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Abstract—A dual-buck inverter (DBI) possesses no shoot-
through worries and can boost efficiency by using power MOSFETs.
The main drawback of a DBI is the use of more inductors than
in a traditional full-bridge inverter. This greater number of induc-
tors decreases the power density and increases system cost. In this
paper, a modified cascaded full-bridge DBI is proposed. It retains
all the advantages of the conventional cascaded full-bridge DBI,
possesses no shoot-through issues, and can be operated with no
pulse-width-modulation dead-times. It can be implemented with
power MOSFET without reverse recovery issues of a body diode to
boost efficiency. The cascaded modules in the proposed inverter
share current limiting inductors. Therefore, the number of induc-
tors and inductor footprints, the complexity of the circuit layout,
required inductance, and magnetic volume can all be decreased. To
show the advantages of the proposed inverter, detailed theoretical
analysis and experimental results are provided.

Index Terms—Cascaded, dual-buck, H-bridge, inductor, in-
verter, MOSFET, multilevel, reliability.

I. INTRODUCTION

FULL-BRIDGE inverter, shown in Fig. 1, is widely used
for dc–ac power inversion. However, it has shoot-through

problem of the input voltage source or capacitor. The shoot-
through occurs when S1 and S2 , or S3 and S4 , or all switches
S1 − S4 conduct simultaneously. The shoot-through problem
has been the primary source of failure of the traditional H-
bridge inverter. To reduce the risk of current shoot-through, a
small dead-time is set between the switches in phase-leg. The
dead-time causes distortion in output waveforms and reduces
the achievable voltage gain. During the dead-time, the inductor
current flows through the body diodes of switching devices,
which causes significant reverse recovery related losses [28].

Power MOSFET, unlike the IGBT having fixed voltage drop,
has resistive voltage drop and has no turn-OFF tail current. These
features make MOSFET attractive at lower power level to boost
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Fig. 1. Traditional full-bridge inverter.

Fig. 2. Full-bridge DBI [4].

efficiency and allow higher switching frequencies. However,
the body diode of power MOSFET has severe reverse recovery
issues especially at high-voltage and hard-switching converters
[1], [2].

For this reason, power MOSFET is normally not recommended
for traditional full-bridge or similar hard switching inverters.
The soft-switching inverters can utilize the benefits of MOS-
FETs at the cost of more components count and auxiliary
switches [3].

In [29], the concept of dual-buck inverter (DBI) was intro-
duced. Full-bridge DBI [4] is shown in Fig. 2. It is composed
of four MOSFETs S1 − S4 , four external diodes D1 − D4 , four
shoot-through limiting inductors L1 − L4 , and an output fil-
ter inductor Lf . Besides filtering, the L1 − L4 protect shoot-
through in the converter. In each buck circuit, one MOSFET is
connected in series with an external diode. Thus, the DBI does
not suffer from the shoot-through problem, and therefore dead-
times in switching signals can be eliminated. In this topology,
current does not flow through the body diodes of S1 − S4 , but
freewheels through D1 − D4 , which enables the use of power
MOSFETs without reverse recovery issues of body diodes. The
D1 − D4 can be selected externally with good reverse recov-
ery features to decrease the reverse recovery and conduction
losses, which contribute to increased efficiency. The dual-buck
type dc–ac inverters [5]–[15], dc–dc converters [15]–[17], and
ac–ac converters [18]–[22] have been researched. One of the
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Fig. 3. Conventional CHB DBI [7].

noticeable drawbacks of the DBI is the use of a greater number
of inductors.

In high-voltage applications, using two-level inverters as
shown in Figs. 1–2 is impractical because of the limited voltage
rating of semiconductor devices. To work with high voltages,
multilevel inverters have evolved as a viable solution. Among
the multilevel inverters, the flying capacitor [23], neutral point
clamped [24], and cascaded H-bridge (CHB) [25] inverters are
well known. It is also known that the cascaded multilevel inverter
can reach high-output voltage. It is constructed with series con-
nection of many single-phase two-level inverters using separate
dc sources. The cascaded multilevel inverter is highly modular
because each module has the same circuit configuration, control,
and modulation scheme [26]. Its maintenance is relatively easy
because the faulty module can easily be replaced and corrected.
Moreover, a faulty module can be bypassed without disturbing
the operation of healthy modules [27]. The cascaded inverters
are very attractive for use in photovoltaic (PV) applications, in
which each PV panel serves as a separate dc voltage source.
In addition, they are highly desirable for the utility interface of
various energy sources such as biomass, PV, and fuel cells.

