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This paper investigates the transient recovery voltages across vacuum circuit breakers used for the switching
shunt capacitor bank in wind power plants, which are connected to the power system. Consideration has been
given to high frequency models of all power system components, such as, the transformer, wind power plant
generator, cable, surge arrester, vacuum circuit breaker and grounding system. The initial phase of study re-
produced the results of previous work. In the second phase, the influence of different parameters, such as, the

grounding system network, current injection point location to the grounding system, soil resistivity, grounding
system length segment and soil ionization phenomena in the grounding system on transient recovery voltage,
have been investigated via EMTP-RV. The results show that consideration of the high frequency behavior of the
grounding system in wind power plants for prediction of transient recovery voltages is very important.

1. Introduction

The use of wind power plants for energy production is growing and
many attempts have been made to improve the reliability of this type of
energy production plant through effective grounding systems. Normally
the system of grounding is through generators and transformers neutral
points. Proper grounding systems will reduce excess transient over-
voltages and hence increase the reliability and safety as well as redu-
cing damage to the interfaced electrical equipment to the plant [1,2].

The switching overvoltage is considered to be an important cause of
insulation breakdown in the windfarm. Zhang et al. [3] report that
there is a relationship between the switching overvoltage and the
length of the feeder cable and the number of feeders that have been
energized. Wu et al. [4] discuss simulation results obtained from a
number of switching scenarios in one of the Fuhai offshore wind farms
in Taiwan. These switching scenarios include breaker closing or
opening with wind-farm cable and substation transformer at no-load
conditions, breaker opening when single-phase or three-phase faults
appears in the cable of the offshore wind farm. In general one cause of
over-voltages in power plants is capacitor switching [5]. Shunt capa-
citor bank switching is used for reactive power compensation, voltage
regulation and power factor adjustment. Typically shunt capacitor bank
switches are equipped with a series-connected inductor, which limits
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the inrush current during capacitor energization and the outrush cur-
rent during capacitor bus faults [5]. A common application of this
configuration is when two capacitor banks are connected to the same
bus bar or located within the same vicinity. This is generally called back
to back switching [6]. Switching is performed via circuit breakers, and
hence, to achieve reliability, knowledge of the transient recovery vol-
tage across the vacuum circuit breaker is necessary for determination of
the breaker’s dielectric withstand capability. A number of researchers
have investigated issues related to the connection and disconnection of
VCBs comprehensively in both time and frequency domains [7,8] and
[9]. The effects of different capacitor bank structures on transient re-
covery voltage across power systems’ vacuum circuit breakers has been
investigated by Badrzadeh [10] using PSCAD software. In a further
investigation Badrzadeh et al. [11] report that the stray capacitor of
elements plays an important role on the Transient Recovery Voltages
(TRV) at high frequencies. More recently Ghafourian et al. [12] in-
vestigated the vacuum circuit breaker switching over voltages in an
offshore wind farm. This work deals with the impact of VCB parameters
(e.g. stray capacitance and withstand voltage ability) and cable length
on the transformer terminal voltage during closing operation.

In this paper the reduction of Transient Recovery Voltage (TRV)
across a Vacuum Circuit Breaker (VCB) will be studied. In section II,
high frequency models of all elements of power systems are considered
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Fig. 1. System under consideration [10].

for this investigation within an EMTP-RV environment. Simulation re-
sults are composed of two parts. Part A-IIl shows a reproduction of the
results of a previous work [10], which are used here as a bench mark.
The bench mark paper investigates TRV across VCB which is the result
of disconnection of capacitor banks to the plant. Part B-III reports the
contribution of this paper where the results demonstrate that con-
sideration of the high frequency model of the grounding system will
lead to a more accurate prediction of TRV across VCBs for protection of
plant equipment. Then in conjunction with the developed high fre-
quency grounding system model investigated the impact of soil ioni-
zation phenomena on TRV magnitude which has previously not been
considered.

