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Single-Phase Current-Source Grid-Connected
Inverter Based on Boundary Voltage Control

Liqiao Wang , Zhaozhao Tang , Xiaoshan Xing , and Zong Li

Abstract—A boundary voltage control (BVC) strategy suitable
for single-phase current-source inverters has been proposed to
achieve zero current switching (ZCS) by dynamically adjusting
the resonant capacitor voltage, and this control strategy has low
requirements for dc side current ripple, which can effectively re-
duce the dc side inductance value. Therefore, this control method
can reduce circuit losses and decrease the size of the inverter. In
this article, the working principle and conditions for achieving
ZCS are analyzed by combining BVC and bipolar modulation
strategy. Based on the principle of area equivalence, a quantitative
model of dc side inductor current and output current is established,
revealing the mechanism of the impact of second harmonic current
ripple on output harmonics. The optimization design criteria for
dc side inductance parameters are derived, and the reasons for the
decrease in inductance value are analyzed. On this basis, a three
loop grid-connected control strategy based on BVC is proposed.
Finally, based on theoretical analysis, simulation and experimental
research are conducted. The simulation and experimental results
have verified the feasibility of the proposed BVC strategy.

Index Terms—Inverter, lightweight, photovoltaic power genera-
tion, zero current switching (ZCS).

I. INTRODUCTION

THE development of renewable energy is an important
measure to address the energy crisis and environmental

pollution [1]. Photovoltaic power generation has received the
most attention in the application of renewable energy. Photo-
voltaic inverter is the most critical component in the photovoltaic
power generation system [2], [3]. According to the energy
storage components on the dc side, inverters can be divided
into voltage-source inverters (VSI) and current-source inverters
(CSI). The voltage of photovoltaic modules is usually lower
than the grid voltage, which requires photovoltaic inverters to
have step up capability. VSI does not have the ability to step up
voltage. Therefore, a step-up dc converter is usually added in the

Received 21 March 2025; revised 24 May 2025, 19 July 2025, and 20 August
2025; accepted 28 August 2025. Date of publication 1 September 2025; date of
current version 22 October 2025. This work was supported in part by the National
Natural Science Foundation of China under Grant 51677162 and in part by
the Natural Science Foundation of Hebei Province under Grant E2017203235.
Recommended for publication by Associate Editor S. Golestan. (Corresponding
author: Liqiao Wang.)

The authors are with the Key Laboratory of Power Electronics for
Energy Conversion and Motor Drive of Hebei Province, Department of
Electrical Engineering, Yanshan University, Qinhuangdao 066004, China
(e-mail: brent@ysu.edu.cn; dqxb@stumail.ysu.edu.cn; samuelxopo@stumail.
edu.cn; lizong@stumail.ysu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3605048.

Digital Object Identifier 10.1109/TPEL.2025.3605048

front stage. CSI has inherent boosting capability, making it more
suitable for applications in photovoltaic systems. And CSI does
not require short-circuit protection or electrolytic capacitors,
so its reliability and lifespan have been improved [4], [5]. In
fact, from the perspective of photovoltaic systems, there are
also some potential benefits. The dc side of CSI is an inductor,
which ensures the continuity of the dc side current and helps
achieve maximum power tracking of the photovoltaic system. In
addition, the current of CSI flows unidirectional, theoretically
avoiding the reverse flow of dc side current, without the need to
add additional diodes.

However, CSI also have some limitations that restrict their
application in medium and small power systems. In order to
achieve stable input current, a large inductor is usually connected
in series on the dc side. This not only increases the size and
cost of the inverter but also reduces its efficiency. Therefore,
the lightweighting of dc side inductance is a key issue that CSI
urgently needs to address [6].

There are two methods to make the dc side inductance
lightweight. The first method is to improve the inverter topology.
In [7], a decoupling circuit is proposed, which is connected in
series on the dc side, reducing ripple power by adjusting the
buffer capacitor voltage in real time. A decoupling circuit that
shares a switch between an inverter and a decoupling circuit is
proposed in [8] and [9], which can transfer the pulsating power
on the dc side to the capacitor of the decoupling circuit.

