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Abstract: With the large-scale distributed PV connected to the grid, the random and intermittent
nature of PV output, the non-linearity of the inverter, as well as the low daytime base-load and
large-scale back feeding cause outstanding power quality problems such as overvoltage, three-phase
unbalance, and high harmonic content at the end of the power supply system, which seriously affects
the safe and stable operation of the grid and power efficiency. Based on the residual capacity of the
inverter, this paper investigates a cooperative power quality control strategy that integrates active
power filter, reactive power compensation, and inverter functions to achieve comprehensive power
quality control and management without adding additional hardware equipment. The validation
results show that the control strategy strongly improves the power quality, grid security, stability,
and efficiency. This strategy indicates significant economic benefits.

Keywords: power quality; PV inverters; residual capacity; instantaneous power theory; cooperative control

1. Introduction

With the rapid development of wind, light, and other new energy generation, the dis-
tribution network presents a development trend of high-proportion distributed generation.
A total of 54.88 million kW was added in 2021, and by the end of 2021 China’s installed
photovoltaic capacity had reached 310 million kW [1].

Large-scale distributed photovoltaic access to the grid, coupled with the randomness
and intermittency of photovoltaic output, non-linear inverter, as well as the low daytime
base load and large-scale back feeding cause outstanding power quality problems, such as
overvoltage, three-phase unbalance, and high harmonic content at the end of the supply
and consumption system [2,3]. Incidents of system failure and equipment damage caused
by photovoltaic grid connection occurs occasionally. The safety, stability, and power quality
problems caused by photovoltaic power generation are also becoming more and more
prominent, and there are more and more equipment damage accidents caused by harmonic
and overvoltage [4–7]. Therefore, there is urgent need to explore an effective governance
strategy to alleviate the serious voltage problem in distribution networks. In addition,
precision digital power supply and load equipment, are more sensitive to voltage, and
higher voltage power quality is required.

DC/AC conversion is the core link of photovoltaic power generation, and its control
strategy determines the performance of the inverter [8,9]. The two-stage photovoltaic
system is controlled separately in the front and rear stages, which is simpler than the single-
stage system and is widely used in distributed photovoltaic power generation [10–13]. Due
to the influence of even harmonics on the DC side, the two-stage grid-connected inverter
will produce the second low-frequency ripple component on the DC bus capacitor [14–16].
Excessive ripple voltage will lead to output voltage distortion, and excessive ripple current
will make the bus capacitor produce heat and shorten its life [16–18]. At the same time,
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the second harmonic affects the maximum power point tracking (MPPT) control, which
reduces the photoelectric conversion efficiency of photovoltaic panels.

The distributed PV grid-connected inverter has the same main circuit topology as the
active filter (APF) and the static reactive power generator (SVG), so the grid-connected
inverter can be used for both harmonic control and reactive power compensation. By using
a multi-function inverter (MFINV) with harmonic control functions as the grid connection
interface for distributed power supplies, the residual capacity can be used to assist in
harmonic and reactive power control [19–22]. Control strategies for simultaneous harmonic,
reactive power, and negative sequence compensation using multifunctional inverters were
investigated for power quality problems such as harmonics, voltage deviation, and three-
phase unbalance [19,20]. In the literature [21], control strategies were also designed for
different DG output and power demand conditions to ensure grid connection and active
filtering under different supply and demand conditions. A direct control strategy of inverter
impedance to realize harmonic sharing was proposed [22].

Many studies have been conducted on the current tracking control technology of mul-
tifunctional PV grid-connected inverters and grid-connected system control strategies [23].
The unified control of active filters and PV grid connection has been investigated [24–26],
focusing on algorithms for the synthesis of active and harmonic compensation currents in
PV grid connection. In, the literature [27,28], the control of SVG with PV grid-connected
power generation was unified, using the residual capacity of PV inverters for reactive
power compensation and suppressing grid voltage fluctuations. All the above involve the
residual capacity of PV power generation with active grid connection for power quality
management, but the authors did not consider whether PV power generation could be
generated at full power under harmonic and overvoltage conditions.