2. System under consideration

The simulation is carried out on a wind farm which is composed of
six identical wind power generators. Each generator has a rating of
2 MW. The layout of this model is shown in Fig. 1. Step-up transformers
(2.2 MVA, 690 V/20 kV) are installed in the vicinity of the wind turbine
towers. All step-up transformers are connected to the grid (20 kV) via a
two Km three phase single core underground (details shown in Ap-
pendix A). The grid is simulated as a voltage source behind impedance.
The surge arrester is placed with the two capacitor banks which are
rated 1.67 and 3.34 MVAr respectively. The function of the capacitor
banks is to provide reactive power to the plant when needed and to be
disconnected in the event of a fault. The fault is assumed to be a three
phase to ground fault occurring at bus 3 (midpoint of grid and wind-
farm connection) at time zero and clearing at 60 ms. Also, the first
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Fig. 2. Model of transformer [13].

opening attempt by the vacuum circuit breaker is initiated at 80 ms.

2.1. Model of asynchronous generator

It is well known that the influence of stray capacitance is more
significant at high frequencies. In general the main stray capacitors of
an induction machine include the following:

Cy: Stator winding to frame capacitance
Cy: Stator winding to rotor capacitance
Cys: Rotor to frame capacitance

The calculated capacitance between the windings and the stator
frame Cy is typically in the order of 30-100 times higher than the ca-
pacitance between the winding and the rotor Cg. Eq. (1) is generally
valid:

Csf > Crf > Csr (1)

It is therefore justifiable to neglect the stator winding to rotor and
the rotor to frame capacitances which have a significantly smaller value
compared to the capacitance between the winding and stator frame
[11].

2.2. Model of transformer

In the transient study that involves frequencies up to a few kHz,
inclusion of the transformer stray capacitances in the transformer
model is essential [13]. These parameters can often be determined by
measurement from the actual transformers. Transformer capacitances
have been represented by CH, CL, and CHL as shown in Fig. 2 where:

Cy: Capacitance of HV winding to ground
Cp: Capacitance of LV winding to ground
Cyy: Capacitance between HV and LV windings

Wang et al. [14] suggest that the values of CL and CHL are greater
than those of CH, as shown by Eq. (2). This is due to the fact that the
high voltage side requires more separation between windings and be-
tween windings and the core [15].

Car > G > Cy (2
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Fig. 3. Model of surge arrester [17].

Table 1

The value of arrester parameters.
Parameters Rp-Q Lo — uH R -Q L —puH C-nF
Values 34.7 0.069 22.55 5.2 0.288

2.3. Model of cable

In wind power plants, three phase, three core cables are commonly
used for various connections to the grid. Here, two Km length, three
single core cables of flat configuration with individual shielding are
considered. The frequency dependent cable model within the EMTP-RV
Software is used, which includes the traveling wave feature and a wide
range of frequencies. Consideration of the geometry and material
parameters, such as, relative permeability and earth resistance are es-
sential for transient modeling and so is grounding of the cable sheath
for the reduction of the transient waves [16]. Data of the cable model
segment is described in Appendix A.

2.4. Model of surge arrester

The IEEE Working Group 3.4.11 [17] proposed the frequency de-
pendent model of Fig. 3, that includes the non-linear resistance A, and
A, separated by a R-L filter. For slow front surges the filter impedance
is low and the non-linear resistances are in parallel. For fast front surges
filter impedance becomes high, and the current flows through the
nonlinear resistance A,. Since the characteristic A, has higher voltage
for a given current, the result is the higher frequency, the higher re-
sidual voltage [18].The inductance L; and the resistance R, comprises
the filter between the two varistors, since the inductance L, is asso-
ciated with magnetic fields in the vicinity of the arrester. R, stabilizes
the numerical integration and hence aids to avoid numerical oscillation
and C represents the terminal-to-terminal capacitance, which is known
as the external capacitance associated with the height of the arrester
[17]. According to Ref. [19], the element’s value of this model can be
calculated using the arrester dimension.

For this study Ay and A, are taken from the reference paper [10] and
the computed values of other parameters are shown in Table 1. Further
details about arresters can be found in Appendix B.

2.5. Model of vacuum circuit breaker

As suggested by the international standard on the subject, the three
main characteristics of vacuum circuit breakers, such as, chopping
current value, the cold withstand voltage characteristic and the high
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frequency current quenching capability [20], have been considered in
the implemented model.

