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Two-Segment High-Performance PV
Grid-Connected Inverter

Ancheng Liu", Student Member, IEEE, Yipei Wang

Abstract—In PV grid-connected applications, a grid-connected
converter is usually used to connect with the grid to realize dc/ac
conversion and power flow control. How to improve the quality of
grid-connected current of power equipment so that the harmonic
content injected into the grid is as little as possible has become a
hot research topic in the field of PV grid-connected applications.
By analyzing the causes of grid-connected harmonic currents dur-
ing the grid-connection process, a two-segment high-performance
grid-connected inverter topology is proposed. This structure makes
the main inverter basically equal to the grid voltage through the
simplest closed-loop control. Since the voltage sensitivity of the
auxiliary inverter is low, utilizing the auxiliary inverter for the
compensation of grid-connected voltage and grid-connected con-
trol of power flow will lead to an improvement in the quality of
grid-connected current. A 3.3 kW grid-connected inverter system
prototype is fabricated and tested, and the experimental results
verify the stability and effectiveness of the theoretical analysis and
the proposed control scheme.

Index Terms—Harmonic suppression, photovoltaic grid-
connected inverter, total harmonic distortion (THD), voltage sensit-
ivity.

1. INTRODUCTION

ITH the widespread adoption of photovoltaic power gen-
W eration technology, PV grid-connected inverters, serv-
ing as the interface for ac/dc conversion, are being increasingly
integrated into the load side of power grids and have become
a significant factor affecting the quality of electrical energy in
the grid [1], [2]. The most commonly used and simple grid-
connected inverter is shown in Fig. 1. Despite the numerous
advantages of grid-connected converters, they are still nonlinear
power electronic devices, and factors such as dc side ripple and
switch dead time inevitably introduce a significant amount of
harmonic current into the common grid [3], [4], [S]. Generally,
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Fig. 1.

L filter grid-connected structure.

the harmonic distortion of the grid current caused by the in-
herent nonlinear characteristics of grid-connected inverters is
an important metric for assessing the quality of grid-connected
current [6]. Harmonic currents can lead to a series of hazards.
For instance, they can cause harmonic losses, reducing the effi-
ciency of electrical power transmission in the grid; degrade the
performance of electrical equipment and interfere with nearby
communication systems; and trigger the malfunction of electric
protection equipment, leading to power outages [7], [8], [9].
The ac side power has a pulsating quadratic component
in addition to the stabilized direct current. According to the
principle of conservation of energy, the dc side must provide
this two-fold power for it, and therefore a two-fold voltage
fluctuation also occurs on the dc side capacitor voltage [10],
[11]. The use of the virtual impedance control method is pro-
posed in both [12] and [13] to reduce the dc second harmonic
current. Experiments verified that the method can effectively
reduce the second harmonic content, but the complexity of the
control system is greatly increased. This complexity may lead to
system stability problems. Zhou et al. [14] proposed a method
to suppress second harmonic currents using a high-gain de—dc
converter with accurate small-signal modeling and impedance
editing, which can effectively improve stability and efficiency.
However, the experimental power conducted is low and its
generalization needs to be further determined. A new inverter
second harmonic injection strategy for PV dc booster systems is
proposed in [15] to enable fast recovery to maximum power point
tracking control without additional communication after grid
disturbances, thus improving power generation efficiency. A new
electrolytic capacitor’s second harmonic current compensator
(SHCC) is introduced in [16], which uses hybrid single-cycle
control to regulate the SHCC. However, the losses and costs are
increased because of the additional equipment. [17] introduced
a method using a dc transformer LLC resonant converter to
suppress second harmonic currents in the front-end de—dc con-
verter of two-stage inverters, employing control strategies such
as notch filters and virtual impedances, which requires precisely
designed control parameters as incorrect implementation may
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severely compromise system stability. [18] employs a high-gain
front-end dc—dc converter with inductor current feedback and
an active damping scheme to enhance stability and efficiency.

In a full-bridge converter composed of fully controlled de-
vices, a dead time must be added to the switching signals of the
upper and lower switches of the same bridge arm to prevent the
bridge arm from damaging the switching devices with a straight-
through fault. The existence of this dead time makes the actual
output voltage of the inverter deviate from the ideal voltage [19],
[20], [21] analyzes disturbances caused by inverter deadtime in
feedback quantizer modulation (FBQM) and proposes specific
deadtime compensation techniques within the FBQM frame-
work, albeit with certain limitations. Tang et al. [22] propose
a real-time compensation method for inverter nonlinearity by
estimating the deadtime effect based on the variance in voltage
error across continuous and discontinuous PWM schemes. A
simple and improved active voltage clamped highly efficient and
reliable inverter concept modulation scheme is proposed in [23]
to improve the power quality by compensating the dead zone and
minimizing the pulse width distortion. However, the proposed
scheme may limit its applicability to other inverter types. Zheng
et al. [24] present a fully digital soft-switching control for
inverters in critical conduction mode, utilizing variable OFF-time
and deadtime to optimize digital control frequency, balancing
high performance with computational efficiency.

