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Abstract—This work provides a simplified transient model for
low-voltage DIN rail surge protective devices (SPDs), accounting
for their resistive, inductive, and capacitive behavior. The time-
domain modeling approach is based on impulse current and
sinusoidal voltage experiments. The lumped-circuit model is
implemented in the ATP-EMTP environment and yields results in
satisfactory agreement with the experimentally derived residual
voltage and energy absorption of commercially available DIN rail
SPDs for single- and three-phase installations. The proposed
model can be used for evaluating the protection level and
maximum residual voltage of SPDs under standard and non-
standard surge currents and can be an effective tool employed in
insulation coordination studies of power systems.
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residual voltage, surge protection.

. INTRODUCTION

IGTHNING is one of the main causes of power grid

disturbances and faults, resulting in power quality issues,
power delivery failures, and building permanent damages [1].
The economic and social adverse consequences of lightning are
more significant today than in the past due to the introduction
of vulnerable, dispersed renewable energy sources and power
& data networks integrated into smart grids [2]. Lightning-
related failures have a great financial impact; economic losses
are in the order of 200 M€ per year in Germany, according to
the German Insurance Association [3]. Thus, the effective surge
protection of critical infrastructure and equipment is a hot topic
and a challenge of crucial importance so as to cope with the
high standards of the necessary reliability and resiliency of
modern power grids [4], [5].

For the surge protection of low-voltage power systems,
typically, DIN rail surge protective devices (SPDs) employing
varistors are installed to distribution panels; SPDs divert the
lightning current to the ground and limit the overvoltages to
values lower than the withstand voltage of protected equipment.
Modeling the non-linear transient behavior of SPDs is a
formidable task [6]-[8] since (i) integration of non-linear
elements in time-domain simulations is, in general, a
challenging process [9], [10] and (ii) the physics of current
conduction via metal-oxide varistors is still an open topic [11],
[12]. Nevertheless, low-voltage varistor-based surge protective
devices are commonly modeled in electromagnetic transient
simulation programs following: (i) a simplified purely resistive

A. Y. Hadjicostas, E. T. Staikos and T. E. Tsovilis are with the High Voltage
Laboratory, School of Electrical & Computer Engineering, Aristotle University
of Thessaloniki, Thessaloniki, 541 24 Greece (e-mail: chatzikag@ece.auth.gr,
evstaikos@ece.auth.gr, tsovilis@auth.gr). George D. Peppas is with Raycap
S.A., Industrial Area of Drama 66100, Drama, Greece (e-mail:
peppas@upatras.gr).

approach based on the voltage-current characteristic of
integrated varistors [13], [14] and/or (ii) a frequency-dependent
approach employing lumped-circuit elements, that are mainly
developed for gapless high-voltage surge arresters [15]-[17].

The implementation of these models, based on public data
provided by low-voltage SPDs manufacturers in datasheets, is
practically impossible and the accuracy of these modeling
approaches in reproducing the transient performance of low-
voltage SPDs is dubious [18]-[20].

This work introduces a simplified electromagnetic transient
model for varistor-based SPDs, accounting for their resistive,
inductive, and capacitive behavior. The proposed time-domain
modeling approach is based on impulse current and sinusoidal
voltage experiments on commercially available DIN rail SPDs,
commonly installed in Europe; the lumped-circuit model is
developed based on a wide range of surge currents up to 40 kA
and sinusoidal voltages up to 1 kHz. The proposed model is
implemented in the ATP-EMTP environment and yields results
in satisfactory agreement with the experimentally derived
residual voltage and energy absorption, which are both crucial
for the quality of surge protection and SPDs lifetime estimation
[21], [22]. It is shown that the proposed model can be used for
evaluating the protection level and maximum residual voltage
of SPDs under standard and non-standard surge currents, and it
can be an effective tool for insulation coordination studies
employing transient simulations [23], [24].