A cascaded multilevel inverter based on the traditional H-
bridge inverter also possesses the shoot-through worries and
reverse recovery issues. To overcome the drawbacks of the tra-
ditional CHB inverter, cascaded half-bridge [7] and full-bridge
[6]–[8] DBIs have been proposed. They have no shoot-through
risks and no reverse recovery issues of body diode. The CHB
DBI is obtained by a series connection of single-phase DBIs
as shown in Fig. 3. The single-phase DBI has zero crossing
distortion problems with hybrid bipolar pulse width modulation
(PWM) strategy [11], [13]. The CHB DBI with phase-shift con-
trol solves the zero crossing distortion problem of single-phase
DBI [7]. The main drawback of the CHB DBI is the use of
four current limiting inductors for each module (or unit), which
decreases power density.

This paper proposes an improved CHB DBI with reduced
number of inductors while retaining all the aforementioned ben-
efits of the conventional CHB DBI. The reduction is made by
sharing limiting inductors in consecutive modules. Therefore,

Fig. 4. Proposed CHB DBI.

Fig. 5. Opposition to shoot-through during an overlap-time of S1 and S2 .

Fig. 6. Opposition to shoot-through during an overlap-time of S3 and S4 . (a)
S4n−3 ON. (b) S4n−2 ON.

not only the number of inductors but also the required inductance
and magnetic volume can be reduced. In addition, the number
of inductor footprints and complexity of the circuit layout can
be reduced.

II. PROPOSED CHB DBI

The circuit topology of the proposed n-unit CHB DBI is
shown in Fig. 4. Similar to the conventional CHB DBI, it takes
the dual-buck structure, but the consecutive modules in the pro-
posed inverter share current limiting inductors. For example,
the two inductors (L3 and L4n−2) in Fig. 3 are merged into a
single inductor L3,4n−2 in Fig. 4. Similarly, the L4 and L4n−3
are merged into inductor L4,4n−3 in the proposed inverter. As a
result, the number of current limiting inductors can be reduced
and this reduction is maximized as more units are cascaded.

Ideally, the two switches in a phase-leg can operate
without overlap-time. However, in practically, it can occur
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Fig. 7. TBPS. (a) Block diagram. (b) Gate signals.

Fig. 8. Operation with TBPS. (a) Mode 1 (mode 1 and 3 of TUPS).
(b) Mode 2.

although not desired. When an overlap between S1 and S2
occurs, L1 , L2 , and the conduction voltage drop of two
MOSFETs oppose the shoot-through current as shown in
Fig. 5. Similarly, when an overlap between S3 and S4 occurs,
L4,4n−3 , L3,4n−2 , and the conduction voltage drop of three
MOSFETs and one diode oppose the rise in current as shown in
Fig. 6. In the proposed inverter, only the first (S1 and S2 in unit
1) and last (S4n−1 and S4n in unit n) phase-legs experience
the same opposition as depicted in Fig. 5, while all the other

Fig. 9. TUPS. (a) Block diagram. (b) Gate signals.

phase-legs experience the opposition depicted in Fig. 6.
On the other hand, all phase-legs in the conventional CHB
DBI experience opposition depicted in Fig. 5. Thus, in each
phase-leg of both types of CHB DBIs, shoot-through current
is opposed by two current limiting inductors. Therefore, for the
same inductance of current limiting inductors, the opposition of
current limiting inductors to shoot-through current is the same
in both inverters. In other words, the proposed inverter provides
the same opposition with reduced number of inductors.

III. OPERATION OF THE PROPOSED INVERTER

In this section, operational modes of the proposed inverter are
analyzed. For the sake of simplicity, only two units are cascaded
and all the current limiting inductors (L1 , L2 , L3,6 , L4,5, L7 ,
and L8) are assumed to have the same inductance L. Four PWM
strategies without phase-shift control are discussed in this sec-
tion and the similar analysis with phase-shift control will be
given in Section IV.

