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Abstract—An experimental investigation of the sparkover per-
formance of low-voltage surge protective devices employing trig-
gered spark gap technology is made. The main goal of this study is
the evaluation of the response time of three commercially available
surge protective devices integrating spark gaps with gas mixture
or atmospheric air, which are triggered through circuits employing
resistors, metal-oxide varistors, and/or gas discharge tubes. Sur-
prisingly, the experimentally derived response time varies beyond
the upper limit (100 ns) declared by manufacturers; a variation of
the response time from about 20 ns up to 20 μs is observed for a
wide range of standard lightning and switching impulse voltages
(2.0 kV–16.5 kV). The novelty of the study lies in i) the introduction
of a response time definition for surge protective devices and ii)
the proposal of a test method, that are both missing from the
international standards. This work stresses the need for an update
of the related standards to incorporate a definition of the response
time of surge protective devices covering a wide range of transients
also considering its statistical dispersion.

Index Terms—Fast-front transients, slow-front transients, surge
protection, trigger circuit, voltage switching component.

I. INTRODUCTION

MODERN low-voltage grids employ sensitive electrical,
electronic, and telecommunication equipment that is

vulnerable to overvoltages and prone to failure due to lightning-
related surges [1], [2], [3]. Thus, surge protection is vital to
ensure the reliable and uninterrupted operation of power grids
[4], [5], [6], [7]. Indicative of the importance of surge pro-
tection is that the annual cost of lightning-related damages to
consumers in Germany is in the order of 200 M€ per year in
the last decade according to the German Insurance Association
[8]. Also, the National Fire Protection Association found that
lightning is the cause of more than 40% of unexpected failures
of low-voltage electronic equipment and that there were more
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than 250 thousand claims due to lightning damages in 2013 and
2014 [3]. These huge economic losses are expected to increase
when considering that i) even more sensitive equipment will
be integrated into smart cities’ infrastructure and smart home
devices [1], ii) the recorded lightning events are increasing as
recently reported by VAISALA [9], and iii) modern cities utilize
high buildings, which attract many lightning strikes [10].

Surge protective devices (SPDs) are commonly installed to
low-voltage grids that integrate components of different materi-
als and technologies, such as Metal-Oxide Varistors (MOVs),
Transient Voltage Suppression (TVS) diodes, Gas Discharge
Tubes (GDTs), and spark gaps [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21]. Actually, spark gaps, employing
patented technologies [22], [23], [24], [25], are commonly used
in SPDs and surge protection systems in Europe, despite their
higher cost compared to varistors, thanks to the fact that they
are able to i) handle surge currents of high energy content, ii)
exhibit practically zero leakage current when not degraded, iii)
effectively interrupt the power frequency follow current from the
power grid after successful operation, iv) efficiently coordinate
with secondary surge protection equipment, and v) maintain
low let-through currents to the protected equipment, which is
especially important for surge protection of sensitive equipment
[26], [27], [28], [29].

Although extensive research has been conducted by industry
and academia on the transient behavior of spark gap-based SPDs
with a clear focus on the interruption of the excessive power
frequency follow current [28], [29], [30], [31], the response time
of spark gaps is rarely investigated and discussed in the literature
[32], [33]. Furthermore, the UL 1449 [34] and the forthcoming
IEC 61643-01 [35] and IEC 61643-41 [36] lack a definition
of the response time of SPDs. An interesting analysis on the
response time of SPDs has been provided in [37], [38], [39],
covering, however, only varistor technology; nevertheless, this
definition gives space for multiple interpretations of the response
time as also pointed out by white papers of Schneider [40], Gen-
eral Electric [41], and Transtector [42]. The lack of a response
time definition is an issue of high importance as longer response
times may result in protected equipment damage, even when
SPDs with appropriate protection levels and characteristics are
selected. Actually, delayed response times could lead to direct
exposure of the protected equipment to the lightning current
[32].