Another method is the improvement of the modulation
strategy. The conventional sinusoidal pulse width modula-
tion (SPWM) modulation follows the principle of area equiva-
lence. In theory, it requires a ripple free dc side current. However,
reducing the dc side inductance will increase the ripple of the
dc side current. According to the principle of area equivalence,
this can also lead to distortion of the ac side current. To solve
this problem, a nonlinear modulation strategy is proposed in
[10] to reduce the dc side inductance, but this method is more
complex to control and does not provide a closed-loop control
scheme. In [4], a nonlinear modulation strategy based on the
principle of area equivalence is proposed. This method adjusts
the modulation wave or carrier wave in real-time to ensure
that the current impulse follows the sinusoidal variation. This
method reduces the impact of dc side inductor current ripple on
grid current. However, this method involves division operations,
which result in relatively complex calculations.

The above methods are improvements to the fixed frequency
SPWM modulation technology, and their switching actions
strictly follow the principle of area equivalence. The ripple on
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Fig. 1. Topology structure of single-phase CSI.

the dc side directly affects the output on the ac side. In fact, in
addition to the fixed frequency SPWM modulation method, there
are also variable frequency control methods such as hysteresis
modulation. Hysteresis modulation is a modulation strategy that
determines whether a switch is turned ON or OFF by comparing
the difference between a given signal and an actual signal with
the hysteresis loop width. This control method samples and
compares the ac side power without any specific requirements
for dc side ripple. It does not require prediction or detection of dc
side ripple. Therefore, it can be inferred that this control method
may potentially reduce the required dc side inductance.

At present, hysteresis modulation methods have been widely
studied in voltage source inverters. In [11], [12], and [13], they all
adopt boundary current mode based on hysteresis modulation.
In [14], based on the principle of hysteresis modulation, three
different current control modes are proposed: boundary current
mode (BCM); constant hysteresis current mode (CHCM); and
variable hysteresis current mode (VHCM). During the operation
of this control method, the ac side inductor current of the inverter
is controlled to zero and then reverse flow occurs. At this point,
resonance occurs between the ac inductance and the capacitance
at both ends of the switching device, which enables zero voltage
switching [15], [16].

According to the principle of duality, the idea of controlling
the boundary current in a voltage source inverter to achieve
soft switching can be transplanted to CSI. When it comes to
soft switching of current source converters, current research is
relatively scarce. One method is to add resonant components and
auxiliary switching devices between the dc side and the inverter
bridge to achieve soft switching [17], [18]. However, adding
auxiliary circuits will lead to increased costs and volume, as well
as increased control complexity. Another method is to achieve
soft switching through modulation. In [19], no auxiliary circuit
is required, and a pure control algorithm is used to make the
soon to be turned ON switch withstand forward voltage, while
the soon to be turned OFF switch withstand reverse voltage. But,
this is a fixed frequency strategy, and the circuit parameters are
also fixed, so it has not achieved full-range soft-switching. There
must be hard switching near the phase switching point, and the
control is also relatively complex. Due to the difficulty in modi-
fying hardware parameters online, in order to achieve full-range
soft-switching, a variable frequency control method can be used,
which is the boundary voltage control (BVC) strategy proposed
based on the duality principle mentioned above, and it does not
require the addition of auxiliary circuits when implementing
soft switching. ZCS can be achieved through resonance and the
control is not complicated.

Fig. 2. Principle diagram of boundary voltage control.

In this article, a BVC strategy suitable for CSI is proposed,
which can not only reduce the value of dc side inductance, but
also achieve ZCS. In addition, this method is suitable for applica-
tions involving new energy sources such as photovoltaic power
generation, fuel cells, and hydrogen batteries, where the input
voltage is relatively low and has a wide range of variations. By
adopting this method, efficiency can be significantly improved
and it has a promising prospect in the application of new energy.
Finally, the correctness of the theoretical analysis is verified
through simulation and experiments.

II. BOUNDARY VOLTAGE CONTROL AND SOFT SWITCHING

ANALYSIS

A. Topology Structure of Single-Phase CSI

The topology structure of the single-phase CSI used in this
article is shown in Fig. 1. In the figure, Vin is the dc power
supply, u0 is the grid voltage, Q1∼Q4 is the power switching
device, D1∼D4 is the forward series diode, Ldc is the dc side
inductor, Lr1∼Lr4 is the resonant inductor, Cs is the resonant
capacitor, Ls and Lf are the filtering inductors, and Cf is the
filtering capacitor.

B. Principle of Boundary Voltage Control

The BVC strategy adopted in this article is shown in Fig. 2,
uCsup and uCslo are the upper and lower limits of BVC, the
voltage VCs of resonant capacitor Cs is limited within the upper
and lower boundary lines and changes like a sawtooth. Vref is the
given value of the BVC strategy obtained based on the output
of the outer loop regulator. Structurally, Vref corresponds to the
fundamental component of the resonant capacitor voltage.