Il. DEVICES UNDER TEST AND EXPERIMENTAL
ARRANGEMENTS

A. Surge Protective Devices Under Test

Fig. 1 depicts the DIN rail low-voltage surge protective
devices (SPDs) under test and their corresponding single-line
diagrams. The SPDs under study are Class Il according to IEC
61643-11[25], and their basic electrical characteristics are
presented in Table I. The protection mode under investigation
is the line to neutral mode (Lx-N), where a metal-oxide varistor
(MOV) is employed with a maximum discharge current
capability of 40 kKA, 8/20 us (Fig. 1, Table I).

The DIN rail SPDs under study are commercially available
and commonly employed in distribution panels of TT and TN-
S low-voltage systems in Europe per IEC 61643-12 [26].
Pluggable modules are used in single-pole and four-pole
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Fig. 1. Lowe-voltage DIN rail SPDs employing metal-oxide varistors between
line and neutral and gas discharge tube between neutral and ground.
TABLE |
SURGE PROTECTIVE DEVICES ELECTRICAL CHARACTERISTICS
(LINE TO NEUTRAL)

Maximum Continuous Operating Voltage (rms), Uc (V) 275
Voltage Protection Level, U, (V) 1500
Nominal Discharge Current, I, (kA), 8/20 ps 20
Maximum Discharge Current, Ina (KA), 8/20 us 40

configurations for single-phase and three-phase power systems;
the pluggable modules under test were selected to exhibit the
same non-linear impedance in order to evaluate the effect of the
SPD configuration (bases 1+0 and 3+1 in Fig. 1) on the
protective characteristics per protection mode (L-N, L1-N, L2-
N, L3-N). These SPD configurations (1+0 and 3+1) were
employed in investigations since they involve the minimum
(L-N) and maximum (L1-N) length of surge current paths
between line and neutral, as denoted by dashed red arrows in
Fig. 1, when compared with 2+0, 3+0, and 1+1 SPDs per IEC
60364-5-53 [27].

B. Experimental Arrangements

The transient response of the surge protective devices under
study was investigated by using impulse current generators
(Fig. 2a). For relatively low peak currents of 8/20 us waveform
(< 6 kA), a combination wave generator has been used (Hilo PG
12-804); an impulse current generator with interchangeable
components has been employed for the generation of 10/350 ps,
1/130 ps and 8/20 ps (> 6 kA) waveforms, and the configuration
and components are shown in Table Il. Impulse currents were
recorded using current transformers (Pearson 301X, Pearson
310), while the residual voltage of the SPD was monitored with
the aid of a 400 MHz probe (LeCroy HVP 120) via twisted
cables to minimize mutual inductance effects [28] (Fig. 2a).

The capacitive behavior of the SPDs was investigated by
using a 4.8 kVA AC power supply (Agilent 6843A). The
voltage at the SPDs terminals was recorded by a LeCroy PP008
500 MHz voltage probe, and the current was measured by
employing high-power, low-inductance resistors, Ry, through a
Tektronix P5205 A differential probe (50 MHz).

Impulse Current
Generators

:Variable Frequency: R, =
: : o]
: AC Power Supply : R
Fig. 2. Experlmentalarrangement(a) Impulse currents, (b) Sinusoidal
voltages.
TABLE Il
IMPULSE CURRENT GENERATOR
Impulse
Current 8/20 ps 10/350 ps 1/130 ps
Cic (uF) 27 269 36
Lic (uH) 2.7 115 25
Ric () 0.36 1.9 5
I
000 —
Lic Ric 4]
lw)

T

Current and voltage measurements were acquired in all cases
by a 600 MHz digital oscilloscope (Tektronix TDS 3064B).

I11. EXPERIMENTAL RESULTS AND ANALYSIS

Low-voltage surge protective devices exhibit a resistive,
inductive, and capacitive transient behavior [20], [21]. This
behavior is analyzed based on experimental results in what
follows.

