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Series DC Arc Fault Detection Method for PV
Systems Employing Differential Power
Processing Structure

Hwa-Pyeong Park ", Member, IEEE, Mina Kim

and Suyong Chae

Abstract—Arec fault detection is an important process for en-
suring the safety of PV and grid-connected inverters and is es-
sential for producing PV systems in real applications. However, it
is difficult to detect series dc arc faults using conventional fuses
because these faults produce only small current variations. In
addition, the arc fault detection devices have limited performance,
because they focused on arc fault detection between PV arrays
and inverter. Moreover, they require the additional current and
voltage sensors to implement the arc fault detection algorithm.
This article proposes an arc fault detection algorithm employing
differential power processing (DPP) structure. The proposed algo-
rithm only uses intrinsic voltage sensors of DPP and inverter, which
can improve the cost-effectiveness of PV systems. In addition, the
proposed algorithm can integrate the functionality of maximum
power processing for each PV panel and arc fault detection. The
voltage relationship between DPP and inverter is analyzed to detect
the arc fault condition according to the DPP voltage sensing type.
The performance of DPP units and its voltage relationship are
verified with the control hardware-in-the-loop system. The arc fault
detection performance is verified with the prototype PV system.

Index Terms—Arc fault, dc—dc converter, photovoltaic.

I. INTRODUCTION

HE renewable energy sources, such as photovoltaic (PV)
T and wind power, are continuously increasing to reduce the
threat posed by environmental pollution [1]. Grid-connected
renewable energy systems are widely used in decentralized
power system and household, and hence, the interest in the
safety of renewable power system and inverter is increasing
[2]-[4]. PV systems are inherently dc sources, and dc arc faults
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Fig. 1. PV system structure and various locations of the dc series arc fault.

are induced between PV panels and between a PV array and
an inverter. The loose connector, damaged, and pitched power
cable by aging, and cracked and corroded solder joint cause the
series dc arc fault in PV systems. The arc fault circuit interrupter
(AFCI) is necessary for ensuring the safety of inverters and
PV systems. The Underwriters Laboratories (UL) develops UL
1699B standards to detect the arc fault condition [5]. In addition,
the National Electrical Code (NEC) requires AFCI for all PV
systems over 80 V [6].

The arc faults consist of series and parallel arc fault. In addi-
tion, the arc fault can be modeled as combination of R-L [7], [8].
The parallel arc fault can be easily detected because they cause
a large current change [9], [10]. However, the series arc fault is
different because it causes only a small current change, which
is not sufficient to melt fuses. AFCI are effective in detection
arc fault using several arc fault sensing methods. However, the
arc fault can occur in various locations on the PV system. Fig. 1
shows the PV system structure and location where arc fault can
occur [5]. Many AFCI are required to obtain the safety of PV
systems, which can increase the cost of PV systems.

In previous studies, several algorithms have been developed
for series dc arc fault detection. In [11]-[14], time domain
analysis using current and voltage information was applied to
detect the arc fault condition. Those methods use only a single
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voltage or current sensor to detect the arc faults. Their simple
detection circuit and algorithm provide fast fault detection but
have poor noise immunity. The arc fault condition induces
noise in range of several tens of kilohertz in the frequency
domain. In [15]-[19], the fast Fourier transform (FFT) and
short time Fourier transform are used to detect the arc fault
condition. In [20]-[24], the discrete wavelet transform, and
wavelet packet transform were introduced to detect the arc fault
using a predefined threshold. Notably, these can obtain both time
and frequency information and can implement multiresolution
analysis through their window functions. In [25], a statistical
method was introduced to detect arc fault condition, which uses
statistics-based thresholds. The previous methods focus on the
series dc arc fault detection between PV arrays and inverter. In
[26]-[28], the machine learning was used to detect the arc fault
condition. These methods can detect the arc fault condition with
the consideration of several arc fault characteristics. However,
the machine learning based algorithm has limited detection
accuracy, which cannot ensure the safety of PV systems. In
addition, this method requires much information using several
sensing devices.

The conventional arc fault detection algorithm requires ad-
ditional current and voltage sensors, which can degrade the
cost-effectiveness of PV systems. In addition, the series dc arc
fault between PV panels was not focused before compared to the
arc fault between PV arrays and inverter. However, the arc fault
detection between PV panels is necessary, because the series
connected PV panels have same current rating with inverter.
In the practical manner, therefore, many voltage and current
sensors are required to detect all the arc faults of PV systems,
which drastically reduce the cost-effectiveness.

