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In order to decrease the performance effect of a single string in part of a photovoltaic
(PV) array and increase the adaptive PV power generation, independent multiple series-
connected PV strings are usually adopted in PV system projects to implement the input
configuration. Besides, the conversion circuits with multipath inputs are required to be
designed for the corresponding inverters to carry out the control algorithms. Since
independent and parallel-connected modes exist for the PV string input in actual
engineering projects, it is of great significance to effectively identify different PV inputs
automatically for inverter inputs. In order to solve the problems of high hardware circuit
requirements and complicated control algorithms in most of the existing control
methods, a multiple PV string input type recognition method is proposed. Through
the proposed software control algorithm, to realize automatically, accurately and
quickly identify the external input connection type of the different photovoltaic
strings under the external condition changes. The proposed method is free from
increasing the inverter hardware cost, and it enhances the capability of identification
and judgment. Moreover, experiments and engineering applications are implemented
to verify the proposed control method.
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INTRODUCTION

As a kind of renewable energy, photovoltaic (PV) power generation is widely used. In the medium-
and small-scale distributed PV application engineering projects, parallel-connected multiple PV
arrays or independent inputs are usually adopted for the purpose of reducing the effects on the power
generation of the whole system caused by faults of a single component/PV array or shading.
Therefore, the systems with multiple PV array inputs become the hot points of research and
applications (Wen et al., 2019); the grid integration technologies of photovoltaic power plants were
introduced and discussed (Panigrahi et al., 2020), and the power conversion and control technologies
of the distributed power generation system were summarized and analyzed (Blaabjerg et al., 2017). It
can be concluded that from common photovoltaic power generation systems and related
technologies, by adopting the systems of multipath PV inputs, the input-side component
configuration of a PV array can be optimized. Meanwhile, requirements are raised for the DC
input side of the connected PV inverter as the corresponding connecting circuits and terminals are
required to match it.
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The main input connecting modes for multipath PV arrays
include the parallel-connected and independent modes. In
different distributed PV power generation engineering projects,
the connections that are not in use exist. In addition, different
connection modes need to be identified for the control and
operation of the input-side conversion circuit for connecting
the inverter. However, the existing application research mainly
focuses on the conversion circuit control and maximum power
point tracking (MPPT) control. For example, the study by Jiang
et al., (2013) investigated a type of multi-input PV Solar System
and designed the corresponding conversion circuit and control
algorithms. In the study by Tian et al. (2019), a kind of multi-
input converter (MIC) was proposed for an independent PV
system to satisfy the application of multiple PV array inputs. A
type of multi-input single-output PV system was proposed in the
study by ELhagry et al., (2016), which is made of multiple PV
modules, and each module supplies power to the DC-DC
converter. It can be seen that the existing research activities
mostly carry out the investigations on conversion circuit
topologies and the corresponding control methods with the
premise of knowing that the PV array is with the multi-input
connection mode.

In actual PV engineering projects, the input connection modes
of multiple PV arrays can be either parallel-connected or
independent, in which case the corresponding connected
inverter needs to have the automatic mode identification
function. Therefore, according to the technical requirements of
mode identification for the input modes of multiple PV arrays, an
automatic identification algorithm is proposed, and it is verified
by experiments to effectively satisfy the application requirements
of different PV engineering applications.

DISTRIBUTED PV POWER GENERATION
SYSTEMS AND INPUT STRING TYPES

As an important format of the PV system, distributed PV power
generation systems are being widely used in industrial and
commercial roofs, which becomes the main solution to the
future PV system applications.

The system consists of PV components, inverters, and loads
(power grid), as shown in Figure 1. Usually multiple PV

FIGURE 1 | Components of a PV power generation system.

FIGURE 2 | PV string connection types.

FIGURE 3 | PV string connection types: (A) central connection, (B)
parallel connection, and (C) independent connection.
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components are parallel-connected to be PV arrays (Mirhosseini
et al., 2015; Zakzouk et al., 2017; Zhang and Ruan, 2019; Pardhi
et al., 2020).

Different component array composition modes are adopted
according to the scales of PV stations at the power generation
terminals of distributed PV systems. The main composition types
are shown in Figure 2.