Firstly, the value of the chopping current depends on different
parameters, such as the contact material or the load surge impedance.
The VCB model proposed by Borghetti et al. [21] has been used in this
study and the reference paper [10]. Here the selected chopping current
of 5 A from [10] has been chosen in the modeling.

Secondly, representation of the dielectric strength associated with
the open contacts in the vacuum is important in VCB modeling. The
implemented linear expression for the VCB is as follows:

u = A(t—topen) + B 3)

where tqpe, is the contacts separation time, A is the rate of dielectric
strength rise and B is the TRV withstand voltage just before contact
separation [21]. the selected chopping current of 5 A from [10] has
been chosen in the modeling Finally, the VCB high frequency quenching
capability is defined by (4).

di

= C(t—t, +D
dt ( open)

“@
where C is the rate of rise of the VCB high frequency quenching cap-
ability D is the VCB quenching capability just before contact separation.
The value of parameters A, B, C and D is dependent on the specific VCB
[21]. A high frequency capability VCB is assumed 350A/us.

The model also includes a RLC branch in parallel to the VCB in order
to take into account the open contact gap stray capacitance, resistance
and relevant inductance. The value of the RLC branch parameters, are
typically [21]:

Ly =50 nH, C;=100PF, R,=100Q

Fig. 4 shows the implemented model of the vacuum circuit breaker
in EMTP_RV.

2.6. Model of grounding system

Transmission Line Modeling (TLM) methodology is a differential
numerical technique having implementations in both time and fre-
quency domains. As shown in Fig. 5 to model a grounding electrode, the
equivalent circuit of the model is divided into several distributed seg-
ments and each segment is represented by a lumped circuit. Equations
are provided to calculate the values of resistance, conductance, in-
ductance and capacitance of horizontal and vertical electrodes.

Eq. (5) is used to calculate the resistance of both types of electrodes
[22], as follows:

e

R =
m-a?

()

where p, is the electric resistivity of the conductor.
From [23], G, L and C components for the vertical electrode can be
calculated using (6), (7) and (8).

2-7. Ax

G=—-"7-—
21
ain(%) ®)
Ax .
=5y ln(z—l)
2.7 a @)
_ 2:mEpeAx
ENE
a ®

Egs. (9), (10) and (11) can be used for the horizontal electrode [22].
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Fig. 6. Ground electrode and soil ionization phenomenon.
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where ¢,is the relative permittivity, ¢, is the vacuum permittivity, u,is
the vacuum permeability, h is the buried depth of the conductor, | is the
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electrode length, a is the electrode radius, p, is the electric resistivity of
the soil and Ax is the segment length.

2.7. Considering soil ionization phenomenon

Another important parameter that needs to be considered in the
high frequency modeling of the grounding system is the soil ionization
phenomenon. In this phenomenon, the space around the conductor
changes and conducts, increasingly so as it gets closer to the current
injection point, as illustrated in Fig. 6. To consider this phenomenon in
transient studies, the Transmission Line Model can be used, acceptably.

According to [21], to consider the soil ionization it is necessary to
calculate the time variable resistance and conductance values of the
grounding system electrode. The following equations are used to cal-
culate the resistance of both vertical and horizontal electrodes.

1

R(t)=RX ——
1410
Igw (12)
— Ecr‘ps
) 13)
P
R=2—
m-a? a4

Egs. (15) and (16) calculate conductance values of vertical and
horizontal electrode, respectively.

2-7-Ax 1
G(t):p-ln(z—")x 0
¥ a Iy (15)
G(t) = 2'”'Al" x ——L —
2: O]
ps-[ln( e )—1] 1+ e a6)

R(t) and G(t) are the values of nonlinear resistance and conductance
of the grounding system electrode. Where I(t) is current passing
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Fig. 7. Flowchart of considering soil ionization phenomenon in grounding
system.

through the electrode, I, is the initiation current of soil ionization and
E,, is the electric field intensity that is often considered to be 300 kV/
cm [23].

The flowchart proposed in this paper is shown in Fig. 7 for con-
sideration of the soil ionization phenomenon in grounding systems.

In this flowchart, if the current I in the mth segment of the
grounding electrode at the time step of k is greater than the critical
current (Ig), new values of G(m, k) depending on the point m are cal-
culated. If not all segments of an electrode in the step time of k are
evaluated, the process will be continued for other segments of elec-
trode, otherwise the next time step begins and previous stages are
continued.