Differential power processing (DPP) structure have been de-
veloped to obtain the maximum power point tracking (MPPT)
foreach PV unit [29]-[33]. Therefore, the main inverter and DPP
operate at the global and local MPPT, respectively. Fig. 1 shows
the PV systems employing the DPP structure. The DPP intrinsi-
cally measure each PV panel’s voltage. This article proposes the
functional integration of DPP structure with the MPPT operation
and arc fault detection algorithm, which can improve the power
generation efficiency and system safety. This method can detect
the arc fault condition between PV panels and between PV
array and inverter without the additional sensors. In addition, it
proposes the arc fault detection method according to the voltage
sensing method of DPP units, which can extend the functional
usage. The detection algorithm uses the time and frequency
domain analysis according to the arc fault condition. The per-
formance of DPP unit and its voltage relationship are verified
with control hardware-in-the-loop (Control-HIL) system. The
arc fault detection performance is verified with the prototype
PV system using the PV simulator, arc fault generator, arc fault
detector, and grid-connected inverter.

II. ARC FAULT DETECTION FOR DPP STRUCTURE

DPP units intrinsically measure the voltage of each PV panel,
which can use two types of sensing methods: a differential type
and a common ground type. Fig. 2(a) shows the differential type
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Fig.2. Voltage measurement methods. (a) Differential type sensing. (b) Com-
mon ground type sensing.

sensing method. The DPP units can directly measure each PV
voltage, which can be described as follows:

Vorp1 = Vpvi,-.., Vorrn = VPva. (1)

The isolated differential voltage sensors are used to directly
measure each PV voltage, which is a commonly used method for
DPP units. This method can measure only PV voltages without
other voltage drops. However, it is an expensive method as it
uses isolated sensors. Fig. 2(b) shows the common ground type
sensing method. The DPP units indirectly measure each PV
voltage, which can be expressed as follows:

Vorp1 =Vprvi-G, -, Vorrn = VPva-c — VPvm-1)-a-
(2)

This method requires postprocessing to calculate each PV
panel voltage. For example, the nth PV voltage can be measured
with the ground to the nth PV voltage (Vpy,,— ) and ground
to the n—1Ith PV voltage (Vpy(n—1)- ). The nonisolated type
sensors have high cost-effectiveness. However, in this method,

the voltage drop caused by arc fault conditions on the measured
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PV voltage are also contained, which cannot be used to obtain
the precise PV voltage. In this article, the dc-link voltage of
inverter and each PV voltage measured by DPP units are used
to detect the arc fault conditions.

A. Arc Fault Detection Using Differential Type PV Voltage
Sensing Method

An arc fault can occur between PV panels or between PV ar-
rays and an inverter. Fig. 2(a) shows the differential type sensing
method with the equivalent circuit of PV systems including the
arc fault condition. The sum of all series connected PV panel
voltages is the PV array voltage, which can be calculated as
follows:

Veviot = Voprp1 + Vopp2 - - - +VDPPn. 3)

In addition, the dc-link voltage of inverter can be derived while
considering the (3) and arc fault condition as follows:

VLink = VPV,tot - Varc (4)

where V. is the voltage drop caused by the arc fault condition,
which is determined with the arc fault impedance and current.

The arc fault impedance was modeled as R-L combination
[7], [8]. Under no arc fault condition, (3) and (4) are ideally the
same magnitude with zero V. value, which can be expressed
as follows:

Vevior = Viink- (5)

Under the arc fault condition, the total PV voltage is higher
than the dc-link voltage of inverter according to (3) and (4); this
relationship can be described as follows:

Veviior > Viink- 6)

In the differential type sensing, the voltage of Vpvy ot Vare,
and Vp;,i have to meet the Kirchhoff’s voltage law. The voltage
relationship of (5) and (6) can be satisfied under the arc fault
conditions between PV panels or between PV arrays and an
inverter. Fig. 3 shows simulation results of Vpy io¢ and Vi
values according to the arc fault and no arc fault conditions. The
MPPT induces the PV voltage variation. The voltage relationship
of (5) and (6) is verified according to the arc fault condition.

