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I. INTRODUCTION

PHOTOVOLATIC power generation has become one of the 
key technologies promoting the low-carbon transformation 

of energy due to its advantages such as no pollution, no noise, 
and flexible distributed deployment [1], [2]. The centralized 
architecture of PV power station adopts a modular series-
parallel approach to form a PV array, and realizes DC-AC 
power conversion and grid connection through grid-connected 
inverters. The structure is simple and the inverter efficiency 
is relatively high, but the system expansion and redundancy 

capabilities are poor [3]. 
The multi-branch architecture is equipped with independent 

DC-DC converter in each branch of the PV array. This 

flexibility of the PV grid-connected system. Even when a 
single DC/DC converter fails, the system can still operate 
stably. However, it has problems such as rising hardware costs 
and the persistence of series faults of PV modules [4].

With the rapid development of PV power generation systems 
towards large capacity and high voltage, the problem of fault 
protection on the DC side has become increasingly prominent. 
Especially DC arc faults, due to their strong concealment, high 

the primary hidden danger threatening the safe operation 
of PV systems [5], [6]. According to the analysis of fault 
mechanisms, DC arc faults are mainly divided into series arc 
faults and parallel arc faults. Parallel arcs are usually caused by 
insulation breakdown due to aging of wires or equipment [7], 
[8]. Series faults are induced by poor contact, aging of lines, 
or environmental factors, and their fault characteristics are 
more complex and occur more frequently [9], [10]. Scholars 

mechanism, fault detection and fault protection. 
The occurrence mechanism of arc is the basis for further 

theoretical analysis [11], [12] and simulation tests [13], [14]. 
Regarding the mechanism research of DC arc, literature [11] 
established an arc fault model for PV systems, systematically 
analyzed the fault generation mechanism, and analyzed the 
DC characteristics based on the voltage and current waveform 
features. [12] discussed the use of actual data recorded in the 
PV system to drive an effective DC series arc model from 
the original Nottingham arc model. This model has three 
parameters, including a current index constant, model order, 
and two time series coefficients. [13] proposed a heuristic 
average model based on the principle of arc power balance 
and provided a current-controlled arc noise simulation method 
based on the correlation mechanism between arc noise and arc 
current. By superimposing arc noise on the proposed average 
model, the dynamic characteristics of DC series arc can be 
accurately described. [14] modeled the physical characteristics 
of arcs in photovoltaic (PV) systems. The simulations were 
carried out with ANSYS Fluent and ANSYS Maxwell in the 
ANSYS software. The results contributed to the standardization 
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model for risk assessment of DC devices.
For the detection and protection of DC arc faults, the main 

approaches can be classified into those based on hardware 

In the hardware circuit approach, [15]-[17] studied the 
modeling, detection, and protection strategies of DC arc 
signals for a four-switch buck-boost circuit by leveraging 
the combination of switch states of the four switches and the 
current characteristics of the intermediate inductor. However, 
this method is only applicable to specific type of converter.  

and the converter, thereby enabling fault detection through 

detects DC arc faults but at the cost of additional passive 
components and sensors.

In the mathematical model approach, [19] and [20] conducted 
comparative studies on the frequency domain characteristics 
of PV arc fault signals using Fourier transform and wavelet 
transform, respectively. The results show that wavelet analysis 
is more suitable for the frequency domain feature analysis 
of this type of signal. [21] developed a DC system arc fault 
detection technology based on modeling and integral residual 
analysis by establishing generalized state-space average 
models of the DC system under normal operation and arc fault 
conditions. [22] proposed a hybrid DC arc current model based 
on time series interval prediction and equivalent circuit model. 
The relationship between arc current and electrode separation 
speed, arc gap length, voltage and current levels was studied.

mainly adopted. [23] proposed a DC series arc fault detection 
and arc quenching method combining current modulation with 
machine learning, which improved the accuracy of fault detec-
tion through double screening. [24] presented an arc detection 
neural network based on a time convolutional network to extract 
current waveform features, using the performance of arcs in 
typical frequency bands as the detection basis. [25] conducted 
a comprehensive analysis of the series arc fault detection 
technology in PV systems based on artificial intelligence, 
discussing key challenges and future directions such as hybrid 
models, transfer learning, and implementation in resource-
constrained edge devices. [26], through a comprehensive 

based methods, and supported by a thorough literature review 

disadvantages of these two methods.
Regarding the issues of series and parallel arcs in PV-boost 

systems, this paper investigates the underlying mechanisms 

the input-side voltage and current behavior of boost converter. 
Based on this model, an engineering-practical arc detection 
method is proposed. The main contributions are as follows: 