The most commonly used grid-connected structure is still the
LCL filter grid-connected structure, and there are many control
methods regarding the LCL structure. Bahrami-Fard et al. [9]
present a novel feedback strategy using capacitor voltage to
enhance the current quality of LCL-type grid-connected invert-
ers. Ma et al. [25] proposes an active disturbance rejection
control (ADRC) strategy for LCL-type grid-connected inverters,
enhancing stability and robustness by optimizing resonance
damping and adapting to filter parameter perturbations. Tran
et al. [26] introduce a robust, optimized ADRC strategy for
an LCLfiltered grid-connected inverter, utilizing a resonant
extended state observer and predictive control to enhance si-
nusoidal reference tracking and disturbance rejection in varied
grid conditions. Active power filters are widely used in grid-
connected systems to improve power quality. Karbasforooshan
and Monfared [27] introduce an adaptive self-tuned current
controller for a single-phase shunt hybrid active power filter with
LCL-filtered LC-tuning, which dynamically adjusts to parameter
changes. Bosch et al. [28] presents a predictive current con-
trol scheme for a three-phase four-wire LCL-filter-based active
power filter, designed to enhance the management of harmonic
currents without increasing computational demands.

To improve photovoltaic grid-connected current quality, di-
verse filter topologies for PV inverters have been developed [29].
A passivity-based parameter design method for LLCL-filtered
grid-connected inverters was proposed in [30], with experimen-
tal validation confirming stable operation across various grid
impedances, though the multiple resonant circuits could lead
to increased costs and space requirements. An integrated active
EMI filter was introduced in [31] for V2G systems, offering
enhanced harmonic suppression and EMI noise reduction with-
out external passive components. A control strategy that reduces

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

system order from third to first for grid-connected inverters with
LCCL filters, incorporating differential feedforward and grid
voltage feedforward mechanisms, was presented in [32]. The
LTCL filter proposed in [33] provides increased harmonic atten-
uation without adding control complexity, yet the complexity of
the filter itself may increase the system’s sensitivity and decrease
its stability.

In recent years, in addition to the traditional PV grid-
connected inverters, many new PV grid-connected inverters
have emerged [38], [39], [40]. Pourfarrokh et al. [38] introduce
an asymmetrical multilevel inverter for PV systems, utilizing
a unidirectional isolated dc—dc converter to increase PV volt-
age, prevent reverse power flow, and enhance efficiency and
stability. Rahimi et al. [40] present a filter-clamped three-phase
grid-connected transformerless PV inverter that reduces leakage
current, improves grid current THD, and enhances overall effi-
ciency without adding extra components or modifying control
techniques.

Most harmonic suppression methods for the grid-connected
current focus on harmonics produced by the inverters, with
less consideration for background harmonic influences. Two
common approaches are used for suppression [34]: one involves
increasing the current loop gain at harmonic frequencies with
multiresonant or multisynchronous regulators, which can lead
to instability if harmonics are near the current loop crossover
frequency [35]; the other employs a grid voltage feedforward
scheme that effectively suppresses low-frequency harmonics but
may amplify higher frequencies [36]. Measuring grid voltage
directly can be challenging, especially in weak grids or when
inverters are connected through transformers, often leading to
the use of the point of common coupling filter capacitor voltage
instead [37]. This article focuses on analysis from the grid side
and proposes a two-segment grid-connected inverter structure,
highlighting several key contributions.

1) A photovoltaic grid-connected inverter system has been
designed, employing the proposed two-segment grid-
connected inverter structure. The main inverter generates
a voltage similar to the grid voltage, while the auxiliary
inverter carries out grid connection control. This method
effectively reduces the voltage sensitivity of the topology,
enabling high-quality grid connection even with simple
PI control, thereby significantly reducing the harmonic
content of the grid current.

2) Introducing an auxiliary inverter in a two-segment system
requires additional power electronic components, thereby
increasing hardware costs. However, the sensors and con-
trol methods needed for the main inverter are very sim-
ple, allowing for mass production and cost advantages.
Therefore, the added costs mainly come from the auxiliary
inverter used for grid connection control. Although the
system structure is relatively complex, its control method
is much simpler than the commonly used LCL filter grid
connection approach, which should reduce failure rates
and maintenance costs. Although the initial cost of the
two-segment system is higher, it significantly improves
system efficiency while reducing installation and mainte-
nance costs, demonstrating long-term economic benefits.
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3) To verify the effectiveness of the proposed topology
scheme, a 3.3 kW two-segment PV grid-connected in-
verter prototype is fabricated and tested. The experimental
results show that the scheme proposed in this article en-
hances the reliability and flexibility of the system while
improving the grid-connection effect.

II. PROPOSED TWO-SEGMENT GRID-CONNECTED INVERTER
STRUCTURE

A. Influencing Factors

In a single-phase grid-connected system, voltage and current
can be expressed as

1

ig = 7 (tim = vy) (M

(Uinv -

where vi,, is the output voltage of the PV grid-connected in-
verter, v, is the grid voltage, and L is the inductance of the filter

g = Z / l(villvl + Z vinvh) - <Ugl + Z Ugh)] .
h=2 h=2

The above expression yields

—/ (Vinv1 — vgl /(vavh Z%h) 3)

ZZ:z igh

where i,; denotes a fundamental component of the injected grid,
which is obtained from a fundamental component v;,,,; of the
inverter output voltage and a fundamental component v4; of
the grid voltage. Y} _, %4, denotes a harmonic component of
the injected grid, which is obtained from a harmonic compo-
nent Y, _, Vinyp, Of the inverter output voltage and a harmonic
component ., _, vy, of the grid voltage.

