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Abstract 

 

The efficiency and reliability of the dual-buck inverter (DBI) were greatly improved by eliminating the shoot-through problem 
and optimally designing the freewheeling diode. The traditional DBI suffers from large harmonic components with low output 
voltage and large capacity output filter inductor. To overcome the aforementioned disadvantages, a modified DBI (MBDI) was 
proposed by adopting a quasi-resonant link and pulse density modulation (PDM). This paper first introduces the working principle of 
the MBDI and PDM, and then the selection principle of system parameters is presented. Finally, a mathematical model of the 
MBDIis built, and an experiment prototype is set up. Simulation and experimental results verify the correctness of the theoretical 
analysis and the feasibility of the scheme. 
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I. INTRODUCTION 

With the development of power devices and the 
advancement of inverter topology, the high-performance 
voltage source inverter (VSI) has generated wide research 
appeal [1], [2]. The conventional bridge-type VSI is widely 
used. However, it suffers from the shoot-through problem and 
the long reverse recovery time of the body diode. The 
shoot-through problem greatly limits the reliability of the 
inverter. The dead time, which results in the output voltage 
distortion and affects the quality of the output of the inverter, 
has to be provided in the VSI to block the upper and lower 
switching devices of each leg of a bridge [3], [4]. The long 
reverse recovery time of the body diode and large loss also 
affect the reliability and efficiency of the inverter, particularly 
the medium frequency inverter [5], [6]. Therefore, to achieve 
higher performance, more works focus on the DC/AC inverter 
based on the DC/DC converter.  

Thus, a highly reliable dual-buck inverter (DBI) should be 
developed [7]. The DBIis composed of two buck converters, 
and one switching device of each leg of the bridge is replaced 

by an independent freewheeling diode. For the DBI, only one 
switch device works at any time, thereby improving the 
reliability of the inverter. The shoot-through problem is 
overcome by an in-series filter inductor between two switching 
devices, which leads to greatly enhanced reliability [8], [9]. 
The DBIis not limited by the dead time issues of the 
conventional VSI, which can easily push the duty cycle to the 
theoretical limit and fully transfer the energy to the load 
through total pulse width modulation (PWM) because of the 
lack of the shoot-through problem [10]-[13]. The freewheeling 
current flows through the independent freewheeling diodes 
instead of the body diode of the switching device, which 
induces large loss and limits the switching frequency of 
inverter; thus, the freewheeling diode can be designed 
optimally. The fast recovery diode and the silicon carbide diode 
are used as independent freewheeling diodes [14].  

Various control strategies used on the DBI have been 
proposed. Voltage single closed-loop control for DBI was 
proposed. Adopting the single closed-loop control is a better 
method to keep the dynamic characteristic and stability of the 
DBI. However, the single closed-loop control cannot achieve 
direct control of average current flowing through the filter 
inductor, which leads to the output voltage distortion. The 
voltage–current double closed-loop control, which originated 
from speed-current double closed-loop control system, has also 
been proposed [15]. The addition of inner current loop can 
greatly speed up the process of resisting load disturbance. In 
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this condition, the control strategy used on the DBI has been 
developed continuously. However, the DBI suffers from large 
harmonic components with low output voltage when the input 
voltage is high and large capacity output filter inductor, which 
is not conducive to the miniaturization of the system. 

A modified DBI (MDBI) is proposed in this paper. The 
front-end quasi-resonant link is introduced to reduce harmonic 
components with low output voltage. The pulse density 
modulation (PDM) is used, which can decrease the value of the 
filter inductor and reduce the size of the inverter. The MDBI 
works in voltage–current double closed-loop mode and is 
controlled by the three-level hysteresis controller. The working 
principle of the MDBI is described in Section II, whereas the 
parameter selection principle is illustrated in Section III.A 
mathematical model and simulation results are presented in 
Section IV, and Section V presents the results from an 
experiment prototype. Finally, the concluding remarks are 
given in Section VI. 

 

II. WORKING PRINCIPLE OF THE MODIFIED 
DUAL-BUCK INVERTER 

Fig. 1 shows the schematic of the MDBI. It consists of the 
positive soft-switching resonant circuit and the negative 
soft-switching resonant circuit [16]. The positive soft-switching 
resonant circuit is composed of L1, S1, C1, S2, L2, and Co. The 
negative soft-switching resonant circuit constitute is comprised 
of L3, S3, C2, S4, L4 and Co.  

To commence with the analysis, some conditions are 
assumed as follows. 