1) A unified modeling framework for the PV-arc-boost 
system is developed based on arc constraints. The existing 
studies have only been based on the model of a single arc. The 

2) An easily implementable detection method is proposed. 

based approaches often entail high computational complexity, 
making them unsuitable for distributed PV-boost control 
systems. In contrast, the threshold-based detection method 

practical deployment in real-time applications.

II. ANALYSIS OF DC ARC FAULTS IN PV SYSTEMS 

The typical PV power generation unit system is shown in 
Fig. 1. The PV power generation unit takes the boost circuit 
as the main topology, with PV as the input. The output end 
is usually a voltage source type load, which represents the 
equivalent load of the primary and secondary combiner boxes 
connected to the rear stage of the power generation unit. 

In the research on DC arc fault models, the conventional 
approach is to obtain the time-domain data information of DC 
arcs through experiments, and then study their volt-ampere 

shows a model diagram of the arc volt-ampere characteristics 
approximated by hyperbolic functions to characterize the 
arc voltage and current. Among them, the horizontal q-axis 
represents the distance ratio, q = xgap/xcrit, where xgap is the 
distance between the two poles at the point where the arc 
occurs, and xcrit is the limit distance between the two poles to 
reach the arc extinction condition. vgap and igap represent the 
voltage and current of the fault gap. vq and iq represent the 
hyperbolic models of voltage and current in the fault gap. egap 
and jgap represent the equivalent electromotive force of the arc 
and its response current. The simulation of arc characteristics 
based on trigonometric function curves is a typical method in 
existing research. On the basis of the existing research ideas 

Fig. 1.  The typical PV power generation unit system.
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[27], [28], this paper further conducts modeling and analysis 

PV-boost due to power control.
1) Fault gap voltage model:
Referring to Fig. 2, vgap can be decomposed into a nonlinear 

hyperbolic tangent function voltage vq and an equivalent 
electromotive force egap of the arc when 0 < q < 1. Among 
them, the hyperbolic tangent function voltage vq is

 
q s dc

2

s dc 2 2

1 2 tanh[   ( 1)] 2

( )
qa
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v V V a q
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e e

            
 (1)

Among them, Vdc is the average DC voltage before the 
fault, ΔVdc is the bus fluctuation voltage (on the PV side, it 
is the fluctuation caused by maximum power point tracking 
(MPPT) regulation, and on the bus side, it is the fluctuation 
generated by the inverter regulation of the subsequent 
stage), and α is a variable that controls the slope of vq. The 
equivalent electromotive force egap can be approximated by an 
approximate rectangular pulse with an amplitude of a + bxgap, 
and its expression is

 
gap gap

1 ( ) tanh( ) tanh ( 1)
2

e a bx q q       (2)

Among them, λ controls the rate at which egap rises and falls. 
λ = 100, but other values can also 

be used. It should be noted that egap initially dominates, but 
when the arc approaches extinction, vq takes the lead.

2) Fault gap current model:
Similar to the gap voltage, the gap current igap can also be 

decomposed into the nonlinear hyperbolic tangent function 
current iq and the response current of the equivalent step 
electromotive force egap of the arc. Among them, the hyperbolic 
tangent function current iq:

 2 ( 1)
load load

1 1 tanh ( 1) 1
2 2

a q
qi I a q I e      (3)

Among them, Iload is the average DC current before failure, 
and jgap is the system’s response to egap, which can be appro-
ximately expressed as

gap gap load
gap

gap load g s( )
e e I

j
R R R V                   (4)

In the above formula, Rgap represents the gap resistance and 
can be disregarded in the range of 0 < q < 1. Rg is the internal 
resistance of the system and is very small compared to Rload. 
The dominant resistance in the denominator is Rload, which 
=Vdc/Iload. This value can be known before a fault occurs.