A. Traditional Bipolar PWM Strategy (TBPS)

The block diagram of the TBPS is shown in Fig. 7(a) and its
gate signals are shown in Fig. 7(b). This strategy requires one
reference signal vref and one carrier signal vtri . In the TBPS,
the duty ratio (D) defined as the ON-time duration of S1 varies
between 0 and 1. The TBPS has the following two operating
modes within a switching cycle.
Mode 1: As shown in Fig. 8(a), S1 , S4 , S5 , and S8 are ON,

and S2 , S3 , S6 , and S7 are OFF in this mode. D1 , D4 , D5 ,
and D8 are forward-biased, and D2 , D3 , D6 , and D7 are
reverse-biased. The inductor current is expressed as

diL1

dt
=

Vdc − vo

3L + Lf
. (1)

Mode 2: This mode is shown in Fig. 8(b). S1 , S4 , S5 , and S8 are
OFF, and S2 , S3 , S6 , and S7 are ON. D1 , D4 , D5 , and D8 are
reverse-biased, and D2 , D3 , D6 , and D7 are forward-biased.
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Fig. 10. Operation with TUPS. (a) Mode 2. (b) Mode 4.

Fig. 11. Inductor current iL 1 with TBPS and TUPS.

The inductor current is expressed as

diL1

dt
=

−Vdc − vo

3L + Lf
. (2)

As shown in Fig. 8, the TBPS generates circulating currents,
therefore, iL1 = io + iL2 for io > 0. When the circulating cur-
rents are eliminated, iL1 is the same as io for io > 0.

Fig. 12. HBPS. (a) Block diagram. (b) Gate signals.

Fig. 13. Operation with HBPS. (a) Mode 1 (mode 1 of HUPS). (b) Mode 2.

B. Traditional Unipolar PWM Strategy (TUPS)

The block diagram of the TUPS is shown in Fig. 9(a) and
Fig. 9(b) shows the gate signals. It requires two carrier signals
(vtri1 , vtri2) shifted by 180°. In this strategy, D varies between
0 and 1. The TUPS has the following four operating modes.
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Fig. 14. HUPS. (a) Block diagram. (b) Gate signals.

Fig. 15. Operation with the HUPS: mode 2.

Mode 1: This mode is the same as mode 1 of the TBPS.
Mode 2: This mode is depicted in Fig. 10(a). In this mode,

S1 , S3 , S5 , and S7 are ON, and S2 , S4 , S6 , and S8 are OFF.
D1 , D3 , D5 , and D7 are forward-biased, and D2 , D4 , D6 ,
and D8 are reverse-biased. The inductor current is
expressed as

diL1

dt
=

−vo

3L + Lf
. (3)

Mode 3: This mode is the same as mode 1 of the TUPS and
TBPS.

Mode 4: This mode is shown in Fig. 10(b), where S2 , S4 , S6 ,
and S8 are ON, and S1 , S3 , S5 , and S7 are OFF. D2 , D4 , D6 ,
and D8 are forward-biased, and, D1 , D3 , D5 , and D7 are
reverse-biased. The inductor current has the same slope
as (3).

Similar to the TBPS, the TUPS also generates circulating
currents, and iL1 = io + iL2 for io > 0.

Fig. 16. Simulation results of the proposed 4-unit inverter using HBPS. (a)
Inductor voltage. (b) Inductor current. (c) Voltage between the source of S1 and
drain of S16 .

As mentioned, both the TBPS and TUPS generate circulating
currents, which increase the power loss and current stresses of
switches. To decrease the circulating currents, a finite PWM
dead-time between the switches should be inserted.

Fig. 11 compares the inductor current iL1 with the TBPS and
TUPS. In TUPS, the inductors experience twice of the inverter
switching frequency and have lower voltage across them. There-
fore, the TUPS results in a smaller inductor current ripple than
the TBPS.
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Fig. 17. Simulation results of the proposed 4-unit inverter using HUPS. (a)
Inductor voltage. (b) Inductor current. (c) Voltage between the source of S1 and
drain of S16 .