 

1) All the switches and diodes are ideal. 
2) All the inductors and capacitors are ideal. 
3) The output voltage (uo) and the reference voltage (uref) are 

constant in one switching cycle. 
4) The resonant frequency is much higher than the frequency 

of output voltage. 
5) L1=L2=L3=L4 and C1=C2. 

 

The MDBI is controlled by a three-level hysteresis controller 
to obtain a good sinusoidal output voltage. To obtain a 
sinusoidal output voltage, a sinusoidal reference is required. 
Reference signal vref is shown in Fig. 2(a). To force the output 
voltage to track uref, upper limit uU and lower limit uL, are 
generated from uref. These three signals are used to form the 
hysteresis band.  

During the construction of the positive half cycle of the 
output voltage, signals uref and uU form the band within which 
the output should remain. The working principle of the positive 
soft-switching resonant circuit during a comparison process is 
shown in Fig. 2(b). If the output voltage is below uref, the 
positive soft-switching resonant circuit will work and remain 
until the output voltage enters the band. Once that happens, the 
positive soft-switching resonant circuit will stop output 
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Fig. 1. Schematic of the MDBI. 
 

 
(a) Reference signal vref and output voltage. 

 

 
(b) Working principle of the positive soft-switching resonant 

circuit during a comparison process. 
 

 
(c)iL1,iL2, and uC1 during a few switching periods. 

 

Fig. 2. Working principle of the MDBI. 
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working and the energy is transferred from E1to the load and 
capacitor. To restrict such an increment in the output voltage, 
upper band uU is used. As long as the output voltage lies within 
the band formed by uref and uU, the positive soft-switching 
resonant circuit will stop working, and a corrective action 
follows only after the output voltage has moved out of the band. 
If the output voltage goes beyond uU, the negative 
soft-switching resonant circuit will work until the output 
voltage reenters the band. If the output voltage falls below uref, 
the positive soft-switching resonant circuit is activated until the 
output voltage reenters the band. During the negative half cycle 
of the output voltage, the control band is formed by uref and uL 
and followed by a similar logic. 

The working time of the positive soft-switching resonant 
circuit is determined by the hysteresis bands. During the 
working time, the positive soft-switching resonant circuit 
works as follows. The current through inductors L1 and L2 and 
the voltage across capacitor C1 during a few switching periods 
are depicted in Fig. 2(c). 

(1) Stage 1 [t0,t1]:At t=t0, switch S1is turned on, and S2 is 
turned off. The zero-current resonant circuit is composed of L1, 
C1, andS1.Energy from E1 is transferred to resonant capacitor 
C1.At t=t1, the voltage across resonant capacitor C1, uC1, 
reaches maximum, uc1max≈2Ud. Switch S1 is turned off with 
zero-current switching (ZCS) because of resonant inductor L1. 
The energy stored in output capacitor Co is transferred to load. 

(2)Stage 2 [t1, t2]:SwitchesS1 and S2 are turned off. The 
energy stored in output capacitor Co is transferred to the load. 

(3) Stage3 [t2, t3]: At t=t2, switch S1is turned off, and S2 is 
turned on. The zero-current resonant circuit is composed of L2, 
Co,C1, and S2. Co is equivalent to the constant voltage source 
because Co>>C1. The energy stored in resonant capacitor C1 is 
transferred to the load and output capacitor Co. Because of 
resonant inductor L2, at t=t3, the voltage across resonant 
capacitor reaches the minimum, uc1min ≈ UCo, and S2 is turned 
off with ZCS. 

(4) Stage 4 [t3, t4]:SwitchesS1 and S2are turned off. The 
energy stored in output capacitor Co is transferred to the load. 
This stage ends at t=t4, when switch S1 is turned on to start the 
next operation cycle. 

The positive soft-switching resonant circuit will work 
repeatedly until the desired voltage is obtained. The period 
T=t4-t0 is the working cycle of the pulse, which is used to realize 
the ZCS. 

The previous analysis shows that the energy transferred from 
E1 to output capacitor Co, and the load can be changed by 
adjusting the pulse density, which is called the PDM. 