3) Fault gap resistance model:
The synchronous changes of arc voltage and current in 

Figs. 1 and 2 indicate that the arc impedance is resistive. The 

arc fault model is shown in Fig. 3. Although the ratio Rgap=vq/
igap can approximate the gap resistance relatively well, it will 
produce an unnecessary complex and lengthy expression. 
Researcher has found that the influence of jgap on Rgap is 
negligible, and thus a much simpler Rgap expression can be 

expression of Rgap is:

 2 ( 1)dc
gap

gap gap load

q q a q

q

v v V eR
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In the above formula, the value of a can be determined in 
the following way: assuming the resistance value when the 
electrode is closed (q = 0) is Rclosed, then it can obtain as:

 2s
ga cp losed0

load

a

q
VR e R
I                         (6)

closed load

dc

1 ln( )
2
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III. UNIFIED MODEL OF PV-SERIES ARC-BOOST AND ITS 
PERFORMANCE

A. Analysis of External Characteristics of PV Series Arcs

The equivalent model of the PV generator is shown in Fig. 4, 
where Isc represents the current excited by photons in the PV cell, 
and its value depends on the degree of light, the area of the PV 
panel and the temperature, and Epv is its equivalent electromotive 
force. IVD is the current passing through the PN junction of a PV 
cell, and its magnitude is related to the electromotive force and 
temperature of the PV cell. Rsh and Rs represent the equivalent 
parallel and series resistances of PV cells.

The diode current IVD

Fig. 3.  Arc fault model.
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the PN junction, and its expression can be obtained from 
existing research [29]:

VD D0 ( 1)
qE

AKTI I e                                 (8)

ID0 is the saturation current in the absence of light. q is 
the charge of an electron,1.6×10-19 °C; K is the Boltzmann 
constant, 1.38×10-23 J/K; A is a constant factor (1 when the 
forward bias voltage is large and 2 when it is small), and 
further, the load current can be obtained as:

in pv s( )
in pv s

pv sc D0
sh

( 1)
q V I R

AKT
V I R

I I I e
R

              (9)

After considering the parameters of the PV cell and the 
external environment, the I-V curve can be calculated from 
short-circuit Vin= 0 to open-circuit Vin=Voc according to the 
above formula.

As shown in Fig. 4, when a series arc fault occurs on the 
PV busbar, it can be observed from the input port of the PV 

external characteristics of the PV. The external characteristics of 
PV cells under arc faults can be obtained from (2), (5) and (9):

 in pv s pv gap gap )(

pv sc D0

in pv s pv gap gap

sh
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As shown in Fig. 5, it is the I-V curve of the external 
characteristic test under the PV series arc fault. With the 
increase of the distance between the two poles of the series arc, 
the arc impedance increases. Under the MPPT control of the 
PV cell, the output voltage corresponding to the same current 
value gradually decreases.

B. Series Arc Constraint Based System Model and Control 
Characteristics

When a series arc fault occurs on the PV busbar, the system 
equivalent average model for arc fault constraints is established 
as shown in Fig. 6. The output current of the series arc busbar 
of PV cells is the PV current Ipv, and the output voltage (boost 
input voltage) is:

 in pv gapV E v                                    (11)

In the series arc link, the voltage and current characteristics 
of the arc, as well as the output characteristics of the PV cell, 

and explained based on the distance between the two poles of 
the arc.

Firstly, the distance between the two poles of the arc is 
xgap, and the transfer limit of the arc current under 

igap. When xgap= x1, 
ipv_mppt= igap; when xgap ≥ x2, the arc is extinguished.

1) Situation 1: When 0 < xgap ≤ x1, ipv_mppt ≤ igap  
    The I-V curve of situation 1 is shown in Fig. 7.

Current characteristic: The MPPT current of PV is less than 
the current transmission capacity of the arc. At this time, the 
output current of the PV:

 pv pv_mpptI i                                     (12)

Voltage characteristics: By adjusting the MPPT control of 
boost, the maximum power output can be achieved. At this 
point, the boost input voltage control features:

 in mppt pv_mppt gapV V E v                         (13)

Power characteristics: In this case, the boost input power and 
the series arc loss power are respectively:

 in in pv in pv_mppt

gap_loss gap pv_mppt

P V I V i
P v i                           (14)

2) Situation 2: When x1< xgap< x2, ipv_mppt> igap

Current characteristics: The MPPT current of PV is greater 
than the arc current transmission capacity, and the PV cell can 
no longer operate at maximum power. At this time, the bus 
current transmission is constrained by the arc current.