The detection precision can be improved with the consider-
ation of the voltage drop in the line resistance, which can be
described as follows:

Vdrop = Ipink Riine- (N

This voltage drop according to the line resistance has variation
according to the link current. The irradiation of PV, partial shad-
ing, and control algorithm of inverter induces the voltage drop
variation of (7). Therefore, the consideration of line resistance
can improve the arc fault detection precision between the arc
fault condition and dc-link current variation. From (3), (4), and
(7), the voltage relationship for the arc fault detection can be
described as follows:

VPV,ave - Vdrop > VLink (8)

where Vpy 4. 1s the moving average value of Vpy 0. In the
no arc fault condition, the voltage relationship can be described

9789

740 mmm) Arc Fault Condition

500 \ Same Voltage
Magnitude Drop by V,

680
740
720
700 vLlnk
680

0

varc
-10
-20
-30
Time (2 sec/Div)
Fig. 3. Voltage comparison of Vpy, io¢ and Viink.
[ Inverter tums on |
Calculate line
resistance with (10)
Calculate voltage
: —
drop using (7)

v

VPV,ave - Vdrop >
VLink

Arc fault
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with (5) and (7) as follows:
VPV,ave - Vdrop = VLM’Lk (9)

Fig. 4 shows the proposed arc fault detection algorithm for the
differential type PV voltage sensing method. When the inverter
is turned ON, the controller has a default line resistance value.
The controller updates the line resistance by calculating (10)
using the values of Vpv i1, Viink, and Iy as follows:

Riine = (Vevitot — Viink) /ILink- (10)

Next, the voltage drops of (7) can be calculated using (10)
and the dc-link current. The arc fault condition can be detected
with the time domain relationship given in (8).
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B. Arc Fault Detection Using Common Ground Type PV
Voltage Sensing Method

Based on (2), the common ground type sensing method can be
used to measure the voltage of each PV panel. In the case of an
arc fault condition between PV arrays and an inverter, the total
PV voltages can be the same as (3), because the voltage drop of
an arc fault condition occurs between the total PV voltage and the
dc-link voltage. Therefore, the arc fault condition between PV
arrays and an inverter can be detected using the same relationship
as the one between (8) and (9), which uses the same arc detection
algorithm presented in Fig. 4.

In the case of an arc fault between PV panels, the calculated
DPP voltages contain the voltage drop by the arc fault. The
proposed algorithm in Fig. 4 cannot detect the arc fault condition,
because Vpy,io¢ and Vi are the same at the arc fault condition.
In this case, the total voltage of the PV panels can be described
by considering the arc fault as follows:

Vare. (1D

When the arc fault condition occurs between the nth PV panel
and n—Ith PV panel, the nth DPP voltage can be expressed as
follows:

Veviot = Vopp1 + Voppe -+ +Vpppn —

Voppn = Vevan-c — Vare = Vevm-1)-a- (12)

Therefore, an additional arc fault detection algorithm is nec-
essary for the arc fault condition between PV panels.

Based on (11) and (12), the measured DPP voltage contains
the voltage drop caused by the arc fault condition, which has
noise in the range of several tens of kilohertz [15]-[19]. The
FFT analysis can be used to detect the arc fault condition by
utilizing a fast computation speed to calculate the digital Fourier
transform (DFT). The DFT of each DPP voltage can be derived
as follows:

N—

§ 'UDPP

k=0

6 —j2rkn/N

Vopp [k (13)

where Vpppl[k] is the DPP voltage according to the frequency
analysis, k is the frequency bin, and » is the number of sampling
point, which can range from 0 to N. The frequency resolution is
determined using the sampling frequency (fsqimpiing) and N and
can be expressed as fsampiing/N- The number of complex DFT
frequency components is defined as N/2.

In this experiment, the sampling frequency is 200 kHz and
N is 1024. The designed FFT has 512 frequency bins with a
195 Hz frequency resolution. Since the range of the designed
frequency analysis is from 10 to 70 kHz, the corresponding 52th—
359th frequency bins are analyzed for arc fault detection. The
controller calculates the FFT results of each PV panel using (13),
which can be described according to the order of PV panels as
Vppplk, u], where u is the order of the PV panels. Fig. 5 shows
the experimental FFT comparison between arc fault and no arc
fault conditions for the designed frequency range. The relative
comparison of FFT magnitude between PV panels can detect
the arc fault condition, which is derived as follows:

Vdif [l@u] :VDPP [k7u]—VDpp [k‘,u—l] (14)
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where Vg, is the relative magnitude difference according to the
PV panels and V oy, is the magnitude comparison of V4. The
sum of V., according to the desired frequency range can be
described as follows:

5)

ko
=3 Viomp 1l

k=k,

(16)

where k ; and k» are the minimum and maximum frequency bins,
respectively. The threshold value for V. ; to detect the arc fault
condition can be defined as follows:

‘/th,freq = Qith, freq (kZ - kl) ,0< Qth, freq < 1 (17

where v, freq 18 the adjustable threshold factor in (17). When
V.1 1s higher than the threshold value (V' fre4), the arc fault can
be detected using the frequency analysis.