In light of the above, it is evident that more research work
is needed to address the following research gaps regarding the
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TABLE I
SPD CHARACTERISTICS

response time of SPDs, which are associated with the lack of i)
test methods for determining the response time of SPDs against
fast and very-fast transients [43], [44], [45], ii) a definition of
the response time for SPDs in international standards such as the
UL 1449 [34], the IEC 61643-11 [46], and the IEEE C62.42.1
[47], iii) an experimental procedure for determining the response
time of SPDs under a wide range of surge events that may be
exposed to in the field [48], such as slow-front transients, and
not only under standard lightning impulses of 6 kV, 1.2/50 μs
[46], and iv) analytical studies regarding the statistical nature of
the sparkover performance of SPDs with and without triggered
circuits; the latter affects the protection level and response time
of SPDs, which are both crucial for the protection offered to
sensitive equipment.

This work focuses on the transient behavior of SPDs that inte-
grate spark gap technology by employing standard lightning and
switching impulse voltages; a preliminary account of that has
been given in [49], which is extended in this study to cover a wide
range of spark gap technologies and trigger circuit approaches
with emphasis given to the statistical analysis of the experi-
mental results regarding the response time and protection level
of switching SPDs. The response time of three commercially
available spark gap-based DIN-rail SPDs, commonly installed
in switchboards of AC three-phase power systems (230/400 V),
is investigated. Thus, the statistical nature of the sparkover
performance of SPDs is examined for a wide range of surge
events [50] that may be exposed to in the field such as fast-front
[51] and slow-front transients [52]. The experimental findings
are analyzed and discussed, with a clear focus on the sparkover
performance of voltage switching SPDs.

II. DEVICES UNDER TEST

The SPDs under test employ spark gaps between power lines
and ground with a substantial follow current extinguish capabil-
ity that makes them applicable to power grids with prospective
short-circuit current of tens of kA; internal components such as
MOVs and GDTs are integrated into the triggered circuit and/or
in series with spark gaps. The devices under test are produced
by different SPD manufacturers and integrate state-of-the-art
technologies on spark gap design and trigger mechanisms; the
technical ratings and details on the technology employed by the
commercially available SPDs are provided in Table I. For all

Fig. 1. Schematic diagram of the SPDs under test; Letters A, B, and C are
employed to identify the commercially available SPDs presented in Table I.

voltage switching and combination-type SPDs under test the
response time and let-through voltage are lower than 100 ns and
1500 V, respectively, as declared by manufacturers; a connection
type 1 configuration per IEC 61643-12 [6] is adopted, which is
applicable to three-phase TN-C systems commonly found in
distribution panels in Europe (Fig. 1).

It is noted that triggered spark gap technologies between
power lines and ground aim to provide faster response times,
lower sparkover voltage, and smaller statistical variation on its
sparkover performance [25], [53], [54], [55]; the necessity and
effect of trigger circuit on the sparkover performance of spark
gap SPDs is illustrated in the Appendix.

III. EXPERIMENTAL SETUP AND MEASUREMENT PROCEDURE

The sparkover performance of the SPDs under test (Table I)
was investigated by employing standard lightning (1.2/50 μs)
and switching (250/2500 μs) impulse voltages at the High
Voltage Laboratory of the Aristotle University of Thessaloniki,
Greece.

Before starting experimental activities, ATP-EMTP [56] sim-
ulations were performed to ensure the safety of testing staff
and equipment that will be used. The schematic diagram of the
experimental arrangement is depicted in Fig. 2(a). A single-stage
impulse voltage generator (140 kV/245 J), with interchange-
able components, was employed to produce double-exponential
overvoltage waveforms. The voltage at the SPD terminals was
monitored by a voltage probe LeCroy HVP120 (400 MHz), with
0.45 m twisted cables according to [57] to minimize the mutual
inductance effects (Fig. 2(b)) as also discussed in [58]. The
discharge current was measured by using a Pearson 310 current
transformer. Voltage at the output of the generator and the SPD
terminals as well as current data were recorded with a Tektronix
TDS 3064B digital oscilloscope (600 MHz), following the test
procedure of the “Determination of the voltage protection rating
(VPR)” per UL 1449 [34] and the “Front of wave sparkover
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Fig. 2. (a) Schematic diagram of the experimental arrangement employed to
determine the response time of SPDs under standard lightning and switching
impulse voltages; resistor values in parenthesis were used for the generation of
switching impulse voltages. (b) SPD voltage measurement configuration [57].

Fig. 3. Sparkover voltage-time curve of a typical spark gap; adapted from
[21].

voltage test” per IEC 61643-11 [46], IEC 61643-31 [59], and
the forthcoming IEC 61643-01 [35] and IEC 61643-41 [36].
Experimental records were saved to a personal computer through
a KUSB-488B adapter enabling data analysis through MATLAB
software.