Based on the three-phase non-isolated photovoltaic grid-connected two-stage system,
this paper examines the influence of AC side harmonics on the maximum power point
of photovoltaic. On this basis, the improved conductance increment method (INC algo-
rithm) is used to replace the traditional MPPT algorithm to reduce the influence of grid
harmonics on MPPT and stabilize the voltage of the BOOST circuit. Doing so ensures
that the multifunctional inverter first meets the maximum power of the PV to the grid,
improves the utilization rate of the inverter, and performs harmonic and reactive power
management based on the residual capacity of the inverter. This provides a theoretical
basis for improving the tracking capability of the maximum power point and power quality
management for the operation of two-level PV grid-connected systems.

2. Influence of Harmonics on Photovoltaic Power Generation System
2.1. Influence of Harmonics on Grid-Connected System

For this study, an LCL filter was chosen as the photovoltaic grid-connected filter [29–31],
which has a simple structure, easy control, and better filtering performance and high-frequency
harmonic attenuation. The LCL-type filter topology is shown in Figure 1. The block diagram
of the LCL mathematical control model is shown in Figure 2.

Energies 2022, 15, x FOR PEER REVIEW 3 of 16 
 

 

L1 L2

C
Cdc

ugVdc

 

Figure 1. The LCL-type filter topology. 

GL1(s) GC(s) GL2(s)
iac

uac

ui +
-
+ -

+
-

uc

i1

 

Figure 2. LCL mathematical control model block diagram. 

The inverter output voltage is ui, while uac and iac are photovoltaic grid voltage and 

current, respectively. The transfer function between the input voltage of the filter and the 

grid-connected current satisfies Formula (1), where L1, L2, and C are the inductance and 

capacitance values of the LCL filter marked in Figure 2. 

( )
ac

3

i 1 2 1 2

( ) 1

( )

I s

U s L L C L L s
=

+ +
 

(1) 

Thus, the resonant frequency expression of the filter satisfies the formula (2). 

1 2

1 2

1

2
res

L L
f

L L C

+
=

 

(2) 

The distortion of the grid current due to the injection of harmonics can lead to parallel 

resonance in the LCL circuit, which can lead to large currents flowing in the inductive and 

capacitive components, thus burning out the electrical equipment. The additional circuit 

losses due to harmonics are also increased due to the skin effect of the wires. 

2.2. Influence of Secondary Ripple on MPPT 

The two-stage photovoltaic topology is shown in Figure 3. 

F i rs t  s ta ge

DC/DC 

Conver ter

S econd  s t age

DC/AC

Conver ter
Cdc

vdc vac

iinv iac

Vin

 

Figure 3. Topological structure of two-stage grid-connected system. 

A two-stage photovoltaic system is directly connected to the grid, and the instanta-

neous values of grid voltage and current meet Formula (3) and Formula (4), respectively. 

Where Vac, Iac are the RMS values of voltage and current, and θ is the phase angle of grid 

voltage and current. It can be derived that the inverter output power satisfies Equation 

(5). 

ac ac
v t V sin ωt=( ) 2  (3) 

ac ac
i t I sin ωt θ=( ) 2 ( - ) (4) 

Figure 1. The LCL-type filter topology.



Energies 2022, 15, 8049 3 of 16

Energies 2022, 15, x FOR PEER REVIEW 3 of 16 
 

 

L1 L2

C
Cdc

ugVdc

 

Figure 1. The LCL-type filter topology. 

GL1(s) GC(s) GL2(s)
iac

uac

ui +
-
+ -

+
-

uc

i1

 

Figure 2. LCL mathematical control model block diagram. 