Fig. 5.  The external characteristic curve of PV series arc.
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 pv gapI i                                       (15)

Voltage characteristics: When the distance between the two 
stages of the arc is xgap, the I-V external characteristic curve of 
the PV series arc can be calculated from the model shown in 
(10), as shown in Fig. 8. When the arc transmission current is 
lower than the maximum power point current of the PV, the 
PV bus current is transmitted in igap. According to (10), the 
corresponding series arc voltage of the PV at this current is vpv. 
At this point, the boost input voltage characteristics are:

 in pv pv gapV v E v                             (16)

Power characteristics: In this case, the PV cell no longer 
transmits at the maximum power but outputs the power 
constrained by the arc current. The boost input power and the 
series arc loss power are respectively:

 in in pv pv gap

gap_loss gap gap

P V I v i
P v i                             (17)

3) Situation 3: When xgap ≥ x2, igap= 0.
In this situation, the distance between the two stages of 

the arc exceeds the critical value for arc ignition, the arc 
disappears, and the PV busbar is in an open circuit state.

IV. UNIFIED MODEL OF PV-PARALLEL ARC-BOOST AND 
ITS PERFORMANCE

A. Analysis of External Characteristics of PV Parallel Arcs

As shown in Fig. 9, when a parallel arc fault occurs on the 
PV busbar, it can be observed from the input port of the PV 
converter that the current branch generated by the parallel arc 
will affect the overall external characteristics of the PV. The 
external characteristics of PV cells under arc faults can be 
obtained from (2), (5) and (9):

 in pv s( )
in pv s

pv sc D0 gap
sh

[                  1]q V I R
AKT

V I R
I I I e i

R
       (18)

As shown in Fig. 10, it is the external characteristic I-V 
curve under the PV parallel arc fault. With the reduction of the 
distance between the two poles of the parallel arc, the power 
loss increases, resulting in a gradual decrease in the output 

power of the PV parallel arc system.

B. Parallel Arc Constraint Based System Model and Control 
Characteristics

When a parallel arc fault occurs on the PV busbar, the 
system equivalent average model for arc fault constraints is 
established as shown in Fig. 11. The output voltage (boost 
input voltage) of the parallel arc bus of the PV cell is Epv, and 
the output current (boost input current) is:

 pv pv0 gapI I i                                  (19)

In the parallel arc stage, the voltage and current charac-
teristics of the arc, as well as the output characteristics of the 
PV cell, are comprehensively considered, and the situation is 

poles of the arc. 
Also take the distance between the two poles as the standard 

for different situations: when xgap= x3, an arc begins; When 
xgap= x4, ipv_mppt= igap; When xgap= x5, ipv_max= igap. The schematic 
diagram of the current characteristics corresponding to 
distance between two poles of gap is shown in Fig. 12(a). The 
following is a situation-by-situation discussion of the current 
characteristics corresponding to the distance between the two 

Fig. 8.  The I-V curve of situation 2.
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poles of an DC arc.
As shown in Fig. 12(a), when xgap ≥ x3, igap= 0. In this 

situation, the distance between the two stages of the arc 
exceeds the critical value for arc ignition, the arc disappears, 
and the parallel arc branch is in an open circuit state. In this 
case, the output current and voltage characteristics of the 
PV parallel arc are consistent with those in the conventional 
situation, and no special explanation is required.

1) Situation 4: When x3>xgap>x4, ipv_mppt> igap

Voltage characteristics: When a parallel arc occurs, within a 
certain two-stage interval range, the MPPT current of the PV 
is greater than the arc current transmission capacity. At this 
time, the PV busbar can still be controlled at the MPPT voltage 
through boost. At this point, the input voltage control feature of 
boost is:

 in mpptV V                                   (20)

Current characteristics: The MPPT current of the PV is 
greater than the current transmission capacity of the arc. When 
the PV cell operates in the MPPT mode, the input current of 
boost at this time is:

 pv pv_mppt gapI i i                            (21)

Power characteristics: In this case, the boost input power and 
the parallel arc loss power are respectively:

 
in in pv mppt pv_mppt gap

gap_loss mppt gap

P V I V i i

P V i
            (22)

2) Situation 5: When x4>xgap ≥ x5, ipv_max ≥ igap ≥ ipv_mppt

In this case, if the PV system operates in MPPT mode, all 

As shown in Fig. 12, when the current transmission capacity 
of the parallel arc is in interval I, by controlling the PV bus 
voltage through boost to make Ipv> igap, only a small portion of 
the power can be sent to boost, that is, (Ipv- igap)/Ipv.

