubber capacitor Ca3 by secondary inductor
La1s. The voltage produced by La1s increases from zero to Vdc/2
because the voltage across Ca3 is zero when the switch is turned
OFF. Finally, the turning-OFF switching power losses of Sa1 are
reduced by ZVS. The extra voltage stress does not occur on the
Sa1 and the current stress of the Sa1 is significantly low.

Fig. 6 shows the voltage and the current waveforms of Sm1

and Sa1 with the control signals at light load. The main switch
Sm1 is turned ON by ZVT and turned OFF by ZVS, and also the
auxiliary switch Sa1 is turned ON by ZCS and turned OFF by
ZVS under light load. Consequently, the proposed snubber cell
properly works under light loads, and switching power losses
are eliminated for the main switch.

The control signals of the main and auxiliary switches, the
voltage of snubber capacitor Ca3, and the current of the La1p

and La1s are presented for the full output load in Fig. 7. Since
the turns ratio of coupled inductor is one, the current levels
of the primary and secondary windings are similar when the
Sa1 is turned OFF. The coupled inductor transfers its energy to
the snubber capacitor Ca3 and charges the Ca3 to Vdc/2. The

Fig. 7. Experimental waveforms at full load. (a) Control signal of Sm1, Sa1,
the voltage of Ca3 and the current of La1p. (b) Control signal of Sm1, Sa1, the
voltage of Ca3 and the current of La1s.

maximum voltage level of Ca3 cannot exceed Vdc/2 and does
not produce voltage stress on the semiconductor devices. The
fully charged capacitor Ca3 discharges when the main switch
is turned OFF, which helps reduce the main switch’s switching
power losses during the turning-OFF process.

The voltage and the current waveforms for the input and
output are presented in Fig. 8. The input voltage level Vdc is
equal to 400 V when the maximum of the square output voltage
level is equal to 200 V. Moreover, the output current is sinusoidal
because the ZLoad is constructed by RL and the input current is
a direct current.

The overall efficiency of the proposed novel 3LT2I is illus-
trated in Fig. 9. The maximum efficiency of the proposed SS
inverter is 96.6% at the full output power, while the efficiency of
the HS inverter is 92.4%. The calculated efficiency is presented
in Table II. There is a difference of %1.5 between calculated and
measured efficiency in SS operation. A difference of 1.3% occurs
between calculated and measured efficiency in HS operation.
These differences are from the unmeasurable losses and the
nonlinearity of the components.

The proposed unique snubber cell can be easily implemented
in other 3LI. The implementation of the novel snubber cell to
a single-phase of an NPCI, and a voltage-source inverter is
illustrated in Fig. 10.

The proposed inverter is compared with other SS 3LIs in
the literature, and the comparison is presented in Table V. The
study in [22] introduces a passive snubber cell, and the snubber
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Fig. 8. Experimental waveforms at full load. (a) Output voltage and current.
(b) Input voltage and current.

Fig. 9. Overall SS and HS efficiency curves of the proposed 3LT2I.

has a simple structure. However, its switching frequency and
efficiency are lower than the proposed inverter. The inverter
introduced in [25] has an active snubber cell for T-Type inverters.
This article is more expensive and has sophisticated control from
the proposed inverter as it has more components and an extra
flyback circuit. Furthermore, the proposed inverter has better
efficiency owing to fewer conduction losses. The findings in [28]
reveal that the converter has high efficiency since the switching
frequency is only 3 kHz. However, SS does not require such low
switching frequencies. Moreover, this inverter consists of many
auxiliary semiconductors.

Consequently, the proposed inverter is cheaper, simpler in
structure, and easier to control than the one proposed in [28].

Fig. 10. Implementation of the proposed snubber cell to a single phase of
(a) NPCI and (b) VSI.

TABLE V
OVERVIEW COMPARISON OF THE PROPOSED INVERTER WITH OTHER SS 3LIS
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Fig. 11. iTHD and vTHD variations versus (a) modulation index and (b) output
power.

The study in [29] includes many auxiliary passive components in
addition to switches, and the switching frequency of the inverter
is pretty low. Using more devices increases the cost of the in-
verter and complicates the control. Additionally, the conduction
power loss increases and the total efficiency decreases since
auxiliary inductors are connected to the main current path.

The total harmonic distortion (THD) performance of the
proposed inverter has been analyzed and the output current
THD (iTHD) and the output voltage THD (vTHD) curves are
portrayed in Fig. 11. The percentage change of iTHD and vTHD
according to the modulation index is presented in Fig. 11(a).
The converter’s THD performance is improving at a higher
modulation index. Further, iTHD and vTHD are examined in
terms of output load variations. The modulation index is chosen
as 0.8 at the different loads since this modulation index provides
minimum THD, and the THD curves are presented in Fig. 11(b).
The iTHD is 3.27% and the vTHD is 2.2% at the full output
power condition, which are well below the IEEE 1547 standards.

V. CONCLUSION

This article introduces a novel ZVT active snubber cell for
a 3LT2I. The main switches are switched by ZVT and ZVS
at the turning-ON and the turning-OFF processes, respectively.
Hence, the switching power losses of the main semiconductors
are eliminated, and the total efficiency of the inverter is saved.