It can be seen that the component connection modes at the PV
power generation terminal can be divided into central, parallel,
and independent connection modes, as shown in Figure 3. The
central connection mode is displayed in Figure 3A, which is
usually used to realize single-input system integration. For a
parallel-connected PV array, the common terminals of input
sides can be connected together, which is shown in Figure 3B,
and the PV array is derived by connecting the single PV strings.
Figure 3C displays the independent connection mode, where the
PV strings connect to each other individually, and the common
terminals are separated.

In the regular PV component array configuration process
(Gonzalez et al., 2007; Abdalla et al., 2013; Mirhosseini et al.,
2015; Sochor and Akagi, 2016; Zakzouk et al., 2017; Zhang and
Ruan, 2019; Abe et al., 2020; Pardhi et al., 2020), when the
connection mode in Figure 3A is adopted, if one panel is faulty or
shaded, the power is affected, then reducing the benefits of power
generation and reliability.

By using the multi-string input mode, the deficiency of the
independent connection mode can be avoided. Each string is
connected to the DC-DC converter for the control purpose,
therefore ensuring the high-efficiency power generation and
reducing the effects brought by shadings, and it becomes the
new trend of research and application of distributed PV power
generation (Chen et al., 2007; Gonzalez et al., 2007; Fortunato
et al., 2008; Veerachary, 2008; Soleimani et al., 2012; Abdalla et al.,
2013; Rosli et al., 2014a; Rosli et al., 2014b; Haghighian and
Hosseini, 2015; Moon et al., 2015; Tampubolon et al., 2015;
Sochor and Akagi, 2016; Chander and Kumar, 2017; Abe
et al., 2020; Bodele and Kulkarni, 2020; Mao et al., 2020;
Zhang and Jiang, 2020; Ahmed et al., 2021). However, the
existing research and applications mainly focus on circuit
topologies and maximum power point tracking (MPPT)
control algorithms, which are based on the fact that the
connection mode is known in advance. While in real PV
system engineering projects, there are various connection
modes, in which case the control algorithms for identifying
the input connection mode of PV strings need to be
investigated and designed.

PV STRING INPUT CONNECTION TYPE
RECOGNITION

For a distributed PV system application, the PV strings can be
parallel-connected or connected to the corresponding DC-DC
converter circuits independently, as shown in Figure 4.

The DC-DC converter connected to each group of PV strings
is usually a boost converter, which realizes the MPPT control for
increasing the array input voltage. For the strings in the array that

are connected to the converters in actual engineering projects, the
converters are required to be equipped with the capability of
automatically identifying the connection mode (parallel/
independent-connected input) of the PV array terminal.

For the regular control method, when the PV inverter has
multipath PV inputs, the judgment of the PV string input mode is
realized when the machine starts. One of the DC-DC conversion
circuits is selected to increase the PV voltage, with the other paths
remaining standstill. By identifying the voltage difference
between the path with the increased PV voltage and the other
paths and comparing it with the threshold value, the input mode
of the PV array can be determined.

However, in actual applications, when the machine starts, the
input PV power in each path is relatively high, especially for the
parallel-connected input mode. Improving the PV voltage will
result in the fact that the PV power works in the path with the
increased PV voltage, in which case a higher bearing capacity is
needed for the corresponding hardware in this path, increasing
the hardware cost. Besides, erroneous judgment may be induced
because of the low power caused by the low illumination
intensity.

Therefore, a novel and high-efficiency multipath PV string
input mode identification control method is proposed in this
study. The proposed method has low hardware requirements for
the circuit hardware, and only the software modification is
required to realize the mode identification.

FIGURE 4 | PV string connection circuit schematic diagram.
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PROPOSED NOVEL TYPE RECOGNITION
METHOD

The proposed type recognition method can implement the
identification actions in the following three stages: before the
inverter starts, after the inverter starts, and during the working
process.