3) Situation 6: When xgap< x5, igap> ipv_max

When the parallel arc current transmission occurs in interval 

II, boost can no longer allocate power. Whether in Section I 
or Section II, the arc will cause relatively intense combustion, 

Therefore, for scenarios 5 and 6, in engineering applications, 
the boost switch tube as shown in Fig. 2 can be controlled 
in a normally closed manner. By performing a short-circuit 
operation on the PV panel, the output voltage of the PV cell 
can be reduced to nearly 0. Under this response measure, the 
voltage at both ends of the parallel arc can no longer maintain 
the combustion of the parallel arc, thereby achieving the goal 
of arc extinction.

V. IDENTIFICATION AND RESPONSE TO ARC  
FAULTS IN PV BUSBAR

This article starts with the analysis of the arc mechanism 
(Section II), then proceeds to the PV-series arc-boost unified 
model based on the series arc constraint (Section III) and the 
PV-series arc-boost unified model based on the parallel arc 

ion 
scheme on the PV busbar in this section. The overall section 
logical relationship diagram is shown in Fig. 13.

In the previous two sections, the PV external characteristics 
of the series arc and parallel arc of the PV busbar and the 
equivalent model of the system were analyzed, and the 
voltage control and current transfer characteristics of the boost 
input terminal under various arc fault conditions were given. 
This section comprehensively examines the voltage-current 
characteristics of PV output under multiple conditions of 
arc faults and the voltage-current features of the boost input 
terminal under maximum power tracking control to conduct 

arcs based on the degree of hazard. 

Unlike the traditional method of conducting time-domain 
and frequency analysis of the transient waveform of the boost 
input current to identify fault types, the scheme proposed in 
this section is suitable for engineering applications. It only uses 
the comprehensive variation of the boost input voltage-current 

Fig. 12.  (a) Schematic diagram of the current characteristics corresponding to 
distance between two poles of gap, (b) Situation 5 and situation 6.
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at the 101-102

simple. Since the time scale in the information extraction 
and feature analysis of the input current-voltage of the boost 
converter is at the 101-102

temperature changes in the environment on the PV output 
characteristics can be ignored at this time scale.

The characteristics of the boost input port when the series arc 
and parallel arc of the PV busbar occur analyzed in Sections III 
and IV are summarized in Table I. From the summary results, 
it can be known that when six types of arc faults occur, the 
voltage-current combination characteristics of the input port of 

control. Therefore, this combined feature can be utilized for arc 

Based on the characteristics of the boost input ports and 
control modes summarized in Table I under various condi-
tions of series/parallel arcs, the arc fault identification and 
classification design of PV busbar is carried out. The logical 
flow is shown in Fig. 14. The criteria for fault classification 
are directly related to the constraint characteristics of the arc 
on PV-boost. Therefore, after classifying the arc based on the 
differences of features, differential control of boost can be 
carried out through the detection results. That is, in the category 

control and adjustment can be made through boost to maintain 
normal power generation operation, and enter the parallel 
operation mode of PV power generation and arc fault waiting 
for handling. In the category of arcs with stronger hazards, 
after the system detects them, rapid arc extinguishing treatment 
is required to ensure the safety of the system. 

B. Design for Practical Application

In real-time arc detection, the use of sliding window 
overlapping sampling can enhance the detection frequency 
and the real-time performance of fault detection [30]. To fully 
detect the instantaneous changes in the arc, when using sliding 
window overlapping sampling, the relationship between a 
single control period T1 and the data sampling period T2 can be 
expressed as

 1 2 11.5 2T T T                                 (23)

The sliding window processing of sampling data is shown 
in Fig. 15. During each control cycle, about half of the time 
windows T1 (blue timeline) have overlapping sampling data 

changes of time-domain features relatively completely, and can 
avoid the problem of incomplete sampling information caused 
by important information appearing at the edge position in 
traditional sampling method.