As can be seen from (3), the harmonics in the grid cur-
rent are caused by both the harmonic voltages from the grid-
connected inverter and the grid itself. Therefore, if appropriate
control methods or modulation techniques are applied to the
grid-connected inverter such that the harmonic content of its
output voltage equals that of the grid voltage (3 ) _, Vinvi, =
2222 Vgn), it is possible to eliminate harmonic currents caused
by grid voltage harmonics. Of course, this is an ideal scenario.
However, it is typically challenging to precisely control the
output voltage harmonics of an inverter, which in turn affects
the quality of the grid current.

Since the grid voltage distortion is usually uncontrolled and
mainly caused by nonlinear loads connected to the grid, we can
only qualitatively analyze the inverter output voltage harmonics.
To analyze the harmonics generated by the inverter output volt-
age, the grid voltage is regarded as a standard sine wave without
harmonics. The following is a detailed analysis of the dead zone
effect and the harmonic current generation mechanism caused
by the second ripple voltage on the dc side.
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The unipolar frequency doubling modulation case uqeaq can
be expressed in one switching cycle as

2ty .
— =L U4 iy >0
Tow g
udead(t) = 2, . 0 4)
T, Vde g <

where u4eaq 1S the error voltage due to the deadtime effect, T,
is the switching period, and 7, is the deadtime. A simplification
of (4) is obtained as

2ty
TSW

To facilitate the quantitative analysis of the impact of the dead
zone effect, it is assumed that the

ig(t) = Asin(wt +0) (6)

Udead (1) = — == Vacsgn(ig). 5)

where A, w, and 6 are the amplitude, angular frequency, and
phase of the current i (#), respectively. Therefore, sgn(iy) is a
periodic function of period 2 7/w concerning time t, and its
Fourier series expansion yields

sgn(t) = sgn [Asin(wt + 0)]

a0 = 2 [, sgnlig)d(wt + 6) = 0
an = = | sgn(iy) cosn(wt + 0)d(wt + 6) =0
b = = [ sen(iy) sinn(wt + 0)d(wt + 6) @
(A =135
B o,n_2,4,6...
From (7) one can further obtain as
4
t) = — si t+0). 8
sgn(t) Z — sinn(wt +0) (8)

n=1,3,5...
Therefore, expanding the uqeaq using the Fourier series can
be obtained as

£ e 1
8tavac “sinn(wt +0).  (9)

n=1,3,5...

Udead (t) - 7TT’5 N

From (9), it can be seen that the error voltage u4caq consists of
the fundamental wave and a series of odd harmonic components,
leading to the corresponding frequency of the grid-side harmonic
currents. Its amplitude is proportional to vq. and 74, and inversely
proportional to T, and the number of harmonics n.

Assume that the fundamental grid voltage v4; and the funda-
mental grid current i4; are shown as

vg1 = V2V cos(wt + )
ig1 = V21,1 cos(wt)

where V1 is the magnitude of vq, 1,1 is the magnitude of i1, ¢
is the phase difference between v4; and i41, and w is the angular
frequency of v4;. Then the instantaneous power Pj,, at the ac
side of the grid-connected converter is

(10)

]Dinv = ’Uinvligl = ‘/invl-[gl []- - COS(2Wt)] .

(11

The instantaneous power on the dc side can be expressed as
follows:
d@dc

de — VZicIdc + Cdc‘/dcﬁ

12)
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TABLE I
PARAMETERS OF THE FILTER MODULE

Parameters Symbol value
Dc-link voltage Ve 400 V
Grid-connected inductance Ly 1.5 mH

LC inverter Grid-connected capacitance Cr 6.6 pF
Sampling frequency fs 16.2 kHz
Switching frequency Sow 16.2 kHz
Dc-link voltage Vie_m 400 V
Grid-connected inductance Ly 1.5 mH

Main inverter ~ Grid-connected capacitance C, 6.6 uF
Sampling frequency o 16.2 kHz
Switching frequency Sowm 16.2 kHz
Dc-link voltage Vde_a 438V

. Grid-connected inductance Lo+ Las 66 uH

ﬁlléziltgry Grid-connected capacitance C 10 puF
Sampling frequency fsa 10 kHz
Switching frequency fow a 20 kHz

where V. is the average value of dc side voltage, 14, is the
average value of dc side current, and vq, is the dc side pulsating
voltage.

