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Abstract—This article proposes a new single-phase three-level
dual-buck inverter. The topology is derived from a simplified
neutral-point clamped inverter that includes fewer active switches.
The advantages of the proposed inverter are no shoot-through
worries and no reverse recovery issue of the body diode of the
power metal-oxide-semiconductor field-effect transistor compared
with the conventional inverter; therefore, a high-reliability inverter
can be achieved. The operation modes and pulsewidth modulation
technique are analyzed in detail. Additionally, a switching scheme
is proposed to balance and reduce the direct-current-link capac-
itance. A 1.4-kW prototype was built and tested to validate the
theoretical analysis of the proposed converter.

Index Terms—.

I. INTRODUCTION

A THREE-LEVEL half-bridge is shown in Fig. 1. A bidi-
rectional switch S3 is connected between the middle point

of the dc-link capacitors and the phase leg (S1 and S2), which
generates three-level output voltages Vdc, Vdc/ 2, and 0. The
half-bridge can be configured with two switches with common
source/drain terminals in series, which is known as a T-type
NPC branch, or with one switch and four external diodes, which
is known as the simplified NPC, as depicted in Fig. 1(b). The
high-side and low-side switches (S1 and S2) block the full dc-link
capacitor voltage. However, the switch S3 only blocks half of
the input voltage; thus, it can be selected with a lower voltage
rating and shows low switching and conduction loss [1]–[3].
Compared with diode NPC (DNPC), flying capacitor (FC),
and active NPC, the number of switches of simplified NPC
is reduced considerably [3]. Additionally, the simplified NPC
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Fig. 1. (a) Three-level half-bridge inverter. (b) Configuration of switch S3.

is one of the best options for low-voltage application among
conventional multilevel inverters, especially grid-tied inverters.
Compared with conventional three-level pulsewidth modulation
(PWM) inverter, although simplified NPC has lower efficiency
(approximately <4%), it gives lower total harmonic distortion
of the output waveforms [4], [5].

The significant advantages of power metal–oxide semicon-
ductor field-effect transistors (MOSFETs) are fast switching, re-
sistive conduction voltage drop, and no turn-OFF tail current,
which provides lower switching and conduction losses than the
insulated-gate bipolar transistor. However, power MOSFETs are
not typically used in high-voltage applications (Vdc > 250 V)
because a large reverse recovery current flows through the
body diode of power MOSFETs, which is related to significant
losses [6]–[8]. It is well-known that the dual-buck structure can
eliminate the reverse recovery problem of the body diode of
power MOSFET. The concept of the dual-buck structure was first
introduced in [9]. It has been researched and applied in a wide
range of power converters, such as dc–ac inverters [10]–[14],
ac–ac converters [15]–[19], and multilevel converters [20]–[22].

The derivation of dual-buck structures for the three-level half-
bridge was presented in [22]–[24], as shown in Fig. 2. The series-
switch (SS) DBI is derived from the DNPC depicted in Fig. 2(a).
When the active switches S1–S4 and diodes D1–D4 are replaced
by the diodes and switches, respectively, the SS DBI is converted
into a series-diode (SD) DBI, as shown in Fig. 2(b). The NPC
and FC DBI are shown in Fig. 2(c) and (d), respectively. In these
configurations, four active switches and four diodes (two diodes
for the FC DBI) are required.

One of the problems of the three-level inverter is the unbal-
anced dc-link capacitor voltages, which can reduce the quality
of the output voltage and current, increase the voltage stress
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Fig. 2. Three-level half-bridge DBI. (a) SS. (b) SD. (c) NPC. (d) FC.

on the switches, damage the dc-link capacitor, and eventually
kill the switching devices. The main cause of voltage balancing
is the unequal charged and discharged currents at the middle
point of the dc-link capacitor. The neutral-point self-balancing
of five-level inverters is related to the modulation index, which
is mentioned in [22]. When the modulation index is low, the ad-
ditional neutral-point balancing method is employed. However,
a large dc-link capacitance is needed to maintain the constant
voltage on the capacitors. For these reasons, the motivation
of this article is to obtain a high-reliability inverter, use less
switching devices, and reduce the capacitance of the dc-link
capacitor.