When a series arc fault occurs, the fault current signal has 
certain randomness and may contain high-frequency signals 
of different intensities. There is a significant switching noise 
at the switching frequency and its multiples of the inverter, as 
well as some large-amplitude random noise. If this noise is not 
removed, the arc characteristics will not be obvious, making 
it difficult to distinguish between normal and fault states. 
Therefore, it is necessary to average the time-domain signals of 
a single control cycle.

arc fault detection method is determined jointly by the changes 
in the boost input voltage and current. The judgment rules for 
the fault are as follows: 

 1t tV V V                                    (24)

 1t tI I I                                    (25)

Among them, for the series arc situation1 and situation 2, 
as well as parallel arc situation 4, the amplitude of voltage 
and current changes are relatively smaller compared to the 
remaining three arc faults. Therefore, a smaller set of thresholds 
(ΔV1 and ΔI1
types of arc faults. On the basis of this detection result, if the 
difference between the two sampling data exceeds the larger 
two thresholds (ΔV2 and ΔI2), it can be used as the judgment 
basis for series arc situation 3, parallel arc situations 5 and 6. 
The determination of these two sets of thresholds mentioned 
above is closely related to the parasitic inductance of the cable.

As shown in Fig. 16, there is a line inductance between 
the PV panel and the boost. When a series arc fault occurs, Iin 
decreases, and an induced voltage will be generated according 
to (26), where VL is the induced voltage of PV module, and L 
is the inductance value. This induced voltage is included in the 
(27) of Vin.

 
L

diV L
dt                                         (26)

 in pv gap LV V v V                                (27)

If an arc fault occurs, according to (24), Vin should drop by 
more than ΔV before it can be detected. However, the induced 
voltage (VL) generated by the reduced current may counteract 
this voltage drop, thereby possibly hindering the detection of 
the arc fault. 

According to the UL 1699B standard, an arc fault must be 

TABLE I
SUMMARY OF THE BOOST PORT CHARACTERISTICS UNDER PV BUS ARC FAULTS

Fault type  
Features of the boost  input port 

Voltage Current Control 

Series arc  
Situation 1 Decrease Remain Adjust MPPT 
Situation 2 Decrease Decrease Adjust MPPT 
Situation 3 No No Stop 

Parallel arc 
Situation 4 Remain Decrease Adjust MPPT 
Situation 5 Decrease Approach 0 Arc extinguish 
Situation 6 Decrease Approach 0 Arc extinguish 
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detected within 2.5 s. This is one of the key requirements for 
ensuring system safety. To meet this safety requirement, in 

the line inductance between PV panel and the boost converter 

threshold ΔV to avoid interference with the arc fault detection.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

To further verify the effectiveness of the proposed equi-
valent model of the PV-boost power generation system based on 

ation 
method, a simulation model as shown in Fig. 17 was built in 

The boost conversion stage adopts the input voltage outer 
loop and inductor current inner loop control based on MPPT. 
The output side of boost is a voltage-type load, and its output 
bus voltage is controlled by the grid-connected inverter of the 

are shown in Table II.

A. Simulation Results

As shown in Fig. 18, it is the simulation result of the 
situation 1 of series arc. In this case, the arc current transmis-
sion capacity is greater than the MPPT current of the PV cell. 
Therefore, when the arc occurs, the MPPT regulation at the 
boost stage can bring the PV cell back to the maximum power 
output state. The voltage drop generated by the arc and the line 
current work together to form the loss link of the series arc. 
Therefore, when the steady-state current of MPPT remains 

cation of PV bus.
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Fig. 15.  Sliding window processing of sampled data.

Fig. 16.  Diagram of line inductor between PV and boost.
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TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameters Simulation Experiment 

PV  

Maximum power Pmppt / W 7800 650  

MPP voltage Vmppt  / V 423.6 70.5  

MPP current ipv_mppt / A 18.4 9.2  

Boost 

Filter inductor L / μH 1200 220  

Input capacitance Cin / μF 47  33  

Output capacitance Co / μF 330  110  

Switching frequency f / kHz 20  20  

Output bus voltage Vdc / V 750 115  
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unchanged, the input voltage of the boost input stage drops. 
This voltage-current characteristic can be used as the judgment 
condition for the series arc-situation 1. 

