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Abstract

Recently, the problem of climate change caused by the increase in greenhouse gases has
become a major issue, and the importance of eco-friendly energy is increasing worldwide.
The installation of PV systems is increasing, and they are being installed in areas adjacent to
users. Nevertheless, the concerns relevant to safety problems, such as grounding modules
to prevent electric shock accidents, should be addressed. This study examined the effective-
ness of applying grounding clips for PV module installations. When the grounding clip was
applied, it showed approximately 6.7% improvement compared to the resistance value of
the existing grounding wire. The grounding performance and construction convenience of
the technology applied with the new grounding clip were verified by a comparison with the
existing conventional grounding wire. For manufacturing the clips, a mold with a 32° cone
angle and a height of 3.5 mm was used, and a fastening torque of 225 kgf-cm was found to
achieve satisfactory grounding resistance values compared to the conventional approach.
Using a power tool and expanding it to nine modules (=5.56 kWp), the clip installation
process took 585 s, which succeeded in reducing the installation time by approximately
38.1% compared to the 945 s taken using wires. Moreover, the module could be installed
and grounded with only a two-step process of installing the module and fastening it with
bolts, increasing the installation economy.

Keywords: grounding clip; grounding resistance; photovoltaic (PV)

1. Introduction

New installed capacity of global solar power in 2024 estimated to be around 599 GW
and new global solar power installations are expected to be around 700 GW in 2025, up
17% year-on-year, and about 993 GW will be installed by 2035 [1,2]. While interest in the
installation of renewable power sources has shown a continuous increase, about 75% of
the overall new renewable installation was performed with PV sources in 2024 [2]. In
particular, it is analyzed that the role of solar power generation will increase further as
the demand for electricity increases rapidly due to the growth of the electric vehicle and
artificial intelligence industries. The Al industry consumes ten times more power than
existing search engines, and the demand for solar power will inevitably rise in response to
supply [34].
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The expansion of the supply of PV systems is in a virtuous cycle with the improvement
in the economy of PV systems. The economic feasibility of photovoltaics is improving every
year, and the supply of PV systems is also increasing rapidly. As the supply of PV systems
increases, more user-adjacent systems, such as residential roofs, livestock farm roofs, and
BIPV (building-integrated photovoltaics), are being installed, and the safety problems of
systems, such as electric shock prevention and module grounding, are greater than ever.
Roof-top PV systems are expected to remain stable at approximately 25-30% within the
next decade. The construction of BIPV systems and the market share of floating PV plants
are also expected to increase gradually [5].

Therefore, with the increase in the installation of large-scale PV power plants, which
are eco-friendly and sustainable energy sources, the grounding system is an essential
component of the design to ensure compliance with safety and operation guidelines, such
as IEC 62548 [6] and KEC (Korean Electrical Code) [7]. A large-scale PV power plant
means that the voltage increases in the PV module array. When large-scale PV systems use
wire grounding between modules without being grounded to the structure, however, it is
probable that the ground wire between the two modules becomes loose as the operation
time increases. In such a case, the grounding may become unstable, and the power output
could decrease. As the number of PV modules increases, long-term reliability and stability
can be secured by performing the grounding between each module and structure in a
clip-grounding method in parallel with the bolt fastening method. In large PV systems,
however, the leakage current caused by high-voltage systems has been pointed out as one
of the important causes of potential difference-induced degradation (PID), which directly
affects the performance and life of the PV module [8-10]. PID occurs when there is a high-
voltage potential difference between the module and the ground, which reduces the power
output and causes problems with the PV system. The impact of PID phenomenon would
increase as the potential difference increases. Grounding technology is one important area
to prevent this PID problem [11]. In particular, the potential for increased PID risks, which
are closely related to grounding technology, would increase as the number of floating
PV plants increases. The potential difference also increases as the resistance between the
module and ground increases, raising the likelihood of PID occurrence. Although the
PID phenomenon is affected also by other factors, such as humidity, temperature, module
technology, and operational conditions, grounding is a critical factor in preventing PID and
ensuring safe operation of emerging PV systems [12,13]. Therefore, the risk of PV system
failures caused by PID could be reduced by applying effective grounding methods between
the module frame and the structure.

The PV modules, the balance of system (BOS), and metal structures that make up the
PV power plant are connected to the ground by conductor electrodes. A suitable grounding
system for each voltage area of a PV power plant provides safety, such as preventing
electric shock during system failure and preventing damage to proper insulation in the case
of malfunction [14-16]. Although design approaches, guidelines, and considerations for
conventional power equipment could also be applied to PV systems, further research on
PV system grounding has been performed. For example, the mechanical structures that are
commonly used for PV system installation (e.g., panel array foundations and metal support
structures) could effectively contribute to grounding similar to auxiliary electrodes [17].
The effects of soil resistivity, grounding system impedance, and fault current characteristics
on the PV system grounding were also explored [18]. The performance of various measures,
such as dedicated grounding grid, equipotential bonding system (EBD), and lighting rods,
for lighting protection was also studied, considering that the transient response of PV
systems during lightning events would be affected by the grounding design [19,20]. A
hybrid earthing system with zone-specific integration and separation to enhance system
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safety while minimizing implementation cost and environmental impact was also proposed.
Although such results have been obtained from research on PV grounding systems based
on conventional grounding approaches, research on alternative approaches for PV module
grounding is limited. Considering that most PV systems are designed or expanded based on
the connection of multiple individual PV modules or panels, the grounding and connection
approaches applied to PV modules would have a considerable effect on the grounding of
the overall PV system [19-24].