This article proposes a new single-phase three-level DBI that
uses fewer active switches and has all the advantages of the
DBI and three-level inverter. Compared with the conventional
simplified NPC inverter, the proposed inverter achieves high
reliability because of the absence of shoot-through and high
efficiency because there is no reverse recovery of the body
diode of the MOSFETs. Additionally, the converter can operate
at a high switching frequency by using MOSFETs; therefore,
the volume of the passive component and the current stress of
the switching devices are reduced considerably. Furthermore,
voltage balancing of the dc-link capacitor is discussed, and the
PWM scheme is proposed to balance and reduce the capacitor
size greatly.

This article is organized as follows. In Section II, the deriva-
tion of the proposed inverter is presented. The operation modes
are analyzed in Section III. In Section IV, the neutral-point volt-
age control and the PWM switching pattern for controlling the
dc-link capacitor voltage are described. A comparison with the
conventional inverter and other DBIs is presented in Section V.
Simulation and experimental results are presented in Section VI.
Power loss of the proposed inverter is discussed in Section VII
and Section VIII concludes the article.

II. PROPOSED THREE-LEVEL DBI

Fig. 3 shows the topology of the proposed three-level half-
bridge DBI. It is developed from the conventional three-level
half-bridge inverter using auxiliary switches [3], which is known
as the simplified NPC inverter. The phase-leg Sa1, Sa2 is ex-
tended to two legs: leg 1 including (Sa1, Da1, La1) and leg

Fig. 3. Conversion of the proposed three-level half-bridge DBI.

Fig. 4. Shoot-through during the overlap time of (a) Sa1 and Sa2, (b) Sa1

and Sa3, and (c) Sa2 and Sa3.

2 including (Sa2, Da2, La2). The two diodes (Da4 and Da6)
connected to point A are spread into two points A1 and A2. La1

and La2 are connected to points A1 and A2, respectively. Fig. 4
shows three cases of shoot-through when overlap time occurs
between the pair of switches of the proposed inverter. When
the Sa1 and Sa2 turn ON simultaneously, La1 and La2 oppose
the increase of the current, as depicted in Fig. 4(a). When the
Sa1 and Sa3 turn on simultaneously, La1 and La2 oppose the
increase of the current, as depicted in Fig. 4(b). Similarly, when
overlap time occurs at Sa2 and Sa3, La1 and La2 oppose the
increase of the current, as depicted in Fig. 4(c). Hence, the high
reliability of the inverter can be achieved.
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Fig. 5. Proposed single-phase three-level DBI.

Fig. 5 shows the proposed single-phase three-level DBI,
which is analyzed in this article. It combines two proposed
three-level half-bridge DBIs, i.e., cells A and B. The inverter
is composed of six active switches (Sx1–Sx3), 12 external
diodes (Dx1–Dx6), and four inductors (Lx1–Lx2), where x =
{a, b}. Lx1–Lx2 protect against a short-circuit and are called
current-limiting inductors. They also serve as filter inductors.
The inductor current flows through Dx1–Dx6 instead of the
body diode of Sx1–Sx3 owing to current-limiting inductors
(Lx1–Lx2).

III. ANALYSIS OF THE PROPOSED INVERTER

The number of switching states for the three-level inverter
is expressed as 3n, where n is the number of half-bridge legs.
Hence, the proposed inverter has 32 = 9 switching states, as
shown in Fig. 6. Nine switching states are formed by the con-
nections of point A to terminals (P, O, N ) and point B to terminals
(P, O, N ), which generate five-level output voltages vAB : +Vdc,
+Vdc/2, 0, −Vdc/2, and −Vdc. The output voltage vAB can be
calculated as follows:

vAB = VAN − VBN . (1)

1) Mode 1: Sa1 and Sb2 are ON, while the other switches are
OFF. Point A is connected to P, and point B is connected to
N, as shown in Fig. 6(a). This mode obtains vAB = +Vdc.
When the current path is positive (red path from point A
to B), the switches Sa1 and Sb2 and the inductors La1 and
Lb2 conduct. When the current path is negative (blue path
from B to A), the current flows through the freewheeling
diodes Da2, Db1 and the inductors La2, Lb1.