In BVC strategy, it is specified that the sine wave output
reference voltage is determined by centerline of the upper and
lower boundary lines. The upper boundary line is a sine wave
with a dc component, while the lower boundary line is a fixed
dc component VB. These two boundary lines are located on
both sides of the voltage zero axis reference line. Therefore, the
centerline of the upper and lower boundary lines is the reference
voltage for sine wave output, the expression can be given as

{
uC sup = 2Vref sinωt+ VB

uCslo = −VB
(Vref sinωt ≥ 0){

uC sup = VB

uCslo = 2Vref sinωt− VB
(Vref sinωt < 0) .

(1)
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Fig. 3. Waveform diagram for implementing soft switch.

TABLE I
SWITCH STATUS SELECTION

C. Principle of Implementing Soft Switch

The switch conduction mode controlled by BVC can adopt
bipolar mode or unipolar mode. In [20], research has found that
when using unipolar mode, there is a sudden drop in the switch-
ing frequency of the high-frequency switching device to zero
near the zero crossing point of the output current, causing the
switching period to become infinite and resulting in distortion of
the output waveform. During bipolar mode, there is no sudden
drop to zero, and bipolar mode will make the output waveform
smoother. To avoid the problem of zero crossing distortion, this
article adopts bipolar mode.

The single-phase CSI proposed in this article adopts BVC
and bipolar control. Due to the symmetry of the positive and
negative half cycles, this article takes the positive half cycle
as an example to analyze the principle of implementing ZCS
achieved by BVC strategy. Assuming that the output current
remains constant during the switching cycle. The driving signal
of the switching device, the voltage of the resonant capacitor,
and the current flowing through the switching device are shown
in Fig. 3. The working state of the circuit can be divided into six
parts within one switching cycle, as shown in Fig. 4.

The sign function of BVC is defined as sgn(VCs), where VCs

is the voltage across the resonant capacitor and can be expressed
as

sgn(VCs)(k) =

⎧⎨
⎩
1 VCs > uC sup

sgn(VCs)(k−1) uCslo < VCs < uC sup

−1 VCs < uCslo

.

(2)
The BVC+bipolar control switch selection is given in Table I.
In a switching cycle, the state of switches in a circuit can be

divided into two stages: steady conduction stage and overlapping
conduction stage. During the time period of t0-t2 in Fig. 3,

Fig. 4. Operating mode of the proposed topology. (a) Mode I. (b) Mode II.
(c) Mode III. (d) Mode IV. (e) Mode V. (f) Mode VI.

the switching devices Q2 and Q4 remain stably conductive,
while Q1 and Q3 remain in an OFF state. At this point, the
voltage of the resonant capacitor VCs begins to decrease, and
the corresponding working states are shown in Fig. 4(a) and
(b). Subsequently, during the time period of t2-t4 in Fig. 3,
when the voltage of the resonant capacitor drops to the lower
limit, the circuit enters the overlapping conduction stage. At this
point, all four switches are conducting, and the circuit begins the
commutation process, the working status is shown in Fig. 4(c).
After the overlapping conduction stage is completed, during the
time period of Fig. 3 t4-t6, the switching devices Q1 and Q3 are
stably conducting, while Q2 and Q4 are turned OFF. The voltage
of the resonant capacitor continues to rise, and the working state
is shown in Fig. 4(d) and (e). Finally, during the time period of
Fig. 3 t6-t8, when the voltage of the resonant capacitor rises to
the upper boundary, the circuit enters the overlapping conduction
stage again for commutation, and the working state at this time
is shown in Fig. 4(f).

To achieve ZCS, it is required that the circuit completes
the commutation process within the overlapping conduction
time. During the overlapping conduction time, all four switches
are conducting, where t2-t4 and t6-t8 represent the overlapping
conduction time of the circuit, while t2-t3 and t6-t7 represent the
commutation time. During the commutation time, series reso-
nance occurs between the inductance connected in series with
switching device and resonant capacitor. Transfer the current
from the inductance on one bridge arm to the inductance on
the other bridge arm to complete the circuit commutation. As
shown in Fig. 4(c) and (f), in order to reduce the current flowing
through the switching device to zero before the switch is turned
OFF, the commutation time of the circuit needs to be less than
the overlapping conduction time. Therefore, in order to achieve
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Fig. 5. Two port equivalent model of single-phase CSI.