C. Hybrid Bipolar PWM Strategy (HBPS)

To eliminate the circulating currents and reduce switching
loss of the TBPS, a HBPS is used. The block diagram of the
HBPS is given as Fig. 12(a) and the gate signals are shown in
Fig. 12(b). In this strategy, two switches per module are switch-
ing at any given time, and D defined the ON-time duration of S1
varies between 0.5 and 1. Assume that vref is in-phase with the
output current. As shown in Fig. 12(b), for vref > 0, S1 , S4 , S5 ,

Fig. 18. Proposed three-phase CHB DBI.

and S8 are switched at high frequency while S2 , S3 , S6 , and
S7 remain OFF. Similarly, for vref < 0, S2 , S3 , S6 , and S7 are
switched at high frequency while S1 , S4 , S5 , and S8 remain
OFF. The two operating modes of the HBPS are described as
follows.

Mode 1: As shown in Fig. 13(a), S1 , S4 , S5 , and S8 are ON in
this mode. The expression for inductor current is the same as
(1).

Mode 2: All switches are OFF in this mode and D2 , D3 , D6 ,
and D7 freewheel the inductor current. Fig. 13(b) shows the
operation in this mode. The expression for inductor current is
the same as (2).
In the HBPS, there are no circulating currents. Thus, iL1 = io
for io > 0 and iL2 = io for io < 0.

D. Hybrid Unipolar PWM Strategy (HUPS)

The block diagram and gate signals of the HUPS are depicted
in Fig. 14. In this strategy, D is the ON-time duration of S4 and
varies between 0 and 1. As shown in Fig. 14(b), for vref > 0,
S2 , S3 , S6 , and S7 are always OFF. S1 and S5 are always ON,
and S4 and S8 are switched at high frequency. Therefore, in the
HUPS, only one switch per module switches at high frequency.

Mode 1: This mode is the same as Fig. 13(a).
Mode 2: As shown in Fig. 15, S4 and S8 are OFF, and D3 and

D7 freewheel the current. The inductor current expression is
the same as in (3). However, due to the absence of circulating
currents in the TUPS iL1 = io for io > 0. Compared to the
TBPS, TUPS, and HBPS, the HUPS can realize the highest
efficiency due to the reduction of switching loss.

IV. PHASE-SHIFT CONTROL AND CURRENT RIPPLE ANALYSIS

In this section, the proposed inverter is operated with phase-
shift control. In this technique, the gate signals of high-
frequency switches in the n-unit cascaded inverter are phase-
shifted by 360◦/n. The phase-shift control increases the effec-
tive switching frequency of the passive components by the times
of the cascaded modules. Therefore, the size of passive compo-
nents can be reduced significantly without increasing the actual
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TABLE I
INDUCTOR CURRENT RIPPLES UNDER THE HBPS

Unit (n) Current Ripple (Δ iL n N
)

1
(Vd c − vo )DTs

2L + Lf
,

1
2

≤ D ≤ 1

2
(Vd c − vo )

(
D − 1

2

)
Ts

3L + Lf
,
1
2

≤ D ≤ 1

3

(
Vd c

3
− vo

) (
D − 1

3

)
Ts

4L + Lf
,

1
2

≤ D ≤ 2
3

(Vd c − vo )
(

D − 2
3

)
Ts

4L + Lf
,

2
3

≤ D ≤ 1

4

(
Vd c

2
− vo

) (
D − 2

4

)
Ts

5L + Lf
,

2
4

≤ D ≤ 3
4

(Vd c − vo )
(

D − 3
4

)
Ts

5L + Lf
,

3
4

≤ D ≤ 1

TABLE II
INDUCTOR CURRENT RIPPLES UNDER THE HUPS

Unit
(n)

Current Ripple (Δ iL n N
)