As shown in Fig. 19, it is the simulation result of the series 
arc-situations 2. In this case, the current-carrying capacity of the 
arc is lower than the MPPT current of the PV cell, thus limiting 
the current output capacity of the PV cell and causing it to no 
longer operate at the maximum power point. In this situation, 
when boost performs MPPT control, it will keep the input 
current at the arc current-carrying limit value to ensure that the 
PV cell can generate electricity at the maximum output power. 
At this point, both the input voltage and input current of boost 
will decrease. This feature can be used as a judgment condition 
for the series arc-situation 2. When the series arc-situation 3 
occurs, the boost input bus is equivalent to an open circuit state, 
with both voltage and current being zero. Therefore, no further 

As shown in Fig. 20, it is the simulation result of the parallel 

arc-situation 4. In this case, the current-carrying capacity of the 
parallel arc is lower than the output current at the maximum 
power point of the PV cell. Under the MPPT control of boost, 
PV cells can generate electricity at maximum power, and a 
portion of the power can be sent out through boost. The power 
loss of the parallel arc depends on the current-carrying capacity 
of the arc. In this case, the input voltage of the boost stage 
remains unchanged while the input current decreases. This 
feature can be used as the determination condition for parallel 
arc-situation 4.

The simulation results of parallel arc-situations 5 and 6 
are shown in Figs. 21 and 22, respectively. In both cases, the 
current-carrying capacity of the parallel arc is higher than the 
output current at the maximum power point of the PV cell. 
When the above two types of faults occur, the PV bus voltage 
can no longer be maintained by boost control and is instead 
dominated by the arc. The power of PV power generation is 
basically consumed by electric arcs, and the current transmitted 

Fig. 18.  Simulation results of series arc-situation 1.
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by boost is close to zero. The above boost input voltage and 
current characteristics can be used as the conditions for judging 
these two types of arc faults. Moreover, under these two types 
of faults, the arc energy is relatively high and the arc burning is 
more intense. Therefore, the short circuit operation of the PV 
cell can be controlled by boost to rapidly reduce the arc voltage 

B. Experimental Results

constraints, the paper established an experimental platform 
as shown in Fig. 23(a). Its framework structure and control 
method are shown in Fig. 17, and its parameters are listed in 

Fig. 23.  Test results of the arc generation process. (a) Arc fault test experimental 
platform, (b) The process of closed-circuit, arc-initiation and arc-extinction, (c) 
The process of open-circuit, arc-initiation and closed-circuit.
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Fig. 22.  Simulation results of parallel arc-situation 6 and its extinguishing control.

Table II. The test waveforms of the arc process are shown in 
Fig. 23(b) and (c). The arc fault experiments in this section all 
adopt the method of switching to the arc faulty circuit when 
operating in the conventional mode. The characteristics of the 
arc branch are set after pre-testing.

1) Conventional Operating Condition Tests
Fig. 24 shows the waveforms of each port when the PV 

power generation system is operating in the MPPT state. At this 
time, the boost input voltage, that is, the maximum power point 
voltage of the PV is 70.5 V, the DC bus voltage of the inverter 
is 115 V, the voltage amplitude of the grid voltage regulator is 
47 V, and the amplitude of the grid-connected current is 8.7 A.

Fig. 25 shows the experimental results of the series arc-
situations 1 and 2. Fig. 25(a) shows the test waveform of the 
series arc-situation 1. When the PV busbar cuts into the series 
arc fault, the PV cell returns to the maximum power point 
output state after boost regulation. Before and after the series 
arc occurs, the boost input current remains constant while the 

Fig. 25. Experimental results of (a) series arc-situation 1, and (b) series arc-
situation 2.
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Fig. 24.  Experimental results of each port under normal operation.
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input voltage drops. The difference between the PV power 
and the boost input power is 112.2 W, which is the arc loss 
power. Fig. 25(b) shows the test waveforms of the series arc-
situation 2. Constrained by the current-carrying capacity of the 
arc, the PV power generation current decreases, and its output 
voltage slightly increases, which is consistent with the external 
characteristics of the PV cell. The abandoned power of the PV 
cell is 76.5 W. Both the boost input voltage and current drop. 

power and the Boost input power is 400.5 W, which is the arc 
loss power.

Fig. 26 shows the experimental results of the parallel arc-
situation 4, in which the preset arc current-carrying capacity 
is relatively low. When a parallel arc occurs, the boost input 
power decreases, and a portion of the power enters the arc 
branch, resulting in power loss, approximately 140.1 W.

