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A Novel Single-Phase Three-Level
Dual-Buck Inverter

Tien-The Nguyen
Bang Le-Huy Nguyen

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—.

1. INTRODUCTION

THREE-LEVEL half-bridge is shown in Fig. 1. A bidi-
A 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 Vg., Vqc/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 (S and S2) block the full dc-link
capacitor voltage. However, the switch Ss 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 (V4. > 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—S, and diodes D,-D, are replaced
by the diodes and switches, respectively, the SS DBl is converted
into a series-diode (SD) DBI, as shown in Fig. 2(b). The NPC
and FC DBI are shown in Fig. 2(¢) 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 MOSFETSs; 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 S,1, Sq2 is ex-
tended to two legs: leg 1 including (Sg1, Dg1, Lq1) and leg
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Fig. 4. Shoot-through during the overlap time of (a) Sg1 and Sj,2, (b) Sq1
and S,3, and (¢) Sy2 and S, 3.

2 including (Sg2, D2, La2). The two diodes (D4 and Dgg)
connected to point A are spread into two points A1 and As. L1
and Lo are connected to points A1 and Ao, respectively. Fig. 4
shows three cases of shoot-through when overlap time occurs
between the pair of switches of the proposed inverter. When
the S,1 and Sgo turn ON simultaneously, L,; and L,o oppose
the increase of the current, as depicted in Fig. 4(a). When the
Sq1 and S5 turn on simultaneously, L, and L,o oppose the
increase of the current, as depicted in Fig. 4(b). Similarly, when
overlap time occurs at S, and S,3, L,1 and L,o 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 (S,1—S,3), 12 external
diodes (D,1-D.), and four inductors (L,1—L,2), where x =
{a, b}. L,1—L,o protect against a short-circuit and are called
current-limiting inductors. They also serve as filter inductors.
The inductor current flows through D,1—D.¢ instead of the
body diode of S,1-S,3 owing to current-limiting inductors
(Lzl_Lx2)~

III. ANALYSIS OF THE PROPOSED INVERTER

The number of switching states for the three-level inverter
is expressed as 3", where n is the number of half-bridge legs.
Hence, the proposed inverter has 3> = 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 v 4 p: +Vqc,
+Vae/2, 0, —Vqc/2, and —V4.. The output voltage v4p can be
calculated as follows:

vap = Van — Van. (1)

1) Mode 1: S,1 and Sy, 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 v4p = + V.
When the current path is positive (red path from point A
to B), the switches S,1 and Sy and the inductors L, and
Ly, conduct. When the current path is negative (blue path
from B to A), the current flows through the freewheeling
diodes D>, Dy and the inductors Lo, Ly .

2) Modes 2 and 3: These modes generate vap = +Vg./2.In
mode 2, S,; and Sp3 are ON, while the other switches are
OFF. Point A is connected to P, and point B is connected to
0, as shown in Fig. 6(b). When the current path is positive,
the current flows through S,1, La1, L2, Dpa, Sps, and
Dy5 in sequence, and capacitor Cy discharges. When the
current path is negative, Dys, Sp3, Dps, Lp1, Lg2, and
D5 conduct, and capacitor Cy is charged. In mode 3,
S.3 and Spo are ON, while the other switches are OFF.
Point A is connected to O, and point B is connected to N,
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as shown in Fig. 6(c). When the current path is positive,
the current flows through D3, Su3, Dpsa, La1, Lp2, and
Spo in sequence, and capacitor Cy discharges. When the
current path is negative, Dy1, Lp1, La2, Dga, Sa3,and Dys
conduct, and capacitor Cy is charged.

3) Modes 4-6: These modes generate v4p = 0. In mode 4,
S,1 and Spy are ON, while the other switches are OFF,
as shown in Fig. 6(d). When the current path is positive,
the current flows through S,1, La1, Lp2, and Dyo in
sequence. When the current path is negative, the current
flows through Sp1, L1, Lae2, and Do in sequence. In
mode 5, S,3 and Sp3 are ON, while the other switches
are OFF, as shown in Fig. 6(e). When the current path is
positive, the current flows through D3, S.3, Dugs, La1,
Lys, Dpy, Sps, and Dys in sequence. When the current
path is negative, the current flows through Dys, Sp3, Dy,
L1, Lao, Dag, Sa3, and D5 in sequence. In mode 6, S,
and Sps are ON, while the other switches are OFF, as shown
in Fig. 6(f). When the current path is positive, the current
flows through D1, Ls1, L2, and Spo in sequence. When
the current path is negative, the current flows through S,2,
Dy, Ly, and L5 in sequence.