2) Modes 2 and 3: These modes generate vAB = +Vdc/2. In
mode 2, Sa1 and Sb3 are ON, while the other switches are
OFF. Point A is connected to P, and point B is connected to
O, as shown in Fig. 6(b). When the current path is positive,
the current flows through Sa1, La1, Lb2, Db4, Sb3, and
Db5 in sequence, and capacitor C1 discharges. When the
current path is negative, Db3, Sb3, Db6, Lb1, La2, and
Da2 conduct, and capacitor C1 is charged. In mode 3,
Sa3 and Sb2 are ON, while the other switches are OFF.
Point A is connected to O, and point B is connected to N,

as shown in Fig. 6(c). When the current path is positive,
the current flows through Da3, Sa3, Db4, La1, Lb2, and
Sb2 in sequence, and capacitor C2 discharges. When the
current path is negative,Db1,Lb1,La2,Da4,Sa3, andDb3

conduct, and capacitor C2 is charged.
3) Modes 4–6: These modes generate vAB = 0. In mode 4,

Sa1 and Sb1 are ON, while the other switches are OFF,
as shown in Fig. 6(d). When the current path is positive,
the current flows through Sa1, La1, Lb2, and Db2 in
sequence. When the current path is negative, the current
flows through Sb1, Lb1, La2, and Da2 in sequence. In
mode 5, Sa3 and Sb3 are ON, while the other switches
are OFF, as shown in Fig. 6(e). When the current path is
positive, the current flows through Da3, Sa3, Da6, La1,
Lb2, Db4, Sb3, and Db5 in sequence. When the current
path is negative, the current flows through Db3, Sb3, Db6,
Lb1, La2, Da4, Sa3, and Da5 in sequence. In mode 6, Sa2

and Sb2 are ON, while the other switches are OFF, as shown
in Fig. 6(f). When the current path is positive, the current
flows through Da1, La1, Lb2, and Sb2 in sequence. When
the current path is negative, the current flows through Sa2,
Db1, Lb1, and La2 in sequence.

4) Modes 7 and 8: These modes generate vAB = –Vdc/2. In
mode 7, Sa2 and Sb3 are ON, while the other switches are
OFF. Point A is connected to N, and point B is connected to
O, as shown in Fig. 6(g). When the current path is positive,
the current flows through Db3, Sb3, Db6, Lb1, La2, and
Sa2 in sequence, and capacitor C2 discharges. When the
current path is negative, Da1, La1, Lb2, Db4, Sb3, and
Db5 conduct, and capacitor C2 is charged. In mode 8,
Sa3 and Sb1 are ON, while the other switches are OFF.
Point A is connected to O, and point B is connected to P,
as shown in Fig. 6(h). When the current path is positive,
the current flows through Da3, Sa3, Da6, La1, Lb2, and
Db2 in sequence, and capacitor C1 is charged. When the
current path is negative, Sb1, Lb1, La2, Da4, Sa3, and Da5

conduct, and capacitor C1 discharges.
5) Mode 9: This mode generates vAB = –Vdc. Sb1 and Sa2

are ON, while the other switches are OFF. Point A is
connected to N, and point B is connected to P, as shown
in Fig. 6(i). When the current path is positive, the cur-
rent flows through Da1, La1, Lb2, and Db2 in sequence.
When the current path is negative, Sb1, Lb1, La2, and Sa2

conduct.
The switching states of the proposed inverter are given in

Table I. States PN and NP generate voltage levels +Vdc and
−Vdc, respectively, while states PO and ON produce the voltage
level +Vdc/2. States NO and OP produce the voltage level -
Vdc/2, and states PP, OO, and NN generate the voltage level 0.
To balance the dc-link capacitor voltage and reduce the number
of commutations, these redundant states are used and combined
alternatively.