In general, PV modules are grounded by assembling a wire or bar-shaped conductor
to the module with screws. Therefore, it is common to install the module grounding con-
struction as an additional process after the PV module installation is completed. Although
such a conventional approach uses grounding wires for grounding the construction of
PV modules, this study incorporated grounding clips into the earthing configuration to
reduce the contact resistance between the photovoltaic modules and their frames. The
time and cost of the installation process can be reduced by integrating the installation
and grounding of the module using a clip-type grounding between the module and the
structure. While the wire method is often used for grounding, the risk of screws being
separated and resulting in a higher grounding resistance value would rise as the operation
time of PV systems increases. In the proposed grounding clip approach, the important
points are the spike shape of the clip that connects a grounding without a separate drilling
process for making a hole in the PV module frame, and the grounding performance that
does not decrease compared to the existing wire method.

The remainder of this paper is structured as follows. Section 2 examines the require-
ments that the grounding of the PV system should satisfy. Section 3 introduces the design
and manufacturing process of the grounding clips. The configuration of the actual ground-
ing clip is shown, and the main design factors are also studied. Section 4 assesses the
grounding resistance and the time required to install the proposed approach to determine
the effectiveness of the proposed grounding clip. A comparison with the existing ground-
ing wire approach showed that the proposed grounding clip approach realizes effective
grounding in an easier and faster installation. The last section concludes the paper.

2. PV System and Grounding Requirements

Figure 1 is a grounding configuration diagram of a PV system consisting of a PV
module, a metal structure, and an inverter. Figure 1a presents an overall picture of the
grounding in a PV system. Figure 1b shows the grounding between the two PV modules.
Figure 1c illustrates the grounding configuration between the structure and the grounding
terminal, and Figure 1d shows the connection of the metal structure to the grounding termi-
nal. Figure 1e shows the grounding of the inverter part, which is the exposed conduction
part of the PV power plant. The grounding clip covered in this paper is a part applied to
the grounding between the two PV modules corresponding to Figure 1b. and the blue circle
indicates the grounding part of the photovoltaic systems and indicates parts b, ¢, d and e.

For most practical installation cases, the PV module grounding process is performed
as an additional task after the PV module installation. By applying the grounding clip
approach introduced in this paper, however, such a separate module grounding process
was not required because the PV module fastening and the grounding processes could
be performed simultaneously. In the case of using wires for grounding, changes in the
grounding resistance could occur because of the connection being separated or loose. The
environmental conditions, such as temperature, humidity, and wind pressure, would also
affect the grounding performance. To solve this problem, it is possible to stably maintain
ground resistance due to long-term use by fastening the structure and ground between the
modules. Meanwhile, the earth ground symbol on the frame of PV modules represents
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the part where electricity flows and the metal frame to ensure safety. This is not for the
installation of modules, but is only used for the grounding between modules, and is also
used for the grounding of the last module and structure of the array. While the ground hole
of PV modules can be used, the primary focus of this research is on exploring the safety
conditions and effectiveness of the grounding clip approach.

Figure 1. Configuration of PV System Grounding Installation. (a) overall picture of the grounding
in a PV system; (b) module-to-module grounding method; (¢) module-to-metal structure method;
(d) metal structure-to-the grounding terminal method; (e) grounding of the inverter method.

Although the grounding electrode is generally realized by a buried metal electrode
(e.g., copper and aluminum) or the metal structures buried in the ground, the mechanical
structures used for installation, such as a steel foundation, are suitable for serving as a
grounding electrode in PV systems. Because metal foundations show a relatively low
resistance, the overall ground resistance would be determined mostly by the resistance of
the soil [19-22]. It is necessary to highlight that concrete, which is used for mounting or
supporting the metal foundation, could present a high resistance to the electric current flow.
Hence, the effectiveness of the grounding system depends on the size of the grounding
resistance, depending on the soil composition, distribution, uniformity, particle size, density,
and the concrete foundation.

Figure 2 presents a circuit diagram of the grounding resistance of a PV system com-
posed of one array. In such a case, grounding is performed at five points, and each
grounding point corresponds to the grounding point: R, is the resistance between the
solar module frame and the other module frame; R, is the resistance between two steel
structures; Rs—, is the resistance between the solar module and the steel structure; R;— is
the resistance between the steel structure and the pole; and Ry, represents the footing
resistance of the foundation pole.

R, R
WA AW W

Figure 2. Resistance circuit for the row (PV array).
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From the equivalent circuit shown in Figure 2, the grounding resistance of the overall
PV system could be expressed as

Rgfpv = th + Rs + Rﬂ + Rsfm + Rsfp (1)

where Ry of a vertical steel structure with a grounding length and diameter of L and d,
respectively, could be determined as [21]

Ryt = ﬁ [m(%f) - 1] )

where p is the soil resistivity. Ry py refers to the ground resistance, and according to IEEE
80-141(2000) [25], the ground resistance for transmission and large-scale substations was
less than 1 (), and the ground resistance range for distribution substations was less than
1 Q) to 5 Q. The ground resistance affects various aspects of safety, such as the risk of
rising ground potential, electric shock risk, lightning strikes, and the inability to disperse
increases in fault current.

In the case that the resistance between metal structures and PV module grounding
connections is negligible compared to the soil resistance in the ground, R;_py could be
approximated as

Re—pv = R+ Rs. 3)

approximate Equation (1) by Equation (3) to maintain, the metal structures connected
by welding or bolt fastening and the grounding connection between the PV module and
the module or the grounding performance between the module and the structure are
important [6,25].

Assuming an array composed of infinitely long photovoltaic (PV) structures, as shown
in Figure 2, the equivalent resistance can be represented, as shown in Figure 3. In Figure 3,
Rjyf is the equivalent resistance of the long PV array seen from the end of a PV array and

Rinf = % +/ReR. (4)
R, R, R

5 5 S

AW AW MW——

Rinf § Rﬁ§ Rﬂg Rﬁg Rinf §

can be expressed as [14]

Figure 3. Circuit analysis for the long row (=Long array).