1
(V d c −v o )D T s

2 L + L f
, N = 1, 0 ≤ D ≤ 1

2

(
V d c

2 −v o

)
D T s

3 L + L f
, N = 1, 0 ≤ D ≤ 1

2
(V d c −v o ) (D − 1

2 )T s

3 L + L f
, N = 2, 1

2 ≤ D ≤ 1

3

(
V d c

3 −v o

)
D T s

4 L + L f
, N = 1, 0 ≤ D ≤ 1

3

(
2 V d c

3 −v o

)
(D − 1

3 )T s

4 L + L f
, N = 2, 1

3 ≤ D ≤ 2
3

(V d c −v o )(D − 2
3 )T s

4 L + L f
, N = 3, 2

3 ≤ D ≤ 1

4

(
V d c

4 −v o

)
D T s

5 L + L f
,

{
N = 1

0 ≤ D ≤ 1
4

(
2 V d c

4 −v o

)
(D − 1

4 )T s

5 L + L f
,

{
N = 2

1
4 ≤ D ≤ 2

4

(
3 V d c

4 −v o

)
(D − 2

4 )T s

5 L + L f
,

{
N = 3

2
4 ≤ D ≤ 3

4

(V d c −v o ) (D − 3
4 )T s

5 L + L f
,

{
N = 4

3
4 ≤ D ≤ 1

TABLE III
ELECTRICAL SPECIFICATIONS

Output Voltage 420 Vrms/60 Hz

Input voltage of each module 310 Vd c

Output power 2 kW
Switching frequency 35 kHz
MOSFET 47N60CFD
Diode RHRG3060
Shoot-through limiting inductors 0.2 mH
Output filter inductor 1 mH
Output capacitor 1.5 µF

switching frequency of semiconductor devices and switching
loss. Figs. 16 and 17 show the simulation results with the phase-
shift control for the proposed 4-unit inverter. The modulation
index is set to 0.95. The individual dc source voltage is Vdc/4.
In the proposed inverter, all the shoot-through limiting inductors
serve as filter inductors, thus, the output filter inductor Lf can be
eliminated if sufficient units are cascaded. When Lf is removed,
then five shoot-through limiting inductors are seen in series and
only one-fifth of the total voltage appears across each shoot-
through limiting inductor. Fig. 16(a) shows voltage (vL ) across a
shoot-through limiting inductor under the HBPS when vref > 0.

As shown, vL has three levels: −vo/5, (0.5Vdc − vo)/5, and
(Vdc − vo)/5. Therefore, there are two inductor current ripples

(ΔiL4 , 1 ,ΔiL4 , 2 ) as shown in Fig. 16(b). The inductor current
ripples of 1- to 4-unit cascaded inverters under the HBPS are
summarized in Table I. Fig. 16(c) shows the voltage (van ) be-
tween the source of first switch S1 and the drain of last switch
S16 in a low-frequency (60 Hz) cycle. As shown, van is five-
level staircase wave with a voltage step of 0.5Vdc . Fig. 17(a)
shows vL under the HUPS, and it has five voltage levels:
−vo/5, (0.25Vdc − vo)/5, (0.5Vdc − vo)/5, (0.75Vdc − vo)/5,
and (Vdc − vo)/5.

Therefore, there are four inductor current ripples as shown in
Fig. 17(b). The inductor current ripples of 1- to 4-unit cascaded
inverters under the HUPS are summarized in Table II. The n-unit
cascaded inverter with the HUPS has (n + 1) levels of vL and
has n inductor current ripples. The generalized inductor current
ripple of the proposed n-unit cascaded inverter under the HUPS
can be expressed as:

ΔiLn N
=

(
N Vd c

n − vo

) (
D − N − 1

n

)
Ts

(n + 1)L + Lf
,

N − 1
n

≤ D ≤ N

n
. (4)

In (4), N is the number of inductor current ripple for an n-
unit cascaded inverter. For example, the 4-unit cascaded inverter
has four inductor current ripples (ΔiL4 , 1 , ΔiL4 , 2 , ΔiL4 , 3 , and
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Fig. 19. Effect of dead- and overlap time on currents for TBPS.

Fig. 20. TBPS. (a) Input, output voltages, and current. (b) Inductor currents.

ΔiL4 , 4 ). The first one is obtained by putting n = 4 and N = 1
in (4). The second one is obtained by putting n = 4 and N = 2,
and so on. From Figs. 16(b) and 17(b), it can be seen that the
inductor current ripple under the HUPS is considerably smaller
because of more levels in vL . Fig. 17(c) shows van under the
HUPS, and it is nine-level staircase wave with a voltage step
of 0.25Vdc . Thus, the output waveforms with the HUPS can
be more sinusoidal. In conclusion, for HUPS inductor current
ripple is smaller, output voltage is more sinusoidal, and power
loss is lower.

V. COMPARISON WITH THE CONVENTIONAL CHB DBI

In this section, the number of inductors and total inductance
required in both the converters are compared.

1) The conventional n-unit CHB DBI requires 4n shoot-
through limiting inductors, while the proposed inverter
requires (2n + 2) inductors. Thus, the proposed inverter
requires (2n–2) less limiting inductors.