The inverter output voltage is ui, while uac and iac are photovoltaic grid voltage and 

current, respectively. The transfer function between the input voltage of the filter and the 

grid-connected current satisfies Formula (1), where L1, L2, and C are the inductance and 

capacitance values of the LCL filter marked in Figure 2. 

( )
ac

3

i 1 2 1 2

( ) 1

( )

I s

U s L L C L L s
=

+ +
 

(1) 

Thus, the resonant frequency expression of the filter satisfies the formula (2). 

1 2

1 2

1

2
res

L L
f

L L C

+
=

 

(2) 

The distortion of the grid current due to the injection of harmonics can lead to parallel 

resonance in the LCL circuit, which can lead to large currents flowing in the inductive and 

capacitive components, thus burning out the electrical equipment. The additional circuit 

losses due to harmonics are also increased due to the skin effect of the wires. 

2.2. Influence of Secondary Ripple on MPPT 

The two-stage photovoltaic topology is shown in Figure 3. 

F i rs t  s ta ge

DC/DC 

Conver ter

S econd  s t age

DC/AC

Conver ter
Cdc

vdc vac

iinv iac

Vin

 

Figure 3. Topological structure of two-stage grid-connected system. 

A two-stage photovoltaic system is directly connected to the grid, and the instanta-

neous values of grid voltage and current meet Formula (3) and Formula (4), respectively. 

Where Vac, Iac are the RMS values of voltage and current, and θ is the phase angle of grid 

voltage and current. It can be derived that the inverter output power satisfies Equation 

(5). 

ac ac
v t V sin ωt=( ) 2  (3) 

ac ac
i t I sin ωt θ=( ) 2 ( - ) (4) 

Figure 2. LCL mathematical control model block diagram.

The inverter output voltage is ui, while uac and iac are photovoltaic grid voltage and
current, respectively. The transfer function between the input voltage of the filter and the
grid-connected current satisfies Formula (1), where L1, L2, and C are the inductance and
capacitance values of the LCL filter marked in Figure 2.

Iac(s)
Ui(s)

=
1

L1L2C3 + (L1 + L2)s
(1)

Thus, the resonant frequency expression of the filter satisfies the Formula (2).

fres =
1

2π

√
L1 + L2

L1L2C
(2)

The distortion of the grid current due to the injection of harmonics can lead to parallel
resonance in the LCL circuit, which can lead to large currents flowing in the inductive and
capacitive components, thus burning out the electrical equipment. The additional circuit
losses due to harmonics are also increased due to the skin effect of the wires.

2.2. Influence of Secondary Ripple on MPPT

The two-stage photovoltaic topology is shown in Figure 3.
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Figure 3. Topological structure of two-stage grid-connected system.

A two-stage photovoltaic system is directly connected to the grid, and the instanta-
neous values of grid voltage and current meet Formulas (3) and (4), respectively. Where
Vac, Iac are the RMS values of voltage and current, and θ is the phase angle of grid voltage
and current. It can be derived that the inverter output power satisfies Equation (5).

vac(t) =
√

2Vacsinωt (3)

iac(t) =
√

2Iacsin(ωt− θ) (4)

p0(t) = vac(t)iac(t) = Vac Iac[2sinωt · sin(ωt− θ)] = Vac Iac[cosθ − cos(2ωt− θ)] (5)

In Equation (6), ignoring the power loss, is the reactive power in the inverter filter
inductor and filter capacitor of the post-stage DC/AC converter; that is, the input power
and output power of the post-stage meet.

pinv(t) = p0(t) (6)
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The average value of the intermediate bus voltage is Vdc, and the current iinv(t) trans-
mitted by the intermediate bus capacitor to the back-stage converter satisfies Equation (7).
The composition of iinv(t) of the back-stage inverter includes the DC current component
and the double grid frequency ripple component, where the DC component represents
the active power of the back-stage inverter. Traffic isolation is the basic characteristic of a
capacitor, so bus capacitor Cdc provides twice the power frequency ripple component in the
instantaneous input current of the inverter. The instantaneous input of capacitor current of
an intermediate bus is idc(t) satisfying (8).