For each SPD, 20 hits of positive and 20 hits of negative po-
larity were applied at each voltage level so as to obtain a reliable
statistical distribution of the protection level and response time
of the SPDs based on a sufficient number of measurements. A
time interval of ∼1 min between impulse voltages was selected
as long enough for the SPDs to cool down to ambient temperature
per IEC 61643 guidelines; 7 impulse voltage levels from 2 up to
16.5 kV (2, 3.9, 6, 6.4, 8.9, 12.8 and 16.5 kV) were considered.
The number of impulse voltage levels and applications is impor-
tant when considering that the breakdown voltage-time curve of
spark gaps is statistical in nature (spread δU, δt in Fig. 3) and
highly dependent on the steepness of the applied voltage (Fig. 3);
this sparkover performance is inherent in spark gap technology
[6].

Based on the recorded voltage and current waveforms, the
sparkover voltage and response time of the spark gap-based
SPDs were estimated and the associated statistical dispersions

Fig. 4. Flowchart of the adopted experimental procedure.

were documented for each voltage level. The atmospheric condi-
tions, which varied naturally during experiments, were recorded
as follows: temperature 27 °C, pressure 760 mmHg, and absolute
humidity 19.67 gm-3. A schematic description of the adopted
experimental procedure is depicted in the flowchart of Fig. 4.

Aiming to define the response time for switching and
combination-type SPDs, to the best of the authors’ knowledge
for the first time in the international literature, this study pro-
posed three alternative definitions so as i) to ensure impartiality
when addressing this issue, ii) to present alternative options,
which base their fundamentals on either voltage and/or current
measurements, and iii) to present various approaches to interna-
tional standard committees for evaluating the response time of
existing and future SPD technologies. The three definitions of
response time (Fig. 5) proposed in this work are:
� Definition 1 (Def. 1): Response time is the time duration

from the time instant of the impulse voltage application, t1,
up to the time instant that the sudden drop of the spark gap
impedance leads to a considerable current (5% of the peak
current value) to flow through the SPD, t2 (Fig. 5(a)). This
definition engages both voltage and current monitoring.

� Definition 2 (Def. 2): Response time is the time duration
from the time instant of the impulse voltage application, t1,
up to the time instant, t2, that the overvoltage is chopped
by the SPD. This definition is practically suggesting the
response time to be equal to the time to breakdown of the
spark gap, as implied by Fig. 5(b).

� Definition 3 (Def. 3): The “clock” starts counting the
response time at the time instant that the voltage exceeds a
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Fig. 5. Definitions of response time proposed in this work. (a) Definition 1,
(b) definition 2, and (c) definition 3.

threshold value, t1, up to the time instant of the sparkover
voltage, t2 (Fig. 5(c)); this threshold voltage is considered
in this work as the temporary overvoltage peak (UTOV)
that may originate due to LV-system faults per Annex B of
IEC 61643-11 [46].

The third definition of the response time, which generally
yields lower values than definitions 1 and 2, is considered as
more representative of the protective effect of the SPD. This is
due to the fact that definition 3 demonstrates the “reaction time”
of the SPD against transients that attain values threatening the
safe operation of protected equipment. It also ignores the dura-
tion of the voltage application with values within the temporary
overvoltages that voltage switching and combination-type SPDs
are not supposed to operate (blue zone in Fig. 5(c)). In addition,
estimation of the response time of SPDs based on the proposed
definition 3, overcomes measurement challenges associated with
oscillations of voltage and current records at the wavefront of
voltage and current impulses.

Generally, definition 1 (Fig. 5(a)) yields the longest response
times associated with the initiation of the surge current flow
through the SPD, definition 2 (Fig. 5(b)) yields shorter response
times and coincides with the time to breakdown of the spark gap,
and definition 3 (Fig. 5(c)) is associated with the lowest response
times reflecting the exposure of the equipment to damaging
overvoltages.

IV. EXPERIMENTAL RESULTS

The response time was estimated based on the three proposed
definitions (Fig. 5) presented in Section III. The statistical dis-
tribution of the response time and sparkover voltage is demon-
strated for the total number of hits (20 positive and 20 negative)
since no polarity effect has been observed to the spark gap-based
SPDs under study, which were not degraded.