 

III. PARAMETER SELECTION OF THE MODIFIED 
DUAL-BUCK INVERTER 

The selection of the resonant inductor and resonant capacitor 
plays an important role in the ability to transfer energy from 

E1or E2 to the load by resonant circuit. Assuming L = L1 = L2 = 
L3 = L4 and C = C1 = C2<< Co, the resonant frequency f and the 
period T are 

LC
f

2
1

                   (1) 

and 

LCT 2 .                 (2) 
Because of the maximum voltage across resonant C1 and C2 

is 2Ud, the maximum energy stored in the resonant capacitor 
during one cycle may be calculated as  

22
max1 2

2

1
dc CUCU  .              (3) 

The amount of energy transferred from E1 or E2 to the load 
within a unit time is  

L

CU
fCUW d

d 

2
22  .           (4) 

Equation (4) shows that the amount of energy transferred is 
proportional to resonant capacitor C1/C2 and resonant 
frequency f. If resonant frequency f is constant, the greater the 
capacitor, the more energy is transferred. However, the greater 
the capacitor, the smaller the resonant inductor, which results 
in the instantaneous current flowing in the resonant capacitor to 
become too large, and the normal operation of inverter is 
affected. 

The resonant frequency of the series-resonant circuit, which 
is composed of C1, S2, L2, and Co, is  

o

o

CC

CC
L

f





1

1
22

1



 

.            (5)

Because C=C1=C2<<Co, Equation (1) is used in practical 
applications. Resonant inductors L=L1=L2=L3=L4=40μH and 

resonant capacitors C=C1=C2=0.15μH are used. 
The output capacitor is used to filter out high-order 

harmonic component of output voltage uCo. The greater the 
output capacitor, the better the filter. However, if the output 
voltage is constant, the greater the output capacitor Co, the 
larger the reactive-current flowing in the output capacitor, 
which increases the size and weight of the inverter and reduces 
efficiency of the inverter. In general, the current flowing in the 
output capacitor is less than 50% Io. Output power is 160VA. 
Output voltage is 48V. Output current is given as 

A
U

P
I

o

o
o 33.3

48

160
 .           (6) 

The current flowing in the output capacitor is ICo≤1.67A. 
The current flowing in the output capacitor can be defined as 

dt

dU
CI o

oCo  .               (7) 

According to Equation (7), the output capacitor can be 
calculated as 





 25048

67.1

o

Co
o U

I
C 110μF       (8) 

where Co=60μF is used. 
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Fig. 3. Effective working status of MDBI. 
 

IV. MATHEMATICAL MODEL AND SIMULATION 
RESULTS OF MODIFIED DUAL-BUCK 

INVERTER 

Because the resonant period of the quasi-resonant circuit is 
equal to or less than the switching period, which does not 
comply with linear assumption of harmonic components, the 
traditional state-space method is no longer applicable. 

Symbolic analysis [17] and discrete mapping modeling [18] are 
used, and a mathematical model of the MDBI is proposed. 

Seven state variables exist, i.e.,uC1, iC1, uCo, uC2, iC2, iD1, and 

iD2.Referencesignal )*100sin(248 tu ref  . The effective 
working status of the MDBI is shown in Fig.3.The differential 
equation of Fig.3 can be obtained as follows: 

Table I shows the symbolic functions. 
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TABLE I 
SYMBOLIC FUNCTION 

uref>uo 

time S1 S2 S3 S4 S5 S6 

t0-t1 1 0 0 0 0 0 

t1-t2 0 0 0 0 0 0 

t2-t3 0 1 0 0 0 0 

t3-t4 0 0 0 0 1 0 

uref<uo 

time S1 S2 S3 S4 S5 S6 

t0-t1 0 0 1 0 0 0 

t1-t2 0 0 0 0 0 0 

t2-t3 0 0 0 1 0 0 

t3-t4 0 0 0 0 0 1 

 
Combing the state equation with the symbolic function gives 

a comprehensive estate function equation, as shown in equation 
(10). 

The state equation of MDBI can be set as 

BuAxx 


.               (11) 

The state variable x(t) is 
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Supposing the input is constant, a discrete iteration equation 
may be derived: 
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where H is sample time and 
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(15) 

Equation (15) can be solved by iteration, and simulation 
results are shown in Fig.4.As shown in Fig. 4(a), output voltage 
uo can track reference signal uref. Fig. 4(b) shows the voltage 
across resonant capacitor C1uC1, which validates that maximum 
voltage uC1max is close to 2Ud. Fig. 4(c) shows the driving signals 
of S1 and S2. As shown in Fig. 4(c),the working time of the 
negative soft-switching resonant circuit is longer than the 
positive soft-switching resonant circuit when uref<0 and vice 
versa. 

 

V. EXPERIMENT RESULTS 

To verify the results from the simulation and test the 
usefulness of the MDBI, a 160-VA prototype is fabricated in 
the laboratory. The parameter of the MDBI is listed in Table II. 