Figure 4 shows that the characteristics of the input ground resistance R;,s of
an infinite array increases nonlinearly as the soil resistance (p) increases. In high-
resistance soil, conventional buried ground rods alone are difficult to meet the reference
ground resistance. Solar structures are used as auxiliary ground electrodes to overcome
these limitations.
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Figure 4. Infinite input resistance for a long infinite row.

According to Barbon et al. [14,15], an effective ground design can be implemented
without the embedding of separate electrodes by considering the metal parts of the PV
module support structure as auxiliary ground electrodes. On the other hand, there is a
limit to ensuring complete electrical continuity with the structure alone. At this time, the
ground clip plays an important role. The ground clip allows the structure to function as
a practical ground structure by implementing the grounding clips in such a way that the
electrical connection between the PV module and the frame is drilled through the surface
oxide film to secure conduction between the structures. The application of these grounding
clips guarantees the equal potential between modules and also contributes to the reduction
in electromagnetic interference [16].

Grounding equipment shall be grounded underground in accordance with the elec-
trical equipment technical standards to protect human life and property from electric
shock accidents and fires caused by short circuits. In this study, the requirements defined
by KEC (Korean Electrical Code) clause 140-4, which refers to the technical standards
and safety requirements for PV systems smaller than 140 kW, were considered. Table 1
lists the requirements for the required type of grounding and ground resistance value
depending on the classification of mechanical instruments defined by the KEC. It should
be noted that the KEC 140-4 [7]. was established to ensure compliance to standards of IEC
60364-5-54 [26] and IEC 62458 [6]. Effective as of year 2022, KEC was revised to meet the
international standards instead of the previous domestic standards [7]. Type 1 grounding
is the grounding of components such as metal structures and enclosures for high-voltage
and extra-high-voltage electric devices. Type 2 grounding is the grounding of the neutral
point or terminal of the transformer that combines the high-voltage and extra-high-voltage
electrical lines and the low-voltage electrical line. Type 3 grounding is for the components,
such as a metal structure and an outer box of a low-voltage electromechanical device equal
to or less than 400 VDC. Type 3 grounding is the connection of the metal structure and
outer box of the low-pressure electromechanical device exceeding 400 VDC. In addition, a
special Type 3 grounding construction is performed, even if the output voltage of the array
exceeds 400 VDC.
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Table 1. Types of grounding for the classification of mechanical instruments [7].

Classification of Mechanical Instruments Types of Grounding Grounding Resistance Value
For low voltages < 300 VDC Type 2 grounding <150 O
For low voltages < 400 VDC Type 3 grounding <100 O

400 VDC < For low voltages < 1500 VDC Special Type 3 grounding <10 Q)

1500 VDC < For high voltages < 7000 VDC
For extra-high voltage > 7000 VDC

Type 1 grounding <100

In particular, the grounding performance of the PV module is closely related to the
safety of a PV power plant; the maximum resistance value is strictly set by classifying the
types of grounding. The resistances presented in the table below are the minimum values
for safety and are generally much smaller [17,18]. The maximum criterion for the resistance
value of the grounding clip to be applied in this paper can be determined using the table
above. As suggested in the table above, the grounding clip between the PV modules should
secure grounding performance so that the maximum resistance of <10 () can be measured,
even in a high-voltage system.

Table 2 lists the types and specifications used as a grounding electrode. The following
data were extracted from the criteria for judging the technical standards of the Electrical
Installation Guide 1445 by KEC. The thickness of the grounding line for special Type 3
grounding shall be thicker than or equal to the soft copper wire or equivalent quality
and thickness of satisfying >2.5 mm?. The grounding wire should be determined in
consideration of regulations and safety, mechanical strength, and corrosion resistance.

Table 2. Grounding wire thickness for Type 3 or Special Type 3 grounding works.

Capacity of Minimum Minimum Thickness of Minimum Thickness of
Rated Current Grounding Wire (Cu, mm?) Grounding Wire (Al, mm?)
<20 A 2.5 2.5
<30 A 2.5 2.5
<50 A 4 4
<100 A 6 8

Electric shock and electric fire caused by a short circuit can be prevented by grounding
the equipment of a PV power plant, referring to the above specifications. This study
used crystalline PV modules of the 620 Wp series manufactured by Q-cell. Although
Table 3 provides the electrical specification of a single module, the grounding design was
performed for a PV generation system with nine PV modules connected in series.

Table 3. Electrical specification of a PV module.

Py Isc Voc L Vinp n
W1 [A] [Vl [A] vl [%]

STC
>
(Standard Test Condition) 620 13.76 56.67 13.05 47.50 >22.2

STC of Bifacial Solar Module 654.5 14.54 56.79 13.10 47.50 -

As the maximum voltage of the system was in the range of 400 V < Vsys < 1500 V
and a maximum series fuse rating of 30 A was considered for the design, the specification
values of Table 3 were used to determine the grounding type (Table 1) and the requirement
of the grounding resistance and the minimum thickness of the grounding wire. Therefore,
Type 3 grounding or special Type 3 grounding work should be performed. In which case,
the thickness (a) of the grounding conductor should be 2> of 2.5 mm? and the grounding
resistance (r) should be r < 10 (), as shown in Tables 1 and 2.



Appl. Sci. 2025, 15, 11382

8 of 22

3. Design and Manufacturing
3.1. Grounding Clip Configuration

Figure 5 shows several grounding materials commonly used to ground PV modules.
Figure 5a shows a copper material and tinned copper braided flexible wire that screw
into the frame through holes at both ends. Figure 5b presents the grounding bar of the
plated copper material, and Figure 5¢ shows the grounding wire of the most generally
used PV module, which is screw-fixed through terminals at both ends. Figure 5d illustrates
the grounding clip used in this experiment, and it was processed by stacking 3 mm thick
insulating rubber, a 1 mm thick aluminum plate, and a 0.3 mm thick copper plate. While
the aluminum and copper plates were laminated and processed, high-strength carbon steel
was used as the lower material.