ZCS, it is necessary to ensure that the commutation time of the
circuit is less than the overlapping conduction time.

III. ANALYSIS OF LIGHTWEIGHT INDUCTANCE

A. Principle of Generating Second Harmonic Ripple of DC
Side Inductor Current Under Traditional Modulation

The two port equivalent model of the single-phase CSI used
in this article is shown in Fig. 5. The dc side voltage equation
can be expressed as

Vin = Ldc · diL (t)

dt
+ ux. (3)

According to the two port power conservation theorem, it can
be concluded that

iL (t) · ux (t) = iy (t) · VCs (t) . (4)

The dc side inductor current is constantly changing over time
and can be represented by the sum of the dc component iL_dc

and the ac component iL_ac, which can be expressed as

iL (t) = iL_dc + iL_ac (t) . (5)

Ignoring the influence of high-frequency components, the
output current of the equivalent two port network and the voltage
across the capacitor Cs can be given as

iy (t) = iL (t) · α · sin (ωt) (6)

VCs (t) = uo (t) = Uo · sin (ωt) . (7)

Combining with (3)–(7) and integrating them, it can be con-
cluded that

iL_ac (t) =
2Vin − α · Uo

2Ldc
· t+ α · Uo

4ω · Ldc
· sin (2ωt) . (8)

Since iL_ac is an ac current, taking the dc component as zero,
it can be concluded that the modulation index α is

α =
2 · Vin

Uo
. (9)

Combining (5), (8), and (9), it can be concluded that

iL (t) = iL_dc +
Vin

2ω · Ldc
· sin (2ωt) . (10)

The expression for the equivalent output current of a two ports
network can be obtained as⎧⎨
⎩
io (t) = iL_dc · α · sin (ωt) + K

2 (cos (ωt)− cos (3ωt))

K = α·Uo

4ω·Ldc

α = 2·Vin
Uo

.

(11)

Fig. 6. Traditional SPWM modulation bipolar control.

When the single-phase CSI adopts traditional SPWM modu-
lation, taking bipolar modulation as an example, its principle is
shown in Fig. 6. According to the principle of area equivalence,
it can be concluded that

io(t) · sin (ωt) + iL(t)

2iL(t)
=

ton

Ts
. (12)

Therefore, it can be concluded that

ton =
io(t) · sin (ωt) + iL(t)

2iL(t)
· Ts. (13)

For traditional SPWM modulation, based on the principle of
area equivalence, it can be concluded that

io(t) =
iL(t) · ton − iL(t) · toff

Ts
= 2(d(t)− 1) · iL(t). (14)

The single-phase CSI adopts traditional SPWM modulation,
and the basic principle is to maintain a constant dc side current.
When a single-phase CSI adopts traditional SPWM modulation,
the basic principle is to maintain a constant dc side current.
However, in reality, the dc side inductor current contains a sec-
ond harmonic ac component. This leads to a difference between
the actual current waveform and the ideal current waveform.
Therefore, as shown in Fig. 6, the ideal area Sabcd enclosed
by the current waveform and the time axis becomes Sabef or
Sabmn in practice. Due to the fixed switching frequency, the turn
ON and turn OFF times of the switch cannot be adjusted with
changes in the dc side inductor current. Therefore, when the
inductance current on the dc side is not constant, the principle
of area equivalence will no longer apply, which will result in the
appearance of third harmonic components in the output current
of the inverter. According to (10) and (11), the amplitude of
the second harmonic ripple component of the dc side inductor
current and the amplitude of the third harmonic of the output
current are inversely proportional to the dc side inductor value.
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Fig. 7. Schematic diagram of BVC switch.

Therefore, directly reducing the inductance value on the dc side
will lead to an increase in the third harmonic content of the
output measured current, resulting in a decrease in output quality.
So in order to achieve static area equivalence, single-phase
CSI typically require larger inductance when using traditional
SPWM modulation.