The details of the proposed method are shown in Figure 5,
including the following:

a) The initialization stage, before the PV inverter is powered on
and loaded.

b) The start-up stage, pre-set the input mode, then recognize.
c) The operation stage, during the normal working process of the

PV inverter, through the closed-loop PI adjusting PWM
control signals of the converters by setting the same
reference currents iPVs ith ref and iPVs jth ref of the ith and
jth PV strings, the input currents of the ith and jth PV strings

are controlled to be the same. Then, realize the recognition by
detecting the voltage.

Since the default is the parallel-connected input mode at the
starting stage of the PV inverter, the input current in one path is
not changed until the power becomes stable. Therefore, the issue
of requiring a higher power bearing capacity for the hardware of

FIGURE 6 | Flowchart of the proposed control method.

FIGURE 5 | Proposed type recognition control method. (A) Initialization
stage, (B) Start-up stage, and (C) Operation stage.
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the PV string path with the increased voltage in the high-voltage
high-load condition at the starting stage. The effect of not
requiring the hardware cost increment with the default of the
parallel-connected input mode starting in the high-voltage
condition can be realized.

Moreover, when the solar illumination intensity is low, since
the input mode judgment is still based on the real-time input
voltages of the ith and jth strings after the PV inverter starts, the
erroneous recognition caused by the low illumination intensity
can be avoided.

The flowchart of the proposed recognition control method is
displayed in Figure 6, and the detailed steps are as follows:

i) Collect the real-time input voltages and currents in n strings,
where n > 1 and n is a positive integer.

ii) Calculate the input voltage VPVs ith and current IPVs ith of
the ith PV string and the input voltage VPVs jth and
current IPVs jth of the jth PV string. l ≤ i ≤ n, l ≤ j ≤ n,
and i ≠ j. When there are over two PV strings in actual
application engineering, any one PV string can be selected
for judgment.

iii) Before the PV inverter is powered on, the input modes
between the ith and jth PV strings are determined
according to the corresponding detected input voltages at
present. Calculate the first difference VPVs d1 between the
input voltages of the ith and jth PV strings at the moment.

VPVs d1 �
∣
∣
∣
∣VPVs ith − VPVs jth

∣
∣
∣
∣. (1)

iv) Determine the relationship between the absolute value of the
first difference and set threshold VPVset 1 so that it can be
determined that if the inputs of ith and jth PV strings are
independent from each other.

∣
∣
∣
∣VPVs ith − VPVs jth

∣
∣
∣
∣≥VPVset 1. (2)

As shown in Figure 7, when the absolute value of the first
difference is larger than the set threshold, the two PV strings are
regarded as independent, which means that two different PV
strings input independently, and the judgment is over.

v) When the absolute value of the first difference is smaller than
the set threshold, the input mode judgment is implemented
after the PV inverter is powered on and loaded.

∣
∣
∣
∣VPVs ith − VPVs jth

∣
∣
∣
∣<VPVset 1. (3)

The corresponding power–voltage curves are shown in
Figure 8, the curves of independent PV strings with the same
voltage are shown in Figures 8A,B, or the parallel-connected
input mode is shown in Figure 8C.

vi) If the absolute value of the first difference is smaller than the
set threshold, then the two PV strings are determined to be in
the parallel-connected input mode. After the PV inverter is
powered on, the input mode will be further judged.

When the variation of power |ΔPPVsith ,jth
| is smaller than the

predetermined power threshold value, the input current in the ith

or jth PV string is changed.
∣
∣
∣
∣
∣
ΔPPVsith ,jth

∣
∣
∣
∣
∣
<PPVset 1. (4)

vii) When the variation of power is smaller than the
predetermined power threshold value, it means the power

FIGURE 7 | PV power generation curves in the independent connection
type: (A). The power generation curve of the ith PV string; (B) The power
generation curve of the jth PV string.

FIGURE 8 | PV power generation curves in the independent or parallel-
connected types: (A) The power generation curve of the ith PV string; (B) The
power generation curve of the jth PV string; (C) The power generation curve of
ith and jth PV parallel strings.
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is stable. In real engineering applications, the input current
change can be controlled by adjusting the reference set
current. If the inputs more than two PV strings are
judged, the reference currents should be set to be
different from each other when controlling the currents
to adjust.

viii) Calculate the second difference value between the input
voltages of the ith and jth PV strings in real time.

ix) When the absolute value of second difference VPVset 2 is
larger than the set threshold value as shown in Eq. 5, the
input modes of the ith and jth PV strings are determined to
be independent.