The arc fault between PV panels induces the drastic voltage
drop, which can be detected with the time domain analysis
for implementing the frequency analysis. It can mitigate the
computation burden of digital signal processor (DSP). The
moving average of PV voltages and its standard deviation can
be described as follows:

Z UDPP a, U
U—- 1
Z UDPP a u] — Vawer, DPP[ ])

19)

where a is the number of moving average. Fig. 6 shows the
standard deviation of each PV voltage based on the experimental
results. The drastic voltage variation is detected using the time
domain threshold (Vy,, 4i,), which can be defined as follows:

(20)

Vaver, DPP (18)

Ust, DPP

Uth, tim [TL] = Vqgver,st, DPP [n] + ath,timvst,DPP[n]

where Vqyer, st, ppp 18 the moving average of standard deviation,
Qup, tim 18 the adjustable threshold factor in (18), which can be
designed in a statistical manner, for example, using three-sigma
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rules. When the standard deviation is over the threshold value
of time domain, the DSP calculates the FFT magnitude for
comparison between PV panels. Notably, the PV voltage can be
drastically changed by the partial shading or drastic irradiance
variation. Therefore, the arc fault cannot be detected with only
the time domain analysis. However, it can be useful factor to
detect the arc fault condition for alleviating the computation
burden of DSP. Fig. 7 shows the arc fault detection algorithm
for the common ground type voltage sensing method. In the case
of arc fault between PV arrays and inverter, the arc fault detection
algorithm is same as the differential type sensing method. In the
case of arc fault between PV panels, the time domain analysis
detects the drastic voltage variation. After this detection, the
relative comparison of FFT magnitude between PV panels can
detect the arc fault condition.

C. Discuss About Arc Fault Location

The differential type voltage sensing method has simple arc
fault detection algorithm using the voltage relationship of (8) and
(9). This algorithm can detect the arc fault condition between
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TABLE 1
DESIGN SPECIFICATION OF CHIL SYSTEM

parameters values
number of PV panels 4
27V at MPPT
PV voltage range - -3 5 V at open
DPP converter Bldlreg:)f\?;ltgyba(:k
maximum power rating 1.29 kW

PV panels and between PV array and inverter. However, it
cannot specify the exact location where the arc fault occurs.
The common ground type sensing method is more complex
than the differential type sensing method. When the arc fault
occurs between PV arrays and an inverter, the voltage magnitude
comparison using (8) and (9) can detect the arc fault condition.
When arc fault occurs between PV panels, the frequency analysis
using (16) and (17) can detect the arc fault condition. This
algorithm can specify the exact location where arc fault occurs.

III. EXPERIMENTAL VERIFICATION

The voltage relationship according to the voltage sensing
method and DPP operation are verified with the Control-HIL
test-bed. Fig. 8 shows the configuration of Control-HIL, which
can simulate a large number of PV panels and DPP operation.
The real-time simulator (OP4510, Opal-RT) implements the
plant model, which has four PV panels and DPP units, inverter,
and arc fault model [7], [32], [34]. Table I shows the designed
specification of CHIL system derived in (5).

Fig. 9(a) shows the Control-HIL experimental results for the
differential type sensing. In the no arc fault condition, the total
PV and dc-link voltages have same magnitude as derived in
(5). In the arc fault condition, the total PV voltage is higher
than the dc-link voltage of inverter according to the voltage
drop caused by the arc fault as derived in (6). Fig. 9(b) shows
the Control-HIL experimental results for the common ground
type sensing. The arc fault occurs between PV4 and PV3, which
induces the voltage drop in Vppp,. Therefore, total PV voltage
and dc-link voltage have same magnitude at no arc fault and
arc fault conditions between PV panels. The voltage drop of PV
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contains the frequency response of arc fault condition, which
is described in Fig. 5 using the experimental results. However,
the control-HIL cannot show the frequency response of arc fault
condition, because the limited time-step of simulation (10 us).

Fig. 9(c) shows the voltage relationship comparison between
power variation and arc fault condition using the differential
type sensing method. The irradiation change of PV panel makes
the power variation, which induces same voltage magnitude
change of Vpy 1o and V. However, the arc fault condition
induces a voltage difference between the total PV and dc-link
voltages. Fig. 10 shows the operational waveform of DPP units,
which implements the local MPPT for each PV panel [35]. The
designed structure can obtain the arc fault detection and power
generation improvement, which can improve the efficiency and
safety of PV systems.