iinv(t) =
pinv(t)

Vdc
=

Vac Iac

Vdc
cosθ − Vac Iac

Vdc
cos(2ωt− θ) (7)

idc(t) =
Vac Iac

Vdc
cos(2ωt− θ) (8)

From Equation (8), the voltage ripple of the intermediate bus capacitor satisfies Equa-
tion (9), and thus the voltage udc of the intermediate bus capacitor satisfies Equation (10).

∆udc =
1

Cdc

∫ Vac Iac

Vdc
cos(2ωt− θ)dt =

Vac Iac

2ωCdcVdc
sin(2ωt− θ) =

P0

2ωCdcVdc
sin(2ωt− θ) (9)

udc = Vdc + ∆udc (10)

Without considering the front and rear converter and line loss, the second harmonic
current is provided by the front DC/DC converter and the intermediate bus capacitor.
Therefore, the intermediate bus voltage oscillates near the target value. Because MPPT
tracking requires a duty cycle to modulate the PWM waveform to drive the DC/DC
converter when the intermediate bus voltage of the BOOST circuit is about to affect the
maximum power point oscillates, the output power of photovoltaic cells oscillates near the
maximum power point, resulting in solar cells that cannot achieve MPPT tracking well.

MPPT tracking is based on any disturbance technique: the MPPT controller for the
perturbation observation method and the conductance increment method may cause a
miscalculation when the PV is tracking the maximum power point, i.e., and make the
MPPT algorithm crash; the active output of the PV cell is even lower and the efficiency of
the system may be severely lost, which is not conducive to grid connection. The P-V and
I-V curves of PV output under secondary ripple are shown in Figure 4.
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Figure 4. P-V and I-V curves of photovoltaic output under secondary ripple.

2.3. The Improvement of MPPT Algorithm

The traditional incremental conductance method often uses a fixed step size, which
needs to be weighed in the dynamic response and steady-state oscillation. In order to meet
the dynamic response and steady-state output at the same time, the traditional algorithm
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with a fixed step size adopts a compromised duty cycle variation. However, at this time, the
environmental conditions change rapidly or the second harmonic is large, which will lead
to the failure of the algorithm and cannot meet the photovoltaic grid-connected conditions.

In this paper, the variable step-size INC method is proposed, and the variable step-size is
automatically adjusted according to the inherent characteristics of the photovoltaic array. If
the operating point is far from the maximum power point, the step-size increases to ensure
rapid tracking. If the operating point is near the maximum power point, the step-size is smaller,
the oscillation is reduced, and the efficiency is improved. The variable step-size method has
better dynamic performance, can quickly track the maximum power point, and is not easily
affected by external conditions and secondary ripple. Variable step incremental conductance
method combined with duty cycle is used to control the maximum power point tracking of
photovoltaic. The variable step INC process is shown in Figure 5.
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In Figure 5, the duty cycle is D, and the change of each duty cycle is ∆ D = K × step,
where K = n× abs (dp/dv), n is a constant, n = 0.0002. The value of step is shown in Table 1:

Table 1. Value table of step.

Constraint Condition Values

dv = 0
di = 0 step = 0
di > 0 step = 1
di < 0 step = −1

dv 6= 0
di/dv = −v2/v1 step = 0
di/dv > −v2/v1 step = −1
di/dv < −v2/v1 step = 1

This method ensures that the PV always outputs power near the maximum power
point and can satisfy the economics of the inverter. The power quality control strategy is
based on the maximum power output.
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3. Multi-Functional Photovoltaic Grid-Connected Inverter
3.1. Active Filter