A. Resistive Behavior

Fig. 3 shows a typical residual voltage (L-N) of the single-
pole SPD (Fig. 1) when conducting 10 kA, 8/20 us impulse
current. The voltage-current, V-1, characteristic of the SPD
(L-N), can be obtained by using pairs of current, Ir, and residual
voltage, Vg, at the time instant of dl/dt = 0 (peak of the surge
current). Fig. 4 shows the V-1 characteristic for a wide range of
peak currents (30 A - 40 KA). The V-I characteristic of the SPD
(L-N) is determined by the non-linear resistance of the SPD,
R(I) that comprises (i) the non-linear resistance of the MOV
[29] and (ii) the minor intrinsic resistance of the SPD
conductive path. V-1 is formulated as:

V(1) =a5(Log()° +a, (Log(1)" +a,(Log (1))’ +
a,(Log(l))* +a,(Log(1)" +a,. 1)
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Fig. 3. Voltage at the single-pole SPD terminals (L-N); 10 kA, 8/20 ps.
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Fig. 4. Voltage-current (Vg, Ig) characteristic curve of the surge protective
devices under study (1+0, 3+1).

It must be noted that the resistive behavior of the single-pole
SPD (L-N) can be described by one voltage-current curve
shown in Fig. 4, that is found to be practically independent of
impulse current waveform (8/20 ps, 10/350 ps, 1/130 ps);
ao-as factors in (1) were found from the best fitting curve of the
experimental data (Fig. 4). This curve is also valid for the four-
pole SPD since the effect of the intrinsic resistance of the
conductive paths of the bases (1+0, 3+1) is minimal with
respect to the non-linear resistance of the pluggable MOV-
based modules. It is noteworthy that the pluggable modules
were selected with the same Uima, that is the DC voltage at
which the module conducts 1 mA.

B. Inductive Behavior

Manufacturers commonly provide V-l characteristics of
SPDs (L-N) based on maximum residual voltage, Vu, and peak
current, Ig, that correspond to different time instants (tw, tr), as
shown in Fig. 3. The fact that the residual voltage attains a
maximum value at a current level, Iy, well before the peak of
the current, Ig, signifies the inductive-like behavior of the SPD.

The maximum residual voltage can be formulated as:
dl dl
a |t:tM =R(Iy) ly+ (Lyov + Lim)a |t:tM ’ (2)

where Iy is the current at the time instant ty, when the maximum

V,, =R(,)1,,+L

residual voltage, Vwm, occurs, R(Im) can be calculated based on
(1), dl/dt|=s. is the current derivative at tv, and L is the total SPD
inductance along the surge current path. The latter consists of
(i) Lmov, that is the inductive-like behavior of the metal-oxide
varistor, and (ii) Lix, that is the intrinsic inductance of the
conductive paths between line and neutral. The varistor
inductive-like behavior is associated with the dynamical
response of the interfaces at the ZnO grain boundaries attributed
in high fields mainly to the time needed for the holes to travel
to the interfaces, where they reduce the negative charge and
lower the potential barriers [12].

An experimental method for determining Lix is the
replacement of the MOV modules of the SPD by
aluminum/copper blocks according to [21] and measurement of
the voltage at the terminals of the dummy SPD, Vp. Thus, Liqt is
given as:

L, :(VD(t)—RDI(t))/(dI /dt), (3)
where Rp is the intrinsic resistance of the dummy SPD. It is
evident from Fig. 5 that the intrinsic inductance of the line to
neutral path, Lin, of SPDs differs, and it can be deduced from
(2) that this intrinsic inductance affects the maximum residual
voltage, Vw, especially under high current derivative surge
events. This is shown in Fig. 6, where for a given peak current,
the maximum residual voltage occurs at L1-N protection mode,
which is associated with the longest surge path, thus also
intrinsic inductance.

Fig. 7a shows the total inductance, L (Lmov+Lint), Of the

70 - 3+1 - 35
60 4 P---- N »L-N:iLjy =95nH | 3
I [\ A, N +L,N:L,,=80nH | 25
SRR R A\ —— LNl =650H |2
1+ =
= 30 1 0 L 15 =
S I OO\ CER—— » L-N: Ly = 45 nH -
S 20 - 1l g
S 10 F 05 3
0 : : : : 0
10
-10 F .05
-20 L1

Time, t (us)
Fig. 5. Voltage at the dummy SPDs terminals (1+0, 3+1); 3 kA, 8/20 ps.
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Fig. 6. Voltage-current (Vi, Ir) characteristic curve of the SPDs (1+0, 3+1).
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Fig. 7. Equivalent inductance of (a) the single-pole SPD (1+0) for different
impulse current waveforms, (b) SPDs under study (1+0, 3+1) for 8/20 ps
impulse current.