4) Modes 7 and 8: These modes generate vap = —Vy./2. In
mode 7, S,2 and Sy3 are ON, while the other switches are
OFF. Point A is connected to NV, and point B is connected to
0, as shown in Fig. 6(g). When the current path is positive,
the current flows through Dy, Sps, Dys, Lp1, La2, and
Sq2 in sequence, and capacitor Cy discharges. When the
current path is negative, Dy1, Lq1, Lp2, Dpsa, Sps, and
Dys conduct, and capacitor Csy is charged. In mode 8,
S,3 and Sy 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 D,3, Su3, Dag, La1, Lp2, and
Dys in sequence, and capacitor Cy is charged. When the
current path is negative, Sp1, Lp1, La2, Da4, Sa3, and D s
conduct, and capacitor C; discharges.

5) Mode 9: This mode generates vap = —Vic. Sp1 and Sy
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 D1, La1, Lpa, and Dys in sequence.
When the current path is negative, Sp1, Lp1, La2, and Sgo
conduct.

The switching states of the proposed inverter are given in
Table I. States PN and NP generate voltage levels +V4. and
—Vae, respectively, while states PO and ON produce the voltage
level +Vq./2. States NO and OP produce the voltage level -
Vae/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 L,; and Ly, and between Lo and Lp;.
Two coupled inductors are integrated in one magnetic core as
shown in Fig. 7. In positive half cycle, the current i 45 flows
through L,; and Lys which are coupled each other. Similarity,
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TABLE I
SWITCHING STATES AND OUTPUT VOLTAGE LEVELS
Conduction states
Mode | States Sat | Saz | Saz | Ser | Sk2 | Sw3 Vaw Vo vas
1 PN 1 0 0 0 1 0 Vie 0 +Vye
2 PO 1 0 0 0 0 1 Vae Va2 | +Val2
3 ON 0 0 1 0 1 0 Va2 0 + Va2
4 PP 1 0 0 1 0 0 Vie Vie 0
5 00 0o 1 01| o0 1| Va2 | Va2 0
6 NN 0 1 0 0 1 0 0 0 0
7 NO 0 1 0 0 0 1 0 Va2 | -Val2
8 OP 0 0 1 1 0 0 Va2 Ve ~Vel2
9 NP 0 1 0 1 0 0 0 Ve -Vie
P Cell A Cell B ? ITiB
v, D, Dufaj;: Dok Sl Dnk
“Dy - > Ly
B : £
-y S N
Dy, lisszE
N

Fig. 7. Integrated magnetic of two coupled inductors.
hot
: : T o > &
NP OP PP PO PN
ON 00 NO
NN
Fig. 8. Distribution of output voltage on the complex plane 3.

the coupled inductor is formed between L, and Lj; in negative
half cycle. The linkage flux of the coupled inductor L,; and L2
does not affect to Ly; and L, 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 vsp(t) = Vap
sin(wt) and represented on the complex plane o3 as the modulus
V4 p and phase wt, which is shown in Fig. 8. The real component
of modulus V4 5 in a-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 d, with x corresponding
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to one of nine switching states. The real component of modulus
V4 g over one switching period is expressed as follows:

v, 1 1 1
2 =dpy —dnp + 5dpo + 5don — 3dNo

1 2
—3dop +0 x (dpp +doo +dnn)

with > d, = 1.

Duty ratios d 4 and d g 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)
dp = dop +don. 4)

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

ic1 — o2 =10 5
d(Ver — Vi .
sz (dA—dB)XZAB. (6)

To balance the voltages Vi1 and Vo, da—dp should be
equal to zero; i.e., d4 = dp. 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 A = d o—d p also depends on the
sign of the output current ¢ 4 g and the value of Vg = Vio1—Vios

A = dA — dB = kaiffSign ('iAB) (7)

where k > 0.
The value of the constant k should be small to keep the value
of A in the range of [—1, 1].

B. PWM Strategy for the Proposed Inverter

The reference voltage Vief = m * sin(wt) 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 V,¢ in the range
of 0.5 < m < 1. The output voltage v4 5 commutates between
+Vqc and +V4./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 Vi in the ranges of 0 < m < 0.5 and —0.5 < m <
0, respectively. The output voltage v4p commutates between
+V4e/2 and O in sector 2 and between 0 and —Vg./2 in sector
3. Five switching states cooperate in these two sectors. Sector 4
is defined as the voltage gain of V,¢f in the range of —0.5 <m <
—1. The output voltage v4p commutates between —Vg4./2 and
—V4e, and three switching states (OP, NO, and NP) are used in
this sector.