An active power filter (APF) is widely used in power systems. As shown in Figure 6,
in the working process of the active power filter, it is necessary to first collect the harmonic
current signal from the load side to improve the power quality. After the operation of the
instruction current operation circuit, the synthesized instruction signal is sent to the current
tracking control circuit. Then, the current tracking control circuit controls the drive circuit,
and the drive circuit controls the gate opening of the main circuit. The PWM converter is
used to send out the waveform; that is, reverse phase to the harmonic current and output
to the load side to be compensated, thus the purpose of harmonic elimination is achieved.
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The basic working principle expression of the active power filter satisfies Equation (11).

is = iL + ic = (iL f + iLh) + (−iLh) = iL f (11)

where is is the supply current; iL is the load current to be compensated; ic is the compensa-
tion current, which is the inverter output current; iLf is the fundamental component of the
load current; iLh is the harmonic component of the load current.

3.2. Improved Harmonic Current Detection Method

Using the instantaneous reactive power theory, the phase-locked loop to obtain the
sine cosine signal of the same phase of the a-phase voltage is set. According to the above
definition of the load current coordinate transformation, by Clark transformation and Park
transformation, ip, iq are extracted from ia, ib, ic; after LPF, the DC components ip, iq are
obtained and then calculated from the fundamental components ia f , ib f , ic f , and it can
further be obtained from the harmonic components iah, ibh, ich.

The analysis and simulation are carried out in the case of no distortion of the grid
voltage and the three-phase symmetry, then the three-phase voltage e satisfies Equation (12).
The load-side currents containing harmonics satisfy Equation (13). The three-phase har-
monic currents ia, ib, ic satisfy Equation (14) after a coordinate transformation, where C32
satisfies Equation (15). ea

eb
ec

 =


√

2E1 sin ωt√
2E1 sin(ωt− 2π/3)√
2E1 sin(ωt + 2π/3)

 (12)
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ia
ib
ic

 =


∞
∑

n=1

√
2In sin(nωt + ϕn)

∞
∑

n=1

√
2In sin[n(ωt− 2π/3) + ϕn]

∞
∑

n=1

√
2In sin[n(ωt + 2π/3) + ϕn]

 (13)

[
ip
iq

]
=

[
sin ωt − cos ωt
− cos ωt − sin ωt

]
· C32

ia
ib
ic

 =

[
sin ωt − cos ωt
− cos ωt − sin ωt

]
·
[

iα

iβ

]
(14)

C32 =

[
1 −1/2 −1/2
0
√

3/2 −
√

3/2

]
(15)

By combining Equations (13) and (14), it can be verified that ip and iq satisfy Equation (16)
and its DC component satisfies Equation (17) after being filtered by the low-pass filter. This
results in the fundamental and harmonic currents obtained after the filtering of the load current,
satisfying Equations (18) and (19), respectively.

[
ip
iq

]
=
√

3


∞
∑

n=1
In cos[(1∓ n)ωt∓ ϕn]

∞
∑

n=1
±In sin[(1− n)ωt− ϕn

 (16)

[
ip
iq

]
=
√

3
[

I1 cos(−ϕ1)
I1 sin(−ϕ1)

]
(17)

ia f
ib f
ic f

 = C23 ·
[

sin ωt − cos ωt
− cos ωt − sin ωt

]
·
[

ip
iq

]
=


√

2I1 sin(ωt + ϕ1)√
2I1 sin(ωt− 2π/3 + ϕ1)√
2I1 sin(ωt + 2π/3 + ϕ1)

 (18)

iah
ibh
ich

 =

ia
ib
ic

−
ia f

ib f
ic f

 (19)

When it is used for the active filter and reactive power compensation, harmonic and
reactive current need to be detected at the same time. At this time, the detection of the q
channel is disconnected; that is, the expression of the sum of harmonic and reactive current
satisfies (20). In order to ensure that the output power of photovoltaic cells remains at the
maximum power point, it is necessary to stabilize the DC bus voltage so as to ensure the
active output of photovoltaic cells.iah + iaq

ibh + ibq
ich + icq

 =

ia
ib
ic

− C23 ·
[

sin ωt − cos ωt
− cos ωt − sin ωt

]
·
[

ip
0

]
(20)

Then, ip, iq are changed into DC components ip, iq through the LPF. LPF generally
uses the second-order Butterworth filter and cut-off frequency is in 15~40 Hz. This paper
selected 20 Hz for analysis and comparison. Although the second-order filter has good
filtering performance, it also has a large delay. Therefore, the average current method is
used for the input of the low-pass filter on this basis. The average current method process
is shown in Figure 7.