single-pole (1+0) SPD under study determined by (2) based on
experimental records. It is evident that L depends on (i) impulse
current waveform and (ii) current derivative; this supports the
observations of variable inductive performance of MOVs, and
MOV-based SPDs made by other researchers [12], [30], [31].
It must be noted that the different intrinsic inductances, Linto-
Linta, Shown in Fig. 5 are reflected in the equivalent inductances
determined for the protection modes of single-pole (L-N) and
four-pole SPD (L1-N, L2-N, L3-N) under study (Fig. 7b).

C. Capacitive behavior

Sinusoidal voltages were applied between line and neutral
terminals to determine the capacitive behavior of the SPDs.
Current flow through the integrated MOV can be described as

follows [32]:
(t) = Te(t) + e 1), (4)

where Ic(t) is the capacitive component and Ir(t) is the resistive
component of the current.

The MOV capacitance, C..n, can be estimated based on
current and voltage derivative at the time instant of zero
crossing of the voltage, to, as follows:

__lc(o)
L-N dV/dt|t:t0 ’

®)

where dV/dt and Ic are measured at to when Iz =0 in (5).

A variable C.y value was found for a frequency range of 50
up to 1000 Hz, in line with previous measurements on varistors,
[11], [32], [33] as shown in Fig. 8b. The effect of the SPD
configuration was found negligible since the capacitive
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Fig. 8. Capacitive behavior of the SPDs under sinusoidal voltages (AC: 240V
rms /50 Hz).
behavior of the SPD depends on the MOV-based pluggable
module.

IV. MODELING APPROACH

A. ATP-EMTP Model

The line to neutral protection mode of surge protectives
devices (SPDs) under study (Fig. 1) can be modeled by using
the equivalent circuit shown in Fig. 9, that is integrated into the
ATP-EMTP environment [34] by applying the parameters of
Table I11 with time step, 47, of 1 ns. Although, this simplified
lumped-circuit model considers a constant, rather than a
dynamic inductance and capacitance, it satisfactorily describes
the transient behavior of the SPDs on the frequency range and
peak current amplitudes that were considered in this work. The
determined inductance L at 20 kA, 8/20 us (nominal discharge
current, Fig. 7), the capacitance C..n at 240 /50 Hz (nominal
system voltage, Fig. 8) and the non-linear resistance determined
by impulse current experiments (equation 1, Fig. 4) have been
adopted; the intrinsic inductance of the sections of line to
neutral surge paths of SPDs (Lo, Lni2, Ln2s, Lnsn) can be
estimated based on surge tests to dummy SPDs (Fig. 5) by
employing equations (a-d) shown in Fig. 9. It is noted that
damping resistors R, and Rs are used in parallel to inductances
and in series to capacitances, respectively, to avoid numerical
oscillation in ATP-EMTP (Fig. 9 and Table I11), which employs
the trapezoidal integration rule as a numerical solution method.

A validation of the proposed model is shown in what follows
for surge events almost reaching the discharge current limit (40
kA, 8/20 ps) and maximum energy absorption capability (2 kA,
10/350 ps) that do not trip the internal thermal disconnector [35]
(6 in Fig.1). Also, very fast-front (non-standard) impulse
currents of 1/130 ps waveform were used for validation
purposes, which are challenging in terms of the reproduction of
SPD transient response in the sub-microsecond range.
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TABLE III
ATP-EMTP MODELING OF THE SPDs
Element Modeling Approach Input
. R(I) =[as(Logl)®
R | Brenehnonineartype 92 | a,(Logl)*as(Logh)+ax(Logl)
+a;(Logl)*+ag)/I
L Branch linear inductor, L7(’)\I L1120N leog LSE)N
(Lmov+Lint) damping factor K, = 7.0 AH AH AH AH
Branch linear capacitor,
Cin damping factor Ks=0.15 4.5nF
as En az a a ao
0.238 0.284 -1.770 0.772 38.240 529.825
I—MOV I—D I—N12 LN23 I—N3N
25nH 45 nH 15nH 15nH 20 nH

B. Validation and Discussion

The developed model (Fig. 9 and Table I11) is implemented
into the ATP-EMTP environment in order to validate its
efficiency through comparison with experimental data. Fig. 10
shows the residual voltage records from impulse current tests
together with simulation results. The computed residual voltage
of the SPDs (Vm, Vr as defined in Fig. 3) is in satisfactory
agreement with experimental records yielding errors less than
7% (Table IV) for impulse currents up to 40 kA, 8/20 ps, 2 kA,
10/350 ps (Fig. 10b) and 7 kA, 1/130 ps (Fig. 10c).