As in (1), the output voltage v 4 is the differential between
Van and Vg which are expressed as

Vie . V.
Van = 229 6in (wt) + ; (8)
Ve . Vac
VN = 7m21 sin (wt — ) + ; . ©
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TABLE II
DUTY-RATIO CALCULATION AND SWITCHING SEQUENCE OF THE PROPOSED INVERTER

Sector 7 Duty-rat[il(j caleulation a Switching sequence
1 dv=—1+2m | deo=1-m+472 | doy=1-m— A2 g: ﬁﬁ:gx:%:ﬁg
2 | doo=1-2m | dro=m+42 | doy=m—an g: gg:g%:gg:gg
3 | doo=1+2m | dyo=-m+42 | dop=-m—472 g: gg:gg:gg:%
4 | dp=-1-2m | do=1+m+42 | dop=1+m—A72 ‘];: xg:gﬁjﬁlf:%
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Fig. 9. Operation of PWM and the output voltage waveforms v 4 5.

Hence, the voltage gain of the proposed inverter is presented

as
vap = mVgcsin (wt) . (10)

The duty ratios of the switching states according to the
position of Vi and the commutation sequence are given in
Table II. The duty ratios d;—ds 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 d,,, d,, and d; are compared with one carrier
waveform to generate control signals, which can be calculated
as follows:

dy, =do+dp
d, = dO/2+dB
dy =do/2. (11)

Sector 1: The output voltage v4 g commutates between + V.
and +Vy./2. The switching pattern is PO-PN-ON-PN-PN-ON-
PN-PO, as depicted in Fig. 10(a). The switches S,» and Sy; are
OFF, while the other switches commutate. The control signal d,,
regulates two complimentary switches Spo and Sp3, while d,
and d; are responsible for switches S,; and Sg3.

Sector 2: vap commutates between +Vy./2 and 0. The
switching pattern is PO-OO-ON-OO-OO-ON-OO-PO, as de-
picted in Fig. 10(b). Switches S,2 and Sp; are OFF, and the
other switches commutate. The control signal d,, controls two
complimentary switches S,; and S,3, while d, and d; are
responsible for switches Spo and Sps.

Sector 3: v4p commutates between 0 and —Vy./2. The
switching pattern is NO-OO-OP-O0-O0-OP-0OO-NO, as de-
picted in Fig. 10(c). Switches S,; and Sy are OFF, while the
other switches commutate. The control signal d, controls two
complimentary switches S,o and S,3, while d, and d; are
responsible for switches Sp; and Sps.

Sector 4: v4p commutates between —V;./2 and —Vy4.. The
switching pattern is NO-NP-OP-NP-NP-OP-NP-NO, as de-
picted in Fig. 10(d). Switches S,; and Sy are OFF, and the
other switches commutate. The signal d,, controls two compli-
mentary switches Sy, and Sp3, while d,, and d; are responsible
for switches S, and S, 3. The process of the controller is briefly
described in Fig. 11.

C. DC-Link Capacitor Reduction

From Fig. 6, assuming that C; = Cy = C, the voltages of

capacitors C; and Cs are expressed follows:
1 [t

Vor (1) = Vez (1) = = /O ic (t) dt. (12)

Four switching states PO, OP, ON, and NO affect the charged

and discharged currents of the capacitors C; and Cq, which

are depicted in Fig. 12. When the current 71 discharges, the

voltage V-1 decreases in the interval fp—; and does not change

in the interval #1—t5. Then, i1 is charged, and V> increases in

the interval #3—f, and remains unchanged in the interval f3—t,.

The reverse process occurs in the rest of the sampling period.
The voltage variation of capacitor C; can be calculated as

A62125 o Z-C’l X dw XTS
c C

where d, is the duty ratio of the switching states, and T is the
sampling period.

AV, = (13)
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Fig. 12.  Current and voltage of capacitors C; and Ca.

Proposed PWM switching patterns. (a) Sector 1. (b) Sector 2. (¢) Sector 3. (d) Sector 4.

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 C; when
C; discharged is AV = 0.5 X i¢1 X dpo X Ts/C, and that
when C; charged is AV = 0.5 X i1 X don X 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
V4e, while it is equal to half of V. for the SD DBI and SS DBI.