The following is a simulation analysis of the two schemes. Based on the instantaneous
power theory, the instantaneous power theory harmonic detection method is used. The
simulation uses an ideal power supply with no distortion of 220 V as the parallel point,
and the simulation starts with a non-linear load connected at 0 s, and the resistance of the
non-linear load is reduced to half of the original value at 0.15 s. Simulation results are
shown in Figure 8.
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As shown in Figure 8, although the second-order Butterworth filter can achieve a good
filtering effect, its response is slow and cannot be filtered in time, so it is not as proficient
at carrying out harmonic detection and real-time harmonic compensation. The average
current method can filter quickly and reduce the filtering delay to T/6 period so as to
conduct harmonic detection faster and achieve fast harmonic compensation ability. When
the non-linear load changes 0.15 s, the harmonic current ip changes rapidly, and the average
current method can also track and filter quickly. Therefore, the average current method is
used to replace the traditional second-order Butterworth filter.

3.3. Current Synthesis Instruction

For distributed PV grid-connected inverters, three operating states are designed for the
purpose of power quality management based on the remaining capacity of the inverter. In the
first state, the entire capacity is used for the DC/AC inverter function for grid-connected power
generation; in the second state, the DC/AC inverter for grid-connected power generation
is prioritized, followed by the remaining capacity for power quality management; in the
third state, the entire capacity is used for power quality management in the absence of light.
In addition, when the remaining capacity is not sufficient for power quality management,
additional filtering devices such as APF can be considered for further compensation.

First, the output current of the photovoltaic array is collected, and the output voltage
reference value U∗PV is obtained by MPPT maximum power tracking method. Compared
with the actual output voltage UPV of photovoltaic array, the active command current ip of
photovoltaic array output is obtained by PI control. Then, the load-side current is detected.
A normal value ε is set, and the detected harmonic current A normal value ε is compared.
Through further calculation, ic is obtained as the current that needs compensation in the system.

The output power of the inverter satisfies Equation (5). In this paper, the inverter AC
side voltage is the line voltage of the grid, which is stable at 380 V, so the inverter output
power changes are reflected in the inverter output current changes. Therefore, the residual
capacity of the inverter can be expressed in terms of the magnitude of the residual current.
The rated current of the inverter satisfies (21), where in is the rated current of the inverter,
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ip is the active command current of the photovoltaic grid, and iAMP is the residual capacity
of the inverter.

in = ip + iAMP (21)

Considering the limited installed capacity and compensation capacity of the inverter,
this paper only uses the residual capacity of the grid-connected inverter to compensate for
the harmonics and reactive currents at the grid connection point of the microgrid, so the
solution method firstly satisfies the output of active power of the PV. In order to ensure the
safety and economy of the photovoltaic grid-connection, harmonic control in this paper
is engaged prior to reactive power compensation. The flow diagram of the inverter for
grid-connected PV and power quality management is shown in Figure 9. Where i is the
actual inverter output current; ih, iq are the detected and calculated harmonic currents and
reactive currents to be compensated, respectively; K1, K2, and K3 are three parameters from
0 to 1, which make the inverter output current less than the rated current.
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Figure 9. The flow diagram of power quality control for photovoltaic grid-connected.