As it can be deduced from Fig. 10a and the inset graph of
Fig. 10c, the measurement of the residual voltage at the
wavefront of the impulse current (high dl/dt, dv/dt) can be
challenging [37]; a satisfactory prediction of the residual
voltage at such cases is feasible with the proposed time-domain
modeling approach. Thus, the proposed model can be used for
overcoming challenges mainly associated with the voltage
measuring system and employed as an engineering tool for the
prediction of (i) the residual voltage at the nominal discharge
current (20 kA, 8/20 ps shown in Fig. 10a) determining the
protection level, Uy, of SPD, and (ii) the highest crest value of
the residual voltage, Umax, at the maximum discharge current
(Imax = 40 KA, 8/20 ps) determining the required clearances per
IEC 61643-11 [25].

It is noteworthy that the proposed model predicts the

development of a maximum residual voltage (Vm ~ 1.6 kV)
beyond the declared protection level (Uy < 1.5 kV at 20 kA,
8/20 ps) of the SPD for 7 kA, 1/130 ps (inset graph Fig. 10c).
This overshoot is important when considering the efficiency of
SPDs in protecting sensitive electronic equipment (withstand
voltage level of 1.5 kV) at very fast-front transients, such as
subsequent lightning strokes [38] and nuclear electromagnetic
pulses [39], [40]. To evaluate the effectiveness of the proposed
model in reproducing the SPDs transient behavior, an additional
comparison is made for the energy absorption, E, defined as:

E = [Veeo (1)1 (1), (6)

where Vspp(t) is the voltage across the SPDs during surge
current flow, I(t). The proposed model results are in very good
agreement with recorded energy absorption, that is one of the
main parameters determining the SPD failure probability [11];
simulation errors on E are generally lower 7%. These results are
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TABLE IV
SIMULATION ERRORS IN RESIDUAL VOLTAGE AND ENERGY ABSORPTION
OF THE SURGE PROTECTIVE DEVICES

£ peak Proposed model
qu_z Dls,\llalga” Protection Current Errorsin
= mode (KA) Vi VD E°
= %) ) &%
(1+0) L-N 1.0 0.77 -0.21 -0.08
(1+0) L-N 2.0 0.60 0.67 -2.33
(1+0) L-N 3.0 0.88 0.24 -0.63
(1+0) L-N 4.0 0.68 0.21 -1.28
(1+0) L-N 5.5 0.14 0.34 -2.76
(3+1) L;-N 5.0 1.93 1.09 1.20
(3+1) L,-N 5.0 0.92 0.73 1.45
(3+1) Ls-N 5.0 0.83 0.25 0.26
(1+0) L-N 7.5 0.27 0.88 -1.36
(1+0) L-N 10 -0.12 -0.05 -0.82
(3+1) Ls-N 10 0.69 2.30 1.17
(3+1) L-N 10 -0.71 2.52 0.18
(3+1) Ls-N 10 0.62 188  0.29
2 (1+0) L-N 13 -0.39 0.55 -0.18
S| o L-N 15 077 046  -156
(3+1) Li-N 15 -0.89 2.37 1.56
(3+1) L>-N 15 -2.20 1.77 1.17
(3+1) Ls-N 15 -0.57 1.04 003
(1+0) L-N 20 -1.32 -0.28 -0.81
(3+1) Ls-N 20 -2.76 0.97 0.80
(3+1) L.-N 20 -3.88 1.17 1.08
(3+1) Ls-N 20 -1.91 1.17 0.32
(1+0) L-N 40 -1.97 1.66 -0.41
(3+1) L;-N 40 -3.83 1.92 0.85
(3+1) Lo-N 40 -4.82 -0.08 -1.49
(3+1) Ls-N 40 -4.79 -0.02 -0.99
Max/Min Error (%): -4.82 2.52 -2.76
Average of Absolute Errord, eq (%): 151 0.96 0.96
(1+0) L-N 0.50 1.55 1.02 -4.76
(1+0) L-N 1.00 1.09 1.10 -4.34
Oﬁ (1+0) L-N 1.50 1.27 -0.38 -3.01
g | @+ L-N 2.00 247 107 -207
- Max/Min Error (%): 247 110 -4.76
Average of Absolute Error, eq (%0): 1.60 0.89 3.54
(1+0) L-N 1.00 7.05 090 -651
o (1+0) L-N 5.00 6.82 -0.55 -6.10
8 (1+0) L-N 7.00 6.44 152  -059
= Max/Min Error (%): 7.05 152 -6.51
Average of Absolute Error, eq (%0): 6.77 0.99 4.40
., = V,, (Measured) — V,, (Simulated) 100% | e, = V; (Measured) — V;, (Simulated) 100%
Vi, (Measured) V; (Measured)
¢, = E(Measured) — E(Simulated) 100% e, :ZN:\error\ N
E(Measured) -1