In order to reduce the magnetic volume, coupled inductors
are formed between La1 and Lb2, and between La2 and Lb1.
Two coupled inductors are integrated in one magnetic core as
shown in Fig. 7. In positive half cycle, the current iAB flows
through La1 and Lb2 which are coupled each other. Similarity,
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Fig. 6. Equivalent circuit of the operation modes. (a) Mode 1—state PN. (b) Mode 2—state PO. (c) Mode 3—state ON. (d) Mode 4—state PP. (e) Mode 5—state
OO. (f) Mode 6—state NN. (g) Mode 7—state NO. (h) Mode 8—state OP. (i) Mode 9—state NP.
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TABLE I
SWITCHING STATES AND OUTPUT VOLTAGE LEVELS

Fig. 7. Integrated magnetic of two coupled inductors.

Fig. 8. Distribution of output voltage on the complex plane αβ.

the coupled inductor is formed between La2 and Lb1 in negative
half cycle. The linkage flux of the coupled inductor La1 and Lb2

does not affect to Lb1 and La2 because of different operation
mode and air gaps. By using coupled inductor and integrating
them into one magnetic core, the volume of magnetic component
can be reduced considerably.

IV. MODULATION STRATEGY FOR THE PROPOSED INVERTER

In this section, neutral-point voltage balancing is discussed,
and the PWM pattern for the proposed inverter is presented for
controlling the dc-link capacitor voltage.

A. Neutral-Point Voltage Control

Neutral-point voltage control was mentioned in [25]. The
desired output voltage is sinusoidal waveform vAB(t) = VAB

sin(ωt) and represented on the complex planeαβ as the modulus
VAB and phaseωt, which is shown in Fig. 8. The real component
of modulus VAB in α-axis locates in each sector, which is syn-
thesized by the combination of switching states in one switching
period. The duty ratios are defined as dx, with x corresponding

to one of nine switching states. The real component of modulus
VAB over one switching period is expressed as follows:

VAB

Vdc
= dPN − dNP + 1

2dPO + 1
2dON − 1

2dNO

− 1
2dOP + 0× (dPP + dOO + dNN )

(2)

with
∑

dx = 1.
Duty ratios dA anddB are defined as the set of switching states

{PO, NO} and {OP, ON} in one switching period, respectively.
These switching states are responsible for the capacitor voltage
balance

dA = dPO + dNO (3)

dB = dOP + dON . (4)

Applying Kirchoff’s current law to node O, as shown in Fig. 6,
yields the following equations:

iC1 − iC2 = iO (5)

C
d (VC1 − VC2)

dt
= (dA − dB)× iAB . (6)

To balance the voltages VC1 and VC2, dA–dB should be
equal to zero; i.e., dA = dB . The combination of two sets of
switching states {PO, NO} and {OP, ON} regulates the charged
and discharged currents in the capacitors when an unbalanced
voltage occurs. The difference Δ = dA–dB also depends on the
sign of the output current iAB and the value of Vdiff = VC1–VC2

Δ = dA − dB = kVdiffsign (iAB) (7)

where k > 0.
The value of the constant k should be small to keep the value

of Δ in the range of [−1, 1].

B. PWM Strategy for the Proposed Inverter

The reference voltage Vref = m ∗ sin(ωt) is compared with
one carrier waveform to produce the five-level output voltages,
as shown in Fig. 9. The switching scheme is divided into four
sectors. Sector 1 is defined as the voltage gain of Vref in the range
of 0.5 < m ≤ 1. The output voltage vAB commutates between
+Vdc and+Vdc/ 2, and three switching states (PN, PO, and ON )
are used in this sector. Sectors 2 and 3 are defined as the voltage
gain of Vref in the ranges of 0 < m ≤ 0.5 and −0.5 < m ≤
0, respectively. The output voltage vAB commutates between
+Vdc/ 2 and 0 in sector 2 and between 0 and −Vdc/ 2 in sector
3. Five switching states cooperate in these two sectors. Sector 4
is defined as the voltage gain of Vref in the range of −0.5 < m ≤
−1. The output voltage vAB commutates between −Vdc/ 2 and
−Vdc, and three switching states (OP, NO, and NP) are used in
this sector.