B. Analysis of the Principle of Reducing Inductance

The schematic diagram of BVC for switching ON or OFF is
shown in Fig. 7. In bipolar control, taking the positive half cycle
of the output voltage as an example, assuming that the dc side
inductor current is a constant value and ignoring the shunt effect
of the ac side filtering capacitor, it can be concluded that

⎧⎪⎪⎨
⎪⎪⎩

ton = Cs
uC sup−uCslo

iL(t)−io(t)

toff = Cs
uC sup−uCslo

iL(t)+io(t)

Ts = Cs
(uC sup−uCslo)·2·iL(t)

(iL(t)+io(t))·(iL(t)−io(t))

. (15)

When the single-phase CSI adopts BVC and bipolar control,
combined with formulas (1) and (15), it can be concluded that

⎧⎪⎪⎨
⎪⎪⎩

ton = Cs
2Vref sinωt+2VB

iL(t)−io(t)

toff = Cs
2Vref sinωt+2VB

iL(t)+io(t)

Ts = 4Cs · iL(t) · Vref sinωt+VB

iL
2(t)−io

2(t)

. (16)

When using BVC strategy, the system can dynamically ad-
just the ton, toff, and Ts of the switching device based on the
fluctuation between the dc side inductor current and the ideal
value to maintain overall area equivalence. According to equa-
tion (16), when iL(t) is greater than iL_dc, ton, toff, and Ts will
dynamically decrease; On the contrary, when iL(t) is less than
iL_dc, these parameters will dynamically increase. This dynamic
adjustment mechanism means that even if iL(t) changes, the
system can adapt by adjusting ton, toff, and Ts. Therefore, it is
not required that the dc side inductor current be a constant value,
and only needs to fluctuate within a certain range. Therefore, the
requirement for dc side inductor current ripple in BVC strategy is
relatively low, which can reduce the value of the dc side inductor,
help achieve inductor lightweighting, and improve the power
density of the system.

The dc side inductance value cannot be too small, as the
current of the dc side inductance contains second harmonic
pulsation. Therefore, it can be concluded that

IL_max + IL_min = 2iL_dc. (17)

Defining inductor current ripple as

δ =
iL_max − iL_min

2iL_dc
. (18)

Based on the relationship between inductive energy storage
and current ripple, it can be concluded that

Ldc =
Vin

2 · δ · ω · iL_dc
. (19)

In the above equation, ω = 2π·f, f = 100 Hz. According
to (19), the minimum value of the dc side inductance can be
selected based on the input current ripple, input current, and
input voltage of the circuit.

IV. SELECTION OF PARAMETERS

A. Resonant Inductor Design

According to the previous analysis, in order to achieve ZCS,
the condition that the overlapping conduction time is greater than
the commutation time must be met. During the commutation
period, the voltage on each resonant inductor is VCs/2. When
the voltage across the resonant capacitor drops to the lower
boundary, the commutation voltage is at its minimum, which is
VCs = VB. The overlapping conduction time should be greater
than the commutation time at this time

td > Lr · 2iL (t)

VB
. (20)

The stack times sampled in this article is td = 2 μs, VB =
35 V, according to (20), Lr1∼r4<2.33 μH can be obtained. The
final resonant inductor used in this article is 1 μH.

B. Resonant Capacitor Design

According to (16), the expression for the switching frequency
can be obtained, as shown in

fs =
iL

2(t)− io
2(t)sin2ωt

Cs · 2VB · 2iL(t) . (21)

When the output current is zero, considering the extreme case,
when the current ripple is 30%, and when IL_max = 1.3iL(t),
the switching frequency reaches the maximum value within one
switching cycle

fs_max =
1.3iL_dc

4Cs · VB
. (22)

This article assumes VB = 35 V, fs_max = 50 kHz, and selects
the resonant capacitance value of 2 μF according to (22).

C. Filter Inductor and Capacitor Design

The ac side filter used in this article is an LCL filter. LCL filter
is a commonly used filter in circuits, so its design process is
not elaborated here. The LCL filter parameters selected in this
article are: filter inductance Ls takes 5 mH, filter inductance Lf

takes 1 mH, and filter capacitor Cf is 10 μF.

V. DESIGN OF GRID-CONNECTED CONTROL SYSTEM

The topology of this article has been designed for a grid-
connected control system, and its control strategy is shown in
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Fig. 8. Grid control strategy.

Fig. 9. Simplified circuit diagram.

Fig. 8. This strategy includes three control loops: the outer loop
is the dc side inductor current loop, the middle loop is the ac
side output current loop, and the inner loop is the BVC loop.