In order to solve the leakage current problem of the two-stage photovoltaic grid-
connected and power quality control system, the intermediate DC bus adopts two equal
capacitors, and the grid-connected end and the midpoint of the DC bus are grounded. The
improved two-stage system diagram is shown in Figure 10.
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Figure 10. Improved two-stage system block diagram.

4. Simulation Analysis

In order to verify the theoretical analysis, a simulation model is built using Mat-
lab/Simulink for qualitative and quantitative analysis. The system is structured using the
diagram above, where the main parameters are shown in Table 2.

Table 2. Main parameters of improved two-stage system.

Structure Name Units Value Structure Name Units Value

PV MPPT Current A 20.0 Filter Inductance L1 mH 1.5
PV MPPT Voltage V 364.0 Filter Capacitance C µF 3000.0

DC Bus Capacitor Cdc µF 2 × 800.0 Filter Inductance L2 mH 0.6

4.1. Simulation of Harmonic Influence on DC Side

Before 0.5 s, when the grid uses an ideal supply at infinity, no harmonic currents
are injected and the PV is only grid-connected; after 0.5 s, the grid is contaminated by
harmonics and the simulation is analyzed on this basis. The DC bus voltage simulation
diagram is shown in Figure 11.
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Figure 11. DC bus voltage simulation diagram.

The intermediate DC bus voltage can be stabilized at 700 V before 0.05 s, due to the
injection of harmonic current at 0.05 s, which leads to distortion of the grid current and
thus affects the DC bus voltage, making it oscillate back and forth around 700 V, which
does not allow the PV to operate at full power and affects the active current output of the
PV to the grid. Harmonic compensation is therefore inevitable.
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Under the influence of the secondary ripple, the PV maximum power point tracking
in the premise of the variable step conductance increment method, PV ensures the output
of active power at the maximum power point; 0.05 s grid current injection harmonics, PV
maximum power tracking as shown in Figure 12.
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Figure 12. Maximum power point tracking.

According to Figure 12, with the variable step INC algorithm, the PV output power
is stable at around 7.2 kW, which can continuously track the maximum output power
better, with minimal influence from harmonics and external environment, and can achieve
accurate MPPT tracking, which can better ensure the BOOST circuit to step up to the 700 V
target value.

4.2. Simulation and Test Verify of Power Control Based on Residual Capacity of Inverter
4.2.1. Simulation of Power Control Based on Residual Capacity of Inverter

This paper selected the inverter capacity of 10 kW, considering the photovoltaic
inverter has both source filtering and reactive power compensation function, inverter
switching frequency is 10 kHz, in order to simulate the actual inverter dynamic perfor-
mance, inverter Rs (Ohms) is set to inf, Cs (F) is set to 0. The maximum output power of
photovoltaic cells is 7280 W, and photovoltaic grid-connected generation is connected to
the grid at the maximum power point. When DC-DC and DC-AC circuits have certain
losses, assuming that the active power of photovoltaic grid-connected is the 7000 W, the
remaining capacity of the inverter is 30%, which can be used for active filtering and reactive
power compensation.

When photovoltaic grid-connection and active filtering are carried out, referred to as
Mode 1 in this paper, and the simulation results of grid-connected current are shown in
Figure 13. Harmonic analysis and power factor are shown in Figures 14 and 15, respectively.
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A value of 0.05 s is chosen to start harmonic compensation. According to Figure 14a,b,
the harmonic amount before treatment is 26.90%, and the harmonic amount after treatment
is reduced to 1.41%, which has good filtering ability and meets the requirements of grid
connection. Figure 14 shows that the power factor of the grid without reactive power
compensation is about 0.95, and the power factor is low.

When grid-connected PV, active filtering, and reactive power compensation are car-
ried out simultaneously, referred to as Mode 2 in this paper, the grid-connected current
simulation results are shown in Figure 16. Harmonic analysis and power factor are shown
in Figures 17 and 18, respectively.
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Figure 18. Mode 2 grid-connected power factor.