From (11) and (12), it can be seen that the instantaneous
power on both ac and dc sides consists of constant power
and pulsating power. Assume that the grid-connected converter
operates in an ideal state with no energy loss. Then, according
to the conservation of instantaneous power on the ac side and dc
side, i.e., the corresponding constant power and pulsating power
are equal, (13) can be obtained as

VCI c — V;nv 1
e (13)
Cdc‘/;ic% = inlegl COS(2wt)
From (13), the dc side pulsating voltage is
~ Vvinvllgl .
=_—= 2wt). 14
Ude 50 Vi, sin(2wt) (14)

From (14), the frequency of this pulsating voltage is twice
the frequency of the fundamental wave. The 04, amplitude is
proportional to Vi,y1 and /4, and inversely proportional to Cgc
and V.. The dc side voltage vq. consists of the average voltage
V4 and the secondary ripple voltage v4. superimposed as shown
in

s)

According to (9) and (14) combined with the data in Table I
it can be obtained that the auxiliary inverter is smaller than the
main inverter both in terms of the second harmonic of the dc
side and the error voltage ugeaq. Therefore, it can be obtained
that the voltage harmonics generated by the auxiliary inverter
are much smaller than the harmonic voltage generated by the
main inverter.

vde = Ve + Ude-

B. Proposed Structure

In a single-phase grid-connected power generation system,
when using a high-frequency PWM switching inverter, its high-
frequency modulation will produce a large number of harmonic
components near the switching frequency. A passive filter is
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Fig.2. Commonly used passive filter structures.

Fig. 3.  L-type filtered grid-connected voltage and current vector diagram.

commonly used to effectively suppress these harmonics. A
common passive filter is shown in Fig. 2.

When an inverter operates in grid-connected mode, due to the
clamping effect of the grid voltage, if an LC-type filter is used,
the filtering capacitor acts like a load, and only the inductance
functions as the filter, making the filtering effect equivalent to
that of an L-type filter. Therefore, the most common and standard
filters used in grid-connected inverters are the L-type first-order
filter and the LCL-type third-order filter.

Taking an L-type grid-connected inverter as an example,
the grid voltage and current are analyzed. The L-filter grid-
connection structure is illustrated in Fig. 1. From the properties
of inductance and the application of KVL, (16) and (17) can be
derived as

16)
a7

Representing the aforementioned physical quantities in a vec-
tor diagram yields Fig. 3. With a fixed grid-connected current,
the voltage across the inductor depends on the magnitude of the
inductance.

To meet the grid connection requirements, the inverter voltage
value V;,, needs to satisfy

v = jwiLL

Viny = Vg + VL.

Vg < ‘/inv < (Vg2 + VLQ)- (18)

Generally speaking, the rated voltage of the inductor is about
5% of the grid voltage, and it is difficult for the actual L-type grid-
connected inverter to achieve the grid-connected voltage with the
exact same amplitude as the grid voltage, and there is generally
an error of about 1%. When there is an error, the L-filtered grid-
connected voltage and current vector diagram becomes Fig. 4.

Itis assumed that a 3 mH inductor is used in an inverter with a
rated power P, of 3 kW. According to (18) and (19), the inverter
voltage value Vi, is 220.5 V at rated operation and the voltage
fluctuation Av is very small at 0.5 V

V;nv = (VQQ + VLQ)-

19)
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Fig.4. L-type filtered grid-connected voltage and current vector diagram when
an error exists.

The absolute value of v;,, minus the absolute value of v, is
less than or equal to 0.2% of viy,. Therefore, the rate of change
of the inverter modulation ratio AM is expressed as less than or
equal to 0.2%. At this time, the voltage across the inductor must
be regulated by the inverter output voltage viy,. In other words,
the 15 V must be controlled by the 0-0.5 V generated by the
inverter

|Vinv| — [vg] < 0.2%
AM < 0.2%.

(20)
2L

In other words, the 15 V must be controlled by the 0-0.5 V
generated by the inverter. Therefore, the voltage sensitivity is

_ Av _ 15
TAM O 0.2%

This illustrates that due to grid-connected operation, the
output power is highly sensitive to the magnitude of the grid-
connected inverter’s output voltage, leading to difficulties in
precisely controlling the output grid voltage. To address this
issue, an LCL filter grid-connection structure is commonly em-
ployed in engineering to reduce the harmonic content of the grid
current. By adding an additional inductance on the grid current
side, some of the harmonic content is diverted to the capacitor,
resulting in better attenuation at high frequencies and effective
suppression of harmonic components. However, at the resonance
frequency, there is aresonance peak that necessitates the addition
of closed-loop control for suppression, which requires precise
control and high stability. Additionally, the system’s voltage
sensors require low-pass filters with high cutoff frequencies;
however, under such conditions, they are easily affected by noise.
Therefore, new topological structures are required to eliminate
the effects of grid harmonic voltage components.

Inresponse to the drawbacks of the grid connection mentioned
above, Fig. 5 displays a proposed two-segment grid-connected
inverter topology. This configuration consists of a main inverter
Inv,y,in and an auxiliary inverter, Inv,,«, arranged in series. The
Inviain has a higher output power and is primarily responsible
for generating a voltage that matches the grid voltage in magni-
tude and phase. The Inv,,, with its lower output power, controls
the voltage applied to the reactor by detecting and responding to
the voltage difference between the grid voltage and the voltage
produced by Invyain .

= 6818. (22)

Sv
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Fig. 5. Commonly used passive filter structures.
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S

Fig. 6. Equivalent circuit diagram of L-type grid-connected inverter.