3. Simulation of case study and the results

In this section, the simulation results are compared and evaluated
with results of previous work, considered here as reference work or
benchmark results [10]. Then, new methods are provided for improved
prediction of TRV in capacitor bank switching in wind power plants
connected to power systems.

3.1. Validation of simulation results with reference results

In this study, Fig. 1 is implemented for different capacitor bank
structures of Fig. 8 via EMTP_RV software. In Case 3 and Case 5 grading
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capacitors are used for increasing the dielectric strength of VCB.

Figs. 9 and 10 show comparisons of simulation results with results
of [10] for two structures, Case 1 and Case 2. In addition, Table 2
summarizes the results of all cases.

As is clear from the results, operation of the capacitor bank VCB is
the same in both cases obtained from the proposed procedure and [10].
The term “unsuccessful operation of VCB” corresponds to cases when
TRV across the VCB is greater than its withstand voltage [24].

3.2. Effect of mesh grounding system on TRV across VCB in wind power
plants

Since the TRV across the VCB for Case 2 is unresolved through use
of the grading capacitor, different grounding system configurations can
lead to a reduction in TRV. Figs. 11 and 12 show the 2 x 2m? mesh
grounding system and the results obtained using the TLM method with
various square shapes and a buried depth of 1 m respectively, for both
the generator and transformer. The TRV across the VCB yields lower
values than their respective dielectric strengths. In this case, the “a”
phase current of the VCB is reduced compared to a case without
modeling a grounding system.

In the proceeding sections, changing the current injection point to
the grounding system, the impact of changing the segment length of the
grounding system, the impact of different soil resistivity and soil ioni-
zation for the reduction of TRV are illustrated.
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Fig. 9. Comparison voltage and current of the VCB for Case 1 structure with
[10].

3.2.1. Impact of changing the current injection point to the grounding
system

Simulations are performed for both connections to the corner and
connections to the center of the grounding system. Results are provided
in Table 3.

As is clear from the results, the location of the connection of the
neutral point to the grounding system can be effective for decreasing
the TRV across the VCB. For the same grounding system, the TRV and
the current of the VCB for an injection point at the Centre is smaller
with respect to the injection point at the corner. In the case of the in-
jection point at the corner, the inductance of conductors will be con-
siderable and will prevent the current from passing through the
grounding system towards other directions. But for a case of injection
point at the center, the grounding system shows small inductive effect.

3.2.2. Impact of changing the segment length of grounding system

To investigate the effect of changing the segment length (Ax) on the
voltage and current of the VCB, simulations are carried out for lengths
of 2, 1 and 0.5m in 2 X 2m? grounding systems. Table 4 shows the
different simulation results for one of the phases of the VCB.

Since the injection current of grounding system electrodes to the soil
is dependent on electrode material, its properties therefore have a
nonlinear structure. Voltage and current reduction across the breaker
can be achieved through a reduction in the segment length of the
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Table 2

(b) Simulation result

Comparison of authors’ results with reference results.

VCB’s operation VCB’s operation ~ Grading Dielectric Structure of
in reference in author results  capacitor withstand capacitor
results (KV) bank
Successful Successful No 37 Case 1
Unsuccessful Unsuccessful No 37 Case 2
Unsuccessful Unsuccessful Yes 37 Case 3
Unsuccessful Unsuccessful No 37 Case 4
Successful Successful Yes 37 Case 5
Successful Successful No 37 Case 6

Fig. 11. 2 X 2m?mesh grounding system.
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grounding system and by increasing the number of grounding system
meshes.

3.2.3. Impact of different soil resistivity

To investigate the effects of different soil resistivity, simulations are
performed for resistivity of 2000, 1000, 700 and 300 Q.m in a 2 X 2m?
grounding system. Table 5 shows the results of voltage and current for
the “b” phase of the VCB.

It can be concluded that the amount of VCB current and voltage will
be lower if the value of the p; decreases. Reduction of soil resistivity
causes an increase in the conductance of grounding system electrodes.
Therefore in rocky areas where p, has a high value, to achieve suc-
cessful operation of VCB a greater dimension of the grounding system is
required.