However, the voltage stress on D3 and D, of the proposed leg
is reduced to a quarter of V., while it is V. 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

Inverters
Parameter SS DBI SD DBI NPC DBI FC DBI Conventional Proposed
[22] [22] [22] [23]
No. of switches 4 4 4 4 3 3
No. of diodes 4 4 4 2 4 6
No. of limiting inductors 2 2 2 2 0 2
Shoot-through worries? no no no no yes no
Reverse recovery issue on
MOSFET’s body diode 1o 1o 1o 1o yes 1o
Dead time between gate signals can be can be can be can o cz_mr}ot be can o
eliminated eliminated eliminated eliminated eliminated eliminated
TABLE IV
VOLTAGE STRESS AMONG THE CONVENTIONAL INVERTER, THE PROPOSED Yap
DBI, AND OTHER DBIs 400
200
SBDI DSSI g]];cl ]]):gl Conventional | Proposed 0
Vsi, Via Vin 0.5Vi Vin 0.5Vi Vin Vin -200
Ve, Vsa | 0.5Viw | 0.5Vi | 0.5Vi | 0.5V 0.5V, (S3) 0.5V (S3) 400
Vo, Voo | 0.5V, | 0.5V Vin 0.5Vi - Vin
Vs, Vs Vin Vin 0.5V, - 0.25V;, 0.25V;,
Vs, Vs - - - - 0.25V 0.25V, 10 |
5
TABLE V 0|

SIMULATION AND EXPERIMENTAL SPECIFICATIONS

Input voltage 400 V
Output power 1.4 kW
Switching frequency (f5.) 30 kHz
Reference frequency (f) 60 Hz
MOSFET IPW60R040C7
Freewheeling diode RHRG3060
Capacitors C, C, 272 pF
Inductors ( Lai, La, Le1, L) 100 uH
Inductance L, 1.2 mH
Resistance R 35Q

Dead time 0.3 us

proposed inverter. Fig. 13 shows the simulation results for the
proposed inverter. The output voltage v 4 p exhibits five levels:
+400V, +200 V, and 0 V. The output current (i 4 5 ) 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 L1, Ly and L2, Ly, respectively. The capacitor
voltages V-1 and Voo 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 Q when m = 0.8. The output voltage v4p exhibits
five levels: £400 V, 200 V, and 0 V, as shown in Fig. 16(a).
The output current ¢4 5 has a peak at approximately 9 A and
sinusoidal waveforms at 60 Hz. In Fig. 16(b), the capacitor

I(Lal) I(La2)

I(Lb1) 1(Lb2)

0.11 0.12 0.13 0.14 0.15
Time (s)

Fig. 13.  Simulation results with m = 0.8. From top to bottom: Output voltage
v AR, output current ¢ 4 g, inductor currents 47,41 and 7,42, inductor currents
irp1 and i1,p9, capacitor voltages Vo1 and Vioo.

Current I|m|t|ng
inductors

Dc-link

CellB ;
capacitor

CellA

Fig. 14.  Photograph of the proposed inverter.
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Fig. 15.  Gate signals with m = 0.8. (a) Sq1, Sa2, and Sg3. (b) Sp1, Spa, and Sps.
5 — — [ ! i - i i
1 vap[2007 /div] i I Y o ) |
| — = SR S S ———
? [507 /div]|
? |
al ke
|
|
VCl [5V / le]
N M. i . ot L A e LA e s
- * + ¥ " e e Ll T e
: [5ms / div] | Vea [V /div] [50ms / div]
(@ (b)
zLal [54/div] zLaz [54/div] ’ i [54/div] i [54/div]
/ i
[5ms / div] | [5ms / div]
© (d)
Fig. 16.  Experimental waveforms of the proposed inverter with resistive load. (a) Output voltage v g and output current ¢ 4 5. (b) Magnified waveforms of

capacitor voltages V1 and Vioa. (c) Inductor currents ¢,41 and i1,42. (d) Inductor currents 47,1 and i p2o.

voltages V1 and Vo are constant and approximately equal to
200 V in the steady state, Vo1 = 202V and Voo = 196 V. The
voltage ripples on capacitors C; and Cy are low. Four current-
limiting inductor currents are shown in Fig. 16(c) and (d). In
Fig. 16(c), the currents i7,,1 and ¢1,42 are phase-shifted by 180°.
Each inductor only conducts in each half-cycle. The current
amplitudes of 7741 and ir,9 are 9 A. The current waveforms
on inductors Ly, and Ly are shown in Fig. 16(d). The peak
currents are 9 A.

Fig. 17 presents the experimental waveforms with inductive
load (power factor cos ¢ = 0.88), R = 35 0, L = 50 mH. The
current ¢ 4 p lags the voltage v4p 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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Experimental waveforms of the proposed inverter with inductive load. (a) Output voltage v g and output current ¢ 4 5. (b) Magnified waveforms of

capacitor voltages Vo1 and Vios. (¢) Inductor currents ¢7,,1 and iy,42. (d) Inductor currents i7,51 and i7p2.
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Fig. 18.  Efficiency and output power of the proposed inverter.
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Fig. 19. Power loss of MOSFET and freewheeling diode.
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switches
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switches
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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
PMecon 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 Vi, =400V, P, = 1kW, f, = 30kHz 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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