Figure 5. Various types of grounding wires for connecting PV modules. (a) a copper material and
tinned copper braided flexible wire; (b) the grounding bar of the plated copper material (c) the
grounding wire of the most generally used PV module; (d) grounding clip used in this experiment.

Figure 5a—c are in the form of being fastened to the frame of the PV module through a
screw. A different clip, Figure 5d, was fastened by the attachment hole of the PV module
and installed as an insert between the metal structure and the PV module.

The clip method in Figure 5d applied in this paper can reduce the installation process
and time because, unlike other screw methods, such as Figure 5a—c, a separate hole for
grounding in the aluminum frame of the PV module is not needed. On the other hand,
a separate structure is required to perforate a thin anodizing layer, which is a corrosion-
resistant layer of the aluminum frame. Aluminum anodizing is a metal surface treatment
technique, which is the process of coating a thin layer of a uniform thickness with aluminum
oxide. Anodizing is a process of reinforcing the ductility of aluminum and improving
the functional properties, such as corrosion resistance and abrasion resistance, to form a
uniform layer with a thickness of approximately 20-100 um. This layer generally has low
conductivity. Hence, the penetrating spikes through the anodizing layer are required for
grounding. It is important to penetrate this anodizing layer and contact the conductor with
the pure aluminum layer behind it for a grounding connection.

Processing the shape shown in Figure 5d requires a mold with a hydraulic press for
elongated elliptical hole processing and spike processing around the hole. A mold capable
of hole-perforating and spike processing is needed to mass-produce grounding clips. In
this experiment, however, it is more important to understand the factors that determine the
spike shape, so a manual mold was used.

Figure 6 presents the procedure of press-processing the grounding clip with a mold
equipped with a hydraulic cylinder. Figure 6a shows a picture confirming the dimensions
of each part for the press mold, and Figure 6b presents a mill pin applied for processing
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the spike for drilling the anodizing film layer. A mill pin generally refers to a pin made by
rolling steel. Mill pins are made of various materials and SK-3 grade & = 2 mm was applied
as the mill pin material in this experiment. The SK-3-grade mill pin is a high-strength
carbon steel with excellent wear resistance and easy heat treatment. Figure 6¢ outlines the
process of forming a spike in a clip hole-processed with a mill pin, and Figure 6d shows
the aluminum clip processed through the press Figure 6¢. The grounding clip used in this
experiment is stacked with aluminum and copper plates because the spikes on the clip do
not have sufficient strength to penetrate the anodizing film of the aluminum frame of the
PV module if it is composed of only a 0.3 mm-thick copper plate. Materials used in clip
assemblies (such as copper and aluminum) can cause galvanic corrosion in the long run,
increasing ground resistance. Therefore, long-term behavior needs to be monitored.

Figure 6. Machining process of the grounding clamp. (a) mold dimension process; (b) mill pin
applied for processing the spike; (c) stacking process with aluminum and copper plates; (d) final
process grounding clip.

3.2. Spike Processing

Figure 7 presents the name of the cone formation angle and cylinder height of the mill
pin in the mold for spike press processing of the grounding clip. Figure 7a shows a mold
and a processing protrusion of cone shape for spike processing. It was inserted between
the aluminum layer of the clip and the mold such that the 3 mm-thick rubber plate would
act as a smooth separation and buffer between the mold and the clip. Figure 7b shows the
names of each part of the processing protrusion in the mold for manufacturing the clip.
The mill pin is processed into a cone shape for spike processing, where the angle of the
cone is 6; the length of the cone is /1, and the height of the cylinder under the cone is I;. The
cone molding angle 6 of the processing protrusion must be processed between 30° and 35°
based on the experience value. The angle should be selected so that a complete drilling
and embossing process can be performed to produce a gentle protrusion. In the case of
0 > 35°, the sharpness of the spikes would be lowered, so the workability of the spike is
deteriorated. The length of the cone becomes too large at an acute angle below 35°, so that
the spike is perforated, and an appropriate spike shape is not derived. Table 4 lists the
results for the angle of the mill pin cone (), the length of the cone (), and the height of the
cylinder (/) under the cone.
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Figure 7. Spike processing mold (mill pin mold). (a) spike processing; (b) spike design.
Table 4. Height and angle of cone and cylinder.

Item 30° 31° 32° 33° 34° 35°
{1 (mm) 3.7 3.6 3.5 3.4 3.3 3.2
Uy (mm) 1.3 14 1.5 1.6 1.7 1.8
Total (mm) 5.0 5.0 5.0 5.0 5.0 5.0

In the spike processing mold, the sum height of the processing protrusions combined
with the cone and the cylinder was made equal to 5.0 mm in all cases. The thickness of the
rubber plate during processing was 3.0 mm, as previously mentioned, and the thickness
of the aluminum plate was 1.0 mm. The height of the cone was calculated assuming the
rubber plate was not shrunk by compression because the thickness of the copper plate was
0.3 mm. The height of the spike was calculated to be 5.0 — (3.0 + 1.0 + 0.3) = 0.7 mm.