The semiconductors in the snubber cell are switched with SS
techniques. There are no extra voltage and current stress on the
main semiconductor switches. The proposed snubber cell has
a lower cost and a simpler structure than other SS 3LIs with
active snubber cells due to the involvement of fewer devices.
Moreover, the snubber cell has an easy control feature because
of the common ground between the main and the auxiliary
switches. A detailed theoretical analysis of the novel inverter is
conducted, and an experimental prototype is set to demonstrate
the theoretical analysis. The voltage and current waveforms
for semiconductor devices are presented for full and light load
conditions. The novel inverter is operated at 100 kHz switching
frequency, and 96.6% peak efficiency is evaluated at 1-kW full
output power.
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[25] H. Bodur, E. Akboy, and H. Yeşilyurt, “A new and modular active snubber
cell for inverters,” IEEE Trans. Ind. Electron., vol. 67, no. 1, pp. 288–296,
Jan. 2020, doi: 10.1109/TIE.2019.2896126.

[26] A. Penczek, A. Mondzik, S. Piróg, M. Twaróg, and R. Stala, “New three-
level soft turn-off T-type NPC inverter,” in Proc. 21st Int. Symp. Power
Electron., 2021, pp. 1–5, doi: 10.1109/Ee53374.2021.9628388.

[27] H. Hizarci, U. Pekperlak, and U. Arifoglu, “Conducted emission sup-
pression using an EMI filter for grid-tied three-phase/level T-type solar
inverter,” IEEE Access, vol. 9, pp. 67417–67431, 2021, doi: 10.1109/AC-
CESS.2021.3077380.

[28] Z. Szular, B. Rozegnal, and W. Mazgaj, “A new soft-switching solution
in three-level neutral-point-clamped voltage source inverters,” Energies,
vol. 14, no. 8, Apr. 2021, Art. no. 2247, doi: 10.3390/en14082247.

[29] N. He, Y. Chen, D. Xu, K. Ma, and F. Blaabjerg, “A new zero voltage
switching three-level NPC inverter,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., 2015, pp. 2309–2316, doi: 10.1109/APEC.2015.7104671.

Naim Suleyman Ting (Member, IEEE) was born
in Erzurum, Turkey, in 1988. He received the B.S.
degree in electrical electronics engineering from the
Erciyes University, Kayseri, Turkey, in 2010, and the
M.S. and Ph.D. degrees in electrical engineering from
the Yildiz Technical University, Istanbul, Turkey, in
2013 and 2016, respectively.

He has been an Associate Professor with the
Department of Electrical Electronics Engineering,
Erzincan Binali Yildirim University. He has au-
thored/coauthored more than 50 journal and confer-

ence papers. His research interests include soft switching, power factor correc-
tion, switching power supplies, high-frequency power conversion, and active
and passive snubber cells in power electronics.

Yakup Sahin was born in Adana, Turkey, in 1986. He
received the B.S. degree in electrical electronics engi-
neering from the Inonu University, Malatya, Turkey,
in 2010, and the M.S. and Ph.D. degrees in electrical
engineering from the Yildiz Technical University,
Istanbul, Turkey, in 2013 and 2016, respectively.

He was a Research Assistant, from 2011 to 2016,
with the Department of Electrical Engineering, Yildiz
Technical University. He was an Assistant Profes-
sor, from 2016 to 2021, where, since 2021, he has
been an Associate Professor with the Department of

Electrical Electronics Engineering, Bitlis Eren University, Bitlis, Turkey. He
has authored/coauthored more than 50 technical papers published in journals
and conference proceedings. He was also engaged in nine research projects
involving power electronics. His research interests include novel power converter
topologies, high-frequency soft-switching converters, power factor correction,
switching power supplies, and bidirectional converters.

Mehmet Cihat Ozgenel was born in Erzincan,
Turkey, in 1959. He received the B.S. degree in
electrical education from the Marmara University,
Istanbul, Turkey, in 1985, the M.S. degree in com-
puter science from the Ataturk University, Erzurum,
Turkey, in 1994, and the Ph.D. degree in electrical
education from the Gazi University, Ankara, Turkey,
in 2003.

He has been an Associate Professor with the
Department of Electrical Electronics Engineering,
Erzincan Binali Yildirim University. He has au-

thored/coauthored a textbook and more than 20 journal and conference papers.
His research interests include electric machines and their controls and power
electronics.

https://dx.doi.org/10.1109/ACCESS.2020.3048387
https://dx.doi.org/10.1109/TPEL.2019.2939928
https://dx.doi.org/10.1109/ACCESS.2020.2998147
https://dx.doi.org/10.1109/ACCESS.2020.2998147
https://dx.doi.org/10.1109/ICEMS.2019.8922528
https://dx.doi.org/10.1007/s43236-022-00520-z.
https://dx.doi.org/10.1109/JESTPE.2022.3203614
https://dx.doi.org/10.1109/TIE.2020.3000124
https://dx.doi.org/10.6113/JPE.2019.19.5.1182
https://dx.doi.org/10.1109/TIE.2019.2942540
https://dx.doi.org/10.1109/TPEL.2022.3215204
https://dx.doi.org/10.1109/TIE.2019.2896126
https://dx.doi.org/10.1109/Ee53374.2021.9628388
https://dx.doi.org/10.1109/ACCESS.2021.3077380
https://dx.doi.org/10.1109/ACCESS.2021.3077380
https://dx.doi.org/10.3390/en14082247
https://dx.doi.org/10.1109/APEC.2015.7104671


<<
  /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