In the grid-connected control structure diagram, the difference
is taken between the reference value and the sampled value of the
dc side inductor current. The obtained difference is processed by
a proportional integral (PI) controller, which adjusts the value
to generate the reference amplitude of the c side output current.
Then multiply it with the unit sine wave to obtain the given value
of the output current on the ac side, where the unit sine wave
is obtained by phase locking the grid voltage. Then, the given
value of the output current on the ac side is subtracted from
the sampled value, and the difference obtained is adjusted by
a quasi-proportional resonant (PR) regulator to obtain the sine
boundary line for BVC. Finally, the voltage across the resonant
capacitor is limited between the set upper and lower boundary
lines to obtain the driving signal for controlling the ON and OFF

of the switching device.
When the inverter is connected to the grid, the voltage across

the resonant capacitor is also used as the input signal for the
LCL filter. The simplified circuit diagram of the filter at this
time is shown in Fig. 9, where R is the equivalent resistance on
the grid-connected ac side.

By analyzing Fig. 9 in the frequency domain, it can be
concluded that⎧⎪⎪⎨

⎪⎪⎩

i1(s) =
1

sLs
(VCs(s)− VCf (s))

VCf (s) =
1

sCf
(i1(s)− ig(s))

ig(s) =
1

sLf+R (VCf (s)− ug(s))

. (23)

According to (23), the control structure diagram of the inter-
mediate loop for grid-connected current can be drawn as shown
in Fig. 10.

Fig. 10. Structure diagram of grid-connected current loop.

Fig. 11. Experimental prototype.

For the convenience of analysis, the boundary voltage loop
can be equivalent to a first-order inertia link, and its closed-loop
transfer function can be written as

GLJ (s) =
VCs(s)

Vref(s)
=

1

Css+ 1
. (24)

The output current loop on the ac side compares the given
value with the sampled value, and through the regulating effect
of the regulator, it is required to achieve zero static error tracking
of the sine ac difference signal. To meet this requirement, a
quasi-PR regulator is selected for regulation, and the transfer
function of the quasi-PR regulator is

GZPR (s) = Kp +
2Krωcs

s2 + 2ωcs+ ω2
0

. (25)

In the formula, Kp and Kr represent the ratio and resonance pa-
rameter of the PR regulator, respectively; ω0 is the fundamental
angular frequency; and ωc is used to adjust the gain bandwidth
of the quasi-PR regulator at the resonance point.

VI. EXPERIMENT VALIDATION

The control method in this article adopts a new hybrid chip
TMS320F28035 that can achieve digital analog hybrid control,
and its control complexity is comparable to SPWM modulation.
The maximum switching frequency set in this article is 50 kHz,
and the upper limit of the VCs design frequency matches it.
The enhanced isolation amplifier ISO224 used for sampling
in this article has an output bandwidth of 275 kHz, and the
digital analog hybrid chip can handle switching frequencies
above 100 kHz, both of which meet the requirements of sampling
and control.

In order to verify the correctness of the theoretical analysis in
the previous text, an experimental platform is built in this article,
as shown in Fig. 11, and the experimental parameters are given
in Table II.
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TABLE II
EXPERIMENTAL PARAMETERS

Fig. 12. Traditional modulation of large inductance experimental waveform.
(a) Experimental waveform. (b) FFT analysis of output voltage.

A. Analysis of Inductance Reduction Experiment

The experimental setting of the dc side inductor current in this
article is 6 A. A comparative experiment is conducted between
single-phase CSI using a 25 mH large inductor and a 10mH
inductor under traditional SPWM modulation, and single-phase
CSI using a 10 mH inductor under BVC. Figs. 12 and 13 show the
experimental output waveforms using a 25 mH large inductor
and a 10 mH inductor, respectively, under traditional SPWM
control.

From Fig. 12(a), it can be seen that due to the use of a 25 mH
large inductor on the dc side, the second harmonic ripple of the
inductor current on the dc side is effectively suppressed, and the
ripple of the inductor current is 12%. From Fig. 12(b), it can
be seen that the third harmonic content of the output voltage is
relatively low.

When the dc side inductance value is reduced to 10 mH, it can
be clearly seen from Fig. 13(a) that the second harmonic ripple

Fig. 13. Traditional modulation small inductance experimental waveform.
(a) Experimental waveform. (b) FFT analysis of output voltage.

component of the inductance current increases significantly
compared to Fig. 12(a), and the inductance current ripple reaches
27%. Comparing Figs. 12 and 13, it can be clearly seen that under
traditional SPWM modulation, directly reducing the dc side
inductance value will lead to a significant decrease in the quality
of the output voltage waveform, with total harmonic distortion
(THD) increasing from 4.35% to 10.26%, and the third harmonic
content of the output voltage significantly increasing. This is
because under traditional SPWM control, directly reducing the
inductance value will cause an increase in the second harmonic
ripple component of the dc side inductance current, which in turn
leads to an increase in the third harmonic content on the output
side. The experimental results are consistent with the theoretical
analysis in the following section.