∣
∣
∣
∣
∣
∣
VPVs ith

− VPVs jth

∣
∣
∣
∣
∣
∣
≥VPVset 2. (5)

In actual application engineering projects, the system starts in
the parallel-connected input mode. After the power is stable, the
bus voltage is kept higher than the largest predetermined value
among all input voltages. By changing the reference current in
one PV string, it is attempted to expand the difference between
the input voltages in the two PV strings. The power–voltage
curves before and after changing the input current are shown in
Figure 9.

x) When the absolute value of the second difference is smaller
than the second set threshold, it can be determined that the
input modes of the ith and jth PV strings are the parallel-
connected ones.

∣
∣
∣
∣
∣
∣
VPVs ith

− VPVs jth

∣
∣
∣
∣
∣
∣
<VPVset 2. (6)

FIGURE 9 | Changes of input current PV power generation variation
curves: (A) The power generation curve of the ith PV string; (B) The power
generation curve of the jth PV string; (C) The power generation curve of the ith

PV string with current IPVs ith ; (D) The power generation curve of the j
th PV

parallel string with change in the current IPVs jth to be equal to the current.IPVs ith.
FIGURE 10 | Main circuit topology structure of the experimental
platform.

FIGURE 11 | Prototype of the experimental platform.
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In the normal operation stage, the input currents of the ith

and jth PV strings are controlled to be the same. The reference
currents are used to control the actual input currents. When
the reference currents are set to be the same, the actual input
currents will output according to the reference currents.

TABLE 1 | Preset threshold values.

Parameter Threshold Parameter Threshold

VPVset 1 8 V VPVset 3 30 V
VPVset 2 8 V PPVset 1 100 W

FIGURE 12 | Simulating the independent input mode experimental condition I: (A) Input working parameters for PV string 1 and (B) Input working parameters for
PV string 2.

FIGURE 13 | Identification control test waveforms at the initial power-on stage.
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iPVs ith ref � iPVs jth ref. (7)

xi) Calculate the third difference value between the input
voltages of the ith and jth PV strings in real time.

xii)When the absolute value of the third difference is less than
the set threshold value, the input modes of the ith and jth PV
strings are kept in the parallel-connected ones.

∣
∣
∣
∣VPVs ith − VPVs jth

∣
∣
∣
∣<VPVset 3. (8)

When the absolute value of the third difference VPVset 3 is
larger than the third set threshold, the input modes of the ith and
jth PV strings are switched to be the independent ones.

∣
∣
∣
∣VPVs i − VPVs j

∣
∣
∣
∣≥VPVset 3. (9)

If the absolute value of the third difference is larger than
the third set threshold, it indicates that a relatively large
voltage difference is presented between the two PV strings.
Since the input voltage between the two PV strings is
monitored in real time, once a relatively large voltage
difference occurs, the input mode is switched to the
independent ones. Then, the program executes the
corresponding control algorithm according to the
determined input type recognition.

EXPERIMENTAL VERIFICATION

The experimental verification is implemented for the proposed
control algorithm. The dual-input string inverter is adopted to
carry out the identification control experiment. The schematic

FIGURE 14 | Simulating the independent inputmode experimental condition II: (A) Inputworking parameters of PV string 1 and (B) Inputworking parameters of PV string 2.

FIGURE 15 | Identification control test waveforms at the starting stage.
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FIGURE 16 | Simulating the parallel-connected input mode experimental condition.

FIGURE 17 | Experimental waveforms of the parallel-connected input mode: (A) at the starting stage and (B) at the normal working stage.
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diagram of the inverter experiment platform is shown in
Figure 10.

The widely used two-level circuit topology structure is
applied (Du et al., 2015). A boost converter is adopted for
the preceding stage to realize the improvement of the input PV
voltage and MPPT control, and an H6 inverter circuit is
adopted to output the AC power (Zhang et al., 2014;
Hendawi, 2019).