Fig. 11(a) shows the prototype testbed with PV simulators,
arc fault generator, and an inverter, which can verify the arc
fault detection performance. The arc fault generator is designed
with the UL 1699B standard, which locates between PV ar-
rays and between PV panel and inverter. Two PV simulators
(TC.GSS.32.600.4WR.S, Regatron) are series connected to op-
erate as two PV panels. The impedance network of Fig. 11(b)
can simulate the real PV module using the PV simulator,
which is designed with the UL1699B standard. The controller
(TMS320F28277S, TI) receives the information of PV and
inverter voltages for the arc fault detection. Table II shows the
design specification of prototype PV systems.

Fig. 12(a) and (b) presents the arc fault condition and its
detection according to the fault locations based on the differ-
ential type voltage sensing method. It verifies that the arc fault
condition induces the voltage drop in the dc-link voltage of
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TABLE II
DESIGN SPECIFICATION OF PROTOTYPE SYSTEM

Conditions Parameter Values
Number of PV panels 2
375V at MPPT
PV voltage range
426V at open
Case 1 Maximum power rating 33 kW
Arc gap 0.8 mm
Arc generation speed 2.5 mm/sec
300 V at MPPT
PV voltage range
376 V at open
Case 2 Maximum power rating 2.4 kW
Arc gap 1.1 mm
Arc generation speed 5 mm/sec
270 V at MPPT
PV voltage range
335 V at open
Case 3 Maximum power rating 4 kW
Arc gap 2.5 mm
Arc generation speed 5 mm/sec
Arc Fault Condition
Inverter Input Voltage (200 V/Div) : \ e
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Fig. 12.  Arc fault detection of differential type voltage sensing. (a) Arc fault

between PV and inverter. (b) Arc fault between PV panels.

inverter compared to the total PV voltages measured by DPP
units, as derived in (6). Based on (8) and (9), the algorithm of
Fig. 4 can detect the arc fault condition according to the arc fault
location.
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Fig. 13(a) and (b) presents the arc fault detection according
to the arc fault locations using the common ground type sensing
method. Fig. 13(a) shows the arc fault condition between PV
arrays and an inverter, which induces the voltage drop in the dc-
link voltage of inverter compared to the total PV voltage. In this
case, the voltage relationship using (8) and (9) can be used for arc
fault detection. Fig. 13(b) shows the arc fault condition between
PV panels, which has no voltage difference between total PV and
dc-link voltages by the arc fault. This condition shows the arc
fault between PV2 and PV1 panels, which results in the voltage
drop caused by arc fault on Vpppe. It verifies the relationship
of (16) and (17). Fig. 5 shows the relative comparison of FFT
magnitude between PV panels. The frequency domain analysis
can detect the arc fault condition using the detection algorithm
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Fig. 14. Repetitive test results for proposed detection algorithm. (a) Perfor-

mance of differential type voltage sensing. (b) Performance of common ground
type voltage sensing.

of Fig. 7. Fig. 13(c) shows the frequency response of arc fault
condition under the power variation condition in the case of the
common ground type sensing method. The relative comparison
of the FFT magnitudes of (14) and (15) helps in detecting the
arc fault condition with a varying power.

The proposed arc fault detection algorithm has a fast detection
speed less of than 100 ms, which satisfies the UL 1699B standard
(2.5 s). In addition, the repetitive experiments can validate
the sensitivity and safety of the proposed arc fault detection
algorithm as follows [28]:

x 100% Q21

. TP
SenSltIVlty = m

Safety = x 100% (22)

TN
TN+ FP
where TP is the number of right arc fault detection, 7N is the
number of right normal condition detection, FP is the number
of false detection of arc fault condition, and FN is the number
of false normal condition detection. The sensitivity is the de-
tection precision between the arc fault and normal condition.
The safety is the fail-rate of arc fault detection. Fig. 14 shows
the performance of voltage relationship of (8) and frequency
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domain analysis of (16). The arc fault detection algorithm can
distinguish between a normal and arc fault conditions under the
designed test condition. The proper threshold value selection can
achieve 100 percent sensitivity and safety using (21) and (22).

IV. CONCLUSION

This article proposes the series dc arc fault detection algorithm
employing the DPP structure, which can detect the arc fault con-
dition between PV panels and between PV arrays and an inverter.
The proposed algorithm uses the time domain and frequency
domain analysis according to the voltage sensing structure of
DPP units. It can improve the functionality of DPP units with
integration of MPPT for each PV panel and arc fault detection. In
addition, this method does not require the additional sensors for
the arc fault detection, which can improve the cost-effectiveness
of PV systems. The voltage relationship according to the arc fault
condition and DPP operation is verified with the control-HIL
test-bed. In addition, the proposed detection algorithm is verified
with the prototype test-bed system. The arc fault is detected less
than 100 ms, which can satisfy the UL 1699B standard.
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