As in (1), the output voltage vAB is the differential between
VAN and VBN which are expressed as

VAN =
mVdc

2
sin (ωt) +

Vdc

2
(8)

VBN =
mVdc

2
sin (ωt− π) +

Vdc

2
. (9)
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TABLE II
DUTY-RATIO CALCULATION AND SWITCHING SEQUENCE OF THE PROPOSED INVERTER

Fig. 9. Operation of PWM and the output voltage waveforms vAB .

Hence, the voltage gain of the proposed inverter is presented
as

vAB = mVdcsin (ωt) . (10)

The duty ratios of the switching states according to the
position of Vref and the commutation sequence are given in
Table II. The duty ratios d1–d3 represent the three switching
states in each sector. The selection of the switching sequence
balances the charged and discharged currents of the capacitor.
It also minimizes the number of commutations in one sampling
period to reduce the switching loss and avoid sudden changes in
the output voltage.

The optimal switching patterns are presented in Fig. 10. Three
control signals du, dv , and dt are compared with one carrier
waveform to generate control signals, which can be calculated
as follows:

du = dO + dB

dv = dO/2 + dB

dt = dO/2. (11)

Sector 1: The output voltage vAB commutates between +Vdc

and +Vdc/2. The switching pattern is PO-PN-ON-PN-PN-ON-
PN-PO, as depicted in Fig. 10(a). The switches Sa2 and Sb1 are
OFF, while the other switches commutate. The control signal du
regulates two complimentary switches Sb2 and Sb3, while dv
and dt are responsible for switches Sa1 and Sa3.

Sector 2: vAB commutates between +Vdc/2 and 0. The
switching pattern is PO-OO-ON-OO-OO-ON-OO-PO, as de-
picted in Fig. 10(b). Switches Sa2 and Sb1 are OFF, and the
other switches commutate. The control signal du controls two
complimentary switches Sa1 and Sa3, while dv and dt are
responsible for switches Sb2 and Sb3.

Sector 3: vAB commutates between 0 and −Vdc/2. The
switching pattern is NO-OO-OP-OO-OO-OP-OO-NO, as de-
picted in Fig. 10(c). Switches Sa1 and Sb2 are OFF, while the
other switches commutate. The control signal du controls two
complimentary switches Sa2 and Sa3, while dv and dt are
responsible for switches Sb1 and Sb3.

Sector 4: vAB commutates between −Vdc/2 and −Vdc. The
switching pattern is NO-NP-OP-NP-NP-OP-NP-NO, as de-
picted in Fig. 10(d). Switches Sa1 and Sb2 are OFF, and the
other switches commutate. The signal du controls two compli-
mentary switches Sb1 and Sb3, while dv and dt are responsible
for switches Sa2 and Sa3. The process of the controller is briefly
described in Fig. 11.

C. DC-Link Capacitor Reduction

From Fig. 6, assuming that C1 = C2 = C, the voltages of
capacitors C1 and C2 are expressed follows:

VC1 (t) = VC2 (t) =
1

C

∫ t

0

iC (t) dt. (12)

Four switching states PO, OP, ON, and NO affect the charged
and discharged currents of the capacitors C1 and C2, which
are depicted in Fig. 12. When the current iC1 discharges, the
voltage VC1 decreases in the interval t0–t1 and does not change
in the interval t1–t2. Then, iC1 is charged, and VC1 increases in
the interval t3–t4 and remains unchanged in the interval t3–t4.
The reverse process occurs in the rest of the sampling period.
The voltage variation of capacitor C1 can be calculated as

ΔVC1 =
ΔQ1t

C
=

iC1 × dx × Ts

C
(13)

where dx is the duty ratio of the switching states, and Ts is the
sampling period.
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Fig. 10. Proposed PWM switching patterns. (a) Sector 1. (b) Sector 2. (c) Sector 3. (d) Sector 4.