The main inverter only needs to generate a voltage that is
close to or similar to the grid voltage. Once the program is set, it
does not require further control. At this time, the voltage across
the inductor can be adjusted by the output voltage v, of the
auxiliary inverter. In other words, the 15 V must be controlled
by the auxiliary inverter with a modulation ratio ranging from 0
to 1. Therefore, the voltage sensitivity is

Av 15
/
- = — = 1 .
v AM 1 o

s (23)

III. STRUCTURAL AND CONTROL ANALYSIS
A. Structural Analysis

During the grid-connection process, Fig. 1 can be equated to
the circuit model shown in Fig. 6 if the presence of background
harmonics is considered.

According to Fig. 6, due to the presence of grid voltage
harmonics, a difference voltage between the grid voltage and the
inverter output voltage is generated on the inductor as shown in

v = (Uinv - Ugl) - (UgQ +-+ Ugn) . (24)

This differential voltage leads to the inclusion of harmonic
components in the current flowing toward the power grid, which
in turn distorts the output current, resulting in an increase in the
THD of the output current. In practical applications, it is essential
to ensure that the THD content of the grid current remains below
5%. If the grid-connected power quality is not high, it will affect
the power quality of the grid. This leads to an increase in the THD
of the grid current, particularly for single-phase grid-connected
systems. The two-segment grid-connected inverter proposed in
Fig. 5 is equated to the circuit model shown in Fig. 7.
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Fig. 7. Equivalent circuit diagram of the proposed two-segment grid-
connected inverter.

Fig. 8. Ideal state vector diagram.

In an ideal state, Inv,,.i, can bear all the harmonic voltages
of the grid, as shown in

U = (U, + Vg +0g1) + (Vg2 + -+ + Vgn) - (25)

Upon conducting a qualitative analysis, if the harmonic volt-
age contained in v,, is equal to (Vgo+---+Vvg,), then in (26), vy,
will only have the fundamental component and will not con-
tain harmonic components. Consequently, the grid-connected
current will also be free of harmonic content

(26)

VL = Viny — Vg.

In reality, due to various errors and interferences, Invy,,i,
cannot accurately bear all the harmonic voltages of the grid.
Suppose that the harmonic voltages contained in v}, are equal
to (v/g2 + -+ +v'gy,) , so that (27) can be obtained as

/

V), = (U, +va +vg1) + (Vg2 + -+ vgn) - 27)

Therefore the harmonic content of v} in (28) is
(Vg2 + -+ vgn) — (Vg2 + -+ +Vgn)

(28)

/ /
Uy, = Uy, — Vg — Vg.

By comparing (26) and (28), it is evident that the harmonic
content of v'; is less than that of vy,. Therefore, it can be seen that
the grid-connected current quality of the proposed two-segment
grid-connected inverter is higher than that of the L-type grid-
connected inverter.

The physical quantities in Fig. 5 are represented in a vector
diagram, resulting in Fig. 8. Ideally, the grid voltage v, is
identical to the output voltage of the main inverter Invy,,;,, and
the auxiliary inverter Inv,,x only needs to control the voltage
applied to the inductor. However, in reality, due to calculation
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Fig. 9. Actual state vector diagram.
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o b T e
Be— Vg
— P
90° 90°
delay 0, PLL 0, delay
1va | _spwm_| bie by b 4
Alfi aff
dq
Vg Vg
aff
Fig. 10. Block diagram of conventional single-phase grid-connected inverter
control.

errors or phase delays arising from voltage sensor and digi-
tal signal processor (DSP) sampling processes, a discrepancy
occurs between the grid voltage and the output voltage of the
main inverter. Inv,,x must also compensate for this difference,
as shown in Fig. 9.

The output voltage of the main inverter must be identical to
the grid voltage, but there is typically a minor difference in
amplitude and phase compared to the grid voltage. When the
difference between the v,, and the grid voltage is as shown
in Fig. 8, the output voltage of the auxiliary inverter v, can
correct this discrepancy. This adjustment ensures that the vector
direction of the current iy, is equal to that of the grid voltage. At
the same time, the orthogonal component jxiL can be controlled
to the desired magnitude, thereby controlling the grid-connected
current.

B. Control Methods

Fig. 10 depicts the control block diagram of a traditional
single-phase grid-connected inverter. The system processes the
feedback signals of the inverter’s output current, output voltage,
and grid voltage in real time via a DSP. Utilizing a phase-
locked loop (PLL) and PI control algorithms, appropriate control
signals are generated. These signals are further translated into
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Vd Vq
dq

ap

Vg T Vo

90°
delay

90°
delay
Vay "/4
af

dq
Va ]

Fig. 11.
inverter.

Control block diagram of the proposed two-segment grid-connected

gate drive signals for the IGBT through a sinusoidal pulsewidth
modulation (SPWM) modulator.

As shown in Fig. 11, the control of the proposed two-segment
grid-connected inverter consists of two portions, namely, the
control of the main inverter Inv,,,;, and the control of the
auxiliary inverter Inv,,x. The control of Invy,,;, adopts the
straightforward closed-loop control, in which the amplitude and
phase of the grid are obtained from the voltage transformer, and
then the control signals of S;~S, are derived through PLL and
modulation ratio. The control of Inv,,x adopts the same control
method as that of the traditional grid-connected inverter, and the
defined reference currents ig ,of and iy o are passed through
the PI controller with voltage feedforward to obtain the control
signals of S5~Ss.