The experiment results are shown in Fig. 5. Fig. 5(a) depicts 
the output voltage of the DBI and the MDBI, which shows that 
the harmonic components of the DBI is much higher than that of 
the MDBI. When the output filter inductor and output 
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(a) Output voltage uo and reference signal uref. 
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(b) Voltage across resonant capacitor C1, uC1. 
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(c) Driving signals of S1 and S2. 

Fig. 4. Simulation results of the MDBI. 
 

TABLE II 
THE PARAMETER OF THE MDBI 

Parameter Value 

input voltageUd/V 110 

output frequencyfo/Hz 50 

output capacitorCo/ìF 60 

resonant capacitor C1，C2/ìF 0.15 

L1, L2, L3, L4/μH 40 

resonant frequency/kHz 30  

 

capacitor for the DBI and the MDBI are identical, Co=60ìF 
and L2=L4=40μH,and the harmonic components of the DBI 
and the MDBI are 1.93% and 0.56%, respectively. If the 
harmonic components of the DBI and the MDBI are similar 
and the output capacitor is identical, Co=60ìF,and the 
capacity of output filter inductor for the DBI and the MDBI 
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(a) Output voltage of the DBI and the MDBI. 
 

 
(c) Inductor current iL1 and iL3 and output voltage uo. 

 

40us/div

uC1(200V/div)

iL2(6A/div)

S2(14V/div)

 
 

(e) Voltage across C1, uC1, inductor current L2, iL2, and the driving 
signal of S2.  

 
 
 

 
(b) Driving signal of S3 and S1 and output voltage uo. 

 

 
 

(d)Voltage across C1, uC1, inductor current L2, iL2, and the driving 
signal of S1. 

 

 

 
(f) Voltage across C2, uC2, inductor current L3, iL3, and the driving 

signal of S3. 

 

 
(g) Voltage across C2, uC2, inductor current L4, iL4, and the driving signal of S4. 

 

Fig. 5. Experiment results of the MDBI. 
 

are L2=L4=450μH and L2=L4=40μH, respectively. The driving 
signal of S3 and S1, and output voltage uo are shown from top to 
bottom in Fig. 5(b). The current flowing through inductors L1 
and L3, i.e., iL1 and iL3, and output voltage uo are illustrated in Fig. 
5(c).As shown in Figs. 5(b) and 5(c),output voltage uo is almost 
identical with sinusoidal. In the positive half cycle of the output 
voltage, the working time of the positive soft-switching 
resonant circuit is longer than that of the negative 

soft-switching resonant circuit. In the negative half cycle of the 
output voltage, the working time of the negative soft-switching 
resonant circuit is longer than the positive soft-switching 
resonant circuit. The waveforms of the voltage across resonant 
capacitor C1, uC1, current flowing through inductor L1, iL1, and 
the driving signal of S1 during a comparison process are 
depicted in Fig. 5(d). Switch S1 is turned on and off with ZCS. 
The voltage across resonant capacitor C1, uC1, current flowing 
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through inductor L2, iL2, and the driving signal of S2 during a 
comparison process are shown from top to bottom in Fig. 5(e). 
Switch S2 works in ZCS. The voltage across resonant capacitor 
C2, uC2, current flowing through inductor L3, iL3, and the driving 
signal of S3 during a comparison process are depicted in Fig. 
5(f). Switch S3 is turned on and off with ZCS. The waveforms of 
the voltage across resonant capacitor C2, uC2, current flowing 
through inductor L4, iL4, and the driving signal of S4 during a 
comparison process are shown in Fig. 5(g). Switch S4 works in 
ZCS. As illustrated in Figs. 5(d)-(g), the MDBI works in PDM 
mode, and the maximum voltage across the resonant capacitor is 
close to 2Ud. A very good agreement is shown between the 
simulation and the experiment results. 

 

VI. CONCLUSION 

In this paper, an MBDI has been proposed. A detailed 
analysis of the topology and working principle of MDBI was 
performed. The three-level hysteresis controller with the PDM 
was used to obtain constant switching frequency, which 
reduced the dimensions of the MDBI and decreased the 
capacity of the filter inductor. Because of the quasi-resonant 
link, the MDBI can achieve ZCS at turn on and soft turnoff and 
decrease the harmonic components with low output voltage. 
The parameter selection principle of the MDBI was introduced, 
and the parameter used was given. The mathematical model of 
the MDBI using symbolic analysis and discrete mapping 
modeling has been presented. The mathematical model was 
verified by the simulation results. An experiment prototype 
was set up, and the experiment results were given. The 
simulation and experiment results validated the feasibility and 
correctness of the scheme. 
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