Fig. 21. TUPS. (a) Input, output voltages, and current. (b) Inductor currents.

2) During the conduction of the conventional n-unit
CHB DBI, 2n limiting inductors and an output filter
inductor (Lf.conv) are always in series. Therefore, the
inductor current undergoes an equivalent inductance of
Leq.conv = 2nL + Lf.conv , where L is defined as the in-
ductance of limiting inductor in both inverters. In the pro-
posed inverter, (n + 1) limiting inductors and an output fil-
ter inductor (Lf.prop) are always in series during the con-
duction. Thus, the inductor current undergoes an equiv-
alent inductance of Leq.prop = (n + 1)L + Lf.prop . In
order to maintain the same inductor current ripple in
both the inverters, Leq.conv must equal to Leq.prop , which
implies that the Lf.prop should be bigger than Lf.conv by
(n–1)L. However, the total inductances of the proposed
and conventional inverters are (3n + 1)L + Lf.conv and
4nL + Lf.conv , respectively. As a result, the proposed
inverter requires (n–1)L less inductance.

From the above mentioned analysis, it can finally be con-
cluded that the proposed inverter requires (2n–2) less limiting
inductors in number and (n–1)L less inductance.

Fig. 18 shows the proposed three-phase CHB DBI.

VI. EXPERIMENTAL RESULTS

A 2-kW hardware prototype of the proposed single-phase 2-
unit CHB DBI was fabricated and tested using the phase-shift
control. The electrical specifications are shown in Table III.

Fig. 19 shows the inductor currents iL1 , iL2 , and output cur-
rent io with the TBPS. The top waveforms show the results
with no dead-time. Although no dead-time is used from the
controller, due to the time delay in gate drive circuit and fi-
nite switching speed in semiconductor devices, there exists an
unwanted overlap-time in gate signals. This overlap-time gen-
erates extra currents in the converter. This is the reason why
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Fig. 22. HBPS. (a) Input, output voltages, and current. (b) Inductor currents.

Fig. 23. HUPS. (a) Input, output voltages, and current. (b) Inductor currents.

iL1 and iL2 have offset. In order to reduce this, 1-µs dead-time
is inserted between the switches and the results are shown in
the bottom waveforms in Fig. 19. As shown, the extra currents
are decreased considerably, and iL1 is nearly the same as io for
io > 0. Thus, the experimental results with the TBPS and TUPS
are reported in this paper with 1-µs dead-time.

Fig. 20 shows the experimental results with the TBPS, where
Vin is the dc source voltage in each module and vo is the output
ac voltage. The io and io1 are the output currents before and
after the output filter capacitor, respectively. Fig. 21 shows the

Fig. 24. Measured efficiency of the proposed 2-unit cascaded inverter.

experimental results with the TUPS. The circulating current is
negligible because 1-µs dead-time is used between the switches.
Figs. 22 and 23 show the waveforms with the HBPS and HUPS,
respectively. For the HBPS and HUPS, no dead-time is used
between the switches, and the circulating current has been elim-
inated completely. The current ripple of io with the HUPS in
Fig. 23(b) is smaller than that of with the HBPS, which verifies
the analysis in Section IV.

Fig. 24 compares the measured efficiencies of the TBPS,
TUPS, HBPS, and HUPS. The circulating currents and simul-
taneous switching of all switches over the entire cycle of output
voltage decrease the efficiencies of the TBPS and TUPS. The
efficiency of the HBPS is higher than those of the TUPS and
TBPS because of the absence of circulating currents and the fact
that two switches per module are switched at high frequency.
As expected, the HUPS showed the highest efficiency because
of the absence of circulating currents and the fact that only one
switch per module are switched at high frequency.

VII. CONCLUSION

This paper proposed a CHB DBI with reduced number of
inductors. The proposed inverter requires fewer inductors than
the conventional CHB DBI, thereby reducing the total required
inductance, magnetic volume, inductor footprints, and layout
complexity. Thus, the power density is improved and cost is
reduced. A detailed analysis of the proposed inverter was pre-
sented and the analysis was verified by experimental results.
Finally, the operation of the proposed inverter with bipolar and
unipolar PWM schemes was presented and the measured effi-
ciencies are compared.
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