Fig. 6. Lightning impulse voltage tests for 6 kV, 1.2/50 μs. (a) Open circuit
voltage and voltage at SPD A terminals (black), (b) zoom in green frame of
Fig. 6(a) and, (c) sparkover voltage and response time of SPD A.

A. Lightning Impulse Voltage Tests

Standard lightning impulse voltages up to 16.5 kV have
been used to investigate the transient response of SPDs against
lightning-related overvoltages. Fig. 6(a) depicts the open circuit
standard lightning impulse voltage and the voltage at SPD ter-
minals under 6 kV, 1.2/50 μs and Fig. 6(b) focuses on the initial
phase of the transient event (green frame of Fig. 6(a)). Fig. 6(c)
shows a typical voltage-current record for SPD A (Fig. 1) and
displays the sparkover voltage as well as the response time based
on the proposed definitions. The voltage at the SPD A terminals
increases up to the sparkover of the SPD (∼1450 V) and then,
due to the sudden change of the impedance of the spark gap that
is triggered by the MOV-based circuit, a discharge current flows
resulting in a residual voltage of ∼800 V; the latter residual
voltage is associated with the relatively low current flow from
the impulse voltage generator. It is noteworthy that the response
time of the SPD is estimated approximately 245 ns, 200 ns, and
66 ns per definitions 1, 2, and 3 (Fig. 6(c)); the value of 66 ns
per definition 3, that is considered as the most realistic, is in line
with the declared response time (<100 ns) of the manufacturer
(Table I).

Fig. 7 shows the experimentally derived variation of the
response time for all SPDs under examination (A, B, C) as a
function of the impulse voltage peak; these results signify the
importance of the adopted response time definition (Fig. 5). It
is evident that the response time of the SPDs decreases with in-
creasing impulse voltage peak and that the spread of the response
time is considerable, especially at lower impulse voltage levels,
even though the SPDs under study employ a trigger circuit. It is
noted that the larger statistical dispersion on the response time
is found for SPD C, which employs a resistive triggered circuit
integrated into the switching component; this is denoted by the
green solid frame in Fig. 7(c).

It must be noted that definition 3, associated with the largest
standard deviation with respect to mean response time σ%
among the proposed definitions, is more representative in terms
of the estimated SPD response time; it yields results generally
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Fig. 7. Response time of SPDs under study versus lightning impulse voltage
peak for the 3 proposed definitions. (a) SPD A, (b) SPD B, and (c) SPD C.
Squares, triangles, and dots depict the mean response time values (40 hits) for
the 3 definitions under study and dashed, dotted, and solid error bars denote
the maximum and minimum values for definition 1, 2, and 3, respectively. The
horizontal solid line depicts the upper limit of the SPD response time declared
by the manufacturers (100 ns).

Fig. 8. Sparkover voltage of the SPDs under study versus the response time
(definition 3) for lightning impulse voltage tests; circles depict the mean response
time (40 hits) together with corresponding error bars denoting the maximum
and minimum values of the sparkover voltage and response time. Solid lines
depict the upper limit of the let-through voltage (1500 V) and response time
(100 ns) declared by the manufacturer; the shaded grey area corresponds to the
manufacturer’s declared specifications (Table I).

in line with the response time declared by SPD manufacturers
(<100 ns) for impulse voltages higher than ∼4000 V (Fig. 6
and Table I). However, for impulse voltages with a peak value
lower than ∼3000 V, the response time is definitely larger than
the value of 100 ns exceeding the manufacturers response time
specifications. Thus, lightning impulse voltage tests with a peak
lower than the standard value of 6000 V, 1.2/50 μs, as specified
by the IEC 61643-11 [46] and the UL 1449 [34] for sparkover
voltage determination, shall be integrated into updated standards
to evaluate the response time of SPDs.