Figure 8a—f present the angular heights of the cones. Table 5 lists the height and angle
of the cone and cylinder for Figure 8. Figure 9 shows the height of the cone and the cylinder
according to the mill pin angle for spike processing in the mold presented in Table 5 and
Figure 8. Figure 10 shows the spike shape of the press-processed aluminum plate according
to the angle presented in Table 4. What is important is the height and shape of the spikes.
Figure 10a shows the shape of the pressed spike when the angle of the cone in the mold
was 30° and the height was 3.7 mm. The mill pin mold perforated the aluminum plate,
and the spike shape was barely made. Figure 10b presents the shape when the angle and
height were 31° and 3.6 mm, respectively. Figure 10c shows the shape of the spike when
the angle and height were 32° and 3.5 mm, respectively. Figure 10d shows the shape of a
spike when the angle and height of the mold cone were 33° and 3.5 mm, respectively, and
Figure 10e,f show the shape of a spike when they were 34° and 35°, respectively. As shown
in Figure 10, the mold does not work correctly under mold conditions at an angle of 30°,
and the aluminum plate was perforated completely.

Table 5. Height of cone and cylinder according to spike angle.

Item 30° 31° 32° 33° 34° 35°
¢, (mm) 3.7 36 35 34 33 32
¢, (mm) 13 14 15 1.6 17 1.8

Result X A O O A X
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Figure 8. Height of the cone according to the angle. (a) Angle 30°, Hight 3.7 mm; (b) Angle 31°, Hight
3.6 mm; (c) Angle 32°, Hight 3.5 mm; (d) Angle 33°, Hight 3.4 mm; (e) Angle 34°, Hight 3.3 mm;

(f) Angle 35°, Hight 3.2 mm.

Height of cone and cylinder according to spike angle

—

W

N

[

0 I I I I I I
30° 31° 32° 33° 34° 35°

Mg, (mm) ™ ¢, (mm)

Figure 9. Height of the cone and cylinder according to the spike angle.

Figure 10. Spike shape pressed according to the angle. (a) Angle 30°, Hight 3.7 mm; (b) Angle 31°,
Hight 3.6 mm; (c) Angle 32°, Hight 3.5 mm; (d) Angle 33°, Hight 3.4 mm; (e) Angle 34°, Hight 3.3 mm;

(f) Angle 35°, Hight 3.2 mm.



Appl. Sci. 2025, 15, 11382

12 of 22

In this case, perforation may also occur in the copper plate located on the upper side of
the aluminum plate, and after the press process, the plate is stuck in the mold, resulting in
poor productivity. Figure 10b is better than Figure 10a, but the hole is also too large, and the
height of the spike is too high, so the spike strength is relatively weak. Even in this case, the
spike is not formed properly in the copper plate. Figure 10c,d show the best shape of the
spike among the press samples. Figure 10e,f show that the height of the spike was too low,
and the sharpness too low, to show the spike shape of the copper plate, and it is difficult to
penetrate the anodizing coating layer of the PV module frame. Table 4 summarizes these
results. and Table 5 shows the spoke shape and height of the press-processed Al-plate
according to the angle, and the results are indicated as good(O), normal(A), and defective
or poor(x).

According to the results of Table 5 above, Figure 11 shows the results obtained by
pressing the mill-pin-processing protrusion with the cone molding angle 8 = 32°, the height
of the cone (/1) = 3.5 mm, and the height of the cylinder (/) = 1.56 mm.

TN " -

» ® ®

Figure 11. Spike shape pressed by angle: (a) Aluminum plate; (b) Copper plate.

Figure 11a is the shape of a spike formed by press molding on an aluminum plate, and
the spike was not completely perforated. The height of the spike is good and protrudes to
an appropriate size. Nevertheless, some of the spikes have a small shape, but there was
little deviation on the copper plate. Therefore, there will be no major problem even if the
press process is performed at a cone angle of 33°. By contrast, 31° and 34° are somewhat
less effective and not recommended because mass productivity is expected to decrease at
angles beyond that range. Figure 11b shows the shape of the spike completed by laminating
a copper plate above it. The cone shape of the female mold is alive because the copper plate
is as thin as 0.3 mm.

3.3. Application of the Grounding Clip

Figure 12 shows the configuration of the grounding clip proposed in this study and
the PV module grounding using the conventional grounding wire. Figure 12a shows the
use of the grounding clip for PV module grounding. As shown in the figure, the PV module
is generally fixed to the C-channel of the structure using bolts and nuts, and the grounding
clip enters between the PV module and the metal structure at this part. Therefore, a separate
additional fastening device is not required, and a grounding connection is completed at
the same time as the PV module is fastened to the structure. Nevertheless, because it is
inserted between the structure and the frame of the anodizing layer-treated PV module
without drilling an additional fastening hole, a disadvantage exists in that the grounding
between PV modules can be completed only when the anodizing layer of the PV module,
which is an insulating material, is penetrated. Therefore, in this case, it is essential to check
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how much torque should be fastened to penetrate the anodizing layer, and it is essential to
confirm that the grounding performance of the module does not deteriorate compared to
the previous one.

Figure 12. (a) module grounding clip and (b) grounding wire connecting method.

Figure 12b shows the grounding work between PV modules through the existing
grounding wire. This method can secure the grounding performance completely because
the grounding cable is connected through the anodizing layer more reliably. On the other
hand, the cost can be increased by the additional installation process on the site because
the module grounding process must be added collectively after module installation of the
structure. Therefore, this study aimed to reduce the cost by processing module grounding in
the same way as Figure 12a while having better performance than when module grounding
is connected in the way shown in Figure 12b.

The grounding performance of the PV module was compared by measuring the
resistance with a resistance meter at both ends of the array of modules connected in series.
The resistance should be significantly lower than the 10 Q) suggested in Table 1.

4. Evaluation Results
4.1. Grounding Resistance

The grounding resistances for the conventional and the proposed grounding clip
approaches were measured as follows. Figure 13a shows the resistance meter (manufac-
tured by Tynsley) used in this study. The measurement range was 0.1 u( to 1, which can
accurately measure even very low resistance. Accuracy presents £1% reliability of the
reads from 50 uQ) to 1 (), and the user can set a test duration from 15 to 120 s for test
currents ranging from 5 A to 200 A. Figure 13b presents a torque wrench manufactured by
Tohinichi; the measurable range was 100.6 kgf-cm to 503.8 kgf-cm.