3.2.4. The impact of soil ionization phenomenon

To investigate soil ionization, simulations are performed for 2000,
1000, 700 and 300 Q.m of soil resistivity in 2 x 2m? grounding systems.

Table 6 provides results of the voltage and current across “b” phase
of the VCB, in cases with and without consideration of soil ionization.

Soil ionization phenomenon makes the soil around the grounding
electrode conductive. This conductivity has the same effect as in-
creasing the radius of the grounding electrode. Therefore, consideration
of this phenomenon results in reduction of voltage and current mag-
nitude across the VCB. Furthermore, according to Eq. (9), increasing the
amount of p, decreases G, increases R and reduces the magnitude of the
ground current. Similarly, according to Eq. (13) any increase in soil
resistivity (o,) value causes reduction in the ground critical current (Iy)
and results in a reduction of voltage and current magnitude across the
VCB.

4. Conclusion
This paper has investigated the TRV across VCBs used for capacitor

bank switching via modeling of grounding systems in EMTP_RV soft-
ware. From the simulation results, it can be concluded that

Table 3
The effect of current injection point to grounding system.

Electrical Power and Energy Systems 104 (2019) 159-168

Table 4
The effect of different length of Ax on VCB voltage and current.
VCB operation ~ Voltage of “a” phase Current of “a” phase Length of Ax
VCB’s (KV) VCB’s (A) (m)
Unsuccessful 38.1 479.7 2
Successful 36.23 130.07 1
Successful 34.65 128.8 0.5

Table 5
The effect of changing soil resistivity on VCB voltage and current.

VCB’s operation  Voltage of “b” phase  Current of “b” Soil resistivity

VCB’s (KV) phase VCB’s (A) (Q.m)
Unsuccessful 37.22 445.8 2000
Successful 36.5 135.2 1000
Successful 35.94 134.96 700
Successful 34.95 134.15 300

Table 6

The effect of considering soil ionization on voltage and current of VCB.
Voltage of “b”  Current of “b”  Voltage of “b”  Current of “b”  Soil
phase VCB’s phase VCB’s phase VCB’s phase VCB’s resistivity
(KV) with (A) with (KV) without (A) without (Q.m)
ionization ionization ionization ionization
36.1 134.45 37.22 445.8 2000
34.78 133.93 36.5 135.2 1000
36.5 135.128 35.94 134.96 700
33.9 134.98 34.95 134.15 300

implementation of a mesh grounding system within wind power plants
reduces the TRV across VCBs in capacitor bank switching. A variation of
parameters, such as, the location of the high frequency current injection
point to the grounding system, the segment length, soil resistivity and
soil ionization phenomenon, is also effective in forecasting TRV.

Also, different locations for the current injection point to the
grounding system results in different amounts of current and voltage
appearing across the breaker. For example, if the current injection point
is connected to the center of the grounding system a greater decrease in
TRV across the breaker can be observed due to equal impedance con-
ditions. Furthermore, a reduction in the segment length of the
grounding system via an increase in the number of grounding system
meshes and hence more uniformity in the path of current to the earth
causes a decrease in voltage and current across the breaker. The voltage
and current across breakers increases in rocky ground where the soil
resistivity is high.

Finally, the soil ionization phenomenon causes a reduction in the
breaker current and voltage due to the conductivity of soil around the
electrode.

Voltage of “c” phase Voltage of “b” phase  Voltage of “a” phase

Current of “c” phase

Current of “b” phase  Current of “a” phase  Current injection point

VCB’s (KV) VCB’s (KV) VCB’s (KV) VCB’s (A) VCB’s (A) VCB’s (A)

34.75 35 34.54 113.97 133.62 128.92 Connected to center of
grounding system

36.15 36.5 36.23 113.73 135.2 130.07 Connected to corner of

grounding system
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Appendix A. Cable parameters
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The construction of a two Km, three phase, and single core underground cable in flat formation is shown in Fig. Al. Its corresponding EMTP-RV
data is displayed in Table Al.

Table Al
EMTP_RV cable data.

777l rrrrrg

1m

Fig. Al. Three single core cables of flat configuration.