Fig. 11. Control diagram.

Fig. 12. Current and voltage of capacitors C1 and C2.

As indicated by (13), one way to reduce the capacitance C
or voltage ripple is to reduce the interval of the switching states
PO, OP, ON, and NO or increase the number of alternating
current charging and discharging processes in one period. In
the half-cycle A, the voltage variation of capacitor C1 when
C1 discharged is ΔVC1 = 0.5× iC1 × dPO × Ts/C, and that
when C1 charged is ΔVC1 = 0.5× iC1 × dON × Ts/C. The
current is charged and discharged twice in one period. Hence,
the capacitance is reduced by half.

V. COMPARISON OF THREE-LEVEL HALF-BRIDGE DBI

Table III compares the three-level half-bridge among the
conventional simplified NPC, the proposed, and other DBIs.
Compared with the conventional inverter, two more external
fast diodes and two inductors are required. However, owing to
the current-limiting inductors, the reliability of the inverter is
enhanced. The proposed inverter has no shoot-through problem
and no reverse-recovery problem of the MOSFET body diode,
because of the two external fast diodes. In addition, the PWM
dead-time among the three switches is reduced or can be elimi-
nated. Hence, the quality of the output waveforms is improved.
Compared with other DBIs, the number of switches is reduced.

Table IV presents a comparison of the voltage stress on the
switches. As shown, the voltage stress on the switches equal to
Vdc, while it is equal to half of Vdc for the SD DBI and SS DBI.

However, the voltage stress on D3 and D4 of the proposed leg
is reduced to a quarter of Vdc, while it is Vdc for the other DBIs.

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

PSIM simulation software was used to verify the operation
of the proposed inverter. Table V gives the parameters of the
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TABLE III
COMPARISON AMONG THE CONVENTIONAL INVERTER, THE PROPOSED DBI AND OTHER DBIS

TABLE IV
VOLTAGE STRESS AMONG THE CONVENTIONAL INVERTER, THE PROPOSED

DBI, AND OTHER DBIS

TABLE V
SIMULATION AND EXPERIMENTAL SPECIFICATIONS

proposed inverter. Fig. 13 shows the simulation results for the
proposed inverter. The output voltage vAB exhibits five levels:
±400 V,±200 V, and 0 V. The output current (iAB) is sinusoidal
at 60 Hz with a 9-A peak. Each current-limiting inductor con-
ducts in each half-cycle, where positive and negative currents
flow through La1, Lb2 and La2, Lb1, respectively. The capacitor
voltages VC1 and VC2 are balanced and approximately equal to
half of the input voltage 200 V.

B. Experimental Results

The 1.4-kW prototype shown in Fig. 14 was implemented with
the same simulation parameters. A microcontroller (F28335,
Texas Instruments) was used to process the capacitor volt-
ages, current signals and calculate the duty cycles. A field-
programmable gate array implemented the PWM scheme for
the proposed inverter. The gate signals are depicted in Fig. 15.

Fig. 16 presents the experimental results with resistive load
R = 35 Ω when m = 0.8. The output voltage vAB exhibits
five levels: ±400 V, ±200 V, and 0 V, as shown in Fig. 16(a).
The output current iAB has a peak at approximately 9 A and
sinusoidal waveforms at 60 Hz. In Fig. 16(b), the capacitor

Fig. 13. Simulation results with m = 0.8. From top to bottom: Output voltage
vAB , output current iAB , inductor currents iLa1 and iLa2, inductor currents
iLb1 and iLb2, capacitor voltages VC1 and VC2.

Fig. 14. Photograph of the proposed inverter.
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Fig. 15. Gate signals with m = 0.8. (a) Sa1, Sa2, and Sa3. (b) Sb1, Sb2, and Sb3.