The experiment platform is displayed in Figure 11. The PV
input is simulated by the two PV programmable power supplies at
the PV string side. The experimental waveforms are derived for
different working conditions.

According to the actual photovoltaic power station
installation data and engineering experience values, to
select and preset the difference of voltage and power
parameters. The preset threshold voltage and power values
are shown in Table 1.

Test 1. Simulated Independent PV Input I
Through the control software of the PV programmable DC

power supply, the test 1 parameters of the two PV input strings
are shown in Figure 12. Figure 12A is the PV parameters of the
first PV string, and Figure 12B is the PV parameters of the second
PV string.

The input voltages of different PV strings are simulated as
shown in Figure 12. It can be seen the measured input voltages of
PV stringsVPVs_1 andVPVs_2 are 250.15 and 261.17 V, respectively,
and the voltage difference between them is 11.02 V, which is larger
than the first voltage difference threshold 8 V. Therefore, the input
mode is determined to be independent.

The waveforms of the measured working voltages and
currents in the two PV strings are displayed in Figure 13.
After the input mode is determined to be independent, their
corresponding DC-DC converters operate independently after
t1. At t2, the independent MPPT tracking control is realized.

Test 2. Simulated Independent PV Input II
Through the control software of the PV programmable DC

power supply, the test 2 parameters of the two PV string outputs
are set, as shown in Figure 14. The parameters of the first PV
string are displayed in Figure 14A, and the parameters of the
second PV string are displayed in Figure 14B.

The input voltages of different PV strings are simulated as
shown in Figure 14. It can be seen the measured input voltages of
PV strings VPVs_1 and VPVs_2 are 251.56 and 251.75 V,
respectively, and the voltage difference between them is
0.19 V, which is smaller than the first voltage difference
threshold 8 V. Therefore, the input mode is determined to be
parallel-connected.

The measured experimental waveforms are shown in
Figure 15. The working current IPVs_2 is changed at t1.
Then, the measured voltage difference between VPVs_1 and
VPVs_2 is 27.5 V, which is larger than the second voltage
difference threshold 8 V. The input mode is determined to
be independent.

Test 3. Simulated PV Parallel-Connected Input

Through the control software of the PV programmable DC
power supply, the test 3 parameters of the two PV strings are
shown in Figure 16.

The experimental waveforms at different stages are shown
in Figure 17, and the test waveforms at the power-on stage are
shown in Figure 17A. Since a single simulated PV power
supply is adopted for the parallel-connected input, the
difference between the measured voltage values at the input
sides is smaller than the second set threshold VPVset_2. Then,
move on to the identification control at the normal working
stage, and the experimental waveforms are shown in
Figure 17B. Two current reference values of the two paths
are set to be the same, and the difference between the
measured voltage values of the two paths is smaller than
the third set threshold VPVset_3; then, the input mode is
determined to be parallel-connected.

It can be seen from the experimental results that the proposed
hierarchical identification control method completes different
determination algorithms at the initial power-on, starting, and
working stages. The proposed algorithm has low hardware
requirements, and the dynamic identification can be achieved
through software programming. Therefore, the improper
working issue of inverters due to erroneous judgment for
different connection modes can be avoided, which enhances
inverters’ adaptability and reliability.

CONCLUSION

For the purpose of reducing the effects caused by using a
single input PV string, the multipath PV string input mode is
usually adopted. In practice, the input mode of the PV string
connecting to the inverter at the DC input terminal needs to
be judged. In address to the need of identifying the
independent and parallel-connected modes of PV strings, a
novel and advanced identification control method is
proposed. Through the hierarchical identification control
algorithms at the initial power-on, starting, and operation
stages, the accurate multiple photovoltaic string input type
recognition can be effectively realized:

• Compared with the conventional control algorithm, the
proposed method solves the problem of the high
hardware cost by the default parallel-connected input
startup at high-voltage output scenarios.

• In the case of weak illumination intensity, the input mode is
recognized according to the input voltage of different PV
strings in real time, to improve the accuracy of type
recognition.

• By adopting the proposed control method software, without
upgrading the inverter hardware configuration, it can meet
the diversity requirements of various photovoltaic string
engineering applications.
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