Harmonic and reactive power compensation starts at 0.05 s. According to the two
diagrams in Figure 17a,b, it is seen that the amount of harmonics after the treatment is
2.70% and the power factor is around 0.99, which has good filtering capacity and reactive
power compensation capacity to meet the grid connection requirements.

Due to the remaining capacity limitation, the hybrid PV grid-connected, harmonic and
reactive power compensation mode has a slightly lower harmonic compensation capacity
than the hybrid PV grid-connected and harmonic compensation mode, but it can improve
the power factor and grid-connection while reducing harmonic and reactive power hazards.

Combining Figures 16 and 18, the number of harmonics contained in the currents can
all meet the requirements for grid connection, and this active filtering and reactive power
compensation can better meet the higher standards. The capacity of active filtering based
on the remaining capacity of the inverter is limited, and there is greater ability to manage
harmonic currents and reactive shocks when they are not very large.

4.2.2. Test Verify of Power Quality Control Based on Residual Capacity of Inverter

The multifunctional inverter with a capacity of 10 kW is used in this paper for pre-
liminary performance index test. The photovoltaic part is replaced by a DC power supply
and the inverter also performs grid connection and power management functions. The
parameters of the experimental part are shown in Table 3. The experimental scene is shown
in Figure 19.
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Table 3. The Experimental parameters.

Parameters Name Units Value Parameters Name Units Value

DC Voltage V 550~750 Inverter Efficiency % ≥95
DC Current A 0~18.2 IGBT (UN, IN) V, A 1200, 225

DC Voltage Precision % ≤1 Filter Inductance L1 mH 2.4
Switching Frequency kHz 10 Filter Capacitance C µF 3.3

Control Response Time ms ≤100 Filter Inductance L2 mH 1.2
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Figure 19. The experimental scene.

In the experimental part, the test shows that the voltage fluctuation of the AC side is
within 5%, the power factor is around 0.96, and the harmonic distortion rate total harmonic
distortion (THD) is 2.96%, which are consistent with simulation results.

5. Conclusions

Based on the PV inverter residual capacity and instantaneous power theory, this paper
uses the PV grid-connected active current to synthesize the command current and im-
prove the filtering method in harmonic current detection, taking the three-phase two-stage
PV grid-connected system as the research object, using an improved two-stage PV grid-
connected system and MPPT algorithm to meet the PV grid-connected maximum power
condition operation while performing active filtering and reactive power compensation.

(1) The presence of LPF in the traditional harmonic detection method leads to slower
system response. An improved filter detection method is proposed, using a current av-
eraging module instead of a low-pass filter, with a system response speed of only 1/6 of
the current period, substantially improving the response speed of harmonic and reactive
current detection.

(2) The improved two-stage PV grid-connected system can reduce the leakage current
between the two stages while using the variable step INC algorithm for MPPT tracking
to ensure the maximum output power of the PV cell, and use the residual capacity of
the inverter for harmonic management and reactive power compensation. The operation
results show that the new MPPT algorithm can effectively reduce the impact of DC bus
voltage ripple on MPPT tracking and ensure the PV MPPT tracking speed. The power
quality control is based on MPPT tracking. Simulation analysis shows that the MPPT
algorithm of the front stage BOOST circuit can guarantee the maximum power output from
the PV and the back stage can be effectively controlled according to the residual capacity.

(3) Analysis and simulation results show that the collaborative power quality control
strategy based on the residual capacity utilization of PV inverters can perform active
filtering (APF) and reactive power compensation (SVG) quickly and accurately, effectively
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reducing harmonic content and voltage fluctuations, increasing the power factor to 0.99,
reducing the current distortion rate to 2.71%, and significantly improving the harmonic
content of the three-phase two-stage PV grid-connected system in terms of safety, stability,
and economy. The preliminary experimental results show that the performance index of
the multifunctional inverter is consistent with the simulation and analysis.
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