Figure 13. Measurement Equipment: (a) resistance meter; (b) torque wrench.
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Figure 14 presents the process performed for measuring the grounding resistance of
the conventional approach. Figure 14a shows the configuration of the grounding wire
approach. Figure 14b,c shows the unscrewing of one of the grounding wires connected
continuously from both ends in the next array, and connecting them with conductive
clamps to the Channels 1 (C1) and 2 (C2) terminals of the resistance meter, respectively.
Figure 14d confirms that the cable from Figure 14b is connected to the C1 terminal and the
cable from Figure 14c is connected to the C2 terminal. Figure 14a shows the grounding
wire, which is commonly used for grounding between PV modules, being assembled by
drilling the frame of the PV module using screws and power tools. In this process, a hole is
drilled in the module frame using a screw and a power tool, as shown in the figure. In this
process, the anodizing layer, which acts as an insulating layer outside the aluminum frame,
is destroyed. Subsequently, the PV module grounding circuit is completed by connecting
to the grounding cable through the conductor’s stainless steel screw and the aluminum
terminal. The thickness of the grounding wire was 4 mm?. As discussed in Section 2,
the measured grounding resistance of the PV system should be less than 10 (); the actual
measured resistance was 16.3 m(Q). As a result, the grounding performance of the reference
PV array implemented by applying the existing grounding wire was sufficient.

. 8

Figure 14. Resistance test for the grounding wire type. (a) connect ground wire; (b) Ground
measurement terminal connection; (c) Measurement of ground resistance; (d) grounding resistance
measurement result.

Figure 15 shows the process for measuring the grounding resistance of the proposed
grounding clip approach. Figure 15a presents the process for separating the existing
grounding wire connected in the reference array. Figure 15b outlines the process of releasing
previously fixed bolts and nuts to insert a grounding clip between the PV module and
the structure. Figure 15c shows the process of inserting a grounding clip between the PV
module and structure. When installing at a new site, it is better to attach the grounding clip
to the C-channel of the structure in advance. Figure 15d presents the process of assembling
the inserted clip with a torque wrench using a module fastening bolt and nut.

The grounding clip method is not a drilling method using a screw. The grounding
resistance varies according to the torque because the spike in the clip must penetrate
the anodizing layer of the aluminum frame while increasing the torque of the wrench.
Considering the effect of torque on the grounding resistance, the relationship between the
torque and the grounding resistance was studied, as shown in Figure 16. For each torque
level, the grounding resistance was measured five times, and the measurement results are
shown in Table 6. From such data, it could be seen that differences among the maximum,
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minimum and average values seem to be rather minimal. Among the overall data, the
maximum value of the grounding resistance was used for plotting Figure 16.

Figure 15. Measurement of the resistance using the grounding clip connection method. (a) Disconnect
existing ground wire; (b) Insert ground clip between module and structure; (c) Insert the ground
clip between the disconnected module and the structure; (d) the process of assembling with a
torque wrench.

Resistance of grounding clip (m£2)

70
60
50
40
30
20
Referance array resistance value (16.3 mQ) 1+ — — — — — — — — —lg 2—
10
100 kgf-cm 125 kgf-cm 150 kgf-cm 175 kgf-cm 200 kgf-cm 225 kgf-cm
Figure 16. Resistance test result of the grounding clip.
Table 6. Grounding resistance value according to torque pressure (units: mQ).
Torque Pressure (kgf-cm) #1 #2 #3 #4 #5 Max. Min. Average
100 67.1 67.2 67.1 66.9 67.0 67.2 66.9 67.06
125 51.3 51.2 51.3 51.2 51.1 51.3 51.1 51.22
150 30.1 30.0 30.0 30.1 29.9 30.1 29.9 30.02
175 25.1 25.2 25.1 25.1 25.2 25.2 25.1 25.14
200 24.8 24.8 25 24.9 24.9 25 24.8 24.88
225 15.1 15.2 15.2 15.2 15.1 15.2 15.1 15.16

When a torque of 100 kgf.cm and 125 kgf.cm was applied, the measured grounding
resistance was 67.2 m() and 51.3 m(), respectively. Both cases were lower than the minimum
standards presented in Table 2, but the measured resistance was too high compared to the
reference value, 16.3 m(), which is the value when conventional grounding wire is used. A
high resistance means a low grounding performance. This is a result of the grounding clip
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being unable to sufficiently penetrate the anodizing layer compared to the conventional
screw of the grounding wire. Therefore, the grounding resistance should be measured
continuously after adjusting to a higher torque to reach the conductive aluminum layer of
the PV module frame. The measured resistance was 30.1 m() when a torque of 150 kgf.cm
was applied. Such a value was less than half of the 67.2 m() measured at 100 kgf-cm torque,
but was approximately 184.7% higher than the resistance with the conventional grounding
wire applied.

The measured resistance was 25.2 m() when a torque of 175 kgf-cm was applied,
which did not decrease significantly as before. This is because the cross-sectional area of
the existing ground wire was 4 mm?, and the cross-sectional area of the grounding clip
applied in this experiment was 6 mm?, even if it is based on the narrowest place. Therefore,
the cross-sectional area of the conductor is wider, but the high resistance means that the
spike of the grounding clip cannot penetrate the anodizing layer of the aluminum frame
at this torque level. The other conditions among the resistance components constituting
the grounding resistance were the same because the common reference PV array was
used. The only difference would be the cross-sectional area of the grounding conductor
and the resistance of the anodizing layer. Moreover, the resistance of the anodizing layer
should be considered to have been affected in this case because the cross-sectional area
of the grounding conductor is larger than that of the conventional wire. Therefore, the
resistance should be measured while increasing the torque of the adjustment wrench until
the resistance is lower than the reference value. The point where the resistance was lower
means that the insulating layer of the anodizing layer is destroyed, and the torque at this
time is the torque to be applied to the work standard when the grounding clip is installed.