Fig. 16. Experimental waveforms of the proposed inverter with resistive load. (a) Output voltage vAB and output current iAB . (b) Magnified waveforms of
capacitor voltages VC1 and VC2. (c) Inductor currents iLa1 and iLa2. (d) Inductor currents iLb1 and iLb2.

voltages VC1 and VC2 are constant and approximately equal to
200 V in the steady state, VC1 = 202 V and VC2 = 196 V. The
voltage ripples on capacitors C1 and C2 are low. Four current-
limiting inductor currents are shown in Fig. 16(c) and (d). In
Fig. 16(c), the currents iLa1 and iLa2 are phase-shifted by 180°.
Each inductor only conducts in each half-cycle. The current
amplitudes of iLa1 and iLa2 are 9 A. The current waveforms
on inductors Lb1 and Lb2 are shown in Fig. 16(d). The peak
currents are 9 A.

Fig. 17 presents the experimental waveforms with inductive
load (power factor cos ϕ = 0.88), R = 35 Ω, L = 50 mH. The
current iAB lags the voltage vAB as shown in Fig. 17(a). The
two capacitor voltages are balanced and approximately equal to
200 V as shown in Fig. 17(b). The current waveforms on the

shoot-through inductors are shown in Fig. 17(c) and (d). Fig. 18
shows the efficiency measured using a Yokogawa WT1600
power meter at different output powers. The maximum (97.05%)
and minimum (95.5%) efficiency were achieved at 1 kW and
0.1 W, respectively.

VII. POWER LOSS OF THE PROPOSED INVERTER

The body diode of MOSFET does not conduct in this topology;
therefore, its power loss can be ignored. The main total power
loss of the inverter includes the following: conduction loss and
switching loss of the MOSFET and freewheeling diode. The power
loss equations were mentioned in application note of Infineon
[26]. Fig. 19 shows the percentage of conduction and switching
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Fig. 17. Experimental waveforms of the proposed inverter with inductive load. (a) Output voltage vAB and output current iAB . (b) Magnified waveforms of
capacitor voltages VC1 and VC2. (c) Inductor currents iLa1 and iLa2. (d) Inductor currents iLb1 and iLb2.

Fig. 18. Efficiency and output power of the proposed inverter.

Fig. 19. Power loss of MOSFET and freewheeling diode.

Fig. 20. Comparison of power loss between the proposed and other single-
phase three-level DBIs.

loss of the MOSFET and freewheeling diode. PMon, PMoff , and
PMcon are the turn ON, turn OFF, and conduction loss of MOSFET,
respectively. PDon, PDoff, and PDcon are the turn-on, turn-off
and conduction loss of the freewheeling diode respectively. The
theoretical calculation of total power loss is 35.85 W compared
to experimental measurement is about 42 W at the power 1.4 kW.
The most losses come from turn-on loss of MOSFET and turn-OFF

loss of freewheeling diode.
Fig. 20 shows the comparison of power loss between the

proposed and other single-phase three-level DBIs in the same
condition Vin = 400 V, Po = 1 kW, fsw = 30 kHz with SPWM
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method using Thermal Module of PSIM software. The conduc-
tion loss of the proposed inverter is the lowest because of less
active switches while diode loss is larger. This is because the
two diodes in series at the middle leg operate at high frequency
in one period. Hence, the conduction loss of diode increases.
The total loss of NPC is the lowest while SD DBI is the highest
compared to other inverters.

VIII. CONCLUSION

A single-phase three-level DBI and novel PWM switching
scheme are presented. The advantages of the proposed inverter
are as follows: high reliability owing to no shoot-through wor-
ries; no reverse-recovery issue of the body diode of the MOSFET;
a high switching frequency; therefore, the passive components
can be reduced; reduction in the dc-link capacitance; and less
active switches. The operational modes and circuit analysis of
the proposed inverter are presented, and switching strategies are
discussed for balancing the dc-link voltage. A 1.4-kW hardware
prototype of the proposed topology is fabricated. The experi-
mental results are presented to verify the performance of the
proposed inverter.
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