Ensure that all other parameters remain unchanged, and under
BVC, the experimental waveform of single-phase CSI with a
10 mH dc side inductor is shown in Fig. 14. From Fig. 14(a), it
can be seen that due to the small inductance value on the dc side,
the current ripple of the dc side inductance is 26%. However, as
shown in Fig. 14(b), it can be seen that the quality of the output
voltage waveform has significantly improved, and the THD is
2.34%, which meets the requirements of IEEE Std 519-2014
[21]. In addition the third harmonic content on the output side
is lower, which is less than the experimental results obtained
using 25 mH and 10 mH inductors under SPWM modulation,
as shown in Figs. 12 and 13, respectively. This results in better
output quality on the ac side.

Based on the comprehensive analysis of Figs. 12, 13, and
14, it can be concluded that BVC strategy can reduce the dc
side inductance value of single-phase current type inverters. The
experimental results are consistent with the theoretical analysis
in the previous section.
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Fig. 14. Experimental waveform of small inductance controlled by boundary
voltage. (a) Experimental waveform. (b) FFT analysis of output voltage.

B. Experimental Analysis of Soft Switch and Load Disturbance

The four high-frequency switching devices in this topology
work similarly. Due to space limitations, taking switching device
Q1 as an example for analysis, and the relevant waveform
diagram is shown in Fig. 15.

From Fig. 15, it can be seen that Q1 only turns OFF after the
current flowing through it drops to zero, achieving ZCS. The
experimental results are consistent with the theoretical analysis
presented earlier.

Keeping the input voltage Vin = 30 V and the peak output
voltage at 110 V, the load suddenly increases from half load to
full load. The experimental waveform is shown in Fig. 16(a).
In addition, keeping the parameters unchanged, the load sud-
denly dropped from full load to half load, and the experimental
waveform is shown in Fig. 16(b). It can be seen that the in-
verter can effectively resist load interference. On the one hand,
when the disturbance is added, the output current only has a
slight fluctuation, but can quickly return to steady state, and
the waveform quality is good. On the other hand, when the
load disturbance occurs, the peak value of the output voltage
is doubled or reduced.

C. Grid-connected Experimental Analysis

In order to verify the grid-connected capability of the pro-
posed inverter, the grid-connected experiment is carried out. The
inherent THD of the grid voltage is 8.3%. The grid-connected
experiment is set with a grid-connected current amplitude of
3 A and a grid-connected voltage amplitude of 110 V. The
experimental waveform is shown in Fig. 17. From Fig. 17,
it can be seen that the grid-connected current is of the same
frequency and phase as the grid voltage, and all harmonics meet
the requirements for grid connection. The inverter in this article

Fig. 15. Implement relevant waveforms for soft switching. (a) Related wave-
forms and output voltage waveforms of switch Q1. (b) Positive half cycle ZCS
waveform. (c) Negative half cycle ZCS waveform. (d) Positive half cycle ZCS
waveform. (e) Negative half cycle ZCS waveform.

is suitable for low-power single-phase photovoltaic systems.
Through the analysis of FFT in Fig. 17, as given in Table III, the
magnitude of harmonic current meets the relevant requirements
of class A equipment in IEC 61000-3-2 standard [22].

Maintain the peak voltage of the power grid at 110 V
(78 V rms) and input voltage Vin = 30 V. The waveforms of the
given current suddenly increasing from 6 to 10 A and suddenly
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Fig. 16. Waveform of load disturbance. (a) Half load to full load. (b) Full load
to half load.

Fig. 17. Grid-connected experimental waveform. (a) Voltage and current
waveform. (b) FFT analysis of grid-connected current.

decreasing from 10 to 6 A are shown in Fig. 18(a) and (b),
respectively. It can be seen that when the given current suddenly
changes, there will be fluctuations in the ac measured current,
but it will soon stabilize again and the inverter can still operate
normally.

D. Losses and Efficiency Analysis

The efficiency measured in the experiment is shown in Fig. 19.
The peak efficiency occurs between 140 and 200 W, and as the
output power increases, the efficiency first increases and then
decreases, with a peak efficiency of about 91.3%. Fig. 20 shows
the comparison of power losses under SPWM and BVC. It can

TABLE III
COMPARISON OF HARMONIC CURRENT

Fig. 18. Waveform of given current disturbance. (a) Sudden increase of given
current. (b) Sudden drop of given current.

be seen that as the frequency increases, the losses under both
SPWM and BVC will increase. However, BVC achieves ZCS,
and compared to the hard switch under SPWM control, the power
loss of BVC is smaller.