€= - - -

| =
=

0.5m

Cable Type: Single Core

Number of Cables: 3

Cable Number of Vertical Horizontal Outer Insulation

Number conductor Distance (m) Distance (m) Radius (m)

1 2 1 0 0.020335

2 2 1 0.5 0.020335

3 2 1 -0.5 0.020335

Conductor/Insulator Data

Cable Conductor Inside Radius  Outside Radius  Resistivity Rho  Relative Insulator Relative Insulator Relative  Insulator Loss Phase

Number  Number Rin [m] Rout [m] [ohm-m] Permea-bility Permea-bility Permi-ttivity EPS-  Factor LFCT-IN Number KPH
MUE MUE-IN IN

1 1 0 0.01065 0.17E-7 1 1 3.5 0.001 1

1 2 0.015735 0.018225 0.21E-6 1 1 2 0.001 0

2 1 0 0.01065 0.17E-7 1 1 3.5 0.001 2

2 2 0.015735 0.018225 0.21E-6 1 1 2 0.001 0

3 1 0 0.01065 0.17E-7 1 1 3.5 0.001 3

3 2 0.015735 0.018225 0.21E-6 1 1 2 0.001 0

Appendix B. Surge arrester parameters

The IEEE Working Group 3.4.11 [17] proposed the model of Fig. 3, including the non-linear resistance A, and 4,, separated by a R-L filter. For
slow front surges the filter impedance is low and the non-linear resistances are in parallel. For fast front surges filter impedance becomes high, and
the current flows through the nonlinear resistance A,. Since the characteristic A, has higher voltage for a given current, the result is the higher
frequency, the higher residual voltage [18].The inductance L; and the resistance R, comprise the filter between the two varistors, since the in-
ductance L, is associated with magnetic fields in the vicinity of the arrester. R, stabilizes the numerical integration and C represents the terminal-to-

terminal capacitance. The equations for the above parameters [17] are given as:

L=24y
n
n
Lo = 0.2 d,uH
n
Ro = 100 d
n
100 n
C= F
d P

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

where d is the length of arrester column in meters and n is the number of parallel columns of meta-oxide disks. The surge arresters have an extremely
high resistance during normal operating voltages because conduct little or no current and have a relatively low resistance during transient
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overvoltages without causing a fault. It is known that they have a highly non-linear voltage versus current characteristic [25]. The per unit V-I
characteristic of the varistors (4, and A4;) is shown in Fig. B1 and presented numerically in Table B1 respectively.

14

1.3 4

1.2

A0

Voltage(P.U.)
-
o

A1

0.7

0.6

10 100 1000 10000 100000
Current (A)

Fig. B1. Non-linear V-I characteristic A, and A [26]

Table B1

Data for estimated A, and A; [27]
Current (kA) Voltage (per unit of Vi)

Ao A

0.01 0.875 -
0.1 0.963 0.769
1 1.050 0.850
2 1.088 0.894
4 1.125 0.925
6 1.138 0.938
8 1.169 0.956
10 1.188 0.969
12 1.206 0.975
14 1.231 0.988
16 1.250 0.994
18 1.281 1
20 1.313 1.006

The V-I characteristic is dependent upon waveshape of the arrester current. Currents with a faster rise time will result in higher peak voltages.
Manufacturers test their surge arresters with a typical current pulse 10 kA peak with an 8 X 20 microsecond waveshape and record a peak voltage
known as the reference voltage V10. The V-I curves often use the V10 value as the 1.00 pu value. The V-I curve can be determined by multiplying the
per unit arrester voltages by the V10 for that rating. The choice of arrester V-I characteristic depends upon the type of transient being simulated. The
V-I characteristic depends upon waveshape of the arrester current. Currents with a faster rise time will result in higher peak voltages. Manufacturers
often publish several curves. The 8 X 20 microsecond wave applies for typical lightning surge simulations. The 36 x 90 microsecond wave applies to
switching surge simulations. The 1 ms characteristic wave applies to low frequency phenomena. Manufacturers may supply min and max curves for
each test waveshape. The max curve is generally used since it results in the highest overvoltages and conservative equipment insulation require-
ments. The min curves are used to determine the highest energy levels absorbed by the arrester [28].

Appendix C. Supplementary data
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.ijepes.2018.06.046.
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