Figs. 27 and 28 show the experimental test results of the more 
severe parallel arc scenarios, namely situations 5 and 6. When 

situation 5 occurs, if no protective measures are taken, the PV 
bus voltage will be dominated by the parallel arc and decrease, 
and the boost input current will be almost zero, indicating 
that the PV power generation is basically consumed by the 
arc. In this situation, the parallel arc, due to its higher energy, 
generates more intense combustion, and the harm is even more 
severe when situation 6 occurs. Therefore, both of the above 
situations require the design of arc-extinguishing schemes, 
as shown in Figs. 27(b) and 28(b). Approximately 50 ms 
after the fault occurs, the system detects the fault and takes 
arc-extinguishing measures, keeping the boost switch tube 
constantly on and short-circuiting the PV cell to zero voltage to 
achieve the arc-extinguishing control of the parallel arc.

2) Variable Operating Condition Tests

conditions were tested in this section, including port changes 
(PV environment, AC grid), and the influence of different 

algorithm. 
Fig. 29 shows the test results of PV simulator setting 

the variation of intensity of solar radiation. Under the fault 
detection algorithm as shown in Fig. 14, regardless of whether 
the external environment’s intensity of solar radiation increases 
or decreases, the changes in boost input voltage and current do 

and thus no false alarm phenomenon occurs. 
Fig. 30 shows the test results when the grid voltage under-

goes a transient change. As shown in Fig. 17, the AC grid is 

Fig. 28. Experimental results of parallel arc-situation 6. (a) Parallel arc-
situation 6: phenomenon, (b) Parallel arc-situation 6: extinguishing control.

Vpv [50 V/div] Ipv [10 A/div] Vin [50 V/div] Iin [10 A/div]

[50 ms/div]

71.6 V

71.6 V

9.3 A

9.3 A

70.6 V

70.6 V

9.3 A

7.5 A

Boost-MPPT adjustment process  

Fig. 26. Experimental results of parallel arc-situation 4.

Vpv [50 V/div] Ipv [10 A/div] Vin [50 V/div] Iin [10 A/div]

Vpv [50 V/div] Ipv [10 A/div] Vgate  [20 V/div] Iin [10 A/div]

[50 ms/div]

[100 ms/div]

70.2 V

70.2 V

9.3 A

9.3 A

49.1 V

49.1 V

9.9 A

0.14 A

Parallel arc 
dominance

51 ms

Successful arc extinguishing

Regular operation

Arc extinguishing control 
- always on

(a) 

(b) 

Fig. 27. Experimental results of parallel arc-situation 5. (a) Parallel arc-
situation 5: phenomenon, (b) Parallel arc-situation 5: extinguishing control.
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separated from PV bus by two-stage converters, namely three-
phase inverter and boost converter. The inverter adopts DC 
bus voltage control, and can maintain Vdc stability when the 
grid voltage changes. The boost converter maintains its input 
voltage stability under MPPT control. Therefore, under the 
control and buffering of the two-stage converters, whether 

voltage and current, nor will it affect the arc fault detection 
algorithm.

As shown in Fig. 31, for the case of series arc condition 2, 

between the PV panel and the boost converter are presented. 
According to the analysis in Section V.B, the parasitic induc-
tance of the circuit varies with different cable lengths, and 
thus the changes in the input voltage and current of the boost 
are also different. Therefore, in practical applications, it is 
necessary to pay special attention to the influence of the 

parasitic inductance introduced by different cable lengths. 
In the experiment, based on the voltage and current change 
rates determined by different cable lengths, different arc 
fault detection thresholds are set, which can maintain the PV 
power control based on arc current constraints in the series arc 
condition 2.

VII. CONCLUSIONS

This paper aims at the series/parallel arc problem existing in 
the intermediate busbar between PV cell and boost converter, 
and proposes a unified model of PV-boost power generation 
system based on series/parallel arc constraints and specific 
faults identification and classification methods. Based on 
the basic models of PV cells and arcs, the output external 
characteristics of the PV system in fault state were analyzed. 

mechanism and power transfer characteristics of the system 
under two types of arc faults were revealed. Based on the 
above analysis conclusions, a specific faults identification 
and classification scheme for series/parallel arcs based on 
the degree of hazard was designed. Its feasibility has been 
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