very encouraging, when considering that the measurement error
of voltage and current records is within 3% and that voltage-
current characteristics of metal-oxide varistors (MOVs) of the
same type may vary up to 10% [41].

The proposed model, validated against a wide range of
impulse currents, can be used for (i) insulation coordination
studies and (ii) dimensioning of SPDs against lightning-related
overvoltages; these are hot topics in recent research work on
surge protection [42]-[44].

V. CONCLUSIONS

A simplified electromagnetic transient model has been
developed for DIN rail surge protective devices (SPDs)
employing metal-oxide varistors (MOVs) based on impulse
current experiments. A comparison of the simulation results
derived from the developed ATP-EMTP model with
experimental data has shown that:

e The resistive behavior of the SPD can be modeled by a non-
linear resistance derived from the voltage-current curve
drawn from voltage/current records acquired at the time
instant of the surge current peak. This non-linear resistance
was found practically independent of SPD configurations
(1+0, 3+1) and impulse current waveforms (8/20 ps, 10/350
us, 1/130 ps).

e The adoption of a constant capacitance and inductance for
representing the dynamic capacitive and inductive behavior
of the SPD, although it is a simplified approach, it provides
satisfactory results in terms of the surge response of the
SPDs. In case of surge currents (> 0.5 kA), the inductive
behavior dominates and masks the capacitive behavior of
the SPD; the use of a constant inductance obtained from the
nominal discharge current, and a capacitance value derived
from the nominal system voltage and power frequency
proved satisfactory.

e The maximum residual voltage of SPD, which affects the
efficiency of surge protection offered to the equipment,
depends significantly on the SPD configuration (1+0 base
or Li-N, Lo-N, Ls-N in 3+1 base). This is because the
intrinsic inductance of each surge current path is different
and decisive on the residual voltage overshoot in case of
high current derivative surge events such as 40 kA, 8/20 us
and 7 kA, 1/130 ps. For low current derivative impulse
currents, the effect of the SPD configuration is minimal and
masked by the inductive-like performance of the MOVs.
Thus, the use of different inductances per protection mode
(L-N, Li-N, Lo-N, Ls-N) is suggested for an accurate
representation of the inductive behavior of SPDs; the
intrinsic inductance of the line to neutral surge current path
can be determined based on surge tests of dummy SPDs
with nonlinear elements replaced by aluminum blocks.

e The proposed model yields satisfactory results for a wide
range of standard (1 - 40 kA, 8/20 us & 0.5 - 2 kA, 10/350
us) and non-standard (very fast-front) impulse currents (1 -
7 kA, 1/130 ps) with simulation errors generally less than
7% in the SPDs maximum residual voltage and the
associated energy absorption.

The proposed model, validated against a wide range of impulse

currents, can be used for insulation coordination studies and

dimensioning of SPDs against lightning-related overvoltages.
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