Fig. 8 integrates experimental results for all the SPDs under
study and definition 3 of the response time. It is obvious that there

Fig. 9. Switching impulse voltage tests 6 kV, 250/2500 μs. (a) Open circuit
voltage and voltage at SPD A terminals (black), (b) zoom in green frame of Fig.
9(a) and, (c) sparkover voltage and response time of SPD A.

are cases where the response time exceeds the declared limit
of 100 ns (Table I) for all the SPDs under study! In addition,
it is important to note that longer response times, although
generally associated with lower sparkover voltages (Fig. 8),
may impose a high risk of failure of sensitive equipment. The
reason behind this is that the destructive effect on equipment
can be attributed not only to the peak overvoltage but also to the
duration of the overvoltage that affects the let-through current
and specific energy (

∫
I2tdt) stressing the protected equipment

[60]. It is noteworthy that lightning impulse voltage tests with
peak values higher than 6 kV, the latter level is utilized by the
IEC61643-11 [46] and the UL 1449 [34], may result in mean
sparkover voltages exceeding the protection level of the SPD.

It is important to note that even at 6 kV, 1.2/50 μs (±10%) there
is a small probability that SPDs exceed the declared protection
level for SPDs A (1 out of 80 hits at 6.0 and 6.6 kV) and B
(2 out of 80 hits at 6.0 and 6.6 kV) as indicated by the inset
table in Fig. 8; this stresses the need for a stricter quality control
of commercially available SPDs that considers the statistical
dispersion of the sparkover voltage and the response time.

B. Switching Impulse Voltage Tests

Standard switching impulse voltages up to 16.5 kV have been
used to investigate the sparkover performance of SPDs against
slow-front transients. Fig. 9(a) depicts the open circuit standard
switching impulse voltage and the voltage at SPD terminals
under 6 kV, 250/2500 μs; and Fig. 9(b) focuses on the initial
phase of the transient event (green frame of Fig. 9(a)). Fig. 9(c)
shows a typical voltage and current record for SPD A and
presents the sparkover voltage and response time based on the
proposed definitions. The voltage at the SPD terminals increases
up to the sparkover of the spark gap followed by a sudden drop
of the SPD impedance, which is associated with a response time
in the microsecond range. These response times are significantly
longer than the declared value of 100 ns (Table I) and thus:
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Fig. 10. Response time of SPDs under study versus switching impulse voltage
peak for the 3 proposed definitions. (a) SPD A, (b) SPD B, and (c) SPD C.
Squares, triangles, and dots depict the mean response time values (40 hits) for
the 3 definitions under study and dashed, dotted, and solid error bars denote
the maximum and minimum values for definitions 1, 2, and 3, respectively. The
horizontal solid line depicts the upper limit of the SPD response time declared
by the manufacturers (100 ns); a logarithmic scale is used in y-axis.

� call for further investigations on the performance of the
trigger circuits of the spark gaps under overvoltages with
a low rate of rise and

� question the technical value of the response time declared
by manufacturers in case of slow-front transients.

Fig. 10 shows the experimentally derived variation of the
response time for all SPDs under study as a function of the
switching impulse voltage peak for the proposed response time
definitions. Obviously, there is a sharp decrease in the response
time of the SPD with increasing switching impulse voltage peak
but the response time is always at least an order higher than the
declared response time of 100 ns even though all SPDs employ
a trigger circuit (Table I).

The response time based on definitions 1 and 2 was found
almost equivalent for all switching impulse voltage peaks; this
is due to the fact that the time to breakdown of the spark
gap is significantly larger than the time difference between the
sparkover voltage and the 5% of current peak flowing through the
SPD, as can been seen from Fig. 9(c). It is noted that definition 3
yields the lowest response time and is associated with the largest
standard deviation σ% among the proposed definitions, as was
also found for lightning impulse voltages. Fig. 11 integrates
experimental results for all the SPDs under study (A, B, C) for
the proposed definition 3.

It must be noted that these long response times are associated
with the relatively low sparkover voltages that attain values be-
tween ∼800–1300 V; despite being certainly below the declared
SPD protection level of 1500 V, these sparkover voltages may
still be harmful to sensitive equipment in case of prolonged
duration.

These experimental findings on long response times (Figs. 10
and 11), which are well beyond the response time declared by
SPD manufacturers, stress the need for a new category of the
response time of SPDs against slow-front transients; switching
transients may occur in power systems [52] and the response

Fig. 11. Sparkover voltage of the SPDs under study versus response time
(definition 3) for switching impulse voltage tests; circles depict the mean
response time values (40 hits) together with corresponding error bars denoting
the maximum and minimum values of the sparkover voltage and response time
per case; a logarithmic scale is used in x-axis. The vertical solid line depicts the
upper limit of the response time declared by the SPD manufacturers. The shaded
grey area corresponds to the manufacturer’s declared specifications (Table I).

time of the SPDs against slowly rising overvoltages can be a
critical protection parameter. For instance, if a voltage level of
6 kV, 250/2500 μs is adopted, a response time against slow-
front transients for the SPDs under study based on definition 3
would be ∼5 μs for SPD A, ∼4 μs for SPD B, and ∼2 μs for
SPD C (Fig. 10). It should be mentioned that results of this work
regarding the response time are not only related to the spark gap
technology but can also be directly associated with other voltage
switching and combination-type SPDs [60], [61], [62] as well
as gapped surge arresters [63], [64], [65].