When a torque of 200 kgf-cm was applied, the resistance was similar to the case
when the applied torque was 175 kgf-cm. This area of the torque appears to resist the
insulating layer of the anodizing layer before it is destroyed. This hypothesis can be
inferred from the sudden decrease in resistance compared to the trend of strengthening
the torque in the next measurement value. The measured resistance was 15.2 m{) when
a torque of 225 kgf-cm was applied, indicating an approximately 6.7% lower resistance
than the reference value (16.3 m()). The resistance measured under this condition was
suddenly lower, and the level was also lower than the reference data. Therefore, the
insulation layer of the aluminum anodizing layer might be penetrated by the spike of the
grounding clip. While the grounding resistance values of both the conventional grounding
wire approach and the proposed grounding clip approach are far below the relevant safety
limits, it would be desirable to decrease the grounding resistance as much as possible. The
grounding resistance would change from its initial value as the operation time increases
and the system experiences actual weather conditions. Hence, efforts for realizing the
lowest grounding resistance value would contribute to long-time reliability and minimized
maintenance needs.

As shown in the above result, the grounding resistance was measured while increas-
ing the torque to a certain level. In general, the resistance continued to decrease as the
torque value increased. In a section in which the decrease in resistance was reduced from
175 kgf-cm to 200 kgf-cm, and the slope suddenly decreased to between 200 kgf-cm and
225 kgf-cm, the anodizing insulating layer was destroyed in this torque range. When
the grounding resistance was measured while increasing the torque of the wrench from
100 kgf-cm to 225 kgf-cm, the grounding resistance, which initially fell with a similar slope,
stagnated around 25 to 30 m(). Subsequently, the resistance fell sharply after reaching the
conductive layer through the anodizing layer in the range of 200 to 225 kgf-cm. Finally, the
grounding clip achieved a grounding resistance of 15.2 m(}, showing approximately 6.7%
improvement compared to the existing grounding wire. During the measurements,
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4.2. Time Required for the Installation Process

As mentioned above, the use of the PV module grounding clip may reduce the time
and cost of the PV module installation process by simplifying the grounding process.
This experiment was applied in a practically installed photovoltaic power generation
facility. Figure 17 presents the overall process of PV module installation and the process of
mounting a PV module on a metal structure. This sequence is the process of placing the
PV module on the installed metal structure and applies equally to the grounding clip and
the wire method. In the grounding clip method, an additional simple process of placing
the clip on the C-channel of the structure is required. For the ease of attachment, it may
be attached between the insulating rubber of the grounding clip and the C-channel of the
structure using an adhesive made of a sealant material. The process of placing the PV
module varies depending on the location, but it takes approximately 20 to 30 s per PV
module. The time to put the grounding clip on is 10 s per location, including the time to
apply the sealant, and two places are needed per module, so 20 s is required. Figure 17b
presents the process of fastening the PV module using bolts and nuts. This process has
no difference in the grounding clip and grounding wire methods. The installation of a
module requires significantly more time when using a power tool or a manual tool. In this
experiment, it was fastened using a manual tool: 60 s per PV module was taken because
15 s per location and four locations per module are required. Figure 17c shows the process
required only by the grounding wire method, and it is a process of screwing the grounding
wire between the two modules. Approximately 30 s per location were required, resulting
in approximately 60 s because two locations must be drilled per module. Figure 17d shows
the grounding between the C-channel of the structure and the square pipe of the structure.
This process is essential for the grounding performance of the total PV system, but it does
not include the module grounding process of this experiment. In addition, as it is necessary
for both the grounding clip and the grounding wire installation process, the time was
not measured separately because it was not directly related to the process simplification
focused on in this paper. A comparison test was conducted based on the time to go from
the processes in Figure 17a—c, which was required for PV module grounding installation.
The time was measured and reflected by one person while performing each process because
the installation time may vary depending on the person.

The total module array was calculated based on nine solar modules, which is the scale
of the installed test bed, and the result is described in the results and discussion session.
Table 7 lists the time required for each solar module according to the installation process.

Table 7. Comparison of the time required for installation per solar module.

Installation Process Grounding Clip Grounding Wire
Module mounting 25 25
Clip mounting 20 -
Module fastening 60 60
Wire drilling - 60
Total (sec/module) 105 145

The module mounting process is the process for placing a PV module on the metal
structure, and the clip mounting process is the process of placing a grounding clip on
the C-channel of the metal structure. In the grounding clip method, it is better to do this
process before the module mounting process. The module fastening process involves
fastening a solar module placed on a structure using bolts and nuts. Referring to the results
in Figure 16, the fixed torque should be performed at 225 kgf-cm or more, and the use
of electric tools can save time. This fastening process applies to the existing grounding
wire approach and the proposed grounding clip method; there is no time difference, but
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the time required is shortened for electric tools. Hence, the time saved on grounding is
increased. Wire drilling is a process applied only to the existing grounding wire method
and involves drilling and fixing both ends of the grounding wire to the aluminum frame of
the PV module using screws. Figure 18 presents a visualization of the results in Table 7.

Figure 17. Process of mounting a PV module on a metal structure. (a) the process of placing a module
on a structure; (b) grounding clip method; (c) process of screwing the grounding wire between the
two modules; (d) Grounding Process between Structures and Structures.