In this article, the focus is on soft switching and reducing in-
ductance. ZCS can improve the efficiency of switching devices.
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Fig. 19. Measured efficiency.

Fig. 20. Comparison of power loss between SPWM and BVC.

For the part of reducing inductance, strict design is not carried
out from the perspective of efficiency, but ready-made inductors
are directly purchased for experimentation. In fact, from the
perspective of efficiency, redesigning inductors is expected to
further improve the efficiency of circuits.

The experimental results listed in this article are obtained
under low voltage and low-power conditions. When expanding
to higher voltage and larger capacity conditions, it is necessary
to discuss the stress of the switching devices; and also need to
discuss passive components, especially the issue of inductance
value on the dc side. As a single-phase grid-connected current-
source inverter, its application is supposed to be in low-voltage
distribution grid, and its voltage level is usually 110 V or 220 V,
while the grid side voltage level in this prototype is 110 V. There-
fore, for the voltage stress of the device, the experimental results
provided in this article are sufficiently reliable. For current stress,
since the power capacity of single-phase inverters usually does
not exceed 10 kW, calculated based on a grid side voltage of
110 V, the value of grid side current is 90 A, which is not a
very high. Therefore, when it is necessary to increase the power
capacity, from the perspective of switching devices, only the
driving and interference problems caused by larger currents need
to be considered, which is not a difficult problem for a 10 kW
device.

According to (19), under the condition of constant dc voltage,
the larger the current, the greater the power, which will result in a
smaller inductance value. That is to say, from the perspective of
reducing inductance value, the higher the power, the greater the
decrease in inductance value. Of course, although the inductance
value decreases, its current increases, so its volume change is not

significant. But, it is much smaller than the inductance under
SPWM modulation at the same current level. In short, from the
perspective of reducing the inductance value, increasing power
capacity is not a big problem.

VII. DISCUSSION ON WEAK GRID SCENARIOS

In this article, the BVC strategy is a closed-loop control
strategy under strong grid conditions and is an effective method
for achieving ZCS. Under weak grid conditions, its impedance
characteristics are different from those of strong grid, and are
related to grid structure and transmission line distance, so the
performance of inverters may be affected. However, from the
perspective of ZCS, the BVC used in this article is a tracking
control strategy that achieves ZCS by tracking a given voltage.
The implementation of ZCS is related to the period of resonance
caused by the inductance and capacitance connected with the
switching device, the turn OFF time of the switching device,
and the commutation time. It is determined by the capacity of
the system and the characteristics of the devices, and is not
related to the impedance of the power grid. Therefore, weak
grid conditions do not affect the implementation of ZCS.

However, under weak grid conditions, fluctuations, distor-
tions, phase shifts of the grid voltage, and the resulting decline
in PLL performance may lead to inaccurate reference voltage
Vref, resulting in a decrease in actual control effectiveness.
In fact, these problems can be solved by using more robust
phase-locked loops, such as second order generalized integra-
tor (SOGI) phase-locked loop (PLL). In addition, the filter in this
inverter is designed according to the strong grid. Considering
that the impedance on the transmission line on the grid side
cannot be ignored in weak grid, and it does not have a constant
value. When designed according to the above scheme, it may
cause oscillation. Therefore, it is necessary to introduce some
more robust control schemes, such as damping control schemes,
feedforward control schemes, state feedback control schemes,
etc. If necessary, online identification of grid impedance is also
required. Through these measures, reliable and high-quality grid
connected operation of inverters can be achieved under complex
weak grid conditions, meeting practical application needs.

VIII. CONCLUSION

In this article, a BVC strategy is proposed and applied to
single-phase CSI. The feasibility of this theory has been verified
through experiments. Due to limited laboratory conditions, all
results in this article are based on results are based on a low-
power prototype. The research focuses on single-phase grid-
connected inverter is studied, which has a limited power level,
generally not exceeding 10 kW. As the power level increases,
the current stress on the switch will increase. To improve its
performance, the switching frequency can be further increased
and new types of silicon carbide or gallium nitride devices can
be used. Experimental results show that the BVC strategy can
achieve ZCS of single-phase CSI and reduce circuit losses; And
effectively reduce the inductance value on the dc side, reducing
the size of the inverter.
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