The closed-loop feedback control block diagram with voltage
feedforward utilized in Fig. 10 has been simplified as shown in
Fig. 12.

Fig. 12 depicts the structure of a classical grid-connected
control system, which achieves the goal of precise control of
the output current by employing a finely designed closed-loop
feedback and feedforward compensation strategy. Where i* , ()
denotes the current reference signal, i1,(s) is the actual current
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Fig. 12.  Control block diagram of the conventional structure.

Fig. 13.

Control block diagram of the proposed structure.

of the inductor, and vcg(s) is the voltage across the capacitor.
H, and H; are the sampling coefficients of the voltage and the
current, and G,(s) is the current-loop controller with PI control.
Gpwm 1s the gain of the PWM modulator, and Ry is the equivalent
series resistance of L.

The actual current iy (s) is fed back through the sensor with
transfer function Hi, and the difference with the current reference
signal i* 1, (s) is obtained as the input of PI control. The control
signal from the PI controller is then compensated by voltage
feedforward to obtain the final voltage control signal. The design
of the feedforward compensation aims to further improve the
system’s tracking of the reference signal and suppress specific
disturbances. The control block diagram employed in Fig. 11
has been simplified as shown in Fig. 13.

The diagram indicates that the control method for the auxil-
iary inverter Inv,,y, is identical to that of a conventional grid-
connected inverter, with the only variation being in the value of
the feedforward voltage. In a traditional grid-connected inverter,
the feedforward voltage is derived from the grid voltage. How-
ever, for the auxiliary inverter Inv,,, the feedforward voltage is
obtained from the differential voltage between the grid and the
main inverter Invy,,i,,. The analysis above leads to the conclusion
that the main inverter essentially functions as an ac voltage
source with higher-order harmonics, and the responsibility for
grid connection control actually falls on the auxiliary inverter.
Consequently, it is feasible to analyze the parameters of the
two inverters separately, resulting in the specifications given in
Table L.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Analysis and Results

In the advanced power system simulation software PSIM,
comprehensive studies and modeling were conducted for both
the traditional L-type grid-connected structure and the proposed
two-segment inverter grid-connected structure. The specific pa-
rameters of the systems are detailed as shown in Table I.
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Fig. 15.  Grid voltage and grid-connected current of the proposed two-segment
grid-connected inverter.

To simulate the real grid environment more accurately, the
fundamental frequency of the grid voltage was set at 220 V, and
its harmonic content was meticulously modeled. The harmonic
components incorporated were as follows: a third harmonic,
labeled V43, possessing an amplitude of 10 V and an initial phase
set at 7r/3; a fifth harmonic, referred to as V5, with an amplitude
of 7V and an initial phase of 7w/4; a seventh harmonic, designated
as Vg7, also having an amplitude of 4 V and an initial phase of
m/4. This setting not only reflects the complex scenarios the grid
might encounter in reality but also aids in understanding the
performance of grid-connected strategies when confronted with
such harmonic disturbances. A series of simulation experiments
were conducted, yielding the results shown in Figs. 14-16.

The simulation outcomes, as shown in Figs. 14-16, illus-
trate the comparative performance of a traditional L-type grid-
connected inverter system and the proposed two-segment grid-
connected inverter system. Fig. 14 presents the grid voltage
vy and grid current i, waveforms of the traditional L-type
inverter system, where v, has a THD of 5.73%, and notably, i,
exhibits significant harmonic content with a THD of 23.44%.
Such a THD level is typically deemed excessive for most
grid-connected applications, indicating a relatively poor power
quality due to the high harmonic content in the current. In
contrast, Fig. 15 shows that the grid current iy of the proposed
two-segment inverter lacks significant harmonic components,
with the current waveform’s THD markedly reduced to 3.46%.
The decrease in THD indicates that the two-segment inverter
is considerably effective in reducing harmonic distortion in the
grid current, resulting in a higher power quality more suitable
for grid-connected applications. Fig. 16(a) and (b) shows the
system’s grid-connected current response when the harmonic
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Fig. 16. Waveforms of the grid-connected voltage THD during sudden

changes (a) 5.83% at 0.3 s. (b) 7.87% at 0.3 s.
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Fig. 17.  Experimental prototype of two-segment grid-connected inverter.

content of the grid voltage suddenly increases to 5.83% and
7.87%, respectively. It can be seen that i,; exhibits significant
distortion as the harmonic content increases, with a noticeable
rise in harmonic components in the waveform and a clear de-
cline in power quality. In contrast, the current waveform of 7,
maintains good stability.

B. Experimental Analysis and Results

To verify the feasibility of the proposed grid-connected struc-
ture, a 3.3 KW experimental prototype was designed and manu-
factured, as shownin Fig. 17. The DSPTMS320F28335 was used
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Fig. 19.  Grid-connected current of L-type grid-connected inverter.

as the main controller of the system, and the main parameters
are also given in Table I.