Time requirement for PV module installation procedure

Gmunding Clip 1 SedmOdule

Grounding wire ~ lRTE Module fastening Wire drilling 145 sec/module

Time-consuming  ( 20 40 60 80 100 120 140 160

Figure 18. Time requirements for a PV module (single module with hand tools).

As shown in Figure 19, the grounding clip and grounding wire methods have their
processes. The clip mounting process is a unique process required only for the grounding
clip approach, and the wire drilling process is a distinct process of the wire method. The
rest of the process is the same. The difference is determined by the time taken for each
unique process. The clip mounting process saves much more time than the wire drilling
method, and ultimately reduces the time taken in the entire installation process of the PV
module to 105 s vs. 145 s, reducing the installation time by approximately 27.6%.

Time requirement for 9 PV module (=5.58kW) installation procedure using power tool

GI‘Oll_ndiIlg Clip Module mounting Module fastening JEEEERVERRTTINEE

Gmu_ndlng wire Module mounting ~ Module fastening Wire drilling 945 sec/modules

Time-consuming 0 100 200 300 400 500 600 700 800 900 1000

Figure 19. Time requirements for PV modules (nine modules with a power tool).

Using power tools, the time spent on PV module fastening can be reduced by one-
third compared to using manual tools. The use of a power tool is essential in a system
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that requires a large-scale installation of PV modules. The decrease in the cost of the
module fastening process increases the dependence of the construction period on the time
required for grounding construction in the entire module installation process. The system
applied in this paper was a nine-module PV system with a capacity of approximately
5.58 kWp. Table 8 lists the time taken to install a solar module, assuming that these results
are converted into the nine-module system (5.58 kWp) and an electric power tool is used
for PV module mounting (5 s per location, 20 s per module).

Table 8. Comparison of the time required for the installation of a PV array (nine modules).

Installation Process Grounding Clip Grounding Wire
Module mounting 225 225
Clip mounting 180 -
Module fastening 180 180
Wire drilling - 540
Total (sec/module) 585 945

A comparison of the above results with the manual tool in Table 8 showed that the
process required for fastening the module is significantly lower in the entire process. This
can be confirmed in the graph, making it easier to distinguish visually, as shown in Figure 20.
What the above results mean is that if the installation process becomes large-scale and
the power tool is applied to the fastening of the module instead of the hand tool, the
importance of grounding clips in the grounding process becomes even greater. According
to the experimental results, the time required to install 5.58 kWp of PV modules and
grounding was previously 945 s, but the time required to install and ground the PV module
was reduced to 585 s when it was changed to a grounding clip, as shown in Figure 19.

sac Time requirements for module installation procedure

1000 | 945

Time saving 38.1%

800
600
400
200 145
I
0
Single module 9-modules

B Grounding clip Bl Grounding wire

Ttem Sinple module Y-modules
Grounding clip 105 585
Grounding wire 145 245

Figure 20. Comparison of the time required for the grounding clip and wire.

The advantages of applying the grounding clip approach instead of the existing
grounding wire approach become more evident as the installation capacity of the PV
module increases, as shown in Figure 20. As a result, using hand tools in a single module
saves 27.6% of the time, while using power tools in nine solar modules increases the time-
saving rate to 38.1%. As the size of the solar system increases and the economic feasibility
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becomes important, the demand for a reduction in installation costs increases. Therefore,
the applicability of the grounding clip is expected to increase.

5. Conclusions

The application impact of the grounding clip method, which can replace the existing
grounding wire method, was analyzed to reduce the cost of the PV system and the time
required for the grounding construction of the PV module. The requirements on the
grounding resistance and thickness of the grounding conductor were derived from technical
standards and safety regulations.

The shape of a spike is crucial for the grounding clip to reach the conductive layer
by penetrating the anodizing layer on the outer surface of the aluminum frame of the PV
module without drilling a hole in the frame. Through several press experiments, the most
stable shape of the spike was extruded when the angle of the cone, height of the cone, and
height of the lower cylinder were 32°, 3.5 mm, and 1.5 mm, respectively. The resistance
of the existing wire ground was measured with different amounts of torque to compare
the grounding clip made in this way relative to the existing grounding system composed
of wires. Although the grounding resistance decreased as the applied torque increased, a
6.7% improvement was achieved compared to the conventional grounding wire approach
when a torque of approximately 200 kgf-cm was applied. The contribution of the proposed
grounding clip approach to simplifying and expediting the PV installation process was also
studied. A comparison of the time taken to install the ground clip and the module with the
existing ground wire showed that it takes 105 s (grounding clip, one-module, and hand
tool applied) compared to the 145 s (grounding wire, one-module, and hand tool applied),
and the effect of improving the process time by the grounding clip is approximately 27.6%.
If this part is applied to the nine solar module systems applied in this paper and calculated
to install it as a power tool, the ground clip takes approximately 585 s vs. the ground wire
which takes approximately 945 s, finally confirming the improvement in the installation
process time by approximately 38.1%. The larger this effect, the larger the number of
large-capacity systems, the more the installation of the grounding clip will help reduce the
overall construction cost because of the larger module installation capacity.

Safety and economic feasibility are important factors for expanding the supply of PV
systems. Incurring more cost or time to increase safety is common. However, in this study,
although there is a factor for a very slight increase in material costs, it was offset by an
improvement in installation costs, resulting in meaningful results in improving safety and
economic feasibility. The experiment’s results will serve as a reference for other researchers
regarding safety and installation costs. While effectiveness of the proposed grounding clip
approach was studied in this paper, future studies are to be performed. In order to evaluate
the long-term performance, durability tests under actual conditions such as rain, humidity,
and thermal cycles are to be performed. The effect of vibration and mechanical stress
is also to be studied with a focus on comparison with the conventional wire grounding
approach. In addition, quantitative studies on cost effectiveness of the grounding clip
approach compared to the conventional approach are also to be performed as future work.
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