V. DISCUSSION

As presented in the experimental analysis of the previous
section, the response time of SPDs of different technologies
currently employed in the surge protection industry may exceed
the threshold of 100 ns declared by manufacturers. Considering
the fact that international standards such as IEC 61643 [36],
[46], [49] and UL 1449 [34] related to SPD specifications do not
incorporate a test method for its determination, this study reveals
i) an important omission in related standards development [35],
[47] as well as IEEE surge protection guides [1], [7], and ii) a
research gap in SPD transient performance with emphasis to the
response time that needs to be rigorously explored by industry
and academia.

Results of this work and the associated analysis may con-
tribute to: i) stress the importance of defining the response time
of SPDs in forthcoming international standards, ii) emphasize
the need for a new response time category for SPDs against
slow-front transients, iii) introduce a new, realistic definition for
SPD’s response time, along with a suggested experimental setup
for its measurement; this will form the basis for the evaluation of
existing and future SPD technologies, and iv) reveal the potential
risks of SPD’s response time and sparkover voltage exceeding
the declared protection levels.
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This work marks the initial phase of an experimental inves-
tigation aiming to evaluate the transient behavior of switching
and combination-type SPDs; findings hold significance for in-
ternational standard committees, manufacturers, and insulation
coordination engineers. Nevertheless, in order to make a thor-
ough investigation, it’s essential to acknowledge the limitations
of this study, that also form the topics of future work: i) increase
the number of the devices under test to include more SPD
technologies [66], ii) analyze the transient performance of SPDs
under a wide range (very-fast to slow) of impulse voltages and
currents as well as a combination of them [48], [51], [52],
iii) study of the effect of degradation [67], temperature [37],
pressure [68], and absolute humidity [69] on the response time,
particularly for spark gaps employing non-encapsulated air as
a dielectric, iv) analyze the effect of the type of load on the
response time of SPDs [70], and v) estimate the let-through
energy (

∫
I2tdt) stressing the protected equipment based on

different triggered spark gap and GDTs [60].

VI. CONCLUSION

This work proposes a novel definition of the response time,
which considers the “reaction time” of spark gaps. Analysis of
the experimental results on the sparkover performance of state-
of-the-art SPDs employing different spark gap technologies has
shown that the response time:
� varies considerably with impulse voltage peak and takes

values beyond the threshold of 100 ns declared by SPD
manufacturers, especially for fast-front overvoltages with
a peak value lower than ∼3 kV,

� is at least an order of magnitude higher for switching
than lightning impulse voltages; SPDs exhibit a response
time in the μs range for slow-front overvoltages, which
is significantly longer than the declared response time of
100 ns,

� is statistical in nature, and the associated spread is signifi-
cant for all trigger circuit technologies under investigation;
the standard deviation of the response time of SPDs takes
values up to ∼40%.

These findings stress the need for the introduction of a defini-
tion of the response time of SPDs in forthcoming international
standards. Such an update can be an innovation driver [71]
and tool for evaluating the efficiency of existing and future
technologies of SPDs.

APPENDIX

Fig. 12 shows the sparkover performance of the spark gap-
based SPD A (Table I) under 6 kV/ 3 kA, generated with the
aid of a Hilo PG12-804 combination wave generator per UL
1449 [34]. It is obvious that both the response time and the
sparkover voltage of the SPD increase significantly without the
integration of the trigger circuit into the spark gap; these results
are indicative of the necessity, value, and positive effect of the
trigger circuit on the protection efficiency of SPDs.

Fig. 12. Comparison of the sparkover performance of SPD A with and without
integration of the trigger circuit under 6 kV, 1.2/50 μs / 3 kA, 8/20 μs per UL
1449 [34].
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