As shown in Fig. 18, the actual grid voltage v, is not a smooth
sinusoidal waveform, but it is typical of an ac power source
voltage. The actual output waveform of the inverter after filtering
could not be obtained through measurement, as the voltage
across the capacitor cy is always clamped by the grid voltage.
Therefore, the inverter’s output voltage vi,, is obtained after
digital-to-analog conversion. This is done to roughly discern the
difference between the grid voltage and the inverter’s output
voltage. This differential waveform is a key parameter, as it
represents the instantaneous difference between the grid and
the inverter output, which needs to be minimized for effective
synchronization with the grid. The vpwn shows the active
period of PWM, indicating that the inverter switches are “ON”
and supplying power to the grid. Fig. 19 shows the steady-
state waveform of the system under grid-connected mode at
P,. =3.3kW, with a THD of 3.99% for the grid voltage v,. The
figure shows that, influenced by the differential voltage, the grid
current i, has a significant harmonic component with a THD
of 5.43%. From Figs. 18 and 19, it is evident that the maximum
difference between the grid voltage v, and the inverter output
voltage vi,y is 20 V, and the quality of the grid current iy; is not
high enough. Therefore, it is necessary to compensate for the
difference between the grid voltage v, and the inverter output
voltage vi,y to reduce the voltage on the inductor Ly and thus
improve the quality of the grid current.

In Fig. 20, the main inverter Inv,,,;, outputs a waveform
identical to the grid voltage, while the auxiliary inverter Inv ,x
can generate a voltage in phase with the grid voltage. The
experimental waveforms demonstrate that the voltage magni-
tude and phase of the Inv,,y are well controlled. This indicates
that the differential voltage can be compensated through the

FERY TR
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Fig. 22.  Grid-connected action instant of the proposed two-segment grid-
connected inverter when the grid-connecting current is 15 A.

voltage magnitude and phase of the Inv,,. Fig. 21 shows the
grid-connected condition of the proposed two-stage inverter
when transferring 3.3 kW of power to the grid during a no-load
connection process. It is observed that the grid current i ;o shows
an improvement compared to iy. The output voltage of the
Inv,.x, regulated by current control, can correct the differential
voltage in real-time, ensuring the quality of the current fed into
the grid.

The waveforms of the auxiliary transformer during grid-
control startup at different grid-control currents are shown in
Figs. 22 and 23. Initially, iy is flat at zero, indicating no
current flow into the grid. The current starts to increase from
zero, forming a sinusoidal shape. This ramp-up phase is critical
and must be carefully controlled to prevent sudden surges or
spike currents that could damage the grid or the inverter. The
grid-connection process, as evidenced by iy, is exceptionally
smooth, with no current fluctuations. This dynamic performance
reflects the ability of the inverter for smooth startup and syn-
chronization with the grid, demonstrating the effectiveness of
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TABLE II
PERFORMANCE COMPARISON OF THE PROPOSED STRATEGY WITH OTHER STRATEGIES

Percentage . Implementation Control .
Power of THD Complexity method method Efficiency
Proposed 33kW 1.98% Moderate Hardware Simple 95.8%
Guan et al. [8] 3 kW 3.13% Moderate Software Moderate ~ Unknown
Bahra mi-Fard et al.[9] 0.6 kW 3.58% Complex Software+Hardware =~ Moderate 98.12%
Kan et al. [17] 3 kW 2.99% Moderate Software Complex High
Pourfa rrokh et al. [38] 1 kW 2.48% Moderate Hardware Complex 93.93%
Srivastava and Seshad rinath [39] 1 kW 3.04% Complex Software+Hardware ~ Complex 96.25%
Rahimi et al. [40] 1 kW 3.2% Complex Software+Hardware =~ Moderate 96.16%
TABLE III
PARAMETER COMPARISON
Vo300V /div) 20ms/div - -
2 ; Power LCL inverter L inverter wo-segmen
mnverter
................. RVRNE 7773 77777 1% ¥ S S S -
inductor 1.5 mH+1.5 mH 1.5mH 1.5 mH+66 uH
capacitor 6.6 uF 6.6 uF 6.6 uF+10 pF
Ve o(50V/div) uninolar SPWM-+
" . . polar
{ PWM method unipolar SPWM unipolar SPWM bipolar SPWM
?Wmhmg 10 kHz 16.6 kHz 16.6 kHz+20 kHz
Fig. 23.  Grid-connected action instant of the proposed two-segment grid redieney IRGP6690DPbE
1g. 25. - § s - - . +
connected inverter when the grid-connecting current is 20 A. Switch Type IRGP66IODPLE  IRGPO6IODPOE " an i 0
TABLE IV
Loss COMPARISON
the response and control strategy of the proposed two-segment
grid-connected inverter. Table IT compares the strategy proposed Loss Two-segment  LCL inverter L inverter
in this article with previ ies. It can n that th Inverter
this article wt. previous stud es t ca be seen that the Onoff Toss(W) 8143 TRl R
strategy proposed in this article provides high power output and Switching loss(W) 1115 6.98 25.8
performs exceptionally well in terms of THD, achieving 1.98%, Inductance loss(W) 4272 82.33 42.36
Total loss(W) 135.26 163.95 142.88

which is significantly lower than other strategies. Although its
efficiency is 95.8%, not the highest, considering its advantages in
harmonic suppression, system implementation, and simplicity of
control methods, the proposed strategy demonstrates significant
overall performance advantages.

To verify the dynamic response characteristics of the proposed
system, we connected the MX45-3PI-400-SNK device to the
grid, capable of grid connection with any grid voltage containing
arbitrary harmonic content. The experimental scenarios were set
in three cases: First, the sudden change in grid-connected power
was tested, where Fig. 24(a) and (b) shows the system’s grid-
connected response when the grid current rapidly increases from
10 to 20 A and decreases from 20 to 10 A, respectively. Second,
the sudden change in grid voltage amplitude was tested, where
Fig. 25(a) and (b) shows the system’s grid-connected current
response when the grid voltage amplitude changes suddenly.
Finally, the sudden change in grid voltage THD was tested,
where Fig. 26(a) and (b) shows the system’s grid-connected
current response when the grid voltage THD suddenly changes
to 5.83% and 7.87%, respectively.

The experiments demonstrate that the system can respond
quickly to sudden changes in grid-connected power, maintaining
good current stability. When there is a sudden change in grid
voltage amplitude, the system shows strong adaptability, with the

current waveform remaining smooth. Furthermore, when there
is a sudden change in grid harmonic frequency, the system can
still effectively suppress harmonic distortion, ensuring current
quality. This indicates the superior performance of the proposed
two-stage grid connection method under various dynamic con-
ditions.

C. Efficiency and Cost Analysis

To evaluate the efficiency of the proposed two-segment in-
verter, LCL-type PV grid-connected inverter and L-type PV
grid-connected inverter models are constructed for efficiency
comparison. In a 3 kW system at rated power, the parameters
and losses of the proposed two-segment inverter, the LCL-type
inverter, and the L-type inverter are shown in Tables III and IV,
respectively.

From Table III, several observations can be made. First,
the two-segment high-performance grid-connected inverter em-
ploys a more complex configuration of inductors and capacitors
due to its dual inverter structure. Secondly, in terms of PWM
methods, both the LCL inverter and L-type inverter use unipolar
SPWM, whereas the two-segment high-performance inverter
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utilizes not only Unipolar SPWM, but also bipolar SPWM.
This combination enables the two-segment high-performance
inverter to achieve efficient voltage regulation and harmonic
suppression under various operating conditions. Finally, the
main and auxiliary inverters of the two-segment inverter operate
at switching frequencies of 16.6 and 20 kHz, respectively. The
higher switching frequencies significantly improve harmonic
suppression and reduce losses caused by high-frequency har-
monics.

From Table IV, it can be seen that the LCL-type grid-
connected inverter is comparable to the two-segment grid-
connected inverter in terms of conduction and switching losses.
However, in terms of inductor losses, the LCL-type inverter has
twice the losses of the two-segment inverter. For the L-type
inverter, the set switching frequency of 10 kHz leads to a higher
switching loss of about 14.65 W compared to the two-section
inverter, under the condition that the THD of the grid current is
kept below 5%. Since the number of switches in the two-section
inverter is twice as many as the other two inverters, the conduc-
tion loss is higher. Nonetheless, the difference is not significant,
so the total losses of the two-stage PV inverter are still the lowest
under the 3 kW output power condition.

The efficiencies of the two-segment PV grid-connected in-
verter, LCL-type PV grid-connected inverter, and L-type PV

Waveforms of the grid-connected voltage THD during sudden changes. (a) 5.83% at 0.3 s. (b) 7.87% at 0.3 s.
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tudes.

Comparison of efficiency at different grid-connected current ampli-

grid-connected inverter are shown in Fig. 27 when the grid-
connected current amplitude is changed from 10 to 20 A.
From Fig. 27, it can be seen that the efficiency of the L-type
inverter increases in the range of grid-connected currents from
10 to 20 A. Nevertheless, the efficiency of the L-type inverter is
still lower than that of the two-segment PV inverter due to its
relatively high switching losses. The LCL-type inverter has the
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highest efficiency at a grid-connecting current of 10 A, but as the
grid-connecting current increases, its inductive losses increase,
resulting in a continuous decrease in efficiency. Among the
three types of inverters, the two-segment PV grid-connected
inverter has the highest efficiency and shows an increasing
trend as the grid-connected current increases. Therefore, the use
of two-segment grid-connected inverters in PV grid-connected
systems can significantly improve the system efficiency.

V. CONCLUSION

The article designs a single-phase grid-connected system,
consisting of a main inverter and an auxiliary inverter. The main
inverter is directly controlled by the simplest closed-loop control
based on the amplitude and phase of the grid voltage obtained.
Meanwhile, the auxiliary inverter can quickly compensate for
the differential voltage between the grid and the main inverter
through PI control, ensuring the quality of the current injected
into the grid, reducing voltage fluctuations on the grid inductor,
and thereby improving the quality of the grid current. Compared
to complex filtering structures, this scheme optimizes the overall
system topology, primarily regarding efficiency, grid-connected
current THD content, and control system complexity. Finally,
a 3.3 kW experimental prototype was fabricated and tested to
verify the effectiveness and stability of the proposed solution.
This prototype provides excellent response characteristics and
